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ABSTRACT Integrating whole genome sequencing (WGS) of the Mycobacterium 
tuberculosis complex into routine care, surveillance, and research in high tuberculosis 
burden settings remains challenging due to limited resources and skills. While tech­
nological platforms for scaling WGS are emerging, scaling wet lab and analytic com­
ponents often depends on partnerships where such skills have been established. To 
address this, a virtual training program was developed. Over 12 weeks, 21 trainees from 
five Southern African institutes engaged in learning from curated theoretical content 
and interactive virtual meetings with experienced instructors. The training program, 
developed by a diverse team of experts in molecular biology, biomedical research, 
microbiology, and tuberculosis research, provided comprehensive coverage aligned with 
the latest advancements. Teaching strategies included interactive mentor-led sessions 
and real-time feedback, together with facilitated knowledge exchange and understand­
ing. The virtual training program yielded several successes. Of note, trainees submitted 
three scientific articles for peer review, based on their acquired knowledge and its 
application in research. The program also fostered collaborations on Mycobacterium 
tuberculosis WGS among participants, showcasing the potential for networking and 
future joint projects. While the virtual training program encountered challenges related 
to the pandemic, limited resources, trainee engagement, and language barriers, these 
were creatively mitigated. To improve future training sessions, a platform assessing 
participant engagement and information retention is recommended. Wider collabora­
tive efforts among experts and institutions in collating resources will lead to more 
comprehensive training programs. Addressing challenges such as internet connectivity 
issues and language barriers is crucial for ensuring inclusivity and enhancing the overall 
learning experience. In conclusion, the virtual training program successfully provided 
knowledge and skill training in WGS to trainees, leading to scientific article submissions 
and collaborations. Furthermore, content creators benefited from improved science 
communication and training opportunities.

KEYWORDS tuberculosis, Mycobacterium tuberculosis, next-generation sequencing, 
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I n the era of high-throughput genomics, the requisite laboratory and technical skills, 
resources, and infrastructure are often concentrated in better-resourced academic 

or private institutions. Developing countries often do not have access to these tools, 
and when they do, a lack of training presents a major stumbling block to applied 
science. Unfortunately, countries with high disease burdens typically fall into the latter 
category, which necessitates that the sequencing aspect of epidemiological studies 
involving whole genome sequencing (WGS) is outsourced. WGS requires high-quality 
DNA, while the bioinformatic analyses of raw sequencing data are complicated and 
generally impossible without adequate training. The COVID-19 pandemic exposed and 
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amplified the differences between low-to-middle-income countries and high-income 
countries. Inadvertently, it also exacerbated parachute science where well-established 
countries drove the field of genomics forward while the regions in which the samples 
are obtained remain ill-equipped to make a local impact with respect to science and 
skill development. During the COVID-19 pandemic, governments around the world 
responded with a spectrum of measures, including border closures and the implementa­
tion of varying degrees of strict lockdowns to limit social contact in an attempt to curb 
the spread of the disease (1, 2). In the context of sequencing, reagents that are generally 
procured in the Global North could not be easily shipped to other countries. Additionally, 
the WGS library preparation is an in-depth procedure requiring hands-on training, which 
was not possible during the pandemic. Therefore, the pandemic had a notable impact on 
the field of education in more ways than expected.

With the use of genome sequencing on the rise in African countries, the impact of 
training and access to infrastructure and equipment could be clearly seen in the context 
of South Africa, where the country emerged as the leader of COVID genomic surveil­
lance. While most countries, including South Africa, suspended face-to-face teaching in 
primary and secondary schools, training institutes, and tertiary education facilities, the 
pandemic necessitated the development of novel teaching and learning approaches 
and a significant ramping up of these digital tools and platforms to meet the new 
demand. The adoption and implementation of e-learning can be particularly challenging 
for disciplines involving practical training such as the life sciences or medical fields, 
where laboratory-based training is the mainstay and remains indispensable. Therefore, 
the motivation of this current study was to develop a set of training modules, with 
the intention of equipping fellow researchers in our immediate African collaborative 
networks with the skills required to manage the WGS process from start to end. In this 
context, we describe the development and implementation of a collaborative virtual 
training program for the surveillance of tuberculosis (TB) in animals and humans using 
next-generation sequencing (NGS) across several geographical locations.

PROCEDURE

Description of collaboration and training strategy

The Solidarity Fund for Innovative Projects, which supports civil society, Francophonie, 
and human development, is a key instrument of the Ministry for Europe and Foreign 
Affairs of France for development assistance. Projects funded under this initiative aim 
to enable innovative, high-impact, and high-visibility actions for the benefit of local 
communities. The collaboration described here was established under the auspices of 
this program in order to (i) train and empower scientists in South Africa and Madagascar 
at the Institut Pasteur de Madagascar to use NGS technologies for surveillance of TB 
in animals and humans (from bench to publication), (ii) facilitate high-quality science 
that is Africa-centric, and (iii) mitigate the effects of the COVID-19 pandemic on training, 
capacity development, and technology transfer. To ensure that capacity development 
and technology transfer would take place unhindered during the COVID-19 pandemic, 
a group of African scientists with expertise in molecular biology and bioinformatics 
from Stellenbosch University (SU) and the University of Witwatersrand (WITS) devel­
oped a set of virtual training modules in the field of NGS, with a specific focus on 
TB research. We developed and piloted comprehensive training materials covering all 
aspects of Mycobacterium tuberculosis (Mtb) complex (MTBC) WGS to ensure effective­
ness and robustness (Table S1). Scaling up the training program enabled us to reach a 
wider audience, and interested students, scientists, and professionals in our immediate 
collaborative networks from various African institutes were invited to participate. This 
expansion aimed to facilitate broader knowledge dissemination and foster a collabora­
tive network among researchers actively involved in TB genomic surveillance. Mecha­
nisms were put in place to evaluate knowledge retention, and live cohort sessions 
facilitated the interaction between trainees and course developers. Finally, a post-train­
ing survey was conducted to gather comprehensive feedback from participants who 
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completed the training, enabling them to provide insights into various aspects of the 
program, including its format, content, and impact on their professional development 
and subsequent research outputs.

Expertise of researchers and groups involved in the development of training 
materials

To develop collaborative tools for the training of MTBC WGS and data analysis, three 
independent academic groups sought to generate training materials. Of note, these 
groups were geographically distinct (~1,400 km apart), further highlighting the spread 
of expertise across different sites in South Africa. The TB Genomics research group (SU) 
has its foundation in the molecular epidemiology of Mtb and has provided new insights 
and protocols for the field (3–6). The group is also involved in the development and 
evaluation of rapid molecular diagnostics for the detection of drug resistance (7, 8), 
using NGS methods to inform patient management (precision medicine) and public 
health policies (9–12). The Animal TB Research Group (SU) utilizes a One Health approach 
to TB research at wildlife, livestock, human, and environmental interfaces (13–16). The 
group’s interdisciplinary approach involves collaborations with scientists, veterinarians, 
stakeholders, and policymakers to develop effective strategies for the management and 
control of TB in animals and humans (17–22). The WITS University node of the Centre 
of Excellence for Biomedical Tuberculosis Research focuses on TB diagnostics, vaccines, 
and the discovery of new TB drug targets. The group directs efforts toward developing 
new molecular diagnostics for a range of diseases and investing in developing vaccine 
production capacity for Africa (23–27).

A multidisciplinary team of 20 subject matter experts with diverse backgrounds 
from the various research groups was assembled. This team comprised individuals with 
expertise in molecular biology, biomedical research, and microbiology, each bringing a 
unique perspective to the table. Molecular biologists contributed insights into genetic 
techniques and genomic analysis, while biomedical researchers provided knowledge 
on clinical applications and biotechnological advancements. Microbiologists offered 
expertise in microbial genetics and techniques specific to TB research.

Development of training material

To ensure a well-rounded educational experience, we combined theoretical lectures 
with practical demonstration videos, complete with voice-overs. A summary of the 
curriculum is tabulated in Table S1. These practical demonstrations were essential for 
topics that traditionally involve hands-on training. The curriculum planning was a joint 
effort of junior and senior researchers. The course material was based on existing 
in-house developed training material, which we augmented by introducing a broader 
spectrum of subjects with an expansion of topics to include a comprehensive overview 
of the requirements to generate high-quality NGS data, the development of standard 
operating procedures (SOPs), laboratory safety throughout the sample preparation, 
and the applications of these data. Accompanying multimedia resources (Table S2) 
were recorded and made available alongside theoretical notes, which were packaged 
as Microsoft PowerPoint slide decks based on the specific themes. An example pre­
sentation template is included in Fig. S1. Prior to launching the training for external 
course participants, junior members of the team were asked to assess the material 
and flag any potential areas of concern (trial phase). Course materials were delivered 
firstly as theoretical self-study modules, followed by a mentor-led interactive virtual 
session. Before launching the course in a broader setting, a comprehensive schedule 
was arranged, considering the workload of the self-study modules. Occasionally, shorter 
modules were grouped together for a more cohesive learning experience. Live interac­
tive virtual sessions were strategically held to delve into specific topics, often covering 
more than one module. In total, there were five of these interactive sessions. Each 
module was concluded with an online assessment on Google Forms to evaluate the 

Curriculum Journal of Microbiology and Biology Education

December 2024  Volume 25  Issue 3 10.1128/jmbe.00114-24 3

https://doi.org/10.1128/jmbe.00114-24


participant’s understanding of concepts and get feedback for potential improvements to 
the course.

Development of video recordings to facilitate learning of practical skills

To supplement the theoretical modules, SOPs for laboratory processes were expan­
ded to include video demonstrations embedded at each procedural step (Table S2). 
These videos were uploaded to a Google Drive platform, alongside the corresponding 
PowerPoint presentations. This additional component was developed to facilitate an 
improved understanding of the laboratory-based procedures and provide trainees with a 
visual demonstration that highlighted the nuances involved in wet laboratory experi­
ments. All videos were created from the first­person point of view of the demonstrator, 
facilitating the transition for trainees from observation to hands-on execution.

Platform considerations

In the dynamic digital landscape, choosing the most appropriate platform for virtual 
training was of critical importance with far-reaching implications for the program’s 
effectiveness and success. The platform selection was based on several parameters:

1. Seamless and engaging learning: We aimed for a universally accessible virtual 
training platform that could deliver engaging learning experiences, prioritizing 
user-friendliness for participants.

2. Device compatibility: Recognizing the diverse technology landscape, we sought 
a platform compatible with a broad spectrum of devices, from smartphones to 
laptops, irrespective of their operating systems.

3. Empowering trainers: We also valued the ability of the approach to allow trainers 
to monitor trainee progress, identify areas for improvement, customize content to 
meet individual needs, and work within resource constraints.

Due to the multi-institutional nature of this program and the associated intellectual 
property restrictions, the choices of platforms available were limited. Ultimately, all 
course material was uploaded to a dedicated folder via Google Drive, with new material 
made available on a weekly basis. To assist with platform selections in different settings 
where resources may differ, we compared the pros and cons of potential digital platforms 
available for digital learning (Table S3). Our choice of digital platforms was carefully 
considered to ensure accessibility and effectiveness for all participants. We opted for 
Google Drive via Google Classroom to share course materials due to their widespread 
accessibility. Additionally, we used Microsoft Teams for live cohort sessions to facilitate 
interactive engagement. For assessments, we employed Google Forms for its simplicity 
and ease of use. This combination allowed us to provide a comprehensive and inclusive 
virtual training experience.

Participant diversity

The virtual training program attracted a diverse group of participants from six institutes 
on the African continent, comprising a total of 21 trainees. The course aimed to provide 
equitable access to high-quality training for individuals who faced barriers to in-per­
son training due to geographical constraints or resource limitations. The participants 
hailed from the following five African countries: Botswana (n = 4), Madagascar (n = 
4), Namibia (n = 3), South Africa (n = 7), and Zambia (n = 3). Of the 21 participants, 
13 identified as female, 6 did not specify a gender, and 2 identified as male. Partici­
pants were recruited through existing collaborative networks between South Africa and 
various laboratories engaged in TB research, diagnostics, and control efforts in their 
respective countries. The selection process prioritized individuals with varying levels 
of experience, ranging from early-career researchers to laboratory technicians. As the 
TB field in this context is relatively small, participant numbers were small. However, 
by drawing participants from different institutes and countries, the program fostered a 
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rich exchange of knowledge and experiences. The collaborative nature of the training 
environment facilitated cross-learning and the establishment of lasting professional 
connections among the trainees.

Structured approach to curriculum design and curriculum structure

The development process followed a structured approach, with a clear emphasis 
on balancing self-paced learning with interactive virtual sessions. Through iterative 
brainstorming sessions and extensive literature reviews, the team delineated the scope 
of each module and identified key learning objectives. This meticulous approach allowed 
for the creation of a curriculum that catered to learners with varying levels of baseline 
knowledge. The training course followed a structured format that integrated self-study, 
live virtual interactive mentor-led sessions, and assessments to provide participants with 
a comprehensive and engaging learning experience. The course structure aimed to 
balance self-paced learning with interactive virtual sessions and assessments to reinforce 
understanding and ensure knowledge retention.

Self-study

This component formed the foundation of the training course, allowing participants to 
explore the course materials at their preferred pace. Participants were provided with 
curated theoretical content, which covered various topics relevant to TB, diagnostics, and 
control efforts, with a specific focus on NGS applications. The self-study phase offered 
flexibility, enabling participants to delve into the material and grasp the concepts at a 
comfortable pace. The allocated time for self-study varied, between 1 and 3 weeks, based 
on the complexity and depth of each topic, ensuring participants had sufficient time to 
absorb the information effectively.

Mentor-led interactive virtual session overview

The virtual sessions served as interactive forums for participants to engage with the 
instructors and fellow trainees. These live virtual sessions were held over MS Teams 
and offered the opportunity to discuss and clarify concepts, share experiences, and 
address any questions or concerns. The live virtual sessions were structured in a way that 
facilitated active participation and knowledge exchange. Trainers used online plat­
forms such as Mentimeter (www.mentimeter.com), which maintains anonymity, while 
encouraging active and interactive question-and-answer sessions. Mentimeter is an 
online platform for creating interactive presentations and engaging an audience through 
live polls, quizzes, word clouds, and other interactive elements. Despite language 
barriers, poor internet connectivity, and intermittent power outages, participants actively 
participated in the live virtual sessions.

The virtual sessions served as dynamic forums for engagement, with an initial 
attendance of 21 participants in the inaugural session. However, subsequent sessions 
witnessed varying participation, with 11 attendees in sessions 2, 4, and 5 and 9 
participants in session 3. On average, a commendable 66.4% actively engaged in the 
Mentimeter online Q&A and quiz portions of the sessions. Notably, participant interac­
tion was enriched by their proactive preparation, with nearly half reporting that they had 
worked through the study material before the live interactive sessions. This trend was 
consistent throughout most sessions, except for the last two focusing on NGS analysis 
and its applications, where all participants reported having delved into the self-study 
material. Despite the drop in session attendance as the course concluded, it is important 
to clarify that this reduction does not imply dropout rates. Rather, it signifies that, 
while all participants had the opportunity to work through the material, not all could 
attend every live session due to scheduling constraints. This dynamic retention, although 
fluctuating, allowed for a continual exchange of participants, ensuring a diverse and 
varied audience across sessions.
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Assessments

To assess participant understanding and knowledge retention, various types of 
assessments were employed throughout the course (Table S4). These assessments, 
designed to evaluate comprehension and application of the course material, included 
assignments, quizzes developed using Google Forms, and virtual evaluations using 
different voting schemes in Mentimeter. This approach facilitated a continuous and 
cumulative assessment, consisting of a series of three interconnected assessments 
conducted over an extended period (28). The assessments served as valuable feedback 
mechanisms, providing participants with an opportunity to measure their progress 
and identify areas for improvement. Furthermore, this approach allowed trainers to 
get insight into focus areas that were challenging for participants, as well as potential 
areas for improvement of the course content. To provide a comprehensive evaluation, 
assessments were thoughtfully grouped into three distinct sections. The assessments 
used and their model answers are included in Supplementary Appendix A1.

• Assessment 1: Focused on foundational concepts including introduction, SOPs, 
good laboratory practice (GLP), and laboratory safety.

• Assessment 2: Centered on the theory and practice of DNA extraction.
• Assessment 3: Encompassed the entire NGS section, covering library preparation, 

and general and Mtb­specific NGS applications.

Participant assessment outcomes for modules

The outcomes of the assessments provided insights into the effectiveness of the 
training program and the participants’ understanding of the course material. Positive 
feedback from the trainees regarding the assessments highlighted their engagement 
and satisfaction with the evaluation methods employed. The assessments not only 
evaluated participants’ knowledge but also enabled the continuous improvement of the 
training materials and methodologies. By identifying areas requiring further clarifica­
tion, the assessments facilitated a tailored approach to address learning needs. Official 
assessments were administered through Google Forms and were divided into three 
sections. Cohort session participation rates and assessment scores are included in Table 
S4. In total, 20 participants completed Assessment 1, 21 completed Assessment 2, and 17 
completed Assessment 3. The average test scores for Assessments 1, 2, and 3 were 93%, 
84%, and 79%, respectively, providing a comprehensive understanding of participants’ 
performance. Interquartile ranges for the assessment scores were 13%, 18%, and 13%, 
respectively, offering additional insights into the distribution of scores among partici­
pants. Overall, the results of these assessments suggest that most trainees grasped the 
fundamental concepts in each module and were able to apply the knowledge gained.

Course evaluation survey and responses

Twenty-one trainees were invited to participate in a post-training survey, which included 
questions around the course content, and conduct a self-assessment of the knowledge 
acquired, outputs generated, and impact of the training on their development (Supple­
mentary Appendix A2). Twelve participants began the survey, but only seven partici­
pants took the survey to completion. The participants of the survey rated their overall 
experience of the program as excellent (n = 4), very good (n = 5), or good (n = 3) 
(Fig. 1). Six of the participants felt the program content was satisfactory and needed no 
improvement, one participant felt the program needed a complete overhaul, and three 
participants felt the program needed some improvement.

Participants responded that the most useful aspects of the training were the ability to 
determine which online pipelines could be used with minimum bioinformatic experience 
(n = 2), the practical demonstrations and recordings for DNA extraction (n = 3), and the 
interactive question-and-answer sessions (n = 3). Participants were more aware of 
terminologies used when they underwent further training (n = 1), performing DNA 
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extraction on sediments and Mtb isolates (n = 4) and performing NGS data analysis using 
the course content as a basis for understanding (n = 1). Most of the participants (n = 7) 
reported they had attempted or felt increased confidence to attempt DNA extraction, a 
NGS workflow, or NGS data analysis following the training. This included performing NGS 
data analysis, extracting Mtb DNA, drafting, amending standard operating procedures, 
and installing pipelines on local servers. Additionally, participants reported being able to 
grasp the concepts better and having more sound knowledge beyond theory.

Six participants reported the achievement of tangible outputs post-training, which 
included an international conference abstract submission (n = 1), oral presentations (n 
= 2), working on research projects using knowledge obtained from the program (n = 
2), and assisting others experimentally (n = 1). The participants who benefited from 
the program went on to disseminate the knowledge acquired by making the training 
materials available to others in their research group (n = 1), training, assisting, and 
presenting to colleagues (n = 4) or submitting manuscripts for publication (n = 3).

Constructive feedback was received on how to improve the training program (Fig. 1); 
this entailed a glossary of terminology provided; the addition of an introduction to the 
bioinformatic course; the ability to obtain continuous professional development points, 
which are required by health profession councils from the program; the increase of the 
allocated learning time allotted as the program progressed since the concepts became 
increasingly difficult; and finally having the program in person and include practical 
training.

FIG 1 Course evaluation and survey responses (post-training). A survey was sent out to all 21 participants of the training program. The survey included a 

program evaluation component where participants were asked about how their overall experience of the program was as well as whether the program needs 

any improvement. The questions that followed were a self-assessment of whether knowledge was retained, applied, and disseminated through an output or 

through other means. Finally, participants were asked how likely they were to recommend a similar program to others if it were to become available.
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DISCUSSION

Successes and challenges

Successes

The virtual training course achieved significant successes by leveraging interactive tools 
and distributing the workload of content creation, while stimulating collaborations and 
research projects among the participants. Traditionally, laboratory skills are developed 
through one-on-one training led by experienced researchers or senior scientists, with 
expertise honed through repeated experiments and project-related tasks. Importantly, 
this course took a distinct approach by attempting to teach laboratory aspects virtually, 
using SOPs with links to video tutorials. This innovative approach allowed participants 
to gain valuable insights into laboratory techniques and practices, demonstrating the 
adaptability of e-learning methods for teaching practical skills. Moreover, the develop­
ment of course content involved a collective collaborative effort within a consortium 
of subject matter experts, provided creators with training opportunities, and improved 
science communication skills.

The success of the live virtual sessions was evidenced by the commendable 
attendance and participation of attendees, demonstrating the high level of engagement 
in the Mentimeter interactive Q&A sessions. This active involvement was complemen­
ted by the large proportion of the original 21 participants who completed the formal 
assessments, showcasing a commitment to the learning process. As a greater testament 
to the knowledge gained and the practical application of the training, participants 
successfully submitted and published manuscripts on the topics covered during the 
course for publication, as described above (29–34). In addition to facilitating research 
publications, the training course served as a catalyst for fostering new collaborations 
and facilitating the development of research projects. The dynamic interaction among 
participants, coupled with the exchange of ideas, created an environment conducive to 
forging new professional connections and initiating innovative research endeavors.

Challenges

While positive feedback from the trainees underscored their engagement and satisfac­
tion with the interactive elements and assessment methods employed in the virtual 
training, it is important to acknowledge the challenges in obtaining comprehensive 
feedback. The small group, possibly influenced by cultural barriers, may have contributed 
to some reluctance to provide critical feedback, even when participants were offered 
the opportunity to do so anonymously. Furthermore, the nature of the subject matter 
and the complexity of the field made it challenging for participants to identify specific 
gaps or areas that may have been overlooked during the course. It is also possible 
that the varying skill levels of the participants contributed to a skimming or skipping 
of concepts that were already previously mastered. Therefore, varied participation may 
not necessarily be a negative outcome for this study but rather a reflection of the 
efficiency and individual needs of each participant. Despite these factors, the overall 
positive feedback highlights satisfaction with the interactive elements and assessment 
methods employed. The virtual training period was not without its challenges, which 
affected both content creators and the trainees. Some of these challenges included time 
constraints, language barriers, internet connectivity issues, and difficulties in ensuring 
participant engagement and adherence to the course schedule, and are expanded on 
below. The content creation process was organized in groups, led by a single subject 
matter expert who coordinated the contributions and reviewed the collated data before 
submission. This collaborative approach aimed to streamline the content development 
process and ensure timely completion of the slide decks. Balancing research respon­
sibilities, grant writing, publication activities, and other professional obligations with 
teaching and course development proved to be a complex and demanding task. This 
problem became particularly acute when mentors were called on to assist with various 
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aspects of the COVID-19 pandemic. Poor internet connectivity and intermittent power 
outages presented challenges for optimal participation among the trainees. Internet and 
power-cut issues, including the occurrence of load shedding in South Africa, further 
disrupted the training experience. These interruptions affected the trainees’ ability to 
connect to virtual sessions and access course materials reliably, leading to inconsistent 
participation and potential gaps in knowledge acquisition. These limitations led to 
virtual sessions being conducted with audio-only interactions, as video sharing was not 
feasible.

To address the engagement challenges, the use of live Mentimeter voting polls 
provided a valuable platform for participants to actively participate and contribute. 
It enabled them to engage in discussions and express their opinions anonymously, 
facilitating a more inclusive environment for sharing ideas. Trainees reported varying 
levels of engagement with the course material. Some indicated accessing the material 
shortly before the live virtual sessions, while a minority reported not accessing it at 
all. This lack of consistent engagement may have resulted from time constraints or 
competing priorities. To gain further insights, participants were asked to indicate when 
they worked through the material and how much time they spent engaging with the 
contents. The interactive platform played a pivotal role in identifying areas where further 
support or clarification was required, particularly regarding content­specific quizzes and 
voting activities integrated into the live virtual sessions. Through these quizzes and 
polls, instructors could gauge the level of comprehension among participants, allowing 
them to tailor the discussions to address any content that was not entirely grasped 
or, conversely, recognize the effectiveness of well-understood material. This interactive 
approach ensured that the course content remained engaging and comprehensible for 
all participants.

Language barriers may have played a role in participant engagement and effective­
ness of the training program. Although the content and live virtual sessions were 
conducted in English, participants had different first languages. While all participants 
were able to communicate in English, this may not have been equally comfortable 
or conducive to optimal learning for everyone. This could have impacted their overall 
learning experience and engagement with the course material. Overall, these challenges 
highlighted some of the disparities faced by the Global South during the pandemic and 
the transition to e-learning platforms.

Recommendations for future virtual training

The benefits of this type of virtual approach to scientific training were threefold: Firstly, it 
enabled the training of researchers with highly relevant content, namely, whole genome 
sequencing and subsequent bioinformatic tools, to analyze the data. While the subject 
was specific to TB, the skills developed and protocols utilized are broadly applicable to 
both prokaryotic and eukaryotic organisms. Secondly, it promoted interest in the use 
of sequencing technologies in the context of TB disease management in high-burden, 
resource-limited settings. Lastly, it facilitated the continuity of knowledge transfer.

This virtual training program served as a pilot study and highlighted multiple 
considerations for further improvement of the program. The complexity of implement­
ing sequencing technologies for the management of TB disease without in-person 
engagement was difficult; hands-on experience in library preparation, interaction with 
sequencing data, and working with a short-term research project would, therefore, 
improve knowledge retention. Although we used several learning methods including 
lectures, reading material, audio-visual resources, video demonstrations, and group 
discussions, the program was heavily dependent on participant willingness to interact 
or engage with the material. To further enhance training outcomes such as knowledge 
retention, a platform that evaluates participant engagement as well as pre-, post-, and 
continuous evaluation and assessment to monitor knowledge and understanding levels 
should be used (28). Such a platform would enable trainers to monitor participant 
engagement and understanding throughout the course, providing timely feedback and 
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allowing for adjustments to training materials in real time. Additionally, by leveraging 
such a platform, trainers can gain deeper insights into participants’ learning progress, 
allowing for targeted interventions and improvements in training materials. Finally, the 
development of comprehensive resources, built on existing materials, should prioritize 
cooperation among different experts and institutions. This approach fosters a broader 
range of expertise and diverse perspectives, resulting in more comprehensive and 
effective training programs. Additionally, creating a knowledge base of available courses 
and initiatives for training consortia in various fields could streamline and coordinate 
future efforts effectively. This will ensure that valuable resources are shared efficiently 
and that training efforts are well organized across multiple disciplines. Future programs, 
post-pandemic, can be modeled around the approach developed here particularly for 
complex subject matters such as TB genomics. In addition, projects that require these 
types of skills are typically offered to post-graduate students who have little to no 
experience. These virtual programs (focusing on gaining theoretical knowledge) can 
serve as a pre-requisite to proceed with hands-on training in the laboratory setting. Such 
approaches are likely to facilitate the learning process and can be implemented in all 
settings where a transfer of knowledge and/or skills is required.

In conclusion, this virtual training program was successful in facilitating the trans­
fer of knowledge and skills in Mtb WGS. While the theoretical and observational 
components have provided a solid foundation, it is recognized that to truly enhance 
proficiency and application, hands-on training is indispensable. This practical aspect, 
crucial for reinforcing theoretical concepts, can be effectively conducted, even in a 
virtual environment, provided there is access to the necessary infrastructure, equipment, 
and consumables. This program serves as a model for remote learning in high-bur­
den, resource-limited settings. It underscores the significance of expert-led training, 
collaboration, and continuous improvement in equipping researchers with essential skills 
for the integration of Mtb WGS.
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