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Abstract

Genomic technologies are transforming infectious disease surveillance and control, particularly in
resource-limited settings such as Uganda. This review examines ongoing efforts by the Department
of National Health Laboratory and Diagnostic Services - Central Public Health Laboratories (NHLDS-
CPHL) to integrate genomics into public health strategies. We highlight key advancements, lessons
learned, and opportunities, including expanded genomic testing capacity, localized bioinformatics
infrastructure, and reinforcement of surveillance systems. Through use-case studies on COVID-19,
HIV/AIDS, malaria, Ebola, Mpox, rotavirus, and cholera we demonstrate, the impact of genomics on
improving diagnostic accuracy, disease monitoring and outbreak response, identifying drug
resistance, and informing targeted public health interventions. Despite these successes, challenges
including but not limited to infrastructure gaps, funding constraints, and ethical considerations
remain, underscoring the need for policy, regulation and capacity enhancement as well as global
collaboration to effectively address these obstacles. Lessons learned from these efforts provide
valuable recommendations for optimizing and sustaining genomic programs in low-resource
settings. By leveraging genomics, Uganda can further strengthen its ability to detect, monitor, and
respond to emerging and re-emerging health threats, ultimately enhancing disease control measures
and public health resilience.
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Introduction

Low- and middle-income countries (LMICs) like Uganda face significant public health
challenges from concurrent infectious outbreaks and endemic threats, causing millions of deaths and
the loss of over 200 million healthy life years [1,2]. In Africa, reliance on syndromic surveillance often
limits early pathogen detection, particularly in regions with poor diagnostic access [3]. While
traditional epidemiology is valuable, it frequently lacks the resolution required for prompt, effective
response [4].

Genomic sequencing bridges this gap by providing high-resolution data on disease etiology,
pathogen evolution, and drug resistance [4,5]. These insights are critical for targeted interventions
and evidence-based public health decision-making [6]. Despite its potential, the adoption of genomic
epidemiology remains uneven in resource-limited settings [7,8].

Uganda, with its high burden of infectious and emerging non-communicable diseases, presents
a compelling use case for integrating genomics into health policy. Leveraging genomics can refine
epidemiological models, optimize resource allocation, and tailor interventions to specific genetic
needs. This review explores the integration of genomics into Uganda’s public health ecosystem,
focusing on surveillance, outbreak investigation, and antimicrobial resistance monitoring. We
examine in-country capacity and policy influence, offering lessons for other LMICs aiming to enhance
health security through genomics.

Genomics Capacity

The NHLDS-CPHL genomics core has expanded its capacity through the acquisition of
advanced molecular diagnostics and the implementation of robust quality management systems. The
facility is equipped with diverse sequencing platforms, including Illumina (NextSeq, MiSeq, iSeq),
Oxford Nanopore (GridION, MinlON), and ABI SeqStudio, supported by high-performance
computing infrastructure. Partnerships with the Africa Pathogen Genomics Initiative (Africa PGI),
African Society of Laboratory Medicine (ASLM), WHO, and the Global Fund have strengthened the
workforce [9], enabling near real-time outbreak reporting [10] and the development of localized
bioinformatics pipelines [11]. Consequently, NHLDS-CPHL has emerged as a regional center of
excellence, providing technical support and training to National Public Health Laboratories (NPHLs)
across more than ten African nations. Committed to high-quality standards, the laboratory
participates in External Quality Assessment (EQA) programs with College of American Pathologists
(CAP), the National Food Institute, Technical University of Denmark (DTU), WHO, and UKNEQAS
covering HIV, AMR, Mpox, and malaria, alongside United Nations Secretary-General’s Mechanism
(UNSGM) bioinformatics exercises for bioweapon analysis. These capabilities position NHLDS-
CPHL to lead collaborative pathogen genomics surveillance and strengthen public health systems
across Africa [12].

SARS-CoV-2 Variant Surveillance

The emergence of SARS-CoV-2 and its subsequent evolution into diverse variants posed
significant challenges to public health even after the WHO declared the end as a global health
emergency [13]. This called for continuous surveillance of variants to sufficiently monitor their
impact on the performance of currently available vaccines, therapies, and diagnostic tools.
Considerable progress was made in establishing and strengthening local and global systems to detect
signals of potential variants of interest (VOIs) and variants of concern (VOCs) and rapidly assess the
risk posed by SARS-CoV-2 variants to public health [14]. At CPHL, tracking of SARS-CoV-2 VQOIs
and VOCs circulating in the country has been in force since 2021, albeit the low national testing.
Consistent with global trends, the Omicron lineage has remained dominant, with sub-lineages still
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present as of July 2024 (Figure 1). Despite low national SARS-CoV-2 testing and positivity rates, the
JN.1 variant, classified as a VOI in 2023 [15], accounted for over 95% of infections (Figure 1). Although
this variant currently poses a low global health risk, its increased transmissibility and potential for
immune evasion compared to earlier variants necessitate ongoing monitoring and surveillance for
effective COVID-19 management [16]. This longitudinal analysis of variants enables the prediction of
seasonal surges, allowing for timely intensification of surveillance, which has led to the evolution of
SARS-CoV-2 surveillance into a comprehensive national severe acute respiratory infection and
influenza-like Illness (SARI/ILI) active surveillance system.
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Genomics in Wastewater-Based Surveillance

To assess the feasibility and public health value of implementing wastewater surveillance for
early warning system and enhanced surveillance in Uganda, CPHL initiated a pilot project for
wastewater-based SARS-CoV-2 surveillance in the Kampala metropolitan area. Our findings
revealed that in late April 2023, the positivity in wastewater was twice as high as the national average.
This preceded the community case surge observed in May 2023, demonstrating the value of
continuous wastewater monitoring for predicting outbreaks (Figure 2A). Furthermore, wastewater
samples collected between March and December 2023, were subjected to targeted genomic
sequencing for VOCs and variants under monitoring (VUM) and these corresponded to those
observed to circulating in the general population (Figure 1 and 2B). Overall, these data demonstrate
the value of wastewater-based surveillance as an early warning outbreak indicator within the general
population.
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Genomics in HIV Antiretroviral Therapy Optimisation

HIV genotyping has been demonstrated as a critical tool in the clinical management of
antiretroviral therapy (ART), especially in identifying and monitoring drug resistance patterns
capable of compromising treatment efficacy [17,18]. Following the WHO recommendation [19],
LMICs, including Uganda, rapidly adopted the use of the integrase inhibitor Dolutegravir (DTG)-
based regimens as part of the preferred first-line ART for HIV due to their potency, high barrier to
resistance, and generally favorable tolerability profile. However, the emergence of resistance to DTG
poses a significant challenge, necessitating genomic surveillance and targeted management strategies
[20,21]. To this end, NHLDS-CPHL has since validated and integrated the use of next-generation
sequencing [22], a less subjective, more quantitative, and highly sensitive technology capable of
detecting low-abundance variants, into routine care for patients with virological failure [23,24].

Program data generated from routine genomic surveillance has demonstrated a steady increase
in DTG resistance with an up to 8% leap in 2023. However, data from for January-September 2024
data indicate a slight decrease that underscore further routine surveillance. At a granular level in
2024 data, we found up to 17% high-level, 4% intermediate, and 2% low-level resistance to DTG
among patients with a non-suppressed repeat viral load (Figure 3A). Following the discussion and
review of the results, most patients with intermediate to low-level resistance were not empirically
switched to more expensive regimens. Additionally, our data also indicates a notable decline in
acquired drug resistance to backbone drugs; Abacavir (ABC), Zidovudine (AZT), and Tenofovir
(TDF) compared to Dolutegravir (DTG) (Figure 3B), underscoring the importance of genomics in
routine HIV care and case management.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Ebola Sudan Outbreak Investigation

Uganda has been the epicenter of Ebola Sudan virus (SUDV), documenting seven outbreaks to
date, with healthcare workers consistently identified as the highest-risk population [25,26]. For the
most recent outbreaks, CPHL has played a pivotal role in the response, notably in 2025 response,
delivering genomic sequencing data within 24 hours of diagnosis. Phylogenetic analysis confirmed
SUDV and revealed that the 2025 viral genomes closely clustered with sequences from the 2012
Luwero outbreak, with a high degree of nucleotide identity. Additionally, the 2025 outbreak does not
cluster with sequences from the 2022 outbreak, suggesting no direct evolutionary linkages [10]
(Figure 4). Interestingly, we also observed that the 2022 sequences aligned with the Luwero 2011
genomes, suggesting a potential shared epidemiological origin, Luwero, possibly through a common
reservoir, independent spillover events, or endemic circulation rather than a direct lineage
continuation. Overall, our findings underpin the need for expanded genomic surveillance to better
understand the mechanisms driving SUDV re-emergence in Uganda.

Figure 4
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Cholera Outbreak Investigation

NHLDS-CPHL through the CholGen consortium, an initiative led by Africa CDC under the
Africa PGI, has built significant capacity for cholera genomics, which focussed on wet lab, metadata
collection and bioinformatics analysis [27,28]. In 2023-2025, CPHL deployed genomic analysis for the
first time during cholera outbreaks, with results promptly confirming that the T13 (AFR13) lineage
was responsible for these outbreaks similar historical isolates previously identified through the
CholGen regional analysis, suggesting persistent circulation of this strain within Uganda. Additional
genomic analysis revealed the presence of the IncA/C plasmid, a common carrier of multidrug
resistance in cholera among resulting in the detection of aad2, blaPER-7, mph(A), mph(E), mrs(E),
and sull [29,30] (Figure 5B). These findings underscore the importance of ongoing AMR surveillance
to guide effective treatment strategies and outbreak management.
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Genomics in Outbreak Response of Unknown Aetiologies

Timely identification of infectious agents in outbreak scenarios, especially those with unknown
aetiologies, remains a critical gap in many low-resource settings. Leveraging genomics has enabled
rapid, precise detection of causative pathogens, even in complex cases involving co-infections.

Coinfection of Rotavirus A and Coxsackievirus at a baby’s home: NHLDS-CPHL has utilized
targeted enrichment-based sequencing for rapid detection of pathogens agents of unknown causes,
exacerbated by limited diagnostics. In August 2023, children in a baby’s home exhibited symptoms
including acute watery diarrhoea, vomiting, as well as general body weakness with no definitive
diagnosis. Stool samples were collected and subjected to the [llumina Viral Surveillance Sequencing
Panel (VSP) at NHLDS-CPHL and results confirmed presence of rotavirus A, a common causative
agent of diarrhoeal disease in infants, as the primary pathogen and revealed a co-infection with
enterovirus (coxsackievirus) in some cases (Table 1), resulting in guided implementation of targeted
control strategies such as heightened hygiene interventions and promotion of vaccination to prevent
further transmission. The dual-pathogen presence observed in this investigation highlighted the
probable multifaceted nature, underpinning the need for considering concurrent infections during
outbreak response and management.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 1. Target enrichment for the stool specimen collected from children’s home in Uganda.

Lab ID Pathogen Detected
RPGS-222 Rotavirus A; Enterovirus (Coxsackieviruses)
RPGS-223 Rotavirus A; Enterovirus (Coxsackieviruses)
RPGS-224 Rotavirus A; Enterovirus (Coxsackieviruses)
RPGS-225 Rotavirus A; Enterovirus (Coxsackieviruses)
RPGS-226 Enterovirus (Coxsackieviruses)
RPGS-227 Rotavirus A; Enterovirus (Coxsackieviruses)
RPGS-228 Enterovirus (Coxsackieviruses)
RPGS-230 Enterovirus (Coxsackieviruses)
RPGS-231 Rotavirus A; Enterovirus (Coxsackieviruses)
RPGS-232 Enterovirus (Coxsackieviruses)

Bacillus cereus in a suspected food poisoning investigation: In July 2023, a severe food
poisoning outbreak affecting over 100 students occurred at one of the secondary schools in Uganda’s
Mukono District, characterized by bloody diarrhea, abdominal pain, and vomiting. Specimens
including cooked food, raw ingredients, and stool samples were analyzed by the CPHL using a
repurposed Respiratory Pathogen ID/AMR Enrichment Panel (Illumina, Inc.), capable of
simultaneously detecting 280+ pathogens and 2,000+ AMR markers in a single assay. Genomic
analysis, corroborated by microbial culture results, identified Bacillus cereus in the cooked food but
not in raw ingredients, indicating that contamination occurred during food preparation or following
cooking rather than from raw ingredients (Table 2). These findings clarified the outbreak’s origins
and provided evidence-based guidance for implementing preventive measures in schools and similar
congregate settings, particularly regarding improved food handling and preparation practices.

Table 2. Genomic and culture results in food exhibits sampled.

Exhibit material Sample id Culture Genomics
Cooked posho D NIL Bacillus cereus
C NIL Bacillus cereus
Cooked beans A Bacillus cereus Bacillus cereus
Uncooked Posho flour N3 Bacillus cereus NIL

Genomics in Real-Time Mpox Outbreak Management

Uganda confirmed its first case of Mpox on August 2, 2024, and as of February 2025, the outbreak
had spread over 56 districts across the country. A total of 732 PCR-confirmed Mpox-positive cases
were subjected to hybrid-capture method to isolate genomes and subsequently processed using the
artic-mpxv-illumina-nf workflow [31] achieving > 90% genome coverage for majority samples.
Genomic analysis revealed that all positive samples belonged to Clade 1b, with the emergence of 3

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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temporally distributed distinct clusters as well as APOBEC-3 mutations (Figure 6), which is
suggestive of ongoing human-to-human transmission and viral evolution with probable immune
evasion at play [32,33]. Overall, these findings guided public health informed-decision making
regarding which diagnostic strategies to be deployed in Uganda, given the varying sensitivities and
specificities of available tests for different Mpox clades.

Tree scale: 0.0001 +———+ -
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Genomics in Malaria Surveillance

Uganda adopted artemisinin-based combination therapies (ACTs) per WHO guidelines [34,35].
However, efficacy is increasingly threatened by partial artemisinin resistance associated with
Plasmodium falciparum Kelch 13 (PfK13) mutations and markers of partner drug resistance [36,37].
Through the Implementing of Malaria Molecular SurveillancE in Uganda (IMMRSE-U) project, the
NHLDS-CPHL and partners identified spatiotemporal increases in PfK13 mutations, specifically
A675V and C469Y in northern Uganda; R561H, P441L, and C469F in the west; and R6221 in 2023 [37].
Additionally, genomic metrics such as complexity of infection (COI) were found to correlate strongly
with malaria prevalence [38]. Overall, these findings support data-driven subnational stratification
and complement routine epidemiologic surveillance, providing insights leveraged by the National
Malaria Elimination Division (NMED) to design therapeutic efficacy studies and formulate new
elimination strategies.

Surveillance among refugees revealed distinct resistance profiles, characterized by
aminoquinoline markers in refugees from South Sudan and antifolate markers in those from the
Democratic Republic of the Congo (DRC), with moderate artemisinin partial resistance observed in
both groups. These profiles differed from those in local host communities, highlighting the risk of
resistance importation Such monitoring is essential to inform targeted treatment strategies, improve
refugee health, and limit the spread of antimalarial drug resistance within Uganda [39].

Rigorous technical evaluations of genotyping tools are essential for establishing reliable
surveillance infrastructure. We assessed the sensitivity, specificity, and precision of the Multiplexed
Amplicons for Drugs, Diagnostics, Diversity, and Differentiation using High-Throughput Targeted
Resequencing (MAD4HatTeR) [40] and the Molecular Inversion Probe (MIP) assay [41]. Our findings
define distinct utilities for each: MAD4HatTeR is optimal for therapeutic efficacy studies and
detecting minority alleles, while the MIP assay is preferred for investigating novel mutations and
phenotypic-genotypic associations [42].
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In parallel, we evaluated diagnostic accuracy by monitoring pfhrp2/3 gene deletions, which
threaten the performance of antigen-based Rapid Diagnostic Tests (RDTs) [43]. Although deletions
are present, their prevalence remains below the WHO 5% threshold required for policy modification
[44,45]. Crucially, field performance evaluations confirmed that the Bioline Malaria Ag P.f/Pan RDT
maintains high sensitivity and reliability in Uganda [46]. Together, these findings validate our
technical capacity and underscore the necessity of continuous monitoring to sustain diagnostic

integrity.

Genomics for Liquid Biopsy in Oncology Diagnosis

Within the Aggressive Infection Related-East African Lymphoma (AIREAL) consortium,
NHLDS-CPHL has shown that liquid biopsies, analyzing circulating viral DNA, offer a non-invasive
and faster route to early diagnosis of Epstein-Barr virus (EBV)-driven Burkitt’s lymphoma (BL).
Traditional BL diagnosis relies on invasive tissue biopsies, often causing significant delays and
potentially leading to less targeted treatment with poorer outcomes [47,48]. The evaluated liquid
biopsy panel achieved 87.5% sensitivity and 84.6% specificity for EBV-driven BL, presenting
clinicians, especially in areas with limited pathology resources, with a more precise diagnostic option
for better patient management [49].

Discussion and Conclusion

This review underscores Uganda’s progress in integrating genomics into its public health
ecosystem, demonstrating the technology’s transformative potential in resource-limited settings.
Enhanced laboratory capacity, local bioinformatics infrastructure, and strengthened surveillance
have optimized diagnostic accuracy and outbreak response. Case studies spanning COVID-19, HIV,
malaria, Ebola, Mpox, rotavirus, and cholera illustrate the critical role of genomics in tracking
variants, guiding treatment, investigating outbreaks, and monitoring drug resistance.

Despite these achievements, challenges regarding sustainable funding and ethical governance
persist. Addressing these requires diversified financing mechanisms through public-private
partnerships, robust data governance frameworks to ensure privacy, and the development of local
reference databases to enhance interpretation accuracy. Furthermore, knowledge transfer programs
prioritizing self-sufficiency are essential for long-term sustainability.

Future advancements will rely on cross-sectoral collaborations and emerging technologies.
Innovations such as portable diagnostics (e.g., lab-on-a-chip) and Artificial Intelligence (AI) for
predictive analytics are poised to revolutionize rapid, on-site detection and real-time surveillance,
while Virtual Reality (VR) offers scalable training solutions. The NHLDS-CPHL is actively cultivating
an innovative workforce to develop cost-effective, in-house solutions, thereby reducing reliance on
external resources. Ultimately, this NHLDS-CPHL-led initiative serves as a replicable model for
Africa, proving that coordinated investment in genomic infrastructure yields substantial returns in
public health resilience and preparedness.

Ethical Considerations: All investigations complied with ethical guidelines, obtaining informed consent where
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