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Summary box

►► Antimicrobial resistance (AMR) has been declared a 
global public health emergency by WHO.

►► Low-income and middle-income countries (LMICs) 
bear the greatest burden of AMR infections.

►► Whole-genome sequencing (WGS) has the potential 
to greatly enhance AMR surveillance at both the na-
tional and international level.

►► A roadmap with examples is presented on how ob-
stacles to the implementation of WGS for AMR sur-
veillance in LMICs can be overcome.

►► Collaborations between high-income countries and 
LMICs at various stages of implementing WGS for 
AMR surveillance are learning opportunities for all 
partners and can form cornerstones for global sur-
veillance in future.

►► The NIHR Global Health Research Unit on Genomic 
Surveillance of AMR (GHRU) aims to make WGS tools 
for AMR surveillance available in LMICs through eq-
uitable partnerships and to provide actionable data 
for public health policy.

Abstract
The global spread of antimicrobial resistance (AMR) 
and lack of novel alternative treatments have been 
declared a global public health emergency by WHO. 
The greatest impact of AMR is experienced in 
resource-poor settings, because of lack of access to 
alternative antibiotics and because the prevalence 
of multidrug-resistant bacterial strains may be 
higher in low-income and middle-income countries 
(LMICs). Intelligent surveillance of AMR infections is 
key to informed policy decisions and public health 
interventions to counter AMR. Molecular surveillance 
using whole-genome sequencing (WGS) can be a 
valuable addition to phenotypic surveillance of AMR. 
WGS provides insights into the genetic basis of 
resistance mechanisms, as well as pathogen evolution 
and population dynamics at different spatial and 
temporal scales. Due to its high cost and complexity, 
WGS is currently mainly carried out in high-income 
countries. However, given its potential to inform 
national and international action plans against AMR, 
establishing WGS as a surveillance tool in LMICs will 
be important in order to produce a truly global picture. 
Here, we describe a roadmap for incorporating WGS 
into existing AMR surveillance frameworks, including 
WHO Global Antimicrobial Resistance Surveillance 
System, informed by our ongoing, practical 
experiences developing WGS surveillance systems 
in national reference laboratories in Colombia, India, 
Nigeria and the Philippines. Challenges and barriers 
to WGS in LMICs will be discussed together with a 
roadmap to possible solutions.

Introduction: what is the value of whole-
genome sequencing for antimicrobial 
resistance surveillance?
Antimicrobial resistance (AMR) is the ability 
of bacteria to resist antimicrobial treatment. 
As a result, bacterial infections cannot be 
cleared and there is a high risk of onward 
transmission. A related group of AMR 
bacteria that share a common ancestor and 
genetic background is known as an AMR 
strain, which is frequently used synonymously 

with AMR clone. The global spread of AMR 
pathogens has been declared a global public 
health emergency.1

AMR imposes a substantial cost on soci-
eties that endangers economic growth and 
balanced access to resources (table 1).2 AMR 
disproportionately affects low-income and 
middle-income countries (LMICs) and is a 
risk to several United Nations sustainable 
development goals.3 4 For example, AMR 
endangers the health and well-being of indi-
viduals and their livestock, the functioning 
of health systems and clean water supplies.5 
In high-income countries (HICs), the infra-
structure to ensure clean water supplies and 
to regulate the use of antimicrobials among 
both the human and animal populations is 
more readily available leading to a reduced 
impact of AMR strains.
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Table 1  Summary of how AMR adversely affects a number of UN sustainable development goals

UN global development goal (no) Impact of AMR

No poverty (1) AMR strikes hardest on the poor2 87

Zero hunger (2) Negative impact of AMR on animal husbandry88

Good health and well-being (3) AMR endangers health, well-being and functioning of health systems89

Clean water and sanitation (6) Antimicrobials and AMR organisms are released in wastewater90

Decent work and economic growth (8) AMR causes a cost to societies that endangers growth and employment91

Responsible consumption and production (12) AMR endangers balanced access to medical and environmental resources92

AMR, antimicrobial resistance.

Applied as part of a one-health approach, whole-
genome sequencing (WGS) can be used to infer transmis-
sion events between humans and animals and trace the 
origin of foodborne diseases. For example, a WGS study 
of Salmonella typhimurium DT104 suggests that several 
transmission events occurred between human and cattle 
populations over the past 50 years.6 As antimicrobial use 
in farm animals and release of antibiotics in the environ-
ment are suspected to affect AMR in human diseases, 
one health has become an important component of 
action plans against AMR.7 In addition, the transmission 
of pathogens through the food chain from farm to fork 
can also be tracked. In this way, when a putative source 
has been identified, investigations can be carried out and 
transmission routes eliminated by cooperation of organ-
isations with different realms of responsibility within the 
food chain. This methodology has been demonstrated, 
for example, in public health investigations of Salmonella 
in eggs8 and in colistin-resistant Escherichia coli in pigs and 
raw meat in China.9 It is important that the chain from 
farm to fork be monitored as part of National Action 
Plans (NAPs).10

Reducing AMR and preventing the spread of AMR 
organisms requires understanding the mechanisms of 
resistance, transmission routes and the epidemiology of 
AMR organisms.11–17 To collect this information, WHO 
has built the Global Antimicrobial Resistance Surveil-
lance System (GLASS) that collects data on eight priority 
pathogens at high risk of developing resistance to all avail-
able antimicrobial treatment options.1 GLASS collects 
national-level phenotypic AMR data using WHONET, a 
free database software developed by the WHO Collab-
orating Centre for Surveillance of Antimicrobial Resis-
tance at Brigham and Women’s Hospital and Harvard 
Medical School supported in over 2300 laboratories in 
over 120 countries.18

Phenotypic antimicrobial susceptibility testing (AST) 
determines if cultured bacterial isolates grow in vitro in 
the presence of a specified concentration of a given anti-
microbial agent. Phenotypic data include the minimum 
inhibitory concentration of an antimicrobial that 
prevents growth of the tested bacterial isolate or zones 
of growth inhibition collected from disk diffusion tests. 
AST results provide important information for clinical 
management and surveillance but no direct information 

about resistance mechanism, transmission routes or 
pathogen evolution.

Molecular surveillance data based on bacterial DNA 
sequence information can be a valuable addition to 
a national surveillance system, and a complement to 
phenotypic surveillance by providing more detailed 
insights into the epidemiology of pathogens, including 
AMR strains. Using WGS achieves superior reproduc-
ibility and resolution compared with other molecular 
surveillance methods allowing not only for the possible 
origin of the host bacteria to be determined but also the 
genetics of the loci responsible for resistance to be inves-
tigated. WGS has become a key technology for under-
standing pathogen evolution and population dynamics 
on different spatial and temporal scales.19 Additionally, 
WGS can determine other pathogen characteristics of 
public health importance, such as virulence and transmis-
sibility.20 Knowledge of these characteristics can improve 
the management of disease outbreaks and epidemics and 
have a direct impact on the health of individuals within 
a region.

WGS captures neutral evolution as well as the evolu-
tion of AMR determinants and can therefore be used to 
infer the origins and transmission routes of AMR strains. 
The ability to infer bacterial evolution and transmission 
routes from WGS data is important because frequently 
only a fraction of infections is captured and sequenced 
rather than the entire transmission chain. For example, 
a WGS study of early MRSA isolates revealed that the 
mecA gene that renders Staphylococcus aureus resistant to 
the second-generation β-lactam methicillin originally 
arose 14 years prior to the first clinical use of methicillin, 
presumably as an adaptation against the use of first-
generation β-lactams.21 Another WGS study on MRSA 
proved that transmission of MRSA is not restricted to 
events within the same hospitals but increases propor-
tionally with the number of patients referred between 
different hospitals.22

The same methods used to construct phylogenetic 
trees of patient isolates can be used to estimate important 
epidemiological parameters, such as the basic reproduc-
tive number R0 that describes how many secondary infec-
tions can arise from one primary case. R0 indicates how 
fast an infection spreads through a population (transmis-
sibility) and how difficult it is to contain.6 23 Even though 
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it can be difficult to determine R0 from genetic informa-
tion from fast-growing bacteria, phylogenetic analysis 
of WGS data from Mycobacterium tuberculosis isolates has 
been used to estimate R0 in a tuberculosis (TB) outbreak 
in a low-burden environment in Canada.7

AMR emerges and spreads within observable timescales. 
Therefore, constant monitoring of the population struc-
ture of known pathogens facilitates a targeted response to 
emerging high-risk clones. A high-risk clone is a genetically 
uniform group of bacteria that by common ancestry share 
the same critical resistance mutations and genes making 
them resistant to one or more standard treatments. High-
risk clones can be identified from WGS data based on 
clonal relatedness and abundance and inferring virulence 
and resistance profiles from gene content.8

It has been argued that continuous surveillance is 
more cost-effective for preventing disease outbreaks than 
attempts at predicting potential new pathogenic strains 
from available sequence and epidemiological data.9 In 
combination with phenotypic surveillance and epidemi-
ological data, evidence from WGS data can be used to 
strengthen programmes for infection prevention and 
control, inform emergency responses and refine clin-
ical decision making by lending further evidence on 
the origin of resistant clones that are dominant within a 
geographical region or globally.

In some circumstances, WGS data may allow for pre-
emptive actions against AMR spread. by aiding the devel-
opment of rapid and sensitive molecular diagnostics that 
can detect AMR and be employed as point-of-care tests 
(POCTs). For example, quinolone-resistance in Neisseria 
gonorrhoeae is generally associated with known mutations 
in the gyrA and parC genes, which could be exploited to 
design a molecular POCT for quinolone resistance.10 
Another example for the development of POCTs with the 
help of WGS is TB.24

What are the benefits of incorporating WGS into AMR 
surveillance programmes in LMICs?
LMICs are disproportionately impacted by AMR. An 
important driver of AMR in LMICs is unregulated anti-
microbial use and the sale of counterfeit products.25–27 
Sanitation is frequently poor and waste water enters the 
environment untreated.28 A recent study in New Delhi 
found that the concentration of 28 tested antimicrobials 
exceeded 0.1 µg/L in some of the city’s aquifers. Most 
water bodies had antimicrobial concentrations greater 
than 0.01 µg/L.29 The majority of LMICs are located in 
tropical/subtropical regions and have above average 
biodiversity levels.30 Therefore, the risk of AMR arising 
through the mixing of different species and bacterial 
strains is potentially high. For instance, a study from 
Vietnam found that rats and shrews captured on livestock 
farms harboured eight times more multidrug-resistant 
(MDR) E. coli strains than mammals caught in the wild.31 
For these reasons, the evolution of AMR in LMICs should 
be carefully monitored.

Agriculture and livestock farming play a major role in 
the economies of most LMICs. The interactions between 
humans and farm animals in LMICs are complex and 
the use of antimicrobials in farming is largely uncon-
trolled.26 Consequently, the risk of AMR epidemics in 
food animals and transmission between humans and 
livestock along various points in the food production 
chain is high, but poorly understood.10 WGS studies 
can untangle the processes that lead to the emergence 
and spread of AMR organisms in human-livestock inter-
actions and identify novel resistance mechanisms in 
animal pathogens.32 The benefits of comprehensive 
AMR surveillance in LMICs will extend to the animal 
health and agricultural sector. Hence, AMR surveillance 
can suggest measures to maintain and boost economic 
growth and resource preservation in affected countries. 
One example of an integrated food safety surveillance 
programme that can be expanded by incorporating 
WGS is the AGROSAVIA (the Colombian Institute for 
Farming and Livestock Research, previously under the 
name of COIPARS).33

WGS has been successfully applied to identify drivers 
of AMR burden, including in LMICs. For example, WGS 
data from E. coli isolates from children in South Asia and 
sub-Saharan Africa found that 65% of isolates were resis-
tant against three or more antimicrobial classes and that 
resistance correlated with geography and antimicrobial 
usage, rather than lineage. AMR genes were frequently 
colocated which could facilitate the acquisition of MDR 
by as yet susceptible bacterial strains.34 This implies that 
antimicrobial use drives high rates of AMR and that 
acquired AMR genes can be lost again in bacterial lineages 
if antimicrobial exposure ceases for long enough.

Coinfections with other pathogens, especially immu-
nosuppressive agents, such as HIV and undernutrition, 
contribute to the disease burden imposed by AMR 
in some LMICs. For example, invasive nontyphoidal 
Salmonellosis has been shown to be a common cause of 
febrile illness in HIV patients in Kenya.35 The majority of 
sequenced Salmonella isolates in this study were found to 
be MDR.

Figure  1 illustrates how building local partnerships 
among LMICs and between LMICs and HICs can lead 
to a ‘virtuous circle’ in which improved local capacity for 
AMR surveillance using WGS, enhanced reference data-
bases and scientific research all feed into each other to 
produce added value locally for public health policy and 
AMR control.

Although LMICs are the most affected by AMR, efforts 
to lower the burden of AMR in LMICs will have global 
benefits. High rates of international movement of people 
and livestock facilitate the spread of AMR organisms 
across borders. For example, Cohen et al used WGS data 
to identify movement of MDR M. tuberculosis between 
high-incidence and low-incidence countries, although 
the WGS data were not dense enough to infer direction-
ality.36 Designing impactful strategies to counter AMR 
at the regional and global level requires an adequate 
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Figure 1  Virtuous circle of improved local capacity for WGS for AMR surveillance, improved reference databases and 
scientific research. Expanded capacity for AMR surveillance locally in LMICs (and HICs), including systematic sampling of 
resistant isolates, quality control and collaborative networks will improve and extend reference databases of AMR organisms 
which will drive scientific research and lead to new science-driven engineering solutions that in turn can improve the use of 
WGS for AMR surveillance. Together these three interlocking systems can lead to improved public health policy and AMR 
control and technological innovation. AMR, antimicrobial resistance; HICs, high-income countries; LMICs, low-income and 
middle-income countries; WGS, whole-genome sequencing.

assessment of AMR burden, identifying hotspots of AMR 
emergence and tracing dominant transmission routes.

Improved surveillance can reduce unnecessary use of 
standard and reserve antimicrobials and allow the use 
of narrow spectrum drugs, all of which reduce selec-
tive pressure for resistance. Collecting this information 
requires a potent surveillance system that generates 
high-quality, standardised data. WGS is one of the most 
data-rich surveillance technologies and can be a valuable 
supplement to existing national surveillance. As the costs 
for WGS continue to fall, an increasing number of coun-
tries are expected to incorporate WGS into national AMR 
surveillance programmes.37–39 Eventually, these national 
surveillance programmes will contribute to building 
a global AMR surveillance network that, in addition to 
quantifying the extent of AMR in various parts of the 
world, will trace the emergence and spread of AMR within 
and across countries.40 These data also feed into building 
and improving global tools that enable LMICs to access 
data in real time and contribute to global surveillance 
in the long term. To start building a global AMR surveil-
lance system, the most highly affected regions need expe-
rienced and trained personnel. Therefore, investing in 
expanding AMR surveillance and in improved technolo-
gies, such as WGS, in LMICs should form an integral part 
of any long-term global strategy for AMR control.

Developing a roadmap to establish AMR surveillance 
in LMICs
WGS contributes an important new dimension to surveil-
lance systems, including for AMR. Policy-makers are 
starting to explore big data for precision public health, 
combining traditional medical data with novel data and 
technologies from fields including genomics, enabling a 
better understanding of disease pathogenesis and more 
targeted diagnoses and treatments.41 With new guide-
lines and publicly accessible tools available giving coun-
tries real-time access to global pathogen information, 
countries have an opportunity to consider how WGS can 
be implemented as part of their broader surveillance 
systems.

Every country has a different context and organisa-
tional model for surveillance, including for AMR. Based 
on our experience, we recommend that there are four 
steps that are important to establishing WGS within a 
surveillance system. These steps can be regarded as a 
‘roadmap’ for countries looking to adopt WGS and can 
be flexibly adapted to each country’s surveillance system.

First step: commitment
Most countries have commitments under the Interna-
tional Health Regulations, and to global strategies for 
AMR, including through WHO GLASS. It is important to 
have local and national commitment to establishing WGS 



NIHR Global Health Research Unit on Genomic Surveillance of AMR. BMJ Global Health 2020;5:e002244. doi:10.1136/bmjgh-2019-002244 5

BMJ Global Health

as a surveillance tool in (LMICs) within these broader 
systems as a first step. In our experience, commitment by 
the hosting organisation was an important first feature 
to establish WGS as a feature within each surveillance 
system. The experiences of other countries currently 
implementing WGS within their surveillance systems 
was an important aspect of making the business case for 
implementation.

Second step: assessment
An important second step in all countries with whom we 
have worked has been a system assessment of how WGS 
could be developed for use within existing surveillance 
systems. System assessments of laboratories, bioinfor-
matics and supporting management systems proved 
a useful second step for the countries with which we 
worked, identifying how systems could work together, 
as well as gaps and needs. For example, WGS can be 
developed for use in a complementary way with existing 
phenotypic AST to contextualise bacterial isolates within 
the background population obtained from retrospec-
tive sequencing and the cumulative data from ongoing 
sequencing.

Third step: technical development
This step establishes the technical capacity within a 
country to sustain WGS for the long term. Across our 
work, this has included capacity building for locally,led 
research projects by providing resources and training, the 
development of sampling frameworks to address national 
public health and research needs, data collection to iden-
tify high-risk bacterial lineages and AMR genes, provision 
and integrated use of open-access tools for genomics 
analysis and data visualisation to understand the distribu-
tion of bacterial lineages.

Technical guidance and tools are globally available to 
support the development of WGS for AMR surveillance. 
WHO technical guidance32 is available to support the 
introduction of molecular methods in LMICs. In addi-
tion, open-access tools enable health professionals and 
policy-makers real time access to, and sharing of, genomic 
pathogen data for national AMR surveillance. Tools such 
as Pathogenwatch33 and Microreact42 43 enable epidemi-
ological data to be combined with genomics to inform 
pathogen control strategies and interventions on a local, 
national and international scale.

A starting point for technical development is to 
establish a reference database including WHO priority 
pathogens and species of local importance. This can be 
achieved by retrospectively sequencing stored isolates 
that have ideally been collected in a structured way, 
including those which are susceptible to antibiotics. This 
is important to discern whether AMR strains originate 
from pre-existing locally circulating susceptible strains or 
are imported.

An appropriate prospective sampling strategy can be 
developed based on identified public health and research 
needs. Sampling strategies should include both passive 

surveillance and targeted surveillance of outbreaks and 
unusual isolates. Passive surveillance can be based on 
structured surveys in which susceptible and resistant 
isolates are sequenced to obtain an overview of the popu-
lation genetic background of circulating bacterial strains. 
The combination of passive and targeted surveillance can 
identify putative high-risk clones through the prediction 
of resistance, virulence and global spread of bacterial 
lineages.

Capacity building is an essential step at this stage to 
support WGS within the emerging surveillance system. 
In our group of countries, workshops and training 
that included other countries’ experiences were highly 
beneficial for developing and maintaining a solu-
tions perspective as challenges were experienced. This 
challenges-and-solutions approach is detailed further in 
the following sections.

Fourth step: create a business plan and standard operating 
practice for WGS to ensure long-term sustainability
A business plan covering laboratory, bioinformatics, data 
flow and financial management is useful to integrate 
WGS as part of the broader surveillance system. At a prac-
tical level, partner countries created a range of sustain-
able business practices including standard operating and 
supply chain procedures, quality assurance (QA) and 
reporting processes, as well as ongoing capacity develop-
ment, and processes for ongoing governance and finan-
cial sustainability. The workflow components that need 
to be put into place, the associated training and quality 
assessment that are necessary to efficiently use WGS for 
AMR surveillance are suggested as a practical business 
planning framework in figure 2.

Integrating WGS within national surveillance systems 
is an opportunity underpinned by global technical stan-
dards and open-access tools. However, it is not without 
challenges. In the following sections, we review both the 
challenges and solutions of integrating WGS as part of 
AMR surveillance, based on our ongoing experiences in 
developing such surveillance in National Reference Labo-
ratories in Colombia, India, Nigeria and the Philippines.

What are the main challenges to WGS surveillance in 
general?
Despite its promises, WGS surveillance for AMR in bacte-
rial pathogens poses a number of challenges. In this 
section, we discuss overarching challenges for the appli-
cation of WGS for AMR surveillance in any setting. In the 
following section, we cover the logistic and operational 
challenges faced by LMICs wishing to incorporate WGS 
in their AMR surveillance system.

WGS in itself does not test for AMR phenotypes. Conse-
quently, it can only detect known resistance genotypes, or 
genetic variants that are very similar to known resistance 
genotypes. However, for species with a well-characterised 
genome, such as Salmonella enterica, in silico prediction of 
AMR phenotypes from WGS data with very few discrepant 
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Figure 2  Workflow components required to implement WGS for AMR surveillance. AMR, antimicrobial resistance; AST, 
antimicrobial susceptibility testing; WGS, whole-genome sequencing.

results is possible and can be an effective replacement for 
phenotypic testing.44 A comparison of different bioinfor-
matic methods has shown that there is high concordance 
in predicting AMR and virulence factors in S. aureus, 
Salmonella and other pathogens.45–49

Given the variety of WGS technologies available and 
differences in laboratory settings, external QA (EQA) 
or performance testing of laboratory procedures is 
important to ensure that results generated by different 
laboratories are comparable. EQA usually has laborato-
ries analyse the same set of known, well-characterised 
bacterial strains. The results produced by different labo-
ratories are compared with predefined quality markers 
assessing the laboratories’ ability for DNA preparation, 
library construction and eventually sequencing and the 
performance in identifying epidemiological markers.50 
EQA should be done for all bacterial species for which 
WGS surveillance data is to be collected. The number 
of different subsequent steps in WGS and the variety 
of available WGS platforms makes EQA for WGS non-
trivial.38 For global surveillance projects, EQA protocols 
with agreed common and standardised quality markers 
will have to be developed that are applicable in different 
countries with varying laboratory capacities and varying 
levels of previous experience with WGS analysis. EQA 
should ultimately test a laboratory’s ability to predict 
antimicrobial susceptibility from genomic data given a 
set of strains with known phenotypic AMR profiles. An 
additional level of assessment could be to test if the labo-
ratory can determine which resistance loci and alleles 
are present. This requires EQA strains with high-quality 
closed genome sequences where the ‘true’ sequence of all 
loci has been confirmed through high-depth, long-read 

sequencing technologies. In addition, EQA strains also 
need a reliable, high-quality AST profile. The Global 
Microbial Identifier Consortium and GenomeTrakr have 
piloted proficiency testing protocols for DNA extraction, 
library preparation, WGS, assembly, phylogenetic analysis 
and detection of AMR genes.51 52 A full roll-out of the 
protocols is currently underway.

A related problem in the implementation of WGS for 
AMR surveillance is contamination of samples, equip-
ment or reagents with DNA that does not belong to 
the isolate to be tested. WGS relies on highly sensitive 
assays that could amplify signals from contaminating 
DNA and hence lead to erroneous results.53 The risk of 
contamination can be reduced by partitioning the labo-
ratory space into separate areas for pre-sequencing, 
sequencing and postsequencing work steps and estab-
lishing a unidirectional workflow. Moreover, the use 
of negative controls can give an indication of whether 
contamination has occurred.54 More recently, various 
software tools have become available to detect and 
remove suspected contaminating sequences from 
microbial WGS data.55–57

Most WGS studies so far have focused on reconstructing 
transmission chains from past events.58 Applying WGS 
prospectively to predict emerging trends in AMR organ-
isms is more challenging, not least because of the diffi-
culty to discern an evolutionary signal in the data from 
genetic background noise in the microbiological popu-
lation.59 Nevertheless, a recent study at a tertiary care 
hospital in Germany showed that WGS surveillance of 
MDR isolates of S. aureus, E. coli, Enterococcus faecium and 
Pseudomonas aeruginosa was not only feasible but also cost-
effective. WGS surveillance allowed for changes in the 
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isolation policy of infected patients that led to cost savings 
of more than €200 000 over a 6-month time frame.15

Another challenge to implementing WGS as a surveil-
lance tool for AMR is data accessibility. While WGS data 
is digital and can easily be shared, metadata that is crucial 
for interpreting WGS results is mostly distributed across 
multiple unlinked databases and not standardised.60 
Metadata in this context comprises patient data (eg, age, 
gender, symptoms, geographical location), information 
on the microbiological sample (eg, sample type, date, 
anatomical location) and information on the laboratory 
techniques used to extract and sequence DNA together 
with quality indicators. Frequently, a trade-off between 
data accessibility and concerns for patient privacy 
exists.61 There is a need for efficient and secure platforms 
that facilitate the integrated analysis and interpretation 
of WGS data with standardised and anonymised meta-
data. An example for such a platform is the NIAID TB 
Portals Programme database repository (TB DEPOT) 
that contains clinical, socioeconomic, laboratory and 
genomic data.62

What are the main challenges to implementing WGS 
surveillance in LMICs?
Besides the inherent technological challenges described 
in the previous paragraph, LMICs face their own set of 
practical difficulties in implementing WGS for AMR 
surveillance. Although the technology is available, policy-
makers may be reluctant to invest in it because they do 
not recognise the added value that WGS can bring to 
health systems. These issues need to be addressed, but 
we are not going to discuss them here. The problems 
around political buy-in and societal trust for WGS in 
public health and possible solutions have been discussed 
for TB surveillance in Jackson et al63, for human genome 
sequencing in Tekola-Ayele and Rotimi,64 and for rabies 
surveillance in Brunker et al.65 Instead, we focus on the 
logistic and operational aspects illustrated in figure 2.

Laboratory
The first major obstacle faced by many LMICs is the need 
for a high-performing microbiology laboratory which 
is not always a given.66 For example, sterility of samples 
and workspaces can be difficult to maintain. Moreover, 
resource constraints may hamper a laboratory’s ability to 
set up microbiological cultures from which the substrate 
for many sequencing technologies is grown.67

The second major issue is the cost of laboratory 
equipment and machines. Next-generation sequencing 
machines are expensive in HICs, but paradoxically, 
because of supplier-based pricing models that weigh 
product prices against demand, they can be even more 
expensive in LMICs. Country-specific regulatory and 
administrative procedures have to be considered when 
planning to implement WGS surveillance. For example, 
laboratory equipment can only be purchased from 

state-approved suppliers which may further limit avail-
able options for WGS technologies in LMICs.

In addition to the initial purchase costs, laboratory 
equipment and machines need reagents, maintenance 
and infrastructure that is frequently absent in LMIC 
settings. For example, sequencing machines need contin-
uous electricity supply, chemical reactions need to be 
prepared with laboratory-quality clean water and occur 
at specified optimal temperatures, and many reagents 
and DNA need to be cooled while stored. As an example, 
the total cost of installing GeneXpert MTB/RIF for TB 
diagnostics at several sites in Nigeria was more than twice 
as much the basic price for installation of the machine 
alone in a high-income setting.68

In some cases, LMICs acquire laboratory equipment, 
such as sequencing devices, with the help of international 
collaborations that provide funding and logistic support. 
For example, the Philippines purchased a sequencing 
device for AMR surveillance as part of a UK National 
Institute for Health Research (NIHR)-funded collabo-
ration with the Centre for Genomic Pathogen Surveil-
lance (CGPS).13 Apart from the high purchasing costs 
(US$215 000 for the sequencing device plus US$160 000 
for presequencing and postsequencing equipment and 
US$6000 for renovations that were necessary to set up 
a sequencing laboratory), the Philippines initially faced 
the problem of finding a local supplier. Some reagents 
could not be purchased locally and had to be bought 
and shipped by UK collaborators. The problem with 
this solution is that it is not sustainable, as long-term 
financing for laboratory and device maintenance will 
have to be found and local supply chains ought to be 
established.

Bioinformatics
Analysing the outputs from sequencing requires signifi-
cant computing resources. A laboratory setting up a WGS 
service is faced with two options: either build and main-
tain local infrastructure that has sufficient computing 
power for the likely sample throughput or upload the data 
to computing resources hosted elsewhere. The cost for 
local setup will be between the equivalent of a minimum 
of ten and many tens of thousands of dollars, and there 
are both known (power and cooling) and unknown 
(component replacement) ongoing costs which are 
often overlooked, yet significant. As the infrastructure in 
many LMICs cannot provide all of these requirements, 
laboratories may have to spend additional resources and 
space on generators and uninterruptible power supplies. 
Data upload to online resources relies on continuously 
available broadband internet connection which may not 
be available, either. In particular, the relative cost for 
the same type of connection compared with the cost of 
living can vary significantly among countries. However, 
once the data are remotely available, the full economic 
cost of running routine genome analysis is lower than on 
premise solutions.
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Data flow
Currently, there is little standardisation of laboratory 
information management systems among different labo-
ratories. In LMICs, data management systems are often 
paper based, which is error-prone and can hamper inte-
gration with digital sequence data. As most LMICs are 
still to implement WGS for AMR surveillance, there is 
currently an opportunity for developing standardised 
digital data management systems. At the same time, these 
systems must be flexible enough to be applicable in a 
range of different laboratory settings and pathogens. Data 
management systems should be based on a documented 
data standard and provide a user-friendly interface for 
linking sequence data with patient data and AST data. 
Moreover, they have to comply with regulations on data 
protection and privacy by providing options to restrict 
data sharing to authorised individuals and to define for 
how long sensitive data will be stored. Open-source free 
software can save costs and is also more transparent than 
proprietary software.

Financial
Building capacity for WGS surveillance of AMR in LMICs 
requires sustainable and flexible funding. In addition to 
one-off purchase costs for preparation and sequencing 
machines and the IT infrastructure to process and 
analyse sequence information, funding also needs to 
be secured for maintenance and servicing of laboratory 
machines and computational servers. Ordering machines 
and equipment, hiring staff and satisfying regulatory 
procedures all take time, especially when a WGS surveil-
lance laboratory is set up for the first time. Therefore, 
grants will have to be flexible enough to accommodate 
delays in timelines and work packages. At the same time, 
grant approval and management must follow ethical and 
accountability standards. Formal procedures to ensure 
these standards may have to be put into place.

Training
Another major difficulty for the implementation of WGS 
surveillance in LMICs is the lack of trained personnel. 
Within-country expertise may be lacking both for labora-
tory scientists with genomics experience and bioinforma-
ticians. Even if qualified bioinformaticians can be found, 
they often lack desirable epidemiology and microbiology 
training. Conversely, epidemiologists frequently lack 
the necessary bioinformatics skills to implement WGS 
surveillance. An associated concern is the lack of funded 
permanent positions in many LMICs which hinders the 
recruitment and retention of trained staff. In addition, 
even given the availability of trained staff, developing 
standard protocols for sequencing and genome analysis 
is a non-trivial task. If the regulations on handling biolog-
ical specimens are complex, trained administrative staff 
may have to be hired in addition to specialist scientific 
staff. Similarly, administrative staff trained in accounting 
and ethical grant management will be required.

Quality assessment
Many LMICs do not yet have an NAP for AMR surveil-
lance or a functional surveillance system. Consequently, 
implementing WGS surveillance may not be a priority. 
However, laboratories that do conduct WGS surveillance 
should be required to pass an EQA exercise before they 
form part of a national surveillance system to ensure the 
collection of high-quality, reliable data. Several national 
and international AMR surveillance networks and public 
health institutions have established standards that can be 
used for proficiency testing, for example, PulseNet, Gen-
FS, CDC, FDA, GMI.50 69–71 EQA standards need to be 
stringent enough to ensure good-quality sequence data 
and reliable analysis results. However, there is a risk that 
strict standards at the laboratory level will exclude LMIC 
laboratories from participating in surveillance networks. 
An alternative solution could be to initially perform 
quality testing at the sequence level, while simultaneously 
providing support to improve laboratory standards. Opti-
mising assays in new WGS laboratories to meet accredi-
tation criteria will take time that needs to be taken into 
account when setting up surveillance systems.

Where local laboratories cannot be accredited as 
sequencing centres, another solution could be to ship 
samples to a centralised laboratory for sequencing. 
Finding a suitable courier service may be another hurdle. 
For example, not all couriers accept biological specimens. 
Moreover, DNA samples should ideally be shipped on dry 
ice to maintain low temperatures and thus to minimise 
damage to the samples. However, this method of ship-
ping is expensive and may not be available in all coun-
tries. Thus, alternative storage and transport protocols 
may have to be designed and tested. Shipping samples 
abroad may further be subject to regulations on biodiver-
sity conservation. In the future, this may also affect the 
sharing of DNA sequence information.72

How can barriers to implementing WGS surveillance 
in LMICs be overcome? Driving down time to 
implementation
Having outlined the main challenges for implementing 
WGS for AMR surveillance in LMICs, we propose prac-
tical solutions for overcoming the challenges associated 
with each of the workflow components (figure 2).

Laboratory
In LMICs, the main challenge beyond the initial setup of 
a laboratory is keeping it up and running. To guarantee 
continuous operations in surveillance laboratories, stable 
supply chains for reagents and single-use laboratory items 
should be established locally. Commercial suppliers are 
more likely to offer stable goods deliveries if several labo-
ratories within a country or region purchase from them. 
A sufficient amount of initial investment with a funding 
horizon of several years is required to kick-start the imple-
mentation of WGS surveillance in LMICs. Large-scale 
funders like the NIHR or philanthropic organisations 
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may be able to exert pressure on suppliers to lower prices 
or offer alternative and more transparent pricing models 
to laboratories in LMICs.

Given resource and staff constraints, public health 
bodies and laboratories in LMICs will have to prioritise 
which bacterial isolates to sequence. However, prioritisa-
tion of isolates also occurs in HICs. For example, in the 
UK all Salmonella isolates are routinely sequenced, but not 
all S. aureus isolates.73 74 Prioritisation should be guided 
by what are the most urgent local public health concerns 
and associated research questions. Cost-effectiveness also 
plays a role in the decision on what isolates to sequence.75 
Both passive surveillance based on random sampling of 
susceptible and resistant isolates to establish the popula-
tion genetic context of circulating bacterial strains and 
targeted surveillance of highly resistant and outbreak 
isolates are important. Background surveillance does not 
need to be continuous, but could be based on structured 
surveys as in the case for TB surveillance in many coun-
tries.76 This may require a change in laboratory outlook 
from a diagnostic to a surveillance perspective.

Bioinformatics
If the computational infrastructure to conduct bioinfor-
matic analysis is to be set up locally, establishing contin-
uous supply chains for component replacement and 
upgrades will be important. Where technology has to 
be imported, custom arrangements should be simpli-
fied to guarantee timely delivery. With modern technol-
ogies such as workflow managers to describe analytical 
steps and containers to bundle software dependencies, 
the technical complexity of setting up analytical pipe-
lines can be greatly simplified.77 This allows for repro-
ducible analyses that can be run on a diverse range of 
infrastructures with little configuration. For example, 
the same bioinformatics pipelines for genome assembly, 
phylogenetic tree construction, Multilocus Sequence 
Typing (MLST) calling and AMR prediction have been 
implemented in partner laboratories in Colombia, India, 
Nigeria, the Philippines and the UK, using Nextflow78 
as a workflow manager and Docker79 or Singularity80 
containers to ensure that pipelines are compatible with 
local operating systems. All bioinformatics tools that are 
part of each workflow are open access and open source. 
A recent review of bioinformatics tools suitable for work-
flows in both LMICs and HICs has been published by 
Hendriksen et al.81

Where building local computing infrastructure is 
currently too expensive, alternatives are now available 
using genome analysis pipeline software and cloud-
based infrastructure. Examples for cloud-based bacterial 
genomic analysis tools are the Bacterial Analysis Platform82 
and Pathogenwatch.33 However, this requires financial 
systems within host organisations to allow payment for 
resource-usage-based subscription services in the cloud, 
such as Amazon Web Services, Google Compute Platform 
or Microsoft Azure. It also requires that data transfer via 

a stable internet connection is reliable and not subject to 
capped and expensive data plans.

Data flow
Reference databases and software need to be developed to 
make genomic information accessible across clinical, public 
health, environmental and agricultural sectors. Such data-
bases already exist but need to be expanded and a single 
standard for data entry should be agreed. Genomic and 
associated metadata should be open access, for example, 
via a data portal on a website. Some information will have to 
be kept confidential, for example, metadata from hospital 
outbreaks that could be used to identify patients. WGS 
data should be stored alongside phenotypic AST data and 
metadata linked to the isolate sequences. To facilitate the 
curation of joint databases, the commonalities in reporting 
these different data types can be assembled and pipelined. 
The combined analysis of connected data types will give 
insights into behavioural patterns or events that drive the 
emergence and spread of resistant bacterial lineages and 
high-risk clones. Existing application programming inter-
faces and metadata ontologies are available, for example, the 
Minimal Data for Matching by the Global Microbial Identi-
fier and System for Enteric Disease Response, Investigation 
and Coordination by the US CDC.83 84 WHONET is the most 
widely used example of a database software for the curation 
of phenotypic AST data. It could be extended with an option 
to include WGS surveillance data. For example, WGS data 
could be stored in one of the already existing databases, and 
the WHONET file could contain a variable that links to the 
relevant database entry. This separation could also guar-
antee that sequence data which on their own do not contain 
sensitive information are easily accessible, whereas metadata 
which are sensitive can only be accessed by approved public 
health officials and scientific collaborators. A web interface 
based on a WHONET configuration file could be produced 
with a flexible option for WGS data collection. Ideally, the 
interface should work on portable tablets that do not need 
constant power.

Financial
Various schemes exist to standardise and simplify grant 
management practices and to provide accreditation for 
good financial grant practices, for example, the Global Grant 
Community.85 The initiative sets out standard guidelines that 
need to be followed by both grantors (institutions awarding 
a grant) and grantees (institutions receiving a grant). As 
part of the assessment process, grantees are rated according 
to their financial capacity, that is, how large and complex a 
grant they are able to handle. Accreditation reassures gran-
tors that grantees can responsibly manage received funding. 
Another advantage for grantees is that once accredited they 
will not have to repeat the assessment process for each new 
grant they apply for.

Training
Joint initiatives between HICs and LMICs are great oppor-
tunities for training and knowledge transfer. To maximise 
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utility, training programmes should be tailored to the 
specific needs of participating countries. The curricula 
should be developed in discussion with local researchers to 
fill skills gaps and support local research agendas. Impor-
tantly, training documents should be accessible via online 
services such as Google Docs so that they are both easy to 
share and keep up to date. Keeping the information up to 
date could be the responsibility of Regional Reference Labo-
ratories in collaboration with WHO or international surveil-
lance networks. In addition, practical exercises should not 
require specialist IT equipment and should run on a rela-
tively modest local computer. The training material and 
course structure should be streamed and modular so that 
they can be adapted for scientists to become trainers of local 
colleagues (train-the-trainer schemes). Other programmes 
have emphasised the need to provide incentives for staff 
retention once training is completed, as failure to retain staff 
can lead to interruption of surveillance, for instance, the 
Collaborative African Genomics Network provides funding 
for staff faculty positions at their home universities.86 To 
decrease the risk that WGS surveillance will be disrupted 
when a staff member leaves, training initiatives could be 
targeted at teams rather than individuals.

Quality assessment
EQA procedures should be standardised among collabo-
rating centres to ensure that results are comparable and 
of high quality. The genomic-based EQA should be devel-
oped in collaboration with QA providers. Samples with 
known phenotypic and genotypic characteristics can be 
used as a standard against which the performance of a 
participating institute in laboratory and bioinformatics 
techniques can be measured.

Even though few LMICs will have the capacity for 
implementing WGS surveillance immediately, many 
more will have AMR surveillance programmes based on 
phenotypic testing. These programmes can be leveraged 
and built on to incorporate WGS surveillance later. NAPs 
can be developed or extended with this goal in mind. In 
order for WGS surveillance to become part of NAPs, stan-
dard operating procedures (SOPs) for sample collection, 
sample preparation, sequencing of isolates and regula-
tory procedures concerning access to and handling of 
samples and DNA sequence information will have to be 
developed. SOPs should take into account challenges 
experienced in LMIC settings and offer workable solu-
tions. Once they are tested and approved, SOPs should 
be published in peer-reviewed journals to make them 
available to other researchers in LMICs and encourage a 
broader uptake of standardised protocols.

Conclusion: a way forward for implementing WGS 
surveillance for AMR in LMICs
WGS is a promising technology for AMR surveillance that 
can provide actionable data for public health decision 
making. Nevertheless, the use of WGS for public health 
surveillance poses a number of challenges. LMICs in 

particular face high hurdles in the implementation of WGS 
surveillance for AMR. However, since LMICs are dispro-
portionately affected by AMR infections and are hotspots 
for the emergence of high-risk clones, strong surveillance 
networks with the capacity for WGS in LMICs will have local 
and global benefits. A possible roadmap to the implemen-
tation of WGS surveillance in LMICs and building global 
surveillance networks is being developed, with the aim of 
achieving the virtuous circle sketched out in figure 1. This 
virtuous circle can be boosted by the development of open 
source tools that help countries to strengthen their surveil-
lance systems and access critical data in real time. The NIHR 
GHRU Consortium is a partnership between the CGPS (at 
the UK-based University of Oxford and Sanger Institute) 
and strategically important sites in Asia (India, The Phil-
ippines), Africa (Nigeria) and South America (Colombia) 
with the aim to provide actionable data for public health 
policy to control high-risk bacterial pathogens and to make 
WGS tools for AMR surveillance available in LMICs. The 
Philippines have already successfully implemented WGS as 
part of their national AMR surveillance programme and can 
serve as a template for other LMICs that plan to strengthen 
their surveillance capacity with WGS.13

The most important lessons learnt so far with regard 
to WGS surveillance are: (1) decision making based on 
surveillance requires good-quality and timely data that 
is representative for the whole country and sustained 
over time, (2) surveillance data need to be disseminated, 
preferably via the web (short time and low cost), (3) 
surveillance methods should be updated regularly and 
(4) high-quality surveillance has a cost. These lessons 
are not exclusive to WGS surveillance in LMICs but 
apply to surveillance programmes in general. Interna-
tional research collaborations between HICs and LMICs 
at various stages of developing and implementing NAPs 
for AMR surveillance are learning opportunities for all 
participating partners and can form cornerstones for 
global surveillance and research networks in the future.
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