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In this Supplement, we detail outputs of the National Institute for Health Research Global Health Research Unit on Genomic 
Surveillance of Antimicrobial Resistance project, covering practical implementation of whole-genome sequencing across our con-
sortium, which consists of laboratories in Colombia, India, Nigeria, and the Philippines.
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The promises of whole-genome sequencing (WGS) for surveil-
lance of antimicrobial resistance (AMR) are broad and point 
toward a revolution in clinical microbiology (eg, for diagnos-
tics and identification of risk to enhance patient management), 
enhanced insights into transmission dynamics, and allied in-
creased infection control. Furthermore, the ability to observe 
the underlying evolutionary and population dynamics of patho-
gens promises to enhance our ability to develop, implement, and 
monitor interventional approaches such as new antimicrobials 
and vaccines, as well as nontherapeutic interventions. The col-
lation of WGS data combined with relevant phenotypic, clin-
ical, and epidemiological data at local, regional, national, and 
international levels will lead to a landscape of data-informed 
pathogen monitoring, which will enhance public health deci-
sion-making and concomitant impact on control.

The potential for us to observe, learn from, and mitigate 
the risk from the evolutionary and epidemiological dynamics 
of pathogens is an intensive area of research, and there are 
increasing bodies of evidence to indicate feasibility and po-
tential routes toward policy and stakeholder impact. However, 

while the promises are vast, the practicalities of WGS imple-
mentation for AMR surveillance are challenging and broad, 
spanning local and international infrastructure (both labora-
tory and computational), workforce training and retention, and 
supply chain and reagent availability, to name a few areas. In 
addition to practical challenges, we are tasked with the chal-
lenges of evolution; pathogens are dynamic entities whose bi-
ology changes in adaptation to pressures that we exert as we 
attempt to mitigate their impact. Policy changes and human be-
havior can have a direct impact on the evolution of subsets of a 
pathogen’s population. This has been seen clearly in the current 
coronavirus 2019 pandemic, where the evolution and spread of 
particular lineages around the world have been influenced dra-
matically by the dual impact of movement restrictions and vac-
cine introductions, and population acceptance of these, largely 
in countries and locations that can afford such large-scale inter-
ventions. There is a pressing need to drive down the time to im-
plementation of methods that will enhance infection control as 
well as our ability to collate and use data generated to maximum 
benefit for impact and decision-making at the local, national, 
and international levels to control AMR.

The National Institute for Health Research Global Health 
Research Unit (GHRU) on Genomic Surveillance of AMR was 
initiated to focus on the implementation and integration of 
WGS within existing or nascent national AMR surveillance sys-
tems and to define standard methodologies, technical packages, 
and workstreams that would enhance the ability to both deliver 
WGS as a practical local tool and to bring together data and in-
terpretation of pathogen dynamics for local, national, and inter-
national utility [1, 2]. In this Supplement, we detail the project’s 
implementation and outputs, covering practical implementation 
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of WGS across our consortium, which consists of laboratories 
in Colombia, India, Nigeria, and the Philippines. Each location 
is at a different stage of national AMR surveillance, and they 
have different institutional fingerprints. However, our approach 
has been to collectively identify horizontal technical and data 
requirements and to develop approaches that can be applied 
vertically within different backgrounds. Learning and sharing 
across all contexts has been crucial to the delivery of insight and 
increased ownership and development of outputs.

Practical implementation of WGS within a microbiology labo-
ratory requires careful consideration and development of proto-
cols, design of laboratory space to optimize practical workflow, 
and management of both samples and laboratory information in 
ways that can be maintained over time. Kekre et al detail an iter-
ative approach to implementation of WGS across sites through 
laboratory assessment, assembly, optimization, and reassessment 
in order to deliver surveillance capacity [3]. Furthermore, stand-
ardization in phenotypic testing allied to standardized genotypic 
testing is crucial to the uptake and utility of WGS to complement 
existing and current working laboratory practices.

Concomitant to laboratory capacity, major challenges with 
WGS implementation are focused on bioinformatics and the 
ability to rapidly move from raw data through to interpretable 
information that could be used to understand local dynamics. 
The development of standardized data pipelines and methods to 
move directly from sequencer to interpretable outputs—for ex-
ample, which resistance determinants are seen within which ge-
nome and how does this relate to previously seen samples—is the 
subject of Afolayan et al’s article in which they describe the bottle-
necks in bioinformatics deployment and routes to overcome is-
sues which have been implemented as standardized workflows 
across all GHRU laboratories [4]. Both laboratory methodologies 
and bioinformatics for WGS are reasonably novel methods that, 
for broader uptake, require the upskilling of new workforces ca-
pable of delivering the value and promise. Each unit within the 
GHRU acts, to a lesser or greater extent, as a regional hub for 
expertise. Training, both locally and further afield, can benefit 
greatly from newer teaching methodologies such as Train-the-
Trainer, which aims to enhance pedagogical expertise to deliver 
training aimed at forward-learning. Our approaches taken within 
the GHRU but aimed broadly at the use of Train-the-Trainer for 
genomic pathogen surveillance are detailed by Abrudan et al [5].

An often overlooked aspect within “capacity-building pro-
jects” is holistic institutional capacity outside of a specific 
technology or method. International efforts to standardize 
aspects of grant management and diligence covered by the 
Good Financial Grants Practice initiative are detailed by 
Harste et  al, along with standards implementation and ac-
creditation at GHRU sites focused on increasing institutional 
capacity to accept and manage funds for genomic surveil-
lance, which often requires large transactions and rapid data 
turnaround [6].

Each partner within the GHRU has priorities with respect 
to pathogens and questions posed and potentially addressed 
through the use of WGS, largely driven by local stakeholders 
and requirements, and local and national pathogen dynamics. 
In order to provide population-level understanding of patho-
gens to drive and deliver value for local determination of, for 
example, hospital-level dynamics, our focus within the GHRU 
has been on large-scale pathogen surveys aimed at under-
standing the dynamics of the World Health Organization 
(WHO) AMR priority pathogens for the generation of new 
antibiotics, allied to capacity for local prospective sequencing 
to enhance targeted investigation. The model of longitudinal 
population snapshots providing insight into dynamics of the 
clonal structure of pathogens allied to the contextualization of 
triggered investigations based on phenotypic frequency is in-
vestigated and described more fully here related to Klebsiella 
pneumoniae, a pathogen of major importance globally and in 
each of the GHRU countries. There is significant interest in the 
development of vaccines for K. pneumoniae, and insights into 
circulating strains and a description of both the clonal popula-
tion with respect to resistance as well as the distribution of po-
tential vaccine targets (eg, the K/O antigens for K. pneumoniae) 
is crucial to inform local policy and the development of inter-
ventions. Prior to these studies, very little was known about the 
genomic population structure of K. pneumoniae in the GHRU 
countries, and we describe and detail population dynamics at 
a national and very local scale, as well as the impact of using 
this information. Saavedra et  al describe the complexities of 
carbapenemase-resistant Klebsiella in Colombia and justifica-
tion for ongoing requirements for surveillance to manage infec-
tion control [7]. Similarly, Nagaraj et al apply WGS to detail the 
emergence of clonal lineages and the impact on requirements 
for enhanced public health management [8]. Afolayan et al de-
scribe Klebsiella from Nigeria and identification of facility-level 
outbreaks of particular clones, while demonstrating the power 
of WGS to untangle the international dynamics of clones cir-
culating in Nigeria [9]. The power of WGS to aid identifica-
tion of previously unseen outbreaks is further detailed in the 
Philippines by Carlos et  al, along with the ongoing enhance-
ment of linking phenotypic data for scanning and alerting 
enhanced by WGS [10]. All of our country-level descriptions 
focus on the use of WGS for enhanced infection control, insight 
into local events that can be actioned (eg, outbreak identifica-
tion and prevention), and the local contextualization of data on 
national and international circulating lineages. A requirement 
for bringing data together across nations and delivering value at 
a very local level while also enabling global-level understanding 
of pathogen dynamics demands a new breed of data platforms 
that deliver collation of all available data along with best prac-
tice analytics and risk identification (eg, the right AMR de-
terminants and analytic methods). Argimón et al describe the 
enhancement of such a platform, Pathogenwatch, for the global 
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surveillance of K. pneumoniae delivered through a community 
approach and aimed at democratizing data and insight [11]. 
Key to this approach is the delivery of value at a local level to 
enhance understanding at the source of data-generation.

In undertaking this work, we have expanded the geographies of 
understanding of Klebsiella epidemiology, including for the first 
time data from isolates from multiple institutions from which ge-
nomic information was not previously available, recruiting sci-
entists and clinicians working within them to a global endeavor. 
We have therefore sharpened the understanding of Klebsiella 
pandemic lineages and their distribution very prominently and 
identified many new ones, illustrating the global value of local 
genomic surveillance efforts. All of our data are publicly available 
and therefore usable by others who would like to further con-
textualize Klebsiella genomic epidemiology in their own settings.

While there are considerable additional difficulties in wide-
spread implementation of WGS as a front-line decision-support 
and surveillance tool, we have detailed technical and practical 
approaches within the GHRU, exemplified the approach to in-
terpret and understand the dynamics of a major pathogen within 
our countries, and reported on an approach for ongoing interna-
tional surveillance through shared and open informatics. Prior to 
these publications, this work has helped inform (and challenges 
are described within) the recent WHO publication on the use of 
WGS for surveillance of AMR within the Global Antimicrobial 
Resistance Surveillance System [12]. Furthermore, we present our 
findings along with our lessons as a model for developing-while-
doing and to ensure that our experiences as well as our data can 
be leveraged to promote genomic surveillance in other settings.

Clearly, there are many challenges ahead to achieving the 
promise of WGS for truly global, local, and international sur-
veillance of AMR. However, barriers are being broken down, 
and models that practically and tangibly address bottlenecks in 
local implementation, allied with data collation, linkage, and in-
terpretation methods, both bottom-up and top-down, are likely 
to drive down implementation time and speed up the delivery 
of data for action and to enhance, monitor, and adapt to real-
time interventional challenges.
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