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Preface

The year 2020 was a turning point in history and in global health. The COVID-19 pandemic has
highlighted the potential for deadly epidemic-prone diseases to overwhelm our globalized
world. We have learned a hard lesson about the intrinsic vulnerability of our societies to a single
pathogen.

Although COVID-19 has brought untold tragedy, it has also shown how science can respond
when challenged by a massive global emergency. In short, the pandemic has opened great
scientific opportunities and capitalized on them. A technological revolution, building over the
past decade, provided several new capacities for a pandemic response. Development of vaccines
at lightning speed is one of them. Genomic sequencing is another.

Sequencing enabled the world to rapidly identify SARS-CoV-2; and knowing the genome
sequence allowed rapid development of diagnostic tests and other tools for the response.
Continued genome sequencing supports the monitoring of the disease’s spread and activity and
evolution of the virus.

The COVID-19 pandemic is still ongoing, and new viral variants are emerging. The global
response will have to continue for the foreseeable future. The progress made since the start of the
pandemic with the use of genome sequencing can be consolidated and further expanded to new
settings and new uses.

As more countries move to implement sequencing programmes, there will be further
opportunities to better understand the world of emerging pathogens and their interactions with
humans and animals in a variety of climates, ecosystems, cultures, lifestyles and biomes. This
knowledge will shape a new vision of the world and open new paradigms in epidemic and
pandemic prevention and control.

Increased urbanization and human mobility are providing the conditions for future epidemics and
pandemics. The accelerated integration of genome sequencing into the practices of the global
health community is a must if we want to be better prepared for the future threats. We hope this
guidance will help pave the way for that preparedness.

Sylvie Briand

Director

Global Infectious Hazard Preparedness
World Health Emergencies Programme
World Health Organization
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Executive summary

Recent advances have allowed the genomes of the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) — the causative agent of COVID-19 — to be sequenced within hours or days of
a case being identified. As a result, for the first time, genomic sequencing in real time has been
able to inform the public health response to a pandemic. Metagenomic sequencing was
fundamental to the detection and characterization of the novel pathogen. Early sharing of SARS-
CoV-2 genome sequences allowed molecular diagnostic assays to be developed rapidly, which
improved global preparedness, and contributed to the design of countermeasures. Rapid, large-
scale virus genome sequencing is contributing to understanding the dynamics of viral epidemics
and to evaluating the efficacy of control measures.

Increased recognition that viral genome sequencing can contribute to improving public health is
driving more laboratories to invest in this area. However, the cost and work involved in gene
sequencing are substantial, and laboratories need to have a clear idea of the expected public
health returns on this investment. This document provides guidance for laboratories on
maximizing the impact of SARS-CoV-2 sequencing activities now and in the future.

Intended goals of sequencing

Before starting a sequencing programme, it is important to have a clear understanding of the
objectives of sequencing, a strategy for analysis, and a plan for how findings will be used to
inform public health responses. Each phase in the COVID-19 pandemic will raise different
questions that are central to public health, some of which require distinct genome sampling
strategies. SARS-CoV-2 gene sequencing can be used in many different areas, including
improved diagnostics, development of countermeasures, and investigation of disease
epidemiology. Despite the obvious power of sequencing, it is important that those who set out
the goals, conduct genomic analyses and use the resulting data are aware of the limitations and
potential sources of bias.

Considerations when implementing a sequencing programme

Decisions about sequencing goals should be made in a multidisciplinary framework that includes
senior representatives of all stakeholders. Funding sources should be identified to ensure
sustainable support, including the cost of specialist personnel, sequencing devices and
consumables, and the computational architecture required to process and store data. Ethical
aspects of the project should be carefully evaluated. Laboratories should conduct biosafety and
biosecurity risk assessments for every step in their chosen protocol.

The goals of sequencing should inform technical considerations about the methods to be used for
sequencing and the selection of samples. Several devices are available for sequencing SARS-
CoV-2 genomes, and each may be more or less appropriate in particular circumstances, as a
result of differences in per-read accuracy, amount of data generated, and turnaround time. For
the majority of goals, both virus sequence data and sample metadata are required. Acquiring and
translating such data into the correct format for analysis may require extensive resources, but
will help to maximize the potential impact of the sequencing. Many analyses rely on the ability



to compare locally acquired virus sequences with the global virus genomic diversity. It is
therefore crucial that virus genomic sequences are appropriately shared. Such sharing is taking
place at an impressive rate via repositories such as GISAID and GenBank.

Which samples should be sequenced will depend on the question to be answered and the context.
Consideration should also be given to sample logistics, such as how material is best transported,
and how RNA extraction and sequencing can best be conducted without risking RNA integrity.
When multiple organizations carry out sequencing and analysis, a practical and shared sample
identification system should be devised.

Once a sample has been sequenced and appropriate metadata collected, bioinformatic analysis is
required. The bioinformatic pipeline will depend on the pre-sequencing laboratory stages,
sequencing platform, and reagents used. Sequence alignment and phylogenetic analysis will
require high-performance computational power, with can be expensive. Analysis and
interpretation of the data will require highly trained staff. Results and conclusions should be
shared with the relevant stakeholders in a clear and consistent manner to avoid misinterpretation.

Maximizing public health impact

No matter how many SARS-CoV-2 genome sequences are generated, they will have a positive
impact on public health only if strategies are defined for subsequently producing and
communicating useable and timely results. Programmes should always consider how the results
of SARS-CoV-2 sequence analysis can extend, complement, or replace other existing
approaches, and decide whether sequencing is the most appropriate or resource-effective method
to achieve the desired goals. Results should be communicated in a timely and clear manner to
stakeholders who can use the information directly for public health benefit. This may be most
efficiently achieved if genomic sequencing and analysis laboratories are closely integrated with
existing diagnostic and epidemiological public health programmes.

Building a strong and resilient global sequencing network can maximize the public health impact
of sequencing, not only for SARS-CoV-2 but also for future emerging pathogens. Various
pathogen-specific laboratory networks have invested in sequencing capacity as part of their
surveillance activities. As the costs of sequencing are substantial and many parts of the
sequencing workstream can be used for various pathogens and sequencing objectives, national
collaboration is encouraged, to ensure optimal use of existing capacity. Long-term investment is
required to strengthen capacity for bioinformatic and phylogenetic analysis, as this now lags
behind molecular laboratory capacity in many settings. Capacity-building programmes should
focus on a stepwise approach to build up competencies. The focus of capacity building will
depend on the context: some countries may need to build their wet laboratory capacity, while
others may decide to outsource the actual sequencing and focus on the bioinformatics, data
management and interpretation. Collaboration between sequencing groups will be facilitated by
shared sequencing protocols, standardization of database structure and metadata formats, joint
meetings and training, and access to audits and proficiency testing using reference standards.
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1.Introduction

Genomic sequences from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) — the
virus that causes COVID-19 — are being generated and shared at an unprecedented rate. Recent
technological advances have allowed SARS-CoV-2 genomes to be sequenced within hours or days
of a case being identified. The use of these genomes to inform public health policy during an
ongoing outbreak signifies a revolution in virus genomic investigations. For the first time, genomic
sequencing can help to guide the public health response to a pandemic in near-real time.

Virus genome sequencing has already proved fundamental in identifying SARS-CoV-2 as the
causative agent of COVID-19 and in investigating its global spread. Moreover, virus genome
sequences can be used to investigate outbreak dynamics, including changes in the size of the
epidemic over time, spatiotemporal spread and transmission routes. In addition, genomic
sequences can help in the design of diagnostic assays, drugs and vaccines, and in monitoring
whether hypothetical changes in their efficacy over time might be attributable to changes in the
virus genome. Analysis of SARS-CoV-2 virus genomes can therefore complement, augment and
support strategies to reduce the burden of COVID-19.

Increased understanding of the potential of genomic sequencing to improve public health is
leading more laboratories to invest in this process. However, the potentially high cost and work
involved necessitates clarity about the expected returns from this investment, how genomic
sequence data can best be used and, the pathways by which a beneficial impact on public health
and policy can be achieved.

This guide aims to help public health technical officers and laboratories responsible for, or
considering the establishment of, genome sequencing programmes for SARS-CoV-2. It provides
information on the considerations to be taken into account when planning or conducting a SARS-
CoV-2 sequencing programme, to ensure that best use is made of the results in improving public
health. In addition, it raises practical questions, details the possible applications and limitations
of genomic analyses, and provides brief guidance on technical strategies for sequencing and
analysis.



2.Background

2.1 Growth in virus genomic sequencing

The first two decades of the 21st century have brought a transformational shift in the use of virus
genomics in disease outbreaks, from the lengthy protocols and retrospective analyses of the past,
to a new ability to investigate genomic epidemiology in near-real time. The widespread application
of sequencing has been facilitated by rapid decreases in per-base cost and sample-to-result
turnaround time, increases in the volume of data generated and the computational capacity required
to process it, and the development of easily deployable, cost-effective benchtop sequencing
equipment (7). Sequencing has consequently become a critical tool in clinical microbiology for
detecting and characterizing viral pathogens in clinical samples (2), supporting infection control,
informing epidemiological investigations and characterizing evolutionary viral responses to
vaccines and treatments (3, 4).

The increased importance of virus genomic sequencing for clinical and epidemiological
investigations is exemplified by the differences in speed and scale between the genomic responses
during the 2002-2003 epidemic of severe acute respiratory syndrome (SARS) and those in the
current COVID-19 pandemic. During the SARS epidemic, only three virus genomes were publicly
shared in the first month following identification of a coronavirus as the causative pathogen, and
only 31 were available within 3 months. Genomics was used to design molecular assays that could
establish an association between the disease and the new coronavirus concerned (5—7), but was
not sufficiently developed to allow virus epidemiology to be studied in real-time on a large scale.
In contrast, during the COVID-19 pandemic, metagenomic sequencing was used to identify the
causative pathogen of unexplained pneumonia within a week of the disease being reported (8, 9).
The pathogen was announced as a novel coronavirus (SARS-CoV-2, previously known as 2019-
nCoV) in the beginning of January 2020 (9). Six genomes were shared publicly before mid-
January, allowing the rapid development of diagnostic assays and strategies for extensive virus
genomic sequencing. Sequencing efforts have continued as the virus has spread across the world,
resulting in a constantly growing data set of more than 60 000 near-complete viral genomes within
the 6 months following the identification of SARS-CoV-2. Frequently, genomes have been
generated within days of case identification, and used to understand virus spread during the
pandemic.

2.2 Growth in virus genomic applications

In recent years, public health emergencies caused by epidemics have fuelled developments in virus
genomic sequencing and molecular epidemiology. Viral genomic sequences have allowed us to
identify pathogens and to understand their origin, transmission, genetic diversity and outbreak
dynamics (Box 1). This understanding has informed the development of diagnostic approaches,
provided important background information for vaccine development and drug design, and helped
in disease mitigation (33, 41, 42). Genomic analyses are capable of estimating aspects of the
epidemiological dynamics of viral disease that are unrecoverable using epidemiological data alone



(3, 41, 43), because they allow insights into periods of an outbreak when cases were unobserved.
Powerful insights can be achieved even with relatively sparse genomic data.

SARS-CoV-2 has therefore emerged in a scientific context in which genome sequences can be
generated more rapidly and more easily, and can be used to answer a broader range of public health
questions, than ever before.

Box 1. The contribution of virus genomics to epidemiological understanding in public health
emergencies since the SARS epidemic’

Influenza A(HIN1)pdmO09 was the first pandemic in which many epidemiological questions
could be investigated through genetic analyses. Assessment of virus transmissibility from gene
sequences provided early estimates of the basic reproduction number, Ro, that were similar to
those produced by epidemiological analysis (10). Retrospective genomic analysis confirmed that
the pandemic had begun at least 2 months before the first sampled case, and inferred population
growth rates and epidemic doubling times similar to those found in early analyses (/). However,
efforts to understand the origins of the A(HIN1)pdm09 epidemic were hindered by a lack of
systematic influenza surveillance in swine (72). A retrospective study in 2016 demonstrated
extensive diversity among influenza viruses in Mexico, and suggested that swine in Mexico were
the most likely source of the virus that gave rise to the 2009 pandemic (13).

Since 2012, several outbreaks of Middle East respiratory syndrome (MERS) caused by the
coronavirus MERS-CoV have been reported, raising questions about the origins of the virus and
its mode of transmission. Following preliminary serological and epidemiological evidence that
supported the involvement of dromedaries (Arabian camels, Camelus dromedarius) in these
outbreaks (7/4), genome sequencing was used to identify the presence of the virus in camels (75,
16) and to demonstrate multiple independent virus transmission events from camels to humans
(15, 17,18). Subsequent sequencing analyses further showed that MERS-CoV is endemic in
camels from Eastern Mediterranean and African countries (7/9). In 2018 a comprehensive
genomic study confirmed that the virus is maintained in camels and that humans are terminal
hosts (20). Mean Ro values estimated via virus genomic sequences were less than 0.90, suggesting
that MERS-CoV was unlikely to become endemic in humans. This confirmed that focusing on
ongoing control efforts among camels was appropriate, while highlighting a continued need to
monitor the possible emergence of strains that are more easily transmissible among humans (20).

The 2013-2016 Ebola virus disease epidemic marked the beginning of large-scale genomic
epidemiological investigation in an ongoing outbreak. Genomic analyses allowed viral
epidemiological surveillance during the unfolding epidemic and assisted understanding of the
origin, epidemiology and evolution of the virus. Molecular clock dating techniques estimated that
the common ancestor of all sequenced Ebola virus genomes occurred very early in 2014,
consistent with epidemiological investigations that placed the first case around late December
2013 (21-24). Evolutionary analyses demonstrated that spread was maintained by human-to-
human transmission rather than by multiple separate introductions from an animal reservoir (2/—
28). Phylodynamic insights into the early spread of the epidemic allowed for Ry to be estimated
and superspreading events in the population to be investigated (29, 30). Molecular genetic




investigations supported the possibility of sexual transmission of Ebola virus, resulting in WHO
recommendations to improve safe-sex counselling and testing of Ebola survivors (31, 32).
Towards the end of the outbreak, there was a shift towards rapid in-country sequencing that
helped to resolve viral transmission chains and community spread (4, 33-36).

On 1 February 2016, WHO declared Zika virus infection a public health emergency of
international concern following autochthonous circulation of the virus in 33 countries and
strong suspicions that infection during pregnancy was linked to fetal microcephaly and other
developmental abnormalities (37). Reconstructing the spread of the virus from epidemiological
data alone was challenging because symptoms were often mild or absent, and overlapped with
those caused by other co-circulating arboviruses (e.g. dengue, chikungunya), and also because
Zika virus molecular diagnostic surveillance was often established long after local transmission
had begun (38). Collaborative efforts were initiated to sequence retrospective and new cases in
order to gain insights into the origin, transmission routes and genetic diversity of the virus (38).
Preliminary phylogenetic and molecular clock analysis showed that the epidemic in the
Americas was caused by a single introduction event of an Asian genotype lineage, which was
estimated to have occurred a year prior to detection of the disease in May 2015 in Brazil (37).
Genomic epidemiological studies have subsequently documented the spread of Zika virus in
considerable detail (37—40). For example, widespread sampling of genomic sequences from
infected patients and mosquitoes during the sustained 2016 Zika virus outbreak in Florida,
USA, allowed Ry to be estimated as less than 1. This led to the conclusion that multiple
introductions of the virus were required for such extensive local transmission (40,41).

!'See Annex 1 for the sampling strategies employed in the studies cited in this box.




2.3 Phylogenetic and phylodynamic analyses

Many important applications of virus genomics in informing public health responses have been
built on phylogenetic or phylodynamic analyses. Phylogenetics is used in almost every branch of
biology to investigate evolutionary relationships between different organisms using their genetic
sequences. Phylogenetic trees (for example, see Fig. 1) are useful visualizations of such
relationships. The branching patterns and the length of the branches can be used to represent
evolutionary relatedness. Any two organisms, represented by external or “leaf” nodes (tips), will
have a common ancestor where the branches that lead to them intersect (internal nodes). Given
homologous genetic sequence data from multiple organisms and a genetic substitution model of
how different sites in those sequences change over time, it is possible to assess a large number of
trees to determine which is most likely to represent the true relatedness between those organisms.
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Fig. 1. Phylogenetic trees with key features marked. The distance along the x-axis in the phylogenies displayed as
above in a “rectangular” format usually represents either the time or the amount of genetic change that has accrued.
The most recent common ancestor of viruses 1—4 is highlighted by the blue node. The distance along the y-axis is
not meaningful. Specifically, the clades descending from any node can be rotated around that node without altering
the phylogenetic interpretation of the tree. The two trees pictured above are therefore phylogenetically identical.



When discussing virus evolution, it is extremely important to distinguish between the mutation
rate and the evolutionary rate (or substitution rate). The mutation rate is a biochemical measure
that considers the number of errors that occur in the copying of RNA from a parent virus to its
progeny and is typically measured in mutations per genome per replication. The mutation rate
can be estimated experimentally in several ways, such as by sequencing whole virus populations
to measure genetic diversity before and after a known number of replications in a laboratory
setting. Most mutations are deleterious (44), and individual virions containing such mutations
will often fail to replic