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Introduction

In the past few years, pathogen genome sequencing has emerged as a tool to support understanding
of the molecular epidemiology of disease outbreaks, complementing and in some cases supplanting
more established techniques. Recent advances in sequencing technologies have shown their
applicability for research use in outbreak situations, for example, sequencing has been deployed in
recent years to support understanding of the epidemiology of Ebola virus disease [1], Zika virus [2]
and Lassa fever [3]. Today, sequencing of the novel coronavirus SARS-CoV-2 is supporting ongoing
vaccine development efforts, and increasing knowledge of the origins and progression of the ongoing
COVID-19 pandemic. However, lack of standardisation in testing and analysis protocols, the choice
of reagents and the complexity of current methods can significantly complicate the use of next
generation sequencing (NGS) technologies as routine surveillance tools.

FIND (Foundation for Innovative New Diagnostics) aims to provide a comprehensive set of
standardised sequencing protocols and workflows in order to support the implementation of NGS
technologies and tools for outbreak pathogens in low resource settings. To facilitate this effort,
investigation of the scientific landscape of pathogen sequencing as applied to outbreaks is necessary,
to identify the most promising applications and to identify any existing workflows and protocols.

This report provides an overview of how sequencing technologies are being used to understand and
mitigate the ongoing COVID-19 pandemic. The first version of this report was completed in June
2020; an information update was carried out in February and March 2021 with an emphasis on global
genomic surveillance and. An addendum focussing on recently identified variants of concern was also
developed [4].

The following issues are specifically excluded from the project scope:

° COVID-19 disease details, treatment, detailed disease statistics

e  Gap analysis for what needs to be addressed to take this technology to a validated, standardised
tool for routine use in country surveillance programmes as well as outbreak response and
management

1.1 Methods

This report summarises current knowledge on technology developments, protocols and global best
practice. It is based on desk-based research and analysis informed by official publications, grey
literature, peer-reviewed and pre-print literature, to summarise current knowledge on technology
developments, protocols and global best practice.

Where appropriate, in-depth interviews (via telephone or video conference) have been conducted
with experts and other relevant stakeholders to better understand the enablers and barriers

to implementation and adoption of the techniques in appropriate settings. These experts are
acknowledged in_ Appendix 1.

This first chapter provides a synthesis of the findings of the report and highlights key areas of
research. Subsequent chapters in this report provide an overview of:

Chapter 2 - Applications of sequencing in global surveillance, including details of national and
international sequencing efforts and consortia

Chapter 3 - Overview of SARS-CoV-2 sequencing for diagnosis of COVID-19, and current non-
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sequencing nucleic acid tests
Chapter 4 - The broader sequencing research landscape for SARS-CoV-2

Chapter 5 = Overview of current sequencing technologies, assays, and associated tools for SARS-
CoV-2

Chapter 6 - Sequencing implementation including workflows, summary of technologies and
techniques in use, examples of available protocols

Chapter 7 = Conclusions

1.2  SARS-CoV-2

1.2.1 Emergence of SARS-CoV-2

There are currently seven known human coronaviruses, three of which have caused widespread
concern to global public health. Severe acute respiratory syndrome coronavirus (SARS-CoV) emerged
in 2002 in the Guangdong province of China and was responsible for an outbreak in 2003 affecting

26 countries, killing roughly 10% of the approximately 8000 people who were infected [5, 6]. Middle
East respiratory syndrome coronavirus (MERS-CoV) emerged in 2012, and infected around 2,500
people, mostly in regions of the Middle East, with a fatality rate of 30% [5]. Most recently the SARS-
CoV-2 coronavirus, so named because of its resemblance to SARS-CoV, emerged in Wuhan, China in
December 2019; it is responsible for the current pandemic of ‘coronavirus disease 2019’ (COVID-19)
[5, 71.

While the terminology 2019-nCoV is also used to describe the virus, the notation SARS-CoV-2 is used
throughout this report.

1.2.2 Infection and mortality rates

SARS-CoV-2 causes respiratory disease in humans, and is transmitted in droplets or aerosols released
via talking, coughing or sneezing that are then inhaled, or via fomites (contaminated surfaces). The
virus can survive on surfaces for up to 72 hours, although the extent to which this contributes to
transmission is still uncertain [8]. SARS-CoV-2 appears to have a lower mortality rate than the SARS
and MERS coronaviruses, and a mean basic reproductive number (R0) of between 2-3 [7, 9, 10]. This
compares to an RO of around 3.0 for SARS-CoV and an RO for MERS-CoV which ranged from 0.45 in
Saudi Arabia to 8.1 in South Korea [7].

Despite having a similar RO to SARS-CoV, SARS-CoV-2 has infected far more people, potentially

due to it being spread by individuals who are asymptomatic or have very mild symptoms. As of 22nd
March 2021 there have been over 122 million cases worldwide confirmed by the WHO, affecting more
than 200 countries with over 2.7 million confirmed deaths [11]. This currently suggests a mortality rate
of around 2.2%. The actual figure is uncertain due to different reporting strategies in different countries
and alterations in testing strategies as the pandemic has progressed — for example, earlier in the
pandemic many countries only tested cases presenting with severe iliness.

The time period between the development of symptoms and death can also cause a lag in mortality
rate reporting. Mortality from other causes is also expected to increase as an indirect impact of the
virus, due to the disruption caused to economies and healthcare systems by measures to manage the
pandemic.
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1.3  SARS-CoV-2 genome sequencing

Coronaviruses are a diverse group of enveloped viruses belonging to the subfamily Coronavirinae
of the family Coronaviridae, all of which have large genomes ranging from 26-32 kilobases (kb) in
length, consisting of positive sense, single stranded RNA [5, 12]. SARS-CoV-2 has a genome that is
approximately 30kb in length and reported to contain 14 open reading frames (ORFs) encoding 27
proteins [13].

Sequencing technologies have been widely used since the beginning of the pandemic to facilitate
understanding of virus biology and epidemiology and to inform research efforts, with over 830,000
sequences shared via the Global Initiative on Sharing All Influenza Data (GISAID) as of 22 March 2021
[14].

Next generation sequencing has considerable utility as a tool in infectious diseases management,
since it provides the highest resolution information available about pathogen genomes, allowing full
nucleotide sequences to be read and discovery of novel genomic variation at scale. During the current
pandemic, sequencing is being used in the following areas (further information in chapters 2-5 and in
the WHO’s latest report on SARS-CoV-2 sequencing [15]):

Surveillance

e Identifying disease origins, both zoonotic origins and of outbreaks within human populations

e Qutbreak management; when used in conjunction with more traditional epidemiology techniques
such as contact tracing, the higher resolution information provided by sequencing can help
to unravel complex transmission events, disprove suspected transmission events, and help to
identify disease ‘super-spreaders’

e  Transmission dynamics; tracking person-person or person-environmental transmission, in which
situations transmission is occurring (community/hospital/environmental) and local/national/
international transmission routes

e Examining viral population structure, to monitor viral evolution within or between people,
geographical regions, or through time

e Tracking disease prevalence (the frequency of infections in a population at a particular point in
time)

Diagnosis

e  Pathogen identification, particularly early in the outbreak when less was known about the viral
genome

e  Genotyping to identify regions of the genome for use in diagnostic testing, and also to monitor
genetic changes in these regions to ensure that diagnostic tests remain effective

e Detection of mixed infections/co-infection, particularly those infections with similar clinical
presentations e.g. influenza, bacterial pneumonia

Research and development

e  Development of novel diagnostics, therapeutics, and vaccines, including detecting possible drug
resistance, understanding virus susceptibility to treatment, evaluating vaccine effectiveness

o Characterisation of virulence factors and resistance markers

Next generation sequencing for SARS-CoV-2 8
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e Improving understanding of disease biology, including mutation phasing, viral mutation rates and
rare variant detection

e Understanding the link between host genomics and disease severity and susceptibility

1.4  SARS-CoV-2 biology

Genomic data in online databases is frequently used alongside biochemical and structural studies to
understand the origins, biology and pathogenicity of SARS-CoV-2. Sequencing of SARS-CoV-2 early
in the pandemic, and subsequent analysis, revealed that it is closely related to other SARS-like viruses
in the Coronaviridae family; it is a member of the genus Betacoronavirus and subgenus Sarbecovirus,
along with SARS-CoV [16-19].

1.4.1 Zoonotic origin of SARS-CoV-2

Both SARS-CoV and MERS-CoV originated in bats and were then transmitted to humans via a palm
civet and a camel, respectively [5]. SARS-CoV-2 is also thought to have originated in bats and been
transmitted to humans via an intermediate animal host, potentially undergoing genetic recombination
to enable it to infect humans, although the source of the zoonotic transmission is not yet clear [7].

Based on the whole genome sequence of the virus, SARS-CoV-2 is most closely related to the SARS-
like bat coronavirus lineage from which SARS-CoV descended, sharing over 87% sequence identity
with two bat lineages compared to ~79% with SARS-CoV and ~50% with MERS-CoV [20]. Multiple
research groups have used sequencing data to confirm that a bat coronavirus, RaTG13, shares the
highest sequence identity to SARS-CoV-2 across the entire genome [18, 21, 22]. The closeness in
genomic relationship between the viruses means that researchers can use the understanding of the
biology of RaTG13 and other human coronaviruses, such as SARS-CoV, as a reference.

The general ecological separation of bats from humans suggests that an intermediate viral host

exists, and multiple research groups have used pre-existing sequencing data to determine sequence
similarity between human SARS-CoV-2 and other coronaviruses in mammalian hosts. For example,

a highly cited paper by Ji et al [21] used pre-existing genomic data from various host species for
different coronaviruses related to SARS-CoV-2 to investigate the possible virus reservoir, concluding
that SARS-CoV-2 may be a recombinant virus derived from a bat coronavirus and another coronavirus
of unknown origin.

Multiple groups have sequenced viruses infecting pangolins which has provided evidence that

they are a potential intermediate host. One finding thought to be of particular importance is that

the receptor binding motif (RBM) of the spike protein, which is essential for infecting human host
cells, shows strong similarity between pangolin coronaviruses and SARS-CoV-2, suggesting the
animal as a possible intermediate host [23, 24]. Researchers at the University of Shantou and

the University of Hong Kong used metagenomic sequencing to identify SARS-CoV-2 related
coronaviruses in Guangdong pangolins suggesting recombination among SARS-CoV-2, RaTG13, and
the coronaviruses isolated from pangolins [25]. Another group of researchers from the South China
Agricultural University, Guangzhou and Guangzhou Zoo also carried out metagenomic sequencing of
pangolins to provide evidence that they were an intermediate host [26].

Next generation sequencing for SARS-CoV-2 9
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1.4.2 SARS-CoV-2 structure and function

SARS-CoV-2 viral particles (virions) are around 50-200 nanometres in diameter and are comprised of
a viral envelope and RNA genome. The viral envelope is made up of three structural proteins: spike
(S), envelope (E) and membrane (M). The fourth protein, nucleocapsid (N), encloses the RNA genome.
These proteins are key to viral biology including its replication and infectivity and as such are the focus
of structural studies and drug discovery efforts [27].

Three identical copies of the spike glycoprotein form each of the viral spikes that cover the outer
envelope of the virus [28]. The spike glycoprotein consists of two functional subunits, of which one
mediates the binding of the virus to the host cell receptor, and the other of which is responsible for the
fusion of the viral and cellular membranes.

The human ACEZ2 receptor has been identified as the host cell receptor that binds SARS-CoV-2; it is
found on lung cells as well as other cells in the body [28]. Studies by Wan et al [29] and Wrapp et al
[30] using sequence and structural comparisons suggest that the SARS-CoV-2 spike receptor binding
domain (RBD) is well suited to binding the human ACE2 receptor to gain entry into host cells. In
addition, Letko et al [31] showed that host protease processing during viral entry enables SARS-CoV-2
to infect human cells.

Comparison of RaTG13 and SARS-CoV-2 sequences has shown a significant difference in the furin
cleavage site between S1 and S2 subunits of the spike protein, which is essential for viral entry into
the host cell [32]. In addition, the RBD of the SARS-CoV-2 spike glycoprotein and RaTG13 are around
85% similar, sharing just one of the six critical amino acid residues for binding host ACE2 receptors [33].
Whilst there is a general agreement in the literature that the jump from an animal host to humans was
probably enabled by the introduction of the S1/S2 furin cleavage site and alterations in the RBD of the
spike protein, how these changes came about is still uncertain, and sequencing efforts continue in a
bid to solve this vital debate [33].

Once fused with the cell, the virus particle injects the viral genomic RNA, which is translated by the
host cellular machinery into protein chains. These are then cleaved into functional units by the main
protease to make new proteins required for viral replication [34, 35]. One essential viral protein is the
enzyme RNA-dependent RNA polymerase (RdRp), which replicates the viral genome and transcribes
viral RNA to allow translation into new virus proteins by the host cell [27, 36]. The new viral proteins
and viral genome RNAs assemble into new virions, which are packaged into vesicles and released
from the cell, after which they can infect further cells. Drugs that target any of the key proteins for viral
replication could potentially be used to treat COVID-19. For example, the drug Remdesivir inhibits
RdRp, and has been authorised for treatment of COVID-19 in several countries after showing some
promise in trials [37].

1.4.3 Viral evolution

Analysis of SARS-CoV-2 genomes between 24 December 2019 and 25 March 2020 suggested that
mutations accumulated in the SARS-CoV-2 genome at a relatively consistent and modest rate [38]. A
recent estimate of the viral evolution rate is ~1.1 x 1073 substitutions per site per year. This equates

to 33 changes per year on average across the virus genome, which is within the range of evolutionary
rates estimated for other human coronaviruses [39]. This compares to a rate of ~4 x 1073 substitutions
per site per year for the HIV virus [40].

As more viral genome sequences became available, researchers attempted to map which regions
of the genome are subject to greater selection pressure - i.e. are targeted by host immune systems,
meaning that changes in these regions could enable effective immune evasion by the virus — and
have high mutation rates, compared with those that are integral to the infectivity of the virus and are
therefore highly conserved.
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This has important implications for the development and effectiveness of therapeutics, vaccines and
diagnostics, for which there is a need to target conserved, unchanging parts of the viral genome.
Some groups are investigating this by analysing the sequences in international databases uncovering
mutational ‘hotspots’. Most notably, Wang et al [41], Ceraolo et al [42], Pachetti et al [43] and Korber et
al [44] identified areas of high mutation frequency in the RdRp and S genes and in open reading frame
(ORF) 8 and ORF1a.

Early in the pandemic researchers began to perform phylogenetic analyses on available sequencing
data in an attempt to classify the virus into different sub-groups based on the genetic similarity of
observed mutations. Many of the viral lineages observed were likely to have arisen by chance rather
than through specific evolutionary pressures, and it was uncertain if any were associated with an
alteration in virulence or transmission. However it became clear that mutations were clustering in
critical genes for the virus, including those that are the targets of vaccine and drug design (e.g. RARP
and S genes) [38, 45].

A number of variants of interest and variants of concern, where the virus has demonstrated altered
biology and epidemiology, have been identified and monitored since December 2020. Further details
of these variants are described in the addendum for this report [4]. Ongoing studies are critical to
understand if variants have a functional effect upon the virus and to track their spread through different
populations.

1.4.4 Intra-host variation of SARS-CoV-2

The viral isolates sampled early in the pandemic from Wuhan patients had relatively little genetic
diversity, which was unsurprising given their recent common ancestry. However, due to the strong
immunological pressure in humans, researchers started to investigate how SARS-CoV-2 accumulates
mutations within individual hosts. A number of studies with small numbers of patients have taken place
looking at this intra-host viral variation.

A collaborative research group led by the Beijing Institute of Genomics (BGI) used metatranscriptome
sequencing of the virus to determine the intra-host diversity of the viral population [46]. They observed
that viral mutation within hosts was common, but their results also revealed large differences in

the variation of SARS-CoV-2 genomes within different hosts. Another study led by the University

of Melbourne - the largest study of this kind, with 98 patients - found minimal intra-host genomic
diversity [47]. Karamitros et al [48] sequenced SARS-CoV-2 genomes from three patients and they
noted genome regions that are prone to alterations and a potential recombination hot-spot in the spike
(S) gene.

Several studies investigating intra-host viral mutation have looked at patients experiencing persistent
infection [49-51]. Results from these studies suggest there is intimate host and pathogen interaction
during persistent infection resulting in an accumulation of changes in genes coding for viral proteins
that influence the host immune response.

Notably, one study found that intra-host variation increased in an immunocompromised patient

after receiving convalescent plasma as a treatment [51]. Another study has demonstrated the

ongoing evolution of SARS-CoV-2, including a mutation shared with a variant of concern, in an
immunocompromised patient treated with convalescent plasma [52]. It has been hypothesised that
some variants of concern currently being monitored arose in immunocompromised patients, however
direct evidence for this is not available. These studies highlight the importance of monitoring viral
evolution within these individuals during the course of their illness. A host’s immune status and/or treatment
regime may accelerate intra-host diversity with possible implications for therapeutic strategies and
public health decision making.

Next generation sequencing for SARS-CoV-2 11
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1.4.5 Transcriptome

Much of the understanding about the fundamental biology of SARS-CoV-2 including the annotation of
genes and their translation into proteins, was based on the assumption that its biology is comparable
to previously characterised coronaviruses such as SARS-CoV. Various groups have attempted to
experimentally verify these assumptions and to fully characterise the viral transcriptome.

Understanding the expression of the viral genome is important to characterise the viral replication
mechanisms and host-viral interactions involved in pathogenicity, and a fundamental step for the
functional characterisation of the viral proteins.

For example, after sequencing the genome of a patient who tested positive for COVID-19 in Korea,
researchers from Seoul National University and Korea’s Centre for Disease Control and Prevention
investigated the transcriptomic architecture [53]. The authors used a combination of lllumina short
read sequencing, Beijing Genomics Institute (BGI) & MGl Tech nanoball sequencing and direct RNA
sequencing using an Oxford Nanopore Technologies (ONT) sequencing platform to understand the life
cycle and pathogenicity of SARS-CoV-2. Results from this study found that SARS-CoV-2 produces
transcripts encoding unknown open reading frames and possesses RNA modification sites on viral
transcripts, showing that there is more to be discovered and understood about the virus.

Taiaroa et al [54] also used direct RNA sequencing to further investigate the transcriptome and
epitransciptome (the biochemical modifications of the RNA) of the virus. Results from this study
confirmed the existence of previously assumed features of the SARS-CoV-2 genome.

Davidson et al [55] combined the use of transcriptomics and proteomics to produce a correlated
transcriptome and proteome map of SARS-CoV-2 in Vero E6 cells (the cells widely used to propagate
the virus in the laboratory). They found that when grown on a large scale, the virus spike glycoprotein
undergoes alteration and therefore suggested that the viral genome should be monitored in laboratory-
grown viruses because many of the attempts to develop treatments and vaccines target this protein.

Next generation sequencing for SARS-CoV-2 12
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2 Global surveillance: applications of sequencing
technologies and techniques

As outlined in Chapter 1, there are a number of benefits to the sequencing of pathogen genomes,
and next generation sequencing technologies are being applied in many different areas to facilitate
understanding and management of the COVID-19 pandemic.

The importance of sequencing tools and studies to monitor genotypic change and to support the
development of products to improve clinical care and public health measures has been emphasised in
the WHO document A coordinated global research roadmap: 2019 novel coronavirus report [56]. The

main steps have been identified as:

e Immediate steps: Surveillance studies to characterise virus sequence evolution, including
maintenance of existing platforms (i.e. GISAID) and support for mechanisms to share information

and materials

e Mid- to long-term steps: Harmonisation of metadata related to virus sequence and disease
phenotype; functional assays for essential virus features related to human adaptation (receptor
affinity, cell tropism, immune interaction, virus isolation and replication studies including reverse

genetics)

Near real-time analysis of data has directly impacted the public health response and a recent
WHO report, SARS-CoV-2 genomic sequencing for public health goals, has explored the impact of

sequencing on public health [57].

Table 1: The public health objectives of SARS-CoV-2 genomic sequencing [57]

Activities that require a limited effort and once

achieved might need either no sequencing or

Activities that require sustained sequencing activities over a long period

of time

occasional sequencing for follow-up

Identify SARS-CoV-2 as the causative agent of
the disease

Develop diagnostics for SARS-CoV-2

Support the development of therapies and
vaccines

Investigate date of introduction into humans and
investigate SARS-CoV-2 origin (ongoing)

Reinfection:

e Evaluate and improve understanding of
this phenomenon

e (Onthe individual level, differentiate
between prolonged infection and
reinfections

SARS-CoV-2 evolution and its
impact on:

e (Change in viral behaviour
(phenotypic change)
e.g. transmissibility or
pathogenicity

e Immunity (from vaccines
or natural infection)

e Diagnostics (i.e.
molecular, serology,
antigen assays)

e Therapeutic interventions
(e.g. monoclonal
antibodies)

Montior viral movement and activity:

e Investigate geographic spread
and reintroduction between
populations

e Investigate outbreaks in specific
settings and populations (e.g. in
hospitals)

e Track zoonotic reintroduction in
both directions over the species
barrier

° Monitor environmental and waste
water

e Support classical surveillance
by quantifying the period of
transmission and evaluating
drivers, and by estimating the
transmission level in the population

Next generation sequencing for SARS-CoV-2

14



Global surveillance

2.1 Overview of surveillance
Integrated epidemiological and virological surveillance is playing a significant role in:

e Monitoring trends in COVID-19 disease and deaths at national and global levels
e Monitoring the spread and evolution of SARS-CoV-2 and monitor impacts on disease
e  Enabling rapid detection, isolation, testing, and management of cases

e  Supporting subsequent interpretation of observations of COVID-19 related respiratory disease
and its epidemiology

e Understanding the co-circulation of SARS-CoV-2, influenza and other respiratory viruses

e Providing epidemiological information to conduct risk assessments at the national, regional and
global level

e  Evaluate the impact of the pandemic on health care systems and society

e Guide the implementation and adjustment of targeted control measures

e  Supporting the development and updating of diagnostic tests

e Informing drug and vaccine development

e Detect and contain clusters and outbreaks, especially among vulnerable populations

e |dentify, follow-up and quarantine contacts

Considering the potential for rapid exponential growth of COVID-19 cases, the WHO states that
essential surveillance for COVID-19 should include identification, reporting, and the inclusion of data
in epidemiological analysis within 24 hours for new cases. This means that national authorities should
consider including COVID-19 as a mandatory notifiable disease with requirements for immediate
reporting [58, 59].

Surveillance systems should be geographically comprehensive and include all persons and
communities at risk, including enhanced surveillance for vulnerable or high-risk populations. This
will require a combination of surveillance systems including contact tracing in the entire health care
system, at the community level, as well as in closed residential settings and for vulnerable groups.
The WHO document Public Health Surveillance for COVID-19 Interim guidance (16 December 2020)
provides details on surveillance systems for COVID-19 [59].

Comprehensive COVID-19 surveillance approaches can consider using, adapting, strengthening and
maintaining existing surveillance systems. To ensure comprehensive representation of populations

a combination of surveillance systems can be used (table 2). Of note, systems do not need to be
restricted to clinical settings and different levels of organisations can enact such approaches, from
local municipalities or cities, to states or provinces to national programmes. For example, surveillance
at a primary care level can detect cases and clusters in communities, whereas virological sentinel
surveillance of COVID-19 using clinical samples from hospitals will play a significant role in monitoring
the spread and evolution of SARS-CoV-2.

Given that influenza and COVID-19 are both respiratory viruses with similar clinical presentations,
existing respiratory disease surveillance systems and associated networks are playing an important
role in monitoring the spread of SARS-CoV-2 and will be relied on if comprehensive active case finding
is challenging in countries with community transmission.
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Table 2: Surveillance systems across different sites and contexts for COVID-19 [59]

Surveillance system

Site/Context Immediate =~ Contact Virologic Cluster Mortalilty Serologic
case tracing surveillance | investigation = surveillance | surveillance
notification

Community X X X X X

Primary care sites (non-

sentinel influenza-like

. . X X X

illness/acute respiratory

infections)

Hospitals (non-sentinel

mﬂuenza-hlke illness/ X X X X X

acute respiratory

infections)

Sentinel influenza-like

iliness/ acute respiratory

infections/severe acute X X

respiratory infections

sites

Closed settings* X X X X X

Healthcare associated

SARS-CoV-2 infection X X X X X

Travellers at points of X X X

entry

* Including but not limited to long-term living facilities, prisons and dormitories

The WHO Global Influenza Surveillance and Response System (GISRS) is a well-established

network of over 150 national public health laboratories, including 144 WHO designated National
Influenza Centres (NICs) in 125 countries, about 60% of WHO member states. GISRS monitors the
epidemiology and evolution of influenza viruses and disease. Leveraging the GISRS system is an
efficient and cost-effective approach to enhancing COVID-19 surveillance. Notably, by 25 March 2020,
approximately 85% of more than 220 national public health laboratories currently testing for COVID-19
globally were laboratories closely associated with GISRS [60].

Next generation sequencing for SARS-CoV-2
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The WHO has provided guidance on how to leverage the existing GISRS influenza capacities and
mechanisms for SARS-CoV-2 surveillance through influenza-like iliness (ILI), acute respiratory
infections (ARI) and severe ARI (SARI) sentinel surveillance systems [60, 61]. The WHO recommends
active surveillance, with focus on case finding, testing and contact tracing in all transmission scenarios
[62]. In addition, the European Centre for Disease Prevention and control (ECDC) has developed a
strategy for COVID-19 surveillance at national and EU/EEA level [63], while the Africa Centres for
Disease Control and Prevention (Africa CDC) has developed a protocol for enhanced SARI and ILI
surveillance for COVID-19 in Africa [64].

Due to the integration of COVID-19 surveillance into existing SARI/ILI systems, sampling strategies
use normal in-country SARI/ILI programme sampling. Sites collect and report data through the
country’s usual influenza reporting system, and should continue to report ILI and SARI data to the
GISRS system. No additional samples beyond those collected during routine, sentinel SARI and ILI
surveillance are required. The sample populations for surveillance are therefore the same as those of
the member states’ influenza programme.

2.2 Overview of genomic surveillance

Viral genome sequencing is used in clinical microbiology services and national public health
laboratories to detect, monitor and control viral disease, such as influenza. Ongoing sequencing efforts
as the pandemic develops allows for monitoring of the disease at a global and national level.

2.2.1 Selecting samples for sequencing

Continuous monitoring of virus evolution through sequencing of representative samples is considered
essential for monitoring changes in the virus, particularly those that could have an impact on virus
transmission or virulence.

It has been recommended that a representative subset of COVID-19 positive specimens based on
geographic location, age, sex, and disease severity be selected for sequencing. Specimens or RNA
extracts that test positive for SARS-CoV-2 with a decent amount of starting material (real-time PCR
cycle threshold value (Ct value) <30), are considered good material for sequencing the whole or partial
genome of the virus [60, 61, 63]. WHO guidance for sequencing of COVID-19 virus is now available
and includes details on sampling [15, 57, 61, 65].

The WHO is encouraging countries to expedite genomic sequencing of SARS-CoV-2 to a minimum of
15 samples per week from sentinel surveillance systems and to share the genetic sequence data through
a publicly accessible database [61].

Viral epidemiology studies require representative samples in order to consider issues of:

e  Population inclusion and initiative location

e  Breadth of genomic data

e Data access - sequencing and other metadata (including clinical data)
e Integration into clinical care and research

e Data quality assessment

Sequencing is also used in genomic surveillance of the coronavirus in animal populations [23, 25,
26, 65], not only to monitor coronaviruses but also in an attempt to determine the origin of current
human SARS-CoV-2, as well as to investigate other potential sources of zoonotic infection.
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At the beginning of the pandemic, diagnostic testing tended to be restricted to reference laboratories,
which could select representative samples as required for genomic surveillance. As non-sequencing
diagnostic testing has become more widespread, and is being carried out outside reference
laboratories, it is important to consider the mechanisms by which a representative cohort of

positive samples are selected for sequencing by reference laboratories to support ongoing genomic
surveillance efforts.

The emergence of new variants, particularly variants of concern with altered disease biology

or epidemiology, means that these have been prioritised for sequencing. This can result in
disproportionate representation of certain variants within international sequence databases,
particularly if it has not been indicated whether the sequencing was targeted or due to random
sampling for surveillance. For example some regions have prioritised sequencing based on diagnostic
S-gene target failure tests [4, 67].

2.3  Sequencing initiatives across the globe

Numerous initiatives and consortia have been established to coordinate sequencing efforts. These
initiatives connect sequencing resources to public health programmes, and academia to public
health expertise, by providing organisational and data management support that can also provide a
foundation for surveillance and research efforts.

The sequencing initiatives have similar aims and objectives. The primary intention of all associated
research projects is to monitor the virus at national and global levels.

Broadly, their strategic goals are to:

e  Support national efforts to coordinate the work of healthcare, public, private and academic
organisations to sequence and analyse the spread and evolution of the SARS-CoV-2 virus and
how it affects patients

*  Maximise the quality, quantity and usefulness of SARS-CoV-2 sequence data
e  Facilitate and strengthen collaboration between partners and members

e  Generate open data for public health and basic research by supporting metadata collection, data
integration and data visualisation

Members are a combination of federal/regional agencies and laboratories, local public health
laboratories, academic institutions, corporations and non-profit public health or research institutes,
with sequencing resources frequently found within academic and research institute groups. There is
therefore some overlap between research efforts (described in Chapter 4) and national public health
programmes. For example, the national effort by Iceland included the sequencing of 643 SARS-CoV-2
samples as part of a population study [68]. Another example is a Brazilian study that sequenced 427
spatially representative samples from 84 different municipalities across 18 of the 27 federal units [69].

Numerous nations have initiatives running; these include the Irish Coronavirus sequencing
consortium [70], Austria [71, 72], Finland [73], Japan [74], Switzerland’s Swiss SARS-CoV-2
Sequencing Consortium (S3C) [75], and the German COVID-19 OMICS Initiative (DeCOQl) [76]. City or
region specific initiatives include Coronavirus Sequencing in Quebec (CoVSeQ) [77]. Some of these are
part of surveillance programmes and routinely offer pathogen sequencing in response to outbreaks,
such as the National Institute of Infectious Diseases (NIID) in Japan [74].

The scale of the initiatives varies in terms of participant numbers, the capacity of sequencing
infrastructure, resources and level of national prioritisation. They may operate differently, some being
a crowdsourced effort (e.g. SPHERES) and others a centrally managed structure (e.g. COG-UK).
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The partnerships also allow groups to share insights and discoveries to drive understanding of the
pandemic as it changes over time. The response of these consortia to the emergence of variants of
concern is described in the addendum to this report [4]. Some of the major initiatives and consortia
currently in operation are (see also table 3):

2.3.1 SARS-CoV-2 Sequencing for Public Health Emergency Response, Epidemiology and
Surveillance (SPHERES)

The United States (US) Centers for Disease Control (CDC) advanced molecular detection (AMD)
programme in the USA was launched in 2014, and integrates the latest NGS technologies with
bioinformatics and epidemiology expertise across the CDC and the US to help find, track, and halt
the spread of disease-causing pathogens. It has brought together NGS use in all CDC infectious
disease laboratories, over 50 public health departments across the US and more than 40 additional
public health laboratories. It is using NGS to detect disease outbreaks earlier — for example foodborne
diseases, measles — and to monitor transmission of diseases such as tuberculosis and influenza.

On the 1May 2020 the CDC AMD programme announced it was leading the SARS-CoV-2 ‘sequencing
for public health emergency response, epidemiology and surveillance’ (SPHERES) consortium. This is
a national effort to coordinate SARS-CoV-2 sequencing across the US, to help accelerate the use of
near-real time pathogen genomic data for the pandemic response, through data standards and sharing
[78, 79].

SPHERES is a consortium of the US public health and scientific communities that include Federal
Agencies and Laboratories, state and local public health laboratories, academic institutions,
corporations, non-profit public health and research laboratories, and international collaborations.
Notable participant organisations are the Food and Drug Administration (FDA), National Institute
of Allergy and Infectious Diseases, Office of Genomics and Advanced Technology, New York and
Washington state laboratories, Stanford University, Yale University, Broad Institute, and Scripps
Research. A complete list of members can be found on their website [78]; as of 20 May 2020, 442
scientists and 109 organisations were partners.

Another aspect of sequencing efforts in the United States is a framework and blueprint for
dramatically expanding genomic surveillance, as well as an implementation framework, developed
by the Rockefeller Foundation [80-82]. As part of the funding commitment the Foundation will be
collaborating with government, academia, and the private sector in the US and abroad to develop,
analyse, and share the data needed to support robust genomic surveillance.

2.3.2 COVID-19 Genomics UK (COG-UK)

The COVID-19 genomics UK (COG-UK) consortium was established on 23 March 2020 to

deliver large-scale SARS-CoV-2 genome sequencing and analysis capacity to hospitals, regional
National Health Service (NHS) centres and the Government [83]. The goal is for data generated
by the consortium to be combined with epidemiological and clinical information, which will inform
interventions and policy decisions. There are also five key areas that the initiative aims to support:

1. Scaling up NHS swab testing for those with medical need and, where possible, the most critical
workers

Mass swab testing for critical key workers in the NHS, social care and other sectors
Mass-antibody testing to help determine if people have immunity to coronavirus

Surveillance testing to learn more about the disease and help develop new tests and treatments

o > @ DN

Spearheading of a national diagnostics to build mass-testing capacity at scale
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Consortium members include the four UK Public Health Agencies, multiple regional University hubs,
and large sequencing centres such as the Wellcome Sanger Institute [84]. The list of consortia
members and partners can be found on their website [85]. One member, the Centre for Genomic
Pathogen Surveillance (CGPS), has a number of existing IT platforms that are being used to facilitate
collection of samples and metadata from NHS testing laboratories as well as to generate real-time
displays of the transmission and spread of the virus at the national and local level [86].

COG-UK members are outputting the data in standardised formats to open-access repositories,
namely GISAID [14] and MRC-CLIMB (Cloud Infrastructure for Microbial Bioinformatics) [87]. A £1.2m
funding boost announced in January 2021 will support the development of further computing and
bioinformatics infrastructure for CLIMB [88].

A series of COG-UK regional sequencing laboratories exist, each with their own sequencing platforms.
However to facilitate testing from the Lighthouse Laboratory National Testing Centres — four
laboratories that receive diagnostic swabs from across the country for SARS-CoV-2 diagnostic testing
— and from other diagnostic services in parts of the UK that are not covered, the Sanger Institute is
providing a centralised service for large-scale genome sequencing [86]. This national sequencing

hub also serves as a backup to take pressure off the regional sequencing labs during periods of high
demand.

COG-UK is also conducting a number of studies to understand more about the transmission and
evolution of the SARS-CoV-2 virus over time, such as the COG-UK Hospital Onset COVID-19 Infection
(HOCI) Study, which will use sequencing as part of surveillance of infection spread in hospitals [89].
The GenOMICC study - a partnership between the NHS, NHS-owned company Genomics England
and lllumina Inc. — aims to sequence the genomes of thousands of patients severely ill with COVID-19
globally [90], to understand susceptibility to the virus. The genome data from each individual will be
linked to the virus genome data provided via COG-UK.

2.3.3 Canadian COVID Genomics Network (CanCOGeN)

Genome Canada launched the Canadian COVID Genomics Network (CanCOGeN) [91] in April 2020,
along with C$40 million (US$28.5 million) in federal funding. The network, led by Genome Canada, in
partnership with the six regional Genome Centres, national and provincial public health labs, genome
sequencing centres through CGEn (Canada’s national platform for genome sequencing and analysis),
hospitals, universities and the private sector. CanCOGeN is coordinating and scaling up existing
genomics-based COVID-19 research in Canada.

CanCOGEN is overseeing the sequencing of genomes of up to 150,000 viral samples and 10,000
patients to inform clinical and public health strategies. It also is establishing and managing a
framework for data sharing, coordination, and analysis across Canada.

National priorities for genomic surveillance include:

High priority: Retrospective and prospective targeted genomic surveillance with a history of travel and
close contact; S-gene dropouts for multi-gene RT-gPCR diagnostic assays; geographical sampling

in regions with a pronounced increase in the case notification rate; and continued nationwide random
sampling.

Medium priority: severe acute COVID-19 in individuals younger than 50 without significant co-
morbidities; vaccinated individuals with subsequent laboratory confirmed SARS-CoV-2 infection;
suspected reinfections and suspected or known super-spreading events.
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2.3.4 Informed public health decision making in the Netherlands

The Dutch COVID-19 response team is a collaboration between 34 health organisations, including
hospitals and public health departments. The team have been using a combination of real-time whole
genome sequencing alongside data from the National Public Health response team to inform next
steps in the public health response, embedding sequencing as part of the response plan. By 15 March
2020, 190 SARS-CoV-2 viruses from the Netherlands had been sequenced, which the response team
noted at the time represented 27% of the total number of full genome sequences produced worldwide
[92]. The information gained from sequencing enabled a more precise understanding of transmission
patterns and contributed to decision making around the implementation of lockdown measures on 12
March 2020 to prevent further disease spread [92].

2.3.5 Africa CDC Pathogen Genomics Intelligence Institute

Africa CDC is supporting a continent-coordinated approach to maximize the benefits of new
technologies for more effective disease prevention and control in Africa. In December 2019, the Africa
CDC launched the Pathogen Genomics Intelligence Institute (PGll) with the goal of creating a network
of laboratories across the continent with capacity to sequence pathogen genomes [93] that could
support public health efforts through improved disease prevention, detection and response, and
bioinformatics activities.

The vision of the institute is deeply rooted in the Africa CDC mission to support member states in
strengthening health systems and institutions for improved prevention, detection, and response to
public health threats. Rather than setting up the capacity in every country, countries without the ability
to sequence genomes can send their samples to one of the regional laboratories. PGl links with

the Africa CDC'’s five Regional Collaborating Centres (RCCs), Regional Integrated Surveillance and
Laboratory Network (RISLNET) and Member States National Public Health Institutes (NPHIs).

In September 2020 the WHO and the Africa CDC launched a network of laboratories to reinforce
genome sequencing of SARS-CoV-2 in Africa. Twelve specialised and regional reference laboratories
in the network provide sequencing, data analysis and other technical support services to the countries
where they are located as well as to neighbouring countries and countries in their sub-regions [94].
The following were selected as the specialised continental reference sequencing research laboratories
for emerging pathogens: Redeemer’s University African Centre of Excellence for Infectious Diseases
(ACEGID), Nigeria; South African National Bioinformatics Institute (SANBI); and Kwazulu-Natal
Research Innovation and Sequencing Platform (KRISP) in South Africa.

Genomes of SARS-CoV-2 from Africa have been sequenced in laboratories in the Democratic
Republic of the Congo (DRC), Kenya, Egypt, Gambia, Ghana, Nigeria, Senegal, South Africa, Tunisia,
and Uganda (see appendix 2 for list of laboratories). Algeria sent its samples to a laboratory in Paris for
sequencing (28 May 2020) [95]. By May 2020, the Institut National de Recherche Biomédicale (INRB)

in DRC contributed nearly 60% of the SARS-CoV-2 genome sequences from the African continent

[95, 96]. It built up this capacity during the ongoing Ebola outbreak in the eastern part of the country.
Further information on sequencing capacity for genomic pathogen surveillance in Africa has now been
reported [97].
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2.3.6 COVID Network for Genomics Surveillance South Africa (NGS-SA)

NGS-SA was launched in June 2020 when five of the largest laboratories of the South African National
Health Laboratory Services (NHLS) and their associated academic institutions in Bloemfontein,

Cape Town, Durban, Johannesburg and Tygerberg were awarded a grant from the Department of
Science and Innovation and the South African Medical Research Council (SAMRC) to respond to the
pandemic [98]. Their goal is to expand the network to also include private diagnostic laboratories and
other academic institutions in South Africa and abroad. The five sequencing facilities in South Africa
producing genomic data are:

e  The Division of Medical Virology at NHLS Tygerberg Hospital, Stellenbosch University (SU)
e  The Division of Medical Virology at NHLS Groote Schuur Hospital, University of Cape Town (UCT)

e The Division of Medical Virology at NHLS University Academic Laboratories, University of the
Free State (UFS)

e The Division of Medical Virology at NHLS Inkosi Albert Luthuli Central Hospital (IALCH), University
of Kwazulu-Natal (UKZN)

e National Institute for Communicable Diseases (NICD), Centre for Respiratory Diseases and
Meningitis (CRDM)

2.3.7 SeqCOVID

SeqCOVID is Spain’s national initiative for investigating genetic epidemiology of SARS-CoV-2 [99].
It is a nationwide group of infectious disease, genomics, bioinformaticians and clinical researchers
from over 45 hospitals and research centres with the goal of sequencing between fifteen and twenty
thousand samples [100]. The data produced is being stored in public repositories, as well as on the
global NextStrain platform, of which a Spanish section has been created (nextspain.uv.es).

2.3.8 India Department of Biotechnology (DBT) Autonomous Institutions: PAN-INDIA
1000 SARS-CoV-2 RNA Genome Sequencing Consortium

The Department of Biotechnology (DBT) Autonomous Institutions Consortium, India announced a
1000-genome sequencing project to better understand the viral and host genomics of the COVID-19
outbreak on 29 April 2020 [101-103]. India’s Council for Scientific and Industrial Research (CSIR),
which undertook a 1008-human genome sequencing project in 2019, has been leading the sequencing
efforts in India. This study will sequence 1000 SARS-CoV-2 genomes from clinical samples; it is being
coordinated by National Institute of Biomedical Genomics (NIBMG), Kalyani with active participation
from Centre for DNA Fingerprinting and Diagnostics (CDFD), Hyderabad; the Institute of Life Science
(ILS), Bhubaneswar; National Centre for Cell Science (NCCS), Pune; and InStem, Bengaluru. Other
DBT laboratories will contribute to sample collection and sequencing.

2.3.9 COVID-19 Network Investigations (CONI) Alliance, Thailand

Genomic surveillance of SARS-CoV-2 was implemented during March 2020 at a major diagnostic
hub in Bangkok, Thailand [104]. It is using genomic technology to investigate and monitor COVID-19
infections in the country and a preprint details information on the sequencing of 27 anonymised
samples from Ramathibodi Hospital in Bangkok during March 2020 [105].

At the time of writing this report the Thailand and India initiatives were the only consortium identified in
Asia, and no consortia were identified in South America.
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2.3.10 Danish Covid-19 Genome Consortium (DCGC)

The Danish Covid-19 Genome Consortium (DCGC) assists public health authorities to monitor SARS-
CoV-2 spread [106]. It was established in March 2020 through the coordinated efforts of Aalborg
University, Statens Serum Institute, Hvidovre Hospital, and the Aalborg University Hospital. Large-
scale SARS-CoV-2 sequencing capacity was initially established at Aalborg University and local
sequencing capacity at Statens Serum Institute and Hvidovre Hospital.

Since June 2020, additional local sequencing nodes were established at Aalborg University Hospital,
Aarhus University Hospital, Slagelse Hospital, Rigshospitalet, Sygehus Lillebaelt, and Odense
University Hospital. The consortium receives SARS-CoV-2 positive samples and to limit potential
sampling bias there is no selection based on Ct values. Since early 2021 the consortium aims to
sequence all positive COVID-19 cases in Denmark.

2.3.11 Collaborations between initiatives

Partnerships are also being developed between the different consortia on an international level. For
example the COG-UK consortium and CanCOGeN launched a new partnership on 4 May 2020 [107]. COG-
UK is supporting two key genomic projects at CanCOGEN: Sequencing SARS-CoV-2 to understand
how it functions and is evolving, and analysing people’s genomes to understand why they experience
such different health outcomes. These two consortia in turn are also collaborating with SPHERES,
Africa CDC PGl and PHA4GE.

Table 3: Examples of global SARS-CoV-2 sequencing consortia

Name Country/region URL

Irish Coronavirus sequencing consortium Ireland https://www.teagasc.ie/food/research-and-
innovation/research-areas/food-bioscience/irish-
coronavirus-sequencing-consortium/

German COVID-19 OMICS Initiative Germany https://decoi.eu/

(DeCOl)

Coronavirus Sequencing in Quebec Quebec, Canada https://covseq.ca/

(CoVSeQ)

The COVID-19 host genetics initiative Global https://www.covid19hg.org/

COG-UK Project Hospital-Onset COVID-19 | UK https://www.cogconsortium.uk/studies-

Infections Study (COG-UK HOCI) publications/national-studies/the-hoci-study/

Mutational Dynamics of SARS-CoV-2 in Austria https://www.sarscov2-austria.org/

Austria

SPHERES - sequencing for public health USA https://www.cdc.gov/coronavirus/2019-ncov/

emergency response, epidemiology and covid-data/spheres.html

surveillance consortium
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Table 3: Examples of global SARS-CoV-2 sequencing consortia

Name Country/region URL
Genetics Of Mortality In Critical Care - The  UK-based https://genomicc.org/
GenOMICC Study
Canadian COVID Genomics Network Canada https://www.genomecanada.ca/en/cancogen
(CanCOGeN)
Africa CDC Institute for Pathogen Africa https://africacdc.org/africa-cdc-institutes/africa-
Genomics cdc-institute-for-pathogen-genomics/
Netherlands sequencing efforts at RIVM Netherlands https://www.rivm.nl/en/news/update-on-spread-
(National Institute for Public Health and the of-uk-coronavirus-variant-voc-20201201 -in-
Environment) netherlands
COVID Network for Genomics Surveillance | South Africa http://www.krisp.org.za/ngs-sa/ngs-sa_network
South Africa (NGS-SA) for_genomic_surveillance south africa/
SeqCOVID Spain http://seqcovid.csic.es/
COVID-19 Network Investigations (CONI) Thailand https://coni.team/
Alliance
COVID-19 Case in Cambodia Cambodia https://public.idseq.net/
Public Health Alliance for Genomic Global https://phadge.org/
Epidemiology (PHA4GE)
COVID-19 High Performance Computing Global https://covid19-hpc-consortium.org/
(HPC) Consortium
ARTIC network Global https://artic.network/
PAN-INDIA 1000 SARS-CoV-2 RNA India https://www.biorxiv.org/
Genome Sequencing Consortium content/10.1101/2020.08.03.233718v1.
full
Danish Covid-19 Genome Consortium Denmark https://www.covid19genomics.dk/home
(DCGC)
National Institute of Infectious Diseases Japan https://www.niid.go.jp/niid/en/
Swiss SARS-CoV-2 Sequencing Switzerland https://bsse.ethz.ch/cevo/cevo-press/2020/05/

consortium

first-data-for-genomic-surveillance-of-sars-cov-
2-in-switzerland-made-available.html
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2.4 Sequencing data repositories and data sharing

GISRS provided the backdrop for the successful establishment in 2008 of the Global Initiative
on Sharing All Influenza Data (GISAID) [14, 108] which has become an integral component of the
collection, analysis and timely sharing of essential influenza virus data.

GISAID is a public-private partnership that promotes international sharing of all influenza virus
sequences and associated clinical data in the case of human viruses. The principles underlying
GISAID's data sharing mechanisms in a public health emergency are closely aligned with those
outlined by the Global Research Collaboration for Infectious Disease Preparedness (GloPID-R) [109,
110]. The wider benefits that flow from access to the latest data are evident in the advanced tools
and platforms available for analysing and interpreting sequence data. For example, it has ensured
availability of the latest data for the biannual WHO influenza vaccine consultation meetings.

GISAID integrates sequence data with other clinical, virological and epidemiological data. SARS-
CoV-2 genome sequence data are being uploaded to the GISAID database, a process that is being
strongly encouraged globally. GISAID is the primary database being used globally to monitor the
progression of the disease and provides insight into global sequencing efforts. Due to the data use
agreements with GISAID, many of the data releases on this platform are occurring before or without
academic publications.

In addition to GISAID, other existing genome sequence databases, which have been in place for some
time, have been adapted and adopted to store and collate SARS-CoV-2 genome sequence data. The
most commonly used databases are:

e International Nucleotide Sequence Databases (INSD) — comprising GenBank, the DNA Databank
of Japan (DDBJ), and the European Molecular Biological Laboratory (EMBL), which together
provide the principal repositories for DNA sequence data. The National Center for Biotechnology
Information Sequence Read Archive (NCBI-SRA) [111] is included in these databases

e  Medical Research Council Cloud Infrastructure for Microbial Bioinformatics (MRC CLIMB)

e China National GeneBank Sequence Archive

Sharing of sequence data allows analysis to be conducted by research groups with different
specialisms and temporal, geographical and numerical expansion of datasets beyond that possible
from a single sample collection point. However, there is currently inconsistency in the use of
databases between different national and international organisations, and between research groups.

These databases have different data sharing policies and are also capable of storing different forms of
the data, such as:

e Unprocessed, raw electrical signal files
e Raw reads

*  Processed data

e Metadata

e  Short reads

e Genome assemblies
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Submission of data is voluntary, but many consortia are strongly encouraging or in some
circumstances mandating data sharing to members. Selection of the database in which to release can
be determined by a range of factors, including:

e  The regulatory framework
e  Sequencing data available
e  Preferred form of data to upload

e  Familiarity with the database

Data can also be released via multiple platforms, and in different forms. It is not always obvious
which identifiers link data between databases when a sequence is uploaded to more than one
database. In addition, not all globally generated sequence data is being uploaded to these public
databases, for numerous reasons [112], therefore no database is completely comprehensive and is
only representative of the sequences that have been uploaded. For the SARS-CoV-2 pandemic the
most commonly used database is GISAID; another resource provided by the China National Center
for Bioinformation [113] collects information from five sources — GISAID, National Microbiome Data
Collaborative (NMDC), Genome warehouse, China National Genebank Database (CNGdb) and NCBI
GenBank.

Data releases can also occur on other platforms. For example, the first African sequence — from
Nigeria — was released on virological.org and made available on GitHub [114] before it was uploaded
onto GISAID, and Cambodia has a dedicated website that contains eight of the country’s data
releases [115]. Other sequences, in contrast, may only be released after a research paper has been
published.

Additional packages, such as nextstrain.org, provide a series of modular bioinformatics tools, to carry
out data curation, collate and present data in an accessible way using data from existing databases,
primarily GISAID.

More information on sequence databases can be found in the 2020 UN Convention on Biological
Diversity report entitled Combined study on digital sequence information in public and private
databases and traceability [116]. It provides a detailed overview of how sequence databases are
operated and managed, such as the fact that 95% (705 out of 743) of nucleic sequence data
databases directly link to or download nucleic sequence data from the INSD.

2.5 SARS-CoV-2 genomic data releases by country

At the time of writing thousands of sequences had been submitted to a number of databases from
over 140 countries (figure 1). Figure 2 shows the number of sequences uploaded to GISAID in each
global region, while figure 3 shows daily new COVID-19 cases reported by region over the same time
period (end December 2019-end February 2021) [14, 108].

By 1 March 2020 2,248 SARS-CoV-2 sequences had been uploaded onto GISAID; this increased to
over 22,000 by the end of March, and 54,539 as of 26 June 2020. There was a significant increase in
sequence uploads in the second half of 2020 and into 2021: by 26 January 408,384 sequences were
shared via GISAID, increasing to 834,259 by 22 March 2021 [14, 108].

The largest proportion of sequences come from Europe (63%), then North America (27%), Asia
(5.8%), Oceania (2.3%), Africa (1.3%), with the fewest from South America (1.1%). Countries that
are contributing the largest volume of sequences are the UK (37%), USA (24%), Denmark (6%)
and Germany (4%). The other leading countries contributing to sequencing are Canada, Japan,
Switzerland, Australia, Netherlands, Italy, Spain and France.
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Submissions from African countries primarily come from South Africa (41% of African sequences),
Mayotte (an overseas Department of France; 7%), Kenya (7 %), Nigeria (6%), and The Gambia (5%).
Egypt, Democratic Republic of the Congo, Ghana, Zimbabwe and Rwanda have each contributed
approximately 3-4% of African sequences each.

Japan is the main contributor from the Asian region — accounting for 46% of all samples. This is
followed by India (13%), Israel (8%), South Korea (6%), China (including Hong Kong) (6%), Singapore
(4%) and the United Arab Emirates (4%). The following countries have each contributed around 2% of
the sequences from Asia: Bangladesh, Saudi Arabia, Thailand and Indonesia.

For the South American region Brazil has contributed almost half of the sequences followed by Chile
(14%), Peru (11%), Argentina (7%) and Colombia (6%).

Figure 1: Map showing numbers of SARS-CoV-2 genome sequences uploaded to
GISAID by 28 February 2021 ([14], data downloaded 22 March 2021).

The boundaries used on this map do not imply the expression of any opinion whatsoever on the part of FIND concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries.
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Figure 2: GISAID SARS-CoV-2 sequences released by month and region

Number of sequences released per month per region using GISAID data ([14[ downloaded 22 March 2021; total sequences
between December 2019 and February 2021 799,316). As the UK represents >35% of the sequences in the database they have
been grouped together, the remainder of Europe is labelled 'Rest of Europe'
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Figure 3: New SARS-CoV2 cases reported by month and region
Number of new SARS-CoV-2 cases per month per region using data from ‘Our World In Data’ 31 December 2019 - 28 February
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In contrast, by 26 June 2020 11,536 sequences had been uploaded into the NCBI-SRA, compared to
54,539 onto GISAID. By 22 March 2021 SRA held 254,626 sequences compared to 829,275 in GISAID.
Over 45 countries have submitted data to the NCBI-SRA database with the UK, USA, Australia, India,
Netherlands, Ireland, South Africa, Qatar, Italy, Canada, Denmark and Brazil submitting the largest
number of sequences.

Given the speed at which sequencing data has been generated and uploaded in response to need in
the early stages of the pandemic, there is heterogeneity in the data submitted that affects possible
analyses. Variation is found in date formats attached to data, sequencing vs. sample collection dates,
bioinformatics pipelines used to assemble genomes, and in under- or over-representation of data
from different geographical areas [117]. There is also variability in how data submitters categorise
which organisation or laboratory collected a sample and which laboratory or organisation carried out
sequencing and/or submitted the data.

The current timeframes from data generation to data upload vary, sequences would preferably be
uploaded as soon as possible after they are generated to reduce reporting burden, e.g. the ECDC has
a minimum reporting time frame of once a week, which includes the submission of viral sequence data
to GISAID [63]. The WHO code of conduct for pathogen genetic sequence data states the timeframe
for data generation and release should not exceed 21 days from sample receipt, although even greater
speed is highly desirable in the context of rapidly evolving outbreaks [118].

In the report Risk related to spread of new SARS-CoV-2 variants of concern in the EU/EEA, the ECDC
commented on the speed at which sequencing data was being released, finding that sequencing
workflow turnaround times varied between nations. They found that the UK had the quickest
turnaround, with 5.3% of cases sequenced and published with an average delay of 23 days, in
contrast to delays of over 80 days recorded for Croatia. Of all EU/EEA Member States, only Denmark
and Norway have sequenced and published more than 1% of cases, and only eight countries have
sequenced and published more than 0.1% of cases since 1 September 2020 [119].

2.6  Additional sequencing related initiatives

2.6.1 Public Health Alliance for Genomic Epidemiology (PHA4GE)

In October 2019, the Bill and Melinda Gates Foundation funded the launch of a global initiative called
the Public Health Alliance for Genomic Epidemiology (PHA4GE) [120]. PHA4GE was established to
champion the support for the development of bioinformatics and data standards for public health.
PHAA4GE is working with the US CDC’s AMD Programme to coordinate the SPHERES consortium.

The Global Alliance for Genomics and Health (GA4GH) has aligned with the PHA4GE to guide efforts
to share pathogen genomic data. PHA4GE models itself on GA4GH in goals and structure, and aims
to develop an open source, community-supported ecosystem for bioinformatic software development,
implementation and validation. Through PHA4GE, these standards will be disseminated into the
broader international community.

PHAA4GE is a global coalition that is actively working to:

e  Establish consensus standards
e Document and share best practices
e Improve the availability of critical bioinformatic tools and resources

e Advocate for greater openness, interoperability, accessibility and reproducibility in public health
microbial bioinformatics
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They have ten recommendations for supporting open pathogen genomic analysis in public health
settings, covering data management and programming; management and stewardship of data;
accessibility, usability and reproducibility of bioinformatics; infrastructure development; genomic
epidemiology; and data sharing [117].

2.6.2 COVID-19 High Performance Computing (HPC) Consortium

There is an increasing need for high performance computing and storage systems to enable next-
generation sequencing technologies and analysis of the data generated. As data volumes increase
and clinicians need ultra-fast results, the importance of computing capability is also growing. Absolute
computing performance becomes a secondary concern compared with stability, security, storage
flexibility, application portability and management [121].

Launched on 22 March 2020, the COVID-19 High Performance Computing (HPC) Consortium is a
unique private-public effort spearheaded by the White House Office of Science and Technology Policy,
the US Department of Energy and IBM to bring together federal government, industry, and academic
leaders who are volunteering free compute time and resources on their world-class machines [122].

It is said to have supported 59 research projects already, which are all running on high performance
computing machines [123,124 ]. The UK joined this Consortium on 29 May 2020, making it the first
European super-computing partner to join [124], with Switzerland following shortly afterwards.

Although primarily focused on drug development, the Consortium will benefit SARS-CoV-2 research
efforts through sharing resources and services, while complementing the work in the European Union
being organised via PRACE, the Partnership for Advanced Computing in Europe [125].

2.6.3 ARTIC network

The ARTIC network [126] is a collaborative project between various academic and research institutions
established before the COVID-19 pandemic to provide end-to-end sample processing for sequencing
in viral outbreaks. It now provides a collection of resources for SARS-CoV-2; this includes primer lists
for amplicon sequencing, and protocols for many aspects of Oxford Nanopore sequencing which have
been widely used during the pandemic.
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3 Diagnostics and the role of sequencing

Beyond facilitating understanding of the evolution of the SARS-CoV-2 virus genome during the
pandemic, sequencing has been used to support diagnostic efforts:

e  Through direct use as a diagnostic assay

e  Through the use of sequence information to identify viral genomic targets for molecular
diagnostics

e  To monitor the specificity or sensitivity of diagnostic tests, and inform design of new tests

3.1  Sequencing for diagnosis

NGS-based diagnostic tests for COVID-19 become available from June 2020 and are not widely used.
As the COVID-19 pandemic progresses, both knowledge of the disease and virus, and strategies for
managing infection rate and reducing transmission, are evolving. Shifting priorities are encouraging the
development of different tools including the development of new diagnostics.

3.1.1 NGS-based diagnostics compared to other molecular diagnostic tests

There are a number of advantages to using NGS in diagnosis, including:

Increased testing capacity - NGS offers the potential to facilitate considerable scaling-up of testing
due to the number of samples that could be processed in a single sequencing run. Despite the wide
availability of gPCR instruments in both clinical and research laboratories today, capacity is less
than that which could be offered through alternative methods. According to one estimate, a 384-well
gPCR thermocycler can process a maximum of 640 patient tests per day if run in two 10-hour shifts.
Increasing testing volume would require additional instruments [127]. In comparison, one sequencing
instrument can provide greater capacity in a single run e.g. lllumina’s COVIDSeq run on the NovaSeq
platform is suggested to be capable of providing 3072 individual results in 12 hours [128]

Higher resolution information - Alongside providing diagnostic information, NGS-based tests can
provide more detailed genomic information to assist with surveillance of the disease from a single
sample and test run.

High sensitivity - NGS is a highly sensitive technique and could be used to detect rare variants

in the viral genome which might otherwise cause problems or be difficult to detect using standard
PCR-based testing. The ability to rapidly diagnose certain concerning variants is also valuable. NGS
diagnostics could be used to help do this at scale, especially if PCR test strategies to detect specific
variants are not available.

Examination of co-infection - As seasonal shifts occur, the potential for co-infection with primarily
winter pathogens such as influenza viruses changes. Diagnosis of infection with alternative respiratory
pathogens such as influenza viruses could lead clinicians to incorrectly determine this to be the sole
cause of respiratory difficulties, where SARS-CoV-2 may also be present [129]. A number of countries
and organisations are now focusing on the development of tests for the detection of multiple or
different pathogens and sequencing could provide a means to facilitate this.

Diversifying testing strategies - In some situations, having NGS as an alternative approach to
testing could overcome supply chain issues for specific test reagents and kits, as has been the case
for heavily in-demand PCR tests. However, as many similar reagents are used in both PCR and NGS
testing, this may not always provide a solution.
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Although the potential advantages listed above are important, some of the logistical and practical
aspects of NGS-based testing mean it is unlikely to be suitable in a number of situations and will

not replace many simpler molecular-based diagnostics. NGS-based testing is often slower, more
expensive, and more complex to conduct than cheap, quick, and generally reliable PCR-based testing
and has therefore not been a priority for diagnosis in the COVID-19 pandemic thus far. Sequencing is
currently demonstrating value in research and as an aid to surveillance. However, whilst sequencing
provides broader and higher resolution information about SARS-CoV-2 and the particular patient case
in question, the higher monetary and labour demand of sequencing compared to molecular methods
make it less practical or possible in many circumstances, and it is not currently considered necessary
for confirming diagnosis.

3.2  Current status of NGS-based diagnostics

Several different types of NGS-based diagnostics are in development, with some recently gaining
regulatory approval. The current use of NGS diagnostics is very limited, although they may become
more widely used in future if they gain wider regulatory approval from multiple nations, and upon use
are shown to have utility over other test methods.

3.2.1 Approaches to NGS-based diagnostics

Testing for COVID-19 using NGS can use a number of approaches. The first broad approach is
targeted sequencing - this is similar to approaches utilised in existing qPCR tests, in that it involves
the examination of a small number (one or a couple) of short regions in the viral genome, to determine
whether the virus is present or absent. One such method, called SwabSeq, has been developed by
synthetic biology start-up Octant [130]. Others include LAMP-Seq, developed by researchers at the
Broad Institute [127], Dx-Seq developed by a group at Pennsylvania State University, and Oxford
Nanopore Technologies LAMPore test. These tests have the capability to sequence thousands of
samples simultaneously, producing results with 24 hours. Tests which make use of loop-mediated
isothermal ampilification (LAMP) facilitate rapid amplification of viral RNA without the need for a
thermocycler, as required for PCR-based tests. It is likely that for high-throughput targeted tests to
fulfil their potential, automated laboratory equipment would be required to process the high volumes of
samples.

NGS-based approaches may also be developed to sequence the entire SARS-CoV-2 genome,

the approach taken by lllumina’s COVID-seq test. Other tests may also include genomes of other
respiratory pathogens (viruses and bacteria) in a panel. Owing to the greater total amount of genomic
material examined, these tests cannot provide the same throughput as sequencing assays targeting
shorter regions of the viral genome. However, given that they provide more genomic information,
they can be used to gain valuable insights into the origin of an infection for surveillance purposes, or
about co-infections. This approach is being investigated by several research groups and commercial
companies including Baylor College of Medicine, Fulgent Genetics, Helix, HudsonAlpha, and lllumina
in partnership with IDbyDNA [127].

3.2.2 NGS-based tests approved for diagnostic use

COVIDSeq is a test provided by lllumina, and was the first sequencing test to be approved for
diagnostic use. It gained Emergency Use Authorization from the US FDA (10 June 2020) for the
purpose of qualitative detection and diagnosis of COVID-19 [131]. The test utilises lllumina amplicon-
based NGS to sequence amplicons that cover the entire SARS-CoV-2 genome, in a similar way to
the commonly used ARTIC workflow (see Chapter 6). It is compatible with the most common types of
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respiratory samples. Using the NovaSeq, the highest capacity sequencer available from Illlumina (see
Chapter 5), it is possible to examine just over 3,000 samples in 12 hours [128]. The accompanying
workflow provides a near-complete process for detection of SARS-CoV-2 from RNA extraction to
report generation, including use of the DRAGEN COVIDSeq Test pipeline, as discussed in chapters

5 and 6. As suggested previously, the test will enable both diagnosis and viral genome sequencing
from the same sample and procedure. The test is only available as a diagnostic in the US, and regional
availability of the test may vary. lllumina intend to provide their own testing service in the US using the
test [132].

LamPORE is a new diagnostic provided by Oxford Nanopore Technologies. The LamPORE assay
was CE marked for in vitro diagnostic use in October 2020, for the detection of the SARS-CoV-2 virus,
using the Nanopore GridION device. Further regulatory approvals are being pursued in other countries,
including Emergency Use Authorization in the United States, and with Nanopore’s partner G42 in

the United Arab Emirates [133]. The system uses LAMP for amplification of viral RNA, which is then
sequenced using either the GridlON or MinlON platforms. This approach facilitates massive barcoding
and multiplexing of samples, potentially enabling the simultaneous examination of up to 1,152 patient
samples in three hours or 96 samples in one hour. The information retrieved will not be equivalent to
that retrieved by whole genome sequencing, as the approach uses only two regions of viral RNA to
determine whether the virus is present in the sample. This system is expected to be suited for high-
throughput screening situations in which an answer is required quickly across a large number of
samples, even where there is expected to be a low positive rate. Recent studies in the UK have found
LamPORE has a similar sensitivity to RT-PCR tests in symptomatic patients, and also support the use
of LamPORE for the testing of asymptomatic people [134]. In addition it was found saliva samples
worked well, providing further opportunities to streamline testing.

SwabSeq is an amplicon-based NGS platform provided by the start-up Octant, and is available under
the Open COVID License for anyone to use and develop further [135]. It is claimed to overcome a
number of logistical limitations associated with other sequencing approaches, and may be suitable
where reagents are limited, although there are several limitations [130]. It has a turnaround time

of 12-24 hours, and is capable of processing up to 150,000 samples per run using a NovaSeq S2
flow cell [136]. The company Helix developed their COVID-19 NGS Test based on the SwabSeq
protocol, gaining Emergency Use Authorization from the US FDA in August 2020 for use in authorised
laboratories. A SwabSeq based test was also approved for Emergency Use Authorisation by the US
FDA in October 2020, and only for use in two Los Angeles laboratories deemed by the FDA to meet
the requirements to perform high complexity tests [137].

3.2.3 NGS-based diagnostics in development

Examples of different types of NGS-based diagnostic tests in development for COVID-19 are provided
below; this is a non-exhaustive list.

Explify is a metagenomics tool developed by IDbyDNA which is to be co-marketed by lllumina for
use with its NGS systems. The platform is a computational tool which includes applications for the
workflow management, analysis and reporting of microbial metagenomic data. The aim is to provide
a combined platform for clinical NGS for detection of pathogens, including SARS-CoV-2. The system
uses a metagenomics approach for the detection of a range of pathogens, making the system
potentially useful for the identification of co-infections. While it does not have FDA approval, Explify is
a validated laboratory developed test and so can be used for clinical purposes. It has been adapted
for the identification of SARS-CoV-2 alongside potential co-infection with 35 additional respiratory
pathogens. A workflow developed by lllumina and IDbyDNA includes the lllumina respiratory virus
oligo probe (RVOP) enrichment panel, with the aim of providing a sample-to-result process [138].
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Fulgent SARS-CoV-2 NGS service is provided by Fulgent, a genetic testing company that provides

a range of molecular testing and sequencing services. Alongside their FDA-approved RT-PCR test,
they have developed an NGS based assay for which approval as a diagnostic is being sought. The
assay relies on lllumina sequencing platforms and is provided as a service through Fulgent. Like other
NGS methods, the assay also provides more information about the viral genome. Test outputs will be
‘positive’, ‘negative’ or ‘intermediate’. Testing takes 2-4 days from sample receipt and samples can be
retested if the result is uncertain.

Pathogen-Oriented Low-Cost Assembly & Resequencing (POLAR) is an NGS-based diagnostic in
development by researchers at the Baylor College of Medicine. The assay uses viral enrichment and
whole genome sequencing on short-read sequencing platforms. The methodology, which has yet to
undergo peer review (9 February 2021), uses an enrichment protocol available via the ARTIC network
[139]. It is suggested that the assay provides very high sensitivity, enabling diagnosis at even very low
viral load. Current publications include low number patient sample comparisons with PCR-based tests
developed by the CDC.

LAMP-Seq is a targeted NGS test developed by researchers at the Broad Institute. It utilises loop-
mediated isothermal amplification (LAMP) with NGS and promises massive scalability, in the realm of
hundreds of thousands of samples per day per sequencing facility [127, 140].

Dx-Seq is a targeted NGS test under development by a group at Pennsylvania State University. The
test is currently (as of May 2020) being validated with collaborators using clinical samples. It uses a
combination of reverse transcription, PCR, and sequencing to test up to 19,200 patient samples in a
single workflow [127].

Other organisations including Guardant Health, Clear Labs, and Helix [141, 142] have also suggested
that they aim to develop and distribute NGS-based diagnostics for COVID-19. Currently, there are

no diagnostic tests authorised for the broad screening of SARS-CoV-2 in asymptomatic individuals
[143], although it is often at the healthcare provider’s discretion as to whether to offer testing to
asymptomatic individuals on an individual basis [144]. Other new assay methods for NGS tests are
constantly in development, often with the view of not just being applicable to the COVID-19 pandemic,
but to help manage future pathogen outbreaks. In addition to the tests themselves, platforms to

better analyse and interpret the results of highly multiplexed sequencing based diagnostics are also in
development [145].

3.3 Sequencing for development and quality control of other diagnostics

Whilst it may not frequently be used as a diagnostic method itself, sequencing and the data produced
has been key to informing the development of other diagnostic tests, especially nucleic acid based
diagnostic tests. An overview of these tests, focusing on molecular test techniques, is provided in
Section 3.4. As SARS-CoV-2 continues to evolve, the role of sequencing in monitoring and quality
control of diagnostics has become increasingly important, as well as informing the design of new
diagnostics.

3.3.1 Development of diagnostics

The release of the first sequenced SARS-CoV-2 whole genomes enabled the rapid development of
a diagnostic test based on RT-PCR by Corman et al within days of the sequence data being made
available [146]. Metagenomic sequencing was performed by various groups when SARS-CoV-2 was
first discovered e.g. Wu et al and Zhou et al [17, 18], and when investigating related pathogens in
other species e.g. Lam et al [25]. Since then, many publications have described various methods for
diagnosis using probes based on genomic sequences.
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During the early stages of the COVID-19 outbreak, sequence information from the closely related
SARS virus was used to facilitate development of early RT-PCR assays for the detection of SARS-
CoV-2. NGS data from SARS-CoV-2 positive samples allowed for further development and refinement
of these techniques to make them specific to the novel virus. RT-PCR tests for the diagnosis of
COVID-19 are based on several SARS-CoV-2 genomic regions, including the RARP gene in the
ORF1ab sequence, the E gene, N gene and S gene [20]. In March 2020, the WHO released a
document containing a collection of available RT-PCR assays used by different health organisations
internationally, which included a summary of the various gene targets.

Table 4: Genes used in RT-PCR tests
Adapted from WHO List of RT-PCR protocols document [147]

Institute Gene targets

China Centre for Disease Control, China ORF1ab and N gene

Institut Pasteur, Paris, France Two targets in RdRP

United States Center for Disease Control, USA Three targets in N gene

National Institute of Infectious Disease, Japan Pan-corona and multiple targets, Spike protein
Charité, Germany RdRP, E gene and N gene

Hong Kong University, Hong Kong SAR ORFb-nsp14, N gene

National Institute of Health, Thailand N gene

Commercially-developed kits also vary in which genes they include for RT-PCR testing. A comparison
of seven commercial kits published in July 2020 lists gene targets for kits produced by each of: Altona
Diagnostics; BGI; CarTes BioTec; KH Medical; PrimerDesign; R-Boipharm AG; and Seegene. These
include, in various combinations, the E gene, ORF1ab, N gene, RdRp, and the S gene [148].

Sequencing data will be important in informing the ongoing development of new diagnostics. As
described in the addendum to this report on variants of concern [4], FIND’s report on SARS-CoV-2
variants, as new VOCs arise it is beneficial to be able to diagnose and track them at scale, which can
be achieved through national testing strategies. The availability of sequence data for these variants
has allowed the design of new PCR tests specifically designed to detect key variants.

Furthermore, as described below, the instability of certain regions of the SARS-CoV-2 genome means
that some diagnostic test targets may be unreliable. Monitoring of SARS-CoV-2 sequences means
that there is now greater understanding of which regions of the virus genome are more stable, and so
are likely to make good test targets. Future tests can therefore be designed to avoid sole targeting of
regions such as the S-gene, which are known to be more unstable. Indeed, WHO interim guidance on
diagnostic testing for SARS-CoV-2 recommends the need for at least two independent test targets for
diagnostic tests [149].
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3.3.2 Monitoring effectiveness of diagnostics

The genomic evolution of RNA viruses such as SARS-CoV-2, and the fact that SARS-CoV-2 is a
recombinant virus (such that the virus could undergo recombination with other human coronaviruses)
means that current diagnostics may not remain fit for purpose. There is a need to minimise loss of
performance of existing assays due to variants in the viral genome. This remains true for commercially
manufactured kits, which may not be as rapidly adaptable as in-house PCR tests and may be less
likely to have published primer/probe sequences. For example, PCR assay compatibility could change
over time due to changes in probe or primer binding sites. This has already occurred on more than one
occasion during the pandemic; most notably a A69/70 mutation in the S-gene prevents certain PCR
tests with S-gene targets from working, widely known as S-gene target failure, or S-gene drop out (see
addendum for further details [4]).

Other types of diagnostic test based on detection of viral antigens and antibodies may also be
affected by mutations, if the mutations result in the structure of the target antigens or antibodies
changing. The threat of reduced diagnostic effectiveness is minimised by creating diagnostics based
on conserved regions of the genome, which are relatively stable.

It has been shown that there are now numerous mutations across virtually all virus genes, and
therefore all current PCR test targets [150]. As a result, viral genome sequences are being monitored
by groups around the world, including global consortia, to detect any genomic evolution that would
cause the current diagnostics to produce false negatives. Several tools for monitoring relevant
mutations are now available, as described in the WHO guidance for diagnostic testing of SARS-
CoV-2 [149]. The US FDA has also published recommendations for test manufacturers, particularly
of molecular tests, to routinely monitor test performance by comparing primer/probe pairs to publicly
available genomes [151].

3.4 Non-sequencing molecular diagnostics for COVID-19

A considerable number of COVID-19 diagnostic tests have been developed or adapted from existing
tools in the months since the beginning of the pandemic. COVID-19 diagnostic tests fall broadly into
antibody, antigen or nucleic acid tests. Nucleic acid tests (NATSs) are also called molecular tests,

and focus on the detection of SARS-CoV-2 RNA. Whilst sequencing is being extensively used for
surveillance and research surrounding the virus and the development of COVID-19, the molecular
diagnostics currently used mostly rely on non-sequencing methods. Non-sequencing NATs can use
different methods to detect specific nucleic acid sequences; they have different qualities and may be
more or less useful in different environments. Reverse-transcription and real-time polymerase chain
reaction (RT-PCR and gPCR) testing currently represent the gold-standard methods in SARS-CoV-2
diagnostic testing.

3.4.1 Non-sequencing diagnostic methods

Broad methods for nucleic acid testing for SARS-CoV-2 include [152]:

PCR-based tests provide a cheap, specific method for the identification of SARS-CoV-2 specific
sequences, and the equipment required is available in many laboratory and clinical settings. The most
commonly used methods are reverse-transcription and real-time polymerase chain reaction (RT-

PCR and gPCR). gPCR uses rounds of thermal ampilification of nucleic acids measured in real time

to provide quantitative or qualitative analysis. It represents the current standard for the confirmatory
diagnosis of COVID-19 internationally. gPCR systems have been developed by many different
companies and come in a variety of forms, ranging from large, high sample load machines to mobile,
low sample units and enclosed systems which reduce the need for interactions with the sample.
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Endpoint PCR (EPCR) diagnostic tests are another possible testing strategy. These tests still use
reverse transcription, but instead of quantifying viral load in real time, they quantify the amplified
product at the end of the assay to produce a single negative or positive measurement. It is anticipated
that use of EPCR tests could increase testing speed and expand national testing capacity. The UK
government recently announced they would be switching from gPCR to EPCR tests [153].

Clustered regularly interspaced short palindromic repeats (CRISPR) is best known as a key
component and class of genome editing tools. During the pandemic, CRISPR-based diagnostics have
been developed for the detection of SARS-CoV-2. These tests utilise guide RNAs for the accurate
detection of specific nucleic acid sequences complementary to the synthesised guide RNA. CRISPR-
associated cutting enzymes then carry out cleavage of a reporter molecule, providing the potential for
diagnostic capability.

In May 2020 the FDA approved a COVID-19 CRISPR-based test from Sherlock BioSciences for
emergency use in authorised laboratories, the first time this type of test had been approved for use in
healthcare [154]. CRISPR-based diagnostic assays have several advantages, being fast, cheap, and
requiring minimal equipment, making them suitable for use as point of care tests. In addition new tests
can be rapidly redesigned and deployed if needed.

Loop mediated isothermal amplification (LAMP) is a method of amplification that can be utilised
prior to analysis. LAMP uses isothermal amplification to provide a fast method that does not require
thermal cycling, relying on one-step, lower-temperature amplification compared to gPCR, removing
reliance on thermocycling equipment. There is potential for point-of-care tests to be developed on this
basis. Techniques using isothermal amplification include nicking endonuclease amplification reaction
(NEAR) which provides ultra-fast amplification and analysis at much lower temperatures (<10 min,
temperatures of 37-42°C).

3.4.2 Test characteristics

NATs have different capabilities and characteristics by which they can be further categorised.
These characteristics may be more or less desirable or necessary in differing circumstances. These
characteristics include:

Point of care (POC) testing can be carried out near to or at the site of the patient and within a
relatively short period of time. These are tests (sample collection, analysis and result) conducted
outside the laboratory setting, allowing a test result to be obtained whilst the patient is there.
These tests have several advantages including speed, which may be important when diagnosing
an infectious disease and for patient peace of mind, and can be conducted by individuals outside
a laboratory i.e. a broader range of staff or non-experts may be trained to perform them. Examples
include the ID NOW COVID-19 test [155].

Qualitative or quantitative - Tests for SARS-CoV-2 may be qualitative, quantitative, or semi-
quantitative. Qualitative tests permit the detection of SARS-CoV-2 only, whereas quantitative tests
facilitate quantification of viral load. Quantitation requires careful consideration to achieve accurately [156].
Tests for the diagnosis of COVID-19 rely primarily on qualitative tests.

Enclosed testing is testing performed in a closed unit, where many of the steps following sample
collection are performed within one device requiring little to no further direct processing from the user.
A number of SARS-CoV-2 tests have been developed to work using platforms which allow for sample
preparation, extraction, amplification and detection within an enclosed unit. This reduces the need for
higher level laboratory biosafety and provides a simplified workflow e.g. SAMBA Il [157, 158].
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Multi-pathogen detection is possible with a number of tests. A number of previously established
syndromic panels have been adapted to incorporate SARS-CoV-2 testing capacity [129]. Panels can
facilitate simultaneous detection of SARS-CoV-2 and other common respiratory pathogens (bacterial
or viral) which is useful for determining the cause of disease where symptoms are broad or in the case
of co-infection e.g. BioFire SARS-CoV-2 Respiratory Panel [159, 160].

3.4.3 Open versus closed platform testing

A range of NATs are now available for the diagnosis of COVID-19. These include both commercially
developed PCR kits, platform-specific tests and laboratory protocols using a range of different
reagents and equipment, as previously discussed. During the pandemic, many commercially
developed tests received emergency use authorisation (EUA) or an equivalent from various regulatory
bodies.

Commercially available test kits are validated on specific equipment, some include a range of
equipment and can be considered ‘open platform’; for example, tests such as the US CDC’s EUA-
authorised RT-PCR test specify a platform on which the testing should be performed, but the FDA
extends the authorisation to include several alternative platforms, where the preferred equipment is
not available [143]. Other commercially available kits, such as the TagPath COVID-19 CE-IVD RT-PCR
Kit which is only validated for use on some of the ThermoFisher range of gPCR cyclers, are generally
considered ‘closed platform’ or ‘platform-specific’; these often include proprietary equipment and/or
reagents and may incorporate sample processing and PCR in the same machine [161].

Alongside specific assays, a range of molecular equipment such as small form gPCR machines -
such as the Mic gPCR cycler (Bio Molecular Systems), and MyGo PCR systems (IT-IS Life Science
Ltd) — are being used to increase diagnostic capacity in both clinical and research settings (personal
communication).

An extensive, though not comprehensive, list of available and in-development molecular tests can be
found on the FIND website [162]. As of 9 February 2021, this database included 426 molecular assays,
however this list is frequently updated owing to the current pace of change in the field. Frequently
updated records are also published by Massachusetts General Hospital online [152] (including lists of
FDA cleared NATSs), and by the European Commission as part of their COVID-19 In Vitro Diagnostic
Devices and Test Methods Database [163]. The FDA also maintains its own list of EUA-authorised
COVID-19 diagnostics [164].
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4 SARS-CoV-2 research landscape

This section provides an overview of the research landscape on sequencing of the SARS-CoV-2 virus.
Given the rapid pace of change in research, and the large volume of papers published on a weekly
basis, we have not summarised large numbers of research findings, but rather provided an overview of
key research areas and emerging themes in terms of results, highlighting any areas where there is not
a clear consensus and indicating where future research activity can be expected.

The outbreak of a novel coronavirus, SARS-CoV-2, was identified in December 2019 and the first
SARS-CoV-2 genomes were isolated and sequenced from the Hubei province of China by January
2020 [16-19]. Since then there has been a significant increase in scientific research activity around
SARS-CoV-2, which has led to the publication of tens of thousands of papers in the first few months
of 2020. Since then, research activity into SARS-CoV-2 and COVID-19 has increased dramatically.
LitCOVID is an NIH literature resource for tracking up-to-date scientific information about the
pandemic in published articles listed on the PubMed resource [165]. Additionally, the WHO has an
online literature resource that has over 170,00 publications listed (as of 17 March 2021), including
preprints [166].

Research groups worldwide have sequenced the genomes of SARS-CoV-2 and related coronaviruses
to:

e Inform molecular epidemiology and genomic surveillance efforts
e Increase understanding of the basic biology of the virus.
e  Support the development of vaccines, treatments and diagnostics

e Improve understanding of the factors influencing symptom severity in patients

Genome sequencing of patients infected with the virus, sometimes in parallel with viral sequencing,

is being used to support efforts to understand patient susceptibility to disease and develop new

tests, treatments and vaccines. Whilst the primary focus of this chapter is viral sequencing, some key
themes arising in this area are also indicated. The viral genome sequences produced are being curated
in large, online, publicly available datasets to allow secondary use of the data by other researchers (as
described in Chapter 2). These pre-existing datasets are being used to:

e Gain further insights into the transmission and spread of the virus throughout the human
population

e Trace the genomic lineage of the virus to uncover its zoonotic origin

e Understand the biology and pathogenicity of the virus in human and animal hosts

The research themes outlined in this chapter are not exclusive, as many studies are cross-cutting with
multiple investigations being described in the same study. In addition, the substantial research efforts
to better understand viral and disease biology, and the zoonotic origin of the disease via utilisation

of existing datasets and/or original sequencing efforts have been outlined in Chapter 1. Many
publications described here are in preprint form, so have not yet been peer reviewed.
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4.1 Molecular epidemiology and genomic surveillance

Many viral sequences produced during the early phase of the pandemic were not published, instead
being submitted directly to databases such as GISAID. Of those early sequencing efforts described
in the literature, many describe studies with the primary function of confirming if a patient had
COVID-19, usually in situations where the patient was among the first suspected cases in a country
or region. These included attempts to trace the introduction and transmission of the virus throughout
populations, supported by genomic data available in databases such as GISAID. Table 5 outlines
some of the early sequencing efforts in China once the epidemic was established.

Table 6 contains international examples of papers describing SARS-CoV-2 genome sequencing early
in the pandemic and attempts to use phylogenetic analysis to determine origin and transmission. In
many cases the papers describe sequencing of the first confirmed cases in a particular country, but
as mentioned above, many of these first sequencing efforts were not published. Phylogenetic analysis
allows researchers to gain insights into the relatedness of SARS-CoV-2 isolates to each other and to
other viruses in the coronavirus family.

There has been some debate in the scientific community around the variation in approaches and
methods used in phylogenetic analysis and interpretation. In particular, the use of different in silico
modelling approaches on existing datasets, used to understand the virus circulating in human
populations and in comparing these viruses with related coronaviruses isolated from different species;
the latter being used to elucidate the zoonotic origin of SARS-CoV-2.

Early in the pandemic, genomic surveillance efforts concentrated on generating viral sequences
to understand viral evolution characteristics and transmission dynamics. As the pandemic has
progressed, additional projects have been established to build on ongoing genomic surveillance
efforts and optimise use of viral sequencing data.

For example, the COG-UK Hospital Onset Covid-19 Infection (HOCI) Study aims to evaluate the
benefit of rapid COVID-19 genomic sequencing on infection control in preventing the spread of

the virus in hospitals in the UK [89]. COG-UK are also contributing to the Genetics Of Mortality In
Critical Care (GenOMICC Study) Study where host genome data will be linked with viral genome data
provided by COG-UK [90]. This project aims to provide unique insights into how patient and virus
genetic factors influence a patient’s response to the infection.

The international effort towards generating and sharing SARS-CoV-2 genomic data has been of major
scientific benefit. It has enabled the monitoring of SARS-CoV-2 evolution in nearly real time and on a
global scale.

There are a number of publicly available online resources for tracking and interpreting changes in the
SARS-CoV-2 genome. For example, the NextStrain website provides ongoing updates of publicly
available data alongside powerful analytic and visualisation tools for use by the research community.
Variants and mutations of concern can be investigated further via the associated interactive website
CoVariants [167].

Another website, cov-lineages, also aims to capture and convey the genetic relationships and history
of virus genomes to help understand disease epidemiology and support tracking of the virus [168].
This web interface is linked with GISAID data and when virus genomes are uploaded to GISAID

they are automatically assigned a lineage. Researchers are also developing online tools to help the
community track and analyse mutations arising in SARS-CoV-2 genome.
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For example, Korber et al developed an open access, online bioinformatics pipeline to track changes
in the SARS-CoV-2 genome, with a specific focus on the spike glycoprotein [169, 170]. The pipeline
explores mutations in SARS-CoV-2 geographically and over time to identify variants that are
concomitantly increasing in frequency in different geographic locations. More information and links to
these data visualisation and analysis tools can be found in the addendum on SARS-CoV-2 variants [4].

Table 5: Examples of the first descriptions of SARS-CoV-2 viral isolation and
sequencing in the literature from China

Paper Details Purpose of study Sequencing approach  Shared data
Wu et al (2020) [17] | SARS-CoV-2 isolated | Describing the virus Metagenomic GenBank
from a patient who in relation to other sequencing using
was working at the coronaviruses [llumina MiniSeq
wet market implicated
in the origin of the
pandemic
Zhou et al (2020) [18] | 5 patients in early Describing the virus Metagenomic GISAID, GenBank
stage of the outbreak  in relation to other sequencing using BGI
coronaviruses MGISEQ2000 and
[llumina MiSeq 3000
sequencers
Zhuetal (2020) [19] | 4 samples from Describing the virus Metagenomic GISAID, GenBank

patients with
pneumonia of an
unknown cause

in relation to other
coronaviruses

sequencing by lllumina
and ONT

Lu et al (2020) [16]

SARS-CoV-2 genome
sequencing from 9
patients, 8 of whom
visited the Huanan
seafood market in
Wuhan

Describing the virus
in relation to other
coronaviruses

WGS using BGl
sequencing, ONT,
[llumina and Sanger

China National
Microbiological Data
Center and China
National GenBank

Chan et al (2020) [22]

Sequenced SARS-
CoV-2 from 2 patients
in the same family

First description of
familial transmission

WGS using ONT
supplemented by Sanger
sequencing

GenBank
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Table 6: Examples of publications from research groups around the world describing
the sequencing of SARS-CoV-2 from confirmed positive patients

Country/

Sequencing

Shared

region Details Purpose of study approach data
Seemann et al Australia, Integrated Trace transmission WGS using ARTIC GenBank
(2020) [47] Victoria epidemiological and chains, assess impact  version 1 or 3
genomic data of 903 of social restrictions primers with lllumina
samples sequencing
Caly et al (2020) | Australia SARS-CoV-2 sequencing | Describe isolation and  Combination of ONT | GenBank,
[171] from the first patient sequencing methods  and lllumina short- | GISAID
diagnosed with COVID read sequencing
19 in Australia
Goes de Jesus et | Brazil SARS-CoV-2 sequencing | Origin and local ARTIC protocols
al (2020) [172] of the first 6 patients transmission of the using ONT
with confirmed COVID 19 | virus
Wu et al (2020) China 11 SARS-CoV-2 Determine the WGS using a
[24] genomes from patients ~ molecular evolution of | combination of
in China SARS-CoV-2 Sanger, lllumina and
ONT
Bohmer et al Germany, SARS-CoV-2 sequencing  Tracing transmission | WGS using lllumina
(2020) [173] Bavaria of 15 patients in a events, incubation NextSeq and MiSeq
localised outbreak period and secondary  as well as RT-PCR
attacks product sequencing
on ONT MinION.
Gaps were filled by
Sanger sequencing
Gudbjartsson et al | Iceland Sequenced SARS-CoV-2 | Origin and local ARTIC protocols for
(2020) [68] from 643 positive transmission of the WGS using lllumina
patients. This was part of | virus MiSeq
the deCODE initiative
Yadav et al (2020) India The first 2 SARS-CoV-2 | Determine origin of WGS by lllumnia GISAID
[174] genomes sequenced in  transmission in the MiniSeq
India country
Capobianchi et al  Italy Sequencing of SARS- Determine origin of lon Torrent S5 GISAID and
(2020) [175] CoV-2 from the first transmission in the GenBank
patient in Italy country
Park et al (2020) | Korea Sequenced SARS-CoV-2 | Relationship with other | Illumina Nextseq 500

[176]

genome from the first
patient confirmed to
have COVID-19 in Korea

SARS-CoV-2 genomes

platform
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Table 6: Examples of publications from research groups around the world describing
the sequencing of SARS-CoV-2 from confirmed positive patients

Country/

region

Details

Purpose of study

Sequencing
approach

Shared
data

Sah etal (2020)  Nepal Sequenced SARS-CoV-2 | Produce sequencing  lllumina MiSeq GenBank
[177] isolated from a Nepalese | data on SARS-CoV-2 and GISAID
patient who contracted
the virus in Wuhan
Kim et al (2020) | South Korea Sequenced SARS-CoV-2 | Determine sequence  lllumina MiSeq GISAID
[178] from putative patients homology with other
SARS-CoV-2 genomes
and related species
Kanteh et al The Gambia Sequenced SARS-CoV-2 | Determine origin of WGS via lllumina GISAID
(2020) [179] from the first six cases in = SARS-CoV-2 in the MiSeq and ONT
The Gambia country GridION
Meredith et al UK, East of Sequenced SARS-CoV-2 | Investigated the Sequenced by ONT
(2020) [180] England in healthcare associated  utility of rapid viral with validation by
COVID-19 infections. sequencing to inform . .
They integrated infection control :llgmlna sequencing.
idemiological and measures within a ””.]ers were
glli)rllical data along with | hospital environment designed by ARTIC
genome sequences network V3 protocol
and analysed by
the ARTIC network
assembly pipeline
Salazar et al Uruguay, Sequenced SARS-CoV-2 | Determine origin of ONT MinlON
(2020) [181] Montevideo from 10 positive samples = SARS-CoV-2 in the
(around 10% of the country
confirmed cases) in the
first week
Kujawski et al USA The COVID-19 Determine the natural | WGS using ONT and | GISAID and
(2020) [182] Investigation Team history of SARS-CoV-2 = Sanger sequencing | GenBank
sequenced SARS-CoV-2
from the first 12 patients
with confirmed COVID 19
in the USA
Gonzalez-Reiche | USA, New York  The COVID-19 QOriginal and local ARTIC primers, GISAID
et al (2020) [183] sequenced 90 virus transmission of the sequenced by
isolates from 84 patients | virus llumina MiSeq and
in New York city PacBio
Bedford et al USA, Sequenced 346 SARS- | Origin and local Metagenomic GISAID and
(2020) [184] Washington CoV-2 genomes from transmission of the analysis using GenBank
State positive patients virus llumina MiSeq or

NextSeq

All of these papers sequenced the entire SARS-CoV-2 genome and performed phylogenetic analysis
with the genomes they sequenced alongside other genomes from GISAID and the reference SARS-
CoV-2 from genome from GenBank. The information provided in the table was sourced from the

publications.
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4.1.1 Environmental sequencing

Examples of sequencing of environmental samples to inform molecular epidemiology include samples
taken from surfaces of the Wuhan wet markets implicated in the origin of the outbreak. Analysis
revealed high sequence similarity to the first confirmed cases in Wuhan patients [185]. Whether the
samples tested originated from infected humans or animals remains unknown, though analysis of

the genomic data by Zhan et al [186] led the authors to conclude that the virus isolated from the wet
market was likely to be of human origin due to the high sequence similarity with that seen in patients.

Other environmental sequencing efforts include the sequencing of virus isolates found in wastewater
and rivers. The first report of analysing wastewater for the virus was by Lodder et al [187] who used
RT-PCR to confirm presence of SARS-CoV-2. Rimoldi et al [188] also used RT-PCR to confirm the
presence of SARS-CoV-2 in waste water and rivers in Italy but also sequenced the virus found in the
samples to perform phylogenetic analysis. These efforts are part of wastewater-based epidemiology
approaches to help identify outbreaks and estimate infection prevalence in the population.

4.1.2 Lineages, strains and variants

There was debate in the scientific community early in the pandemic around whether a more virulent
or transmissible strain of the virus had emerged. A paper by Tang et al [185] proposed that SARS-
CoV-2 could be split into two main lineages, defined by two single nucleotide polymorphisms. The
group analysed 103 SARS-CoV-2 genome sequences alongside several related species from online
databases and concluded that there were two distinct strains of SARS-CoV-2 circulating. The two
strains were dubbed S and L, with S supposedly arising from an ancestral lineage and L having
evolved from the former. In the preprint version of the paper they speculated that the L strain of SARS-
CoV-2 was more transmissible than S. These claims were removed in the final published version

of the paper, however they concluded that their analysis found the L lineage was more prevalent in
the samples they tested and advised further investigations were needed to determine the effect on
transmission and virulence.

The paper prompted strong debate, highlighting the disagreement around what constitutes a new
strain, with some virologists adamant that there must be biological differences resulting from the
genetic difference to justify designation as a different strain. For example, MacLean et al [189] highly
critiqued the paper by Tang et al suggesting their claims that there were two strains of the virus were
unsubstantiated due to the difficulty in demonstrating a functional impact of viral mutation, i.e. a
change in the biology of the virus that means a new sub-type or strain has emerged. MaclLean et al.
also discredited any claims that one strain is more transmissible than other due to the founder effect.

Researchers at Fundan University in Shanghai sequenced 112 viral genomes and used phylogenetic
analysis to determine that although there were two major lineages of the virus with differential
exposure histories in the early stages of the pandemic, there was no difference in virulence and clinical
outcomes in the population they sampled [26].

Another notable paper by University of Cambridge researchers [190] used GISAID data in a
phylogenetic network analysis of 160 complete SARS-CoV-2 genomes isolated from humans. Their
conclusions were that there are three distinct variants distinguished by amino acid changes in viral
proteins. Others critiqued the study, for example Mavian et al [191] and MacLean et al [189] whose
main objections are that the use of the bat coronavirus as a root was erroneous and the functional
impact of the changes were not explored.

The debate continued with several papers in preprint suggesting there was more than one strain, or
that SARS-CoV-2 was mutating sufficiently to confer differences in its biology and hence its infectivity.
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For example, a paper by Korber et al [44] suggested that mutations in the spike protein, in particular
D614G, may confer enhanced transmission. The frequency of this mutation was analysed by another
team in the UK, which found no evidence of the emergence of a more transmissible strain [192].
However, the impact of the D614G on infectivity and viral load is still under investigation.

From December 2020, however, several variants of concern (VOCs) that alter virus phenotype were
identified and are the subject of ongoing investigation — the role of genomic surveillance in identifying
these variants and their impact on currently available diagnostic tests, public health measures and
vaccines are covered in the addendum to this report [4].

There are discussions and ambiguities around the terminology and naming systems used to describe
the genetic diversity of SARS-CoV-2. The terms ‘variant’, ‘strain’ and ‘lineage’ have been used
somewhat interchangeably. Though the term variant has prevailed there is some debate about how
appropriate the use of the term variant is with some suggesting that a description of the ‘constellation
of mutations is more important to define than the variants themselves.

Several naming systems for variants, particularly VOCs, have been proposed. Public health authorities
have taken to naming VOCs by the date of their identification. For example, Public Health England
dubbed the variant they identified that was enhancing transmission, Variant of Concern (VOC)
202012/01, after the date it was first identified (this is also known as VOC B.1.1.7).

Researchers in South Africa who identified a VOC named it after a defining mutation at the 501st
amino acid site, 501Y.V2 [193]. The V2 part of the name pertains to it being the second variant
identified with the mutation at the 501st amino acid site, the first variant with this mutation being
B.1.1.7. However, naming a variant after a mutation might cause confusion since it is not always
clear when first identified which mutations may be of concern, and it is possible that a combination of
several mutations is more important in terms of defining the VOC.

A naming system proposed by researchers at NextStrain uses a year and letter system to define
different SARS-CoV-2 clades [194]. In April 2020, Rambaut et al proposed a lineage naming system for
SARS-CoV-2 [195]. This naming system is currently the most commonly used when referring to current
known variants and VOCs e.g. B.1.1.7, B.1.351 and P.1. This is the naming convention followed in

this report and the addendum on VOCs [4]. Discussions initiated by the WHO Virus Evolution Working
Group are underway to produce a standardised nomenclature for SARS-CoV-2 [196].

On 25 February 2021, the WHO released a document outlining working definitions of VOCs and
variants of interest (VOI), including recommended actions for member states if a VOI or VOC is
identified [197].

4.2 Host genomics

There are dozens of studies ongoing globally collecting data on how host genomics relates to disease
severity. Sequencing efforts are being applied to understand the variation in response to infection,
interactions between host and viral genomics, and pathogenicity of the virus in humans. A useful
interactive map of these many trials, projects and consortia are detailed on the COVID-19 Host
Genetics Initiative (HGI) partners page [198].

The COVID-19 HGI brings together the network of human genetics researchers from numerous
international groups to share and analyse sequencing data, with the aim to better understand the link
between host genetics and severity of disease.

The latest GWAS results from the COVID-19 HGI identified regions in seven different chromosomes
regions associated with patients experiencing severe COVID-19 [199]. These include regions in
chromosomes 3, 6, 9, 12, 19, and 21 that harbour genes that regulate immunity or are associated with
lung diseases. Three of these were identified by the Genetics of Mortality in Critical Care (GenOMICC)
study [200].
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Multiple groups are looking at using single cell sequencing of host cells to understand the infectivity
of SARS-CoV-2 in humans [201-204]. Zhao et al [204] used single cell sequencing to determine
ACE2 expression in normal human lungs and found that it was expressed in high concentration in
type 2 alveolar cells. They also found other genes being expressed that positively regulate viral entry,
reproduction and transmission. Another notable study by researchers in the HCA Lung Biological
Network analysed the expression of viral entry associated genes from multiple tissues from healthy
human donors [202].

Others are using host transcriptomics to determine host immune response to infection with SARS-
CoV-2. For example, researchers at Wuhan University used sequencing to examine the transcriptome
of bronchoalveolar lavage fluid and peripheral blood mononuclear cells from three healthy patients
(free from COVID-19 infection) and three patients with confirmed COVID-19 [205]. Results from this
study revealed a distinct inflammatory cytokine profile in patients infected with SARS-CoV-2, along
with increased cell death in lymphocytes, helping to explain the cause of patients’ lymphopenia (low
levels of lymphocytes in the blood).

There are various projects worldwide that are investigating the interaction between the host and viral
genetic factors — 56 are listed on the COVID-19 HGI. Data collection is still underway for the majority of
these studies and results are not yet published. In addition, sequencing the microbiome of a collection
site (e.g. nasopharyngeal) could provide insights into the underlying causes of severe disease and may
also be useful to direct clinical management by uncovering primary and secondary infections [206,
207].

4.3 Development of vaccines and treatments

Researchers are utilising the large sequencing datasets produced by international sequencing efforts
for in silico analysis to aid the development of vaccines and treatments.

Understanding the human immune response to SARS-CoV-2 including the potential B and T cell
epitopes is an area of increased attention due to the insights offered for vaccine and serological
diagnostic design. For example, researchers have used the genetic similarity between SARS-CoV-2
and other coronaviruses, such as SARS-CoV, to leverage data produced from immunological studies
on these viruses [208, 209].

Zhou et al [210] used available viral sequencing data in their analysis to uncover potential drug
repurposing to treat COVID-19. Meanwhile, researchers from the University of Melbourne have
developed an online resource, COVID-3D, to explore the structural distribution of genetic variation in
SARS-CoV-2 and its implication on therapeutic development [211].

As described in Chapter 1, there have been various investigations into which regions of the viral
genome are undergoing higher rates of mutation compared with more conserved regions. The results
from these analyses have relevance to vaccine development and therapeutics. For example, Pachetti
et al analysed available virus genomes to determine mutational hotspots and found relatively high
mutation in the RdRp gene [43].

This is important as several treatments target the RdRp enzyme so the authors advise careful
monitoring to detect potential resistance that could arise to treatments. Additionally, many monoclonal
antibody therapies have been found to be ineffective against variants of SARS-CoV-2 carrying specific
mutations [212].

Sequencing has proven to be not only essential in the design and development of vaccines but also
in monitoring the impact of viral genetic variation on their efficacy. There are currently eleven vaccines
approved for use to protect against SARS-CoV-2 [213]. Section five of the addendum to this report
provides further information including on the impact of VOCs on vaccines [4].
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5 Sequencing technologies

Sequencing is the process by which the nature and order of nucleic acids in a sample are converted
into data that can then be analysed. There exist a number of different ways that this process can be
achieved and a number of different technologies that can facilitate it.

5.1 Global sequencing efforts and the role of sequencing technology developers

As we described in Chapter 2, the emergence of COVID-19 and subsequent global spread has

seen the establishment of public-private partnerships (some as consortia), both formal and informal,
across the globe. The partnerships include technology companies responsible for the development
and provision of sequencing systems. All major sequencing companies have been involved in

global SARS-CoV-2 sequencing efforts (Section 5.3), and many have built on already established
relationships with national and international health organisations to expedite use of their technologies
during the pandemic. SARS-CoV-2 products (table 7) available from each are discussed in more detail
later on in the chapter.

Table 7: Examples of SARS-CoV-2 sequencing-related products developed or in
development by major sequencing technology companies

*RUO = Research Use Only

Company Product Platform Sequencing approach Status
[llumina COVIDSeq NovaSeq SARS-CoV-2 specific Emergency Use
Can also be performed targeted amplicon Authorisation by FDA
on the NextSeq for
RUO*
AmpliSeq for lllumina iSeq 100, MiSeq, SARS-CoV-2 whole For use in research
SARS-CoV-2 Research MiniSeq, and NextSeq genome amplicon
Panel systems
SARS-CoV-2 NGS Data | Various Various For use in research
Toolkit
Thermo Fisher lon AmpliSeq SARS- lon Torrent Genexus, SARS-CoV-2 whole For use in research
Scientific CoV-2 Research Panel Genestudio S5 genome amplicon and in development for
Genexus system
BGI & MGI Tech | SARS-CoV-2 testing for | DNBSEQ-T7 Various Emergency use approval
surveillance by NMPA
Available for research
in the EU through Ares
Genetics
Oxford Nanopore | LamPORE diagnostic MinlON SARS-CoV-2 targeted CE marked for in vitro
Technologies assay . amplicon diagnostic use. Further
GridION
regulatory approvals
being pursued in other
countries
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5.2  Approaches to sequencing

Alongside the different technologies that can be used for viral genome sequencing, there are

several approaches to sequencing viral samples. Use of these is determined based on the project

or experiment aims and resources available. These involve the use of different sample and library
preparation techniques prior to actual sequencing, to retrieve a different depth, scale or type of
sequence information. Changes in bioinformatics pipelines often accompany these choices. The major
approaches are discussed below.

5.2.1 Techniques

Amplicon sequencing — amplicon sequencing relies on the prior amplification of regions of the viral
genome in order that these regions exist in greater concentration in the processed pre-sequencing
sample than the original raw sample. This allows for deep sequencing of these regions (where the
region is sequenced repeatedly). This approach is often used to detect rare variants that may be
present in only a small proportion of the genomes in a sample, and when conducting surveillance or
species identification studies. Amplicon-based sequencing can be used across the whole viral genome
or selected parts of it dependent upon primer design. The ARTIC network and others have shared
primer designs and protocols for amplicon-based sequencing of SARS-CoV-2 which have been widely
used during the COVID-19 pandemic.

Bait capture/target enrichment - this technique involves nucleic acid capture through the use of
‘bait’ molecules, facilitating the selection and targeting of specific regions of the genome. Several
companies have produced target enrichment panels for SARS-CoV-2 sequencing. For example, Arbor
Biosciences has produced a hybridisation capture kit which it has offered to researchers for free and is
compatible with both short- and long-read sequencing systems. It has been developed using available
genome sequences in the NCBI-SRA database. Bait capture is another method of isolating viral
sequence from contaminating sequences (such as human RNA), or other viral sequences which may
also be present in clinically derived samples.

Direct-RNA sequencing - the direct sequencing of RNA molecules removes the need for
amplification and conversion of RNA into cDNA. Direct RNA sequencing can only be performed

using nanopore sequencing techniques and has both advantages and disadvantages. Removal of an
amplification steps means that some bias that would normally be introduced through PCR is avoided,
potentially reducing error. It also allows base modifications (such as methylation) to be detected on
the unconverted molecule. However, in order to achieve sufficient coverage of the viral genome, a high
quality and RNA-rich sample is required.

5.2.2 Genomic target

Whole genome sequencing - whole genome sequencing approaches aim to retrieve as much of

the viral genome as possible. The proportion of the viral genome for which genomic reads have been
retrieved to an adequate depth (enough sequencing reads from a particular region to expect bases

to be called accurately) is often expressed as a percentage e.g. >98% coverage. Amplicon, target
enrichment and direct RNA sequencing can all be used to undertake whole genome sequencing of the
SARS-CoV-2 genome.

Targeted sequencing - Targeted sequencing may be used to explore specific regions of the genome,
when whole genome sequencing is not required, or not possible. It is most suited to use in sequencing
based diagnostics, where only a few specific regions of the viral genome need to be sequenced to
determine if the virus is present (see Chapter 3).
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Metagenomic sequencing - the metagenome includes all nucleic acids present in a sample at one
time — this may be restricted to nucleic acids of one type i.e. RNA or DNA. It may involve amplification
of shared target ‘barcoding’ regions such as 16S region in bacteria or the internal transcribed spacer
(ITS) region in fungi, which enable discrimination between different organisms whilst sequencing only
a selected portion of the genome of each. Alternatively, it may rely on ‘shotgun sequencing’ whereby
all available regions of all nucleic acids are targeted. Metagenomic sequencing in the context of
SARS-CoV-2 represents the sequencing of all RNA (and sometimes DNA) available in a sample. It
can be especially useful following the emergence of a new pathogen, for which there is little genomic
information, meaning effective targeting is not possible. The approach was heavily used at the start of
the COVID-19 outbreak in China to identify and increase knowledge of the SARS-CoV-2 genome. It

is also useful where co-infection is possible, enabling the identification of multiple pathogens from a
single sample.

5.3 Sequencing systems

A number of different sequencing platforms are being used to sequence the SARS-CoV-2 genome.
These include broad categories of sequencing technologies, often referred to in generations:

first (Sanger and others), second (high-throughput) and third (long-read) generation sequencing
technologies. The term ‘next generation sequencing’ (NGS) is used to refer to sequencing techniques
and technologies belonging to the second and third generations. These techniques include:

e Sequencing by synthesis (lllumina)

e lon torrent semiconductor sequencing (Thermo Fisher Scientific)

*  DNA nanoball sequencing (Beijing Genomics Institute and MGl Tech)
e  Single molecule real-time sequencing (Pacific Biosciences)

e Nanopore sequencing (Oxford Nanopore Technologies)

Each of the above techniques, which are broadly aligned to specific companies, can be performed on
a range of instruments produced by the above-named developers.

A number of other NGS platforms and techniques exist but are not listed above. These include
instruments such as Roche 454 sequencing platforms (pyrosequencing) and SOLID sequencing
systems from Thermo Fisher Scientific (sequencing by ligation). These are no longer sold by the
manufacturer but are still used in some research settings. These systems are less widely used than the
above key systems and have not been extensively employed for the sequencing of SARS-CoV-2.

Lesser known technologies such as BioelectronSeq 4000 produced by CapitalBio have also been
used to sequence the SARS-CoV-2 genome, but to a much lesser extent than the above key systems.
Sanger sequencing has been used during the COVID-19 pandemic to increase understanding of the
virus in combination with NGS sequencing technologies. For this reason, a brief overview of Sanger
sequencing is included in this chapter.

Sequencing may either be provided as a service through a provider, or the equipment may be
purchased by research groups and institutions with systems support provided by the developer. Many
producers operate a mixed model.
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5.3.1 Illumina sequencing by synthesis

Sequencing by synthesis represents the basis of the most widely used NGS methods. Sequencing
using lllumina systems provides high throughput short-read sequencing and is widely used.

Sequencing by synthesis nucleotide identification occurs as modified nucleotides are incorporated

into newly forming DNA. Fluorescently tagged (modified) bases are detected as they are incorporated.
Unlike early chain-termination methods (Sanger sequencing) fluorescently tagged bases do not cause

DNA synthesis to stop. Each time a base is incorporated, the attached fluorescent tags are washed
away after detection, allowing for more modified bases to be added after this point. The process is
repeated until the maximum number of cycles (and therefore sequence length) is reached.

This method requires the prior conversion of RNA molecules into cDNA (performed during library

preparation) for bridge amplification, which is a key step in the process, to take place.

lllumina produces a range of platforms which cover a large range of sequencing applications; these
differ in size, capacity, and cost. lllumina’s key sequencing platforms are described below (table 8).
In addition to those listed below, several other systems are or have been available to purchase from
lllumina, including a large range of HiSeq systems and related systems utilising different flow cell

capacities (e.g. NovaSeq 5000 and 6000).

lllumina NGS sequencing has several advantages, primary amongst these is high throughput. The

highest throughput system, the NovaSeq, can produce around six terabytes of sequence data per run,

on a par with MGI’s highest output system. The NovaSeq is both very large and heavy and must be
supported by reinforced floors. System cooling is required whilst the sequencer is active.

Table 8: Information on lllumina sequencing platforms

Sourced from illumina.com

Run time

Maximum
sequence data
output
Maximum read
length

Description

NextSeq

iSeq 100 MiniSeq MiSeq NextSeq 550 2000 NovaSeq 6000

9.5-19 hr 4-24 hr 4-55 hr 12-30 hr 24-48 hr 13 - 44 hr (flow
cell dependent)
1.2 Gb 7.5Gb 15 Gb 120 Gb 300 Gb 6Th
2 x 150 bp 2 x 150 bp 2 x 300 bp 2 x 150 bp 2 x 150 bp 2 x 250bp
Lower cost, Lower cost, Mid-range Mid-range Higher cost, Highest and
lower capacity, lower capacity | benchtop benchtop high capacity  massive capacity,
smallest form | benchtop sequencer sequencer, benchtop very large form
benchtop sequencer. providing providing greater = system. free-standing
sequencer Released longest reads | throughput than | Released system. Capable
available 2016. available cheaper devices. 2020.As with  of sequencing
from Illumina. on lllumina The related the smaller multiple human
Released platforms. NextSeq 550 capacity genomes in one
2018. Released Dx is diagnostic | NextSeq, a Dx | run. Released
2011. tool for version of this | 2017.

specific clinical
applications only
[214]

machine is
also available.
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Use of Illumina technologies and available tools for SARS-CoV-2 sequencing

lllumina systems are used across an extremely broad range of sequencing applications, including
pathogen sequencing, and have featured prominently in SARS-CoV-2 sequencing efforts (figure 4).

AmpliSeq - lllumina have developed a custom panel through its AmpliSeq system designed for the
efficient sequencing of the SARS-CoV-2 genome. The panel contains 247 amplicons providing more
than 99% coverage of the genome [215].

NGS Data Toolkit — a recently released SARS-CoV-2 NGS Data Toolkit, which is a collection of
previously developed apps: DRAGEN RNA Pathogen Detection App, DRAGEN Metagenomics App,
(NCBI-) SRA Import App, and GISAID Submission App. The apps have been made available free of
charge but are only available through lllumina’s data management portal, BaseSpace. The aim of this
toolkit is to provide integrated workflows for consistent and simple analysis of SARS-CoV-2 sequence
data [216, 217].

COVIDSeq - this was the first NGS-based test to receive FDA approval for the diagnosis of COVID-19.
The test utilises respiratory samples and can allow for the collection of both diagnostic and further
genomic information from up to just over 3,000 samples per sequencing run (the maximum is highly
dependent upon which platform is used). This test is further discussed in Chapter 3 and Chapter 6.

lllumina technology is being used in the COVID-19 pandemic in over 10,000 laboratories across 155
countries. Technologies and protocols for the examination of the SARS-CoV-2 genome include those
for shotgun metagenomics to detect and characterise coronavirus variants, and targeted sequencing
panels to detect the virus and genomic mutations at a higher resolution [218].

An Africa CDC-lllumina partnership was formed on 27 April 2020, under which lllumina donated
sequencing systems and related consumables to the African Union Commission through the Africa
CDC to strengthen SARS-CoV-2 sequencing capabilities and capacity in 10 African countries [219].

Advantages of lllumina sequencing

e  Comparatively low-cost sequencing at high throughput, where many samples are being
processed

e SARS-CoV-2 specific protocols and tools are available
e High accuracy

*  One of the more commonly used systems for high resolution genomic analysis - used in around
155 countries — meaning collaborative development of expertise and advancements is easily
possible, many genetic or research laboratories may already possess these systems, and
bioinformatics pipelines are relatively well-established

e High levels of sample multiplexing are possible, meaning a high number of samples can be run at
once

Limitations
e Longer time for sequencing runs

e  Most platforms are large and costly to purchase, some require specialised infrastructure for safe
use

e Relatively short reads may limit accuracy in certain genomic regions
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5.3.2 lon Torrent sequencing

Thermo Fisher Scientific supplies semi-conductor sequencing through its lon range of systems.
Sequencing utilises a semi-conductor chip and a bead-based system which provide a physical
platform for sequencing through DNA synthesis. This system relies on the detection of hydrogen ions
released as nucleotides are incorporated.

The lon GeneStudio S5 is the newest and highest capacity NGS system in this range. Older systems
include the lon Proton system and lon Personal Genome Machine (PGM). The lon Torrent Genexus, a
new automated ‘specimen to report’ system providing rapid sequencing with reduced sample contact,
became available in late 2020 [220]. A number of sequencers in the lon range are described below
(table 9).

Table 9: Information on lon sequencing platforms

Sourced from thermofisher.com

lon GeneStudio lon GeneStudio
S5 System + lon S5 Prime System lon Genexus
540 chip + lon 550 chips

lon PGM system lon Proton

+ lon 318 chip system + PI chip

Total 7.2 hr (400bp)
sequencing and
analysis time at
max. throughput

24 hours

Max. 2Gb 10Gb 15Gb 50 Gb Unknown

throughput/day

Read length 400bp 200bp 200bp 200bp Unknown

Description Large benchtop Fast, modest Lowest capacity Fast and highest Specimen
sequencer throughput and throughput capacity lon to report
providing the benchtop of the lon sequencing automated
longest reads sequencer. GeneStudio range system. system,
available from the of sequencers. claiming 10
lon sequencing Low capacity minutes of
range. Older in comparison ‘hands-on’
system with low to many other time. Permits
throughput. technologies. Small variable

to medium profile throughput.

desktop machine.

Use of lon Torrent technologies and available tools for SARS-CoV-2 sequencing

lon AmpliSeq SARS-CoV-2 Research Panel - Thermo Fisher has developed the lon AmpliSeq SARS-
CoV-2 Research Panel for use with the GeneStudio S5 system. This is a targeted NGS panel which
covers more than 99% of the SARS-CoV-2 genome and facilitates sequencing of up to 80 samples per
chip.
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Although less commonly used than lllumina sequencing, lon sequencing has also previously been
used for sequencing of viral genomes during outbreaks. This includes recent applications in outbreaks
of Ebola virus disease [1]. lon systems have been used during the COVID-19 pandemic to facilitate
viral sequencing, sometimes in combination with other sequencing technologies, including some of the
first descriptions of the SARS-CoV-2 genome in Italy [175].

On 7 May 2020, Thermo Fisher Scientific announced a SARS-CoV-2 Global Access Sequencing
Program [221]. Under this programme, the company will provide 50 units of the lon Torrent Genexus
System at a subsidised price to support global collaborative COVID-19 research. They claim the
Genexus System is the world's first easy to use and automated NGS solution that is designed to
deliver results in a day with five minutes of hands-on time in a decentralised laboratory setting. Launched
in November 2019, the company's newest sequencing platform automates the targeted NGS workflow
and can deliver results in around 14 hours. The platform can be combined with the lon AmpliSeq
SARS-CoV-2 Research Panel to provide a specimen-to-report workflow. Optimisation and validation of
the research panel on the Genexus System is underway in collaboration with Thermo Fisher customers
[222].

Advantages of lon Torrent sequencing

e Relatively inexpensive at low throughput

e Comparatively quick sequencing runs enable faster return of results
e  SARS-CoV-2 specific protocols are available

e  Low substitution error rate

e More commonly used sequencing technology in some countries

e Some systems facilitate a highly automated workflow for easy adoption and consistent
application of sequencing

Limitations

e Lower throughput in comparison to other NGS technologies, therefore comparatively expensive
at high throughput

e  Shorter reads than are possible with other NGS technologies

5.3.3 BGl and MGI Tech DNA Nanoball sequencing

DNA Nanoball sequencing (DNBSEQ) platforms produced by MGI Tech are available through the
Beijing Genomics Institute (BGI). MGI’s proprietary DNBSEQ technology enables flexible, high
throughput, short-read sequencing performed on one of a range of instruments.

DNBSEQ utilises circularised reads which are repeatedly amplified using rolling consensus
amplification to create a single long strand of DNA. A barcode and primers, which also enable
circularisation, are attached to the target sequence during library preparation. The sequence is then
massively amplified forming what are known as DNA ‘nanoballs’ (DNBs). The DNBs are then loaded
onto a flow cell with embedded wells which facilitate detection of nucleotide integration through light
detection in a similar manner to sequencing by synthesis. The repeated nanoball sequence is read to
generate high accuracy consensus sequence data.
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Table 10: Information on BGI and MGI Tech sequencing platforms
Sourced from bgi.com

DNBSEQ-G50 DNBSEQ-G400 DNBSEQ-T7

Run time — dependent 10-66 hr 13-109 hr 20-24 hr (including loading

upon several different and base calling)

parameters

Max. throughput/run 150 Gb 1.44Th 6Th

Max. read length 2 x 150bp 2 x 200bp 2x150

Description Medium throughput Very high throughput, flexible, | Massive throughput, fast
desktop system, suitable = desktop sequencing system sequencing system. Very large
for smaller genome form factor. The latest system
sequencing and panels to be released from MGI

Use of BGI and MGl Technologies and available tools for SARS-CoV-2 sequencing

DNBSEQ has been used for the sequencing of the SARS-CoV-2 genome, primarily in East Asia and
from an early stage of the outbreak [18, 53]. Additional collaborations have been established with
partners in Europe and other parts of the world. Recent applications have involved the combined use
of DNBSEQ and other NGS techniques for the examination of the viral transcriptome [53].

The BGI Group subsidiary MGl Tech produces a range of sequencing equipment and associated
products (table 10). By April 2020, BGI was providing real-time non-sequencing SARS-CoV-2 tests to
over 80 countries [223]. Based in China, they were one of the first technology companies to respond
when the virus emerged. Within a week (by 5 February 2020) a 2000 square meter laboratory was
established, providing gPCR and sequencing testing in Wuhan [224, 225].

DNBSEQ-T7 sequencing platform - In late January 2020, the DNBSEQ-T7 received emergency use
approval from the Chinese National Medical Products Administration (NMPA), for the surveillance,
discovery and identification of unknown infectious diseases, including SARS-CoV-2 [226]. The
sequencer and analysis software now have NMPA certification as a Class Ill medical device to support
future epidemic prevention and control [227].

BGI & MGI Tech will reportedly work with Ares Genetics, their long-term strategic partner in Europe,
and the Curetis Group to make a testing portfolio for SARS-CoV-2 available to public health
institutions and hospitals for outbreak monitoring, infection control, and epidemiology. Ares Genetics
will provide NGS services for SARS-CoV-2 out of its NGS laboratory in Vienna, Austria, for infection
control and tracking pathogen evolution from February 2020 based on MGI’'s DNBSEQ sequencing
platform [227, 228]. Researchers at BGI are maintaining an online resource integrating the genomic and
proteomic data, and associated metadata from multiple databases. One key feature is the 2019 Novel
Coronavirus Resource from the China National Center for Bioinformation (2019nCoVR, https://bigd.
big.ac.cn/ncov) [229].
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Advantages of BGI and MGl technologies
e  Flexible sequencing including range of run times, reads lengths and output
e  High throughput

e Linear amplification reduces error accumulation during amplification

Limitations
e  Shorter reads than are possible with other NGS technologies

e Highest throughput systems are very large

5.3.4 long read sequencing

Long read single molecule sequencers use distinct base technologies to read longer contiguous
strands of DNA than other NGS sequencing platforms. Reads of 10,000 — 100,000 base pairs in
length are produced, with the potential for molecules of more than 100,000 base pairs to be read
contiguously. The two main providers of non-synthetic ‘true’ long read technologies are Pacific
Biosciences (PacBio) and Oxford Nanopore Technologies (ONT).

Alongside advantages and disadvantages associated with the specific sequencing platforms, there
are inherent advantages to producing longer sequence reads. As read lengths increase, it is more
likely that a read will be distinct from other reads. This allows them to be computationally reassembled
with less ambiguity. This is particularly useful for sequencing of highly polymorphic or highly repetitive
genomes. Some systems also offer the option to perform amplification-free sequencing, potentially
removing some amplification bias and facilitating the examination of epigenetic modifications.

5.3.5 Pacific Biosciences

Pacific Biosciences’ (PacBio) sequencing technologies use single molecule real-time (SMRT)
sequencing to produce high accuracy long-read sequence data.

Target nucleic acid molecules are individually immobilised in microscopic pits called zero-mode
wave guides (ZMWs) embedded in SMRT flow cells. The many embedded ZMWs contain a fixed
DNA polymerase and are open to a pool of free labelled nucleotides. Sequence information is
collected through the high-precision detection of miniscule emissions of light which are produced as
complementary nucleotides are incorporated into the target molecule.

PacBio offer SMRT sequencing on their newer Sequel Il system and older Sequel system (table 11).
The Sequel Il system enables high-throughput, high fidelity sequencing, with accuracy reported to
exceed 99% and output of around 160GB per SMRT cell. PacBio’s systems offer high fidelity (HiFi)
sequencing, achieving higher accuracy than other long read systems.

PacBio sequencing is conducted through sequencing service providers. A list of certified service
providers is available through the PacBio website [230]. Established service providers exist in many
countries including the USA, Saudi Arabia, and South Korea for example.

SMRT sequencing has been used in research predominantly to aid in the assembly of whole genome
sequences but has also been used to investigate microbial genomes.
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Table 11: Information on PacBio sequencing platforms

Sourced from PacB.com

Sequel System + 1M SMRT cell Sequel Il System + 8M SMRT cell

Max run time per SMRT Cell 20 hrs 30 hrs
Average read length Up to 30kb Up to 15kb (high fidelity reads)

Max output per SMRT cell 20Gb 160Gb

Description Large, mid-range long read sequencing High cost, large high-throughput long read

platform capable of producing very high sequencing platform capable of producing
accuracy reads very high accuracy reads

Use of PacBio technologies and available tools for SARS-CoV-2 sequencing

Protocols for using PacBio systems for investigating the virus are available, having been developed
through customer collaboration and can be found through the PacBio website [231].

PacBio announced on 8 April 2020 that it would be working with commercial, academic and
government research teams that are investigating SARS-CoV-2 [232]. LabCorp, UC San Diego and
the National Institute of Allergy and Infectious Diseases (NIAID) are among the organisations utilising
PacBio’s long-read sequencing technology to study SARS-CoV-2 and the related immune response in
patients.

LabCorp, a healthcare laboratory diagnostics group in the USA, is supporting the response to
COVID-19 in the US and globally through its diagnostics and drug development businesses, launching
its internally developed molecular test on 5 March 2020. LabCorp will work closely with PacBio

to sequence a large number of SARS-CoV-2 viruses from de-identified positive samples, the goal

of which is to look for rare variants using longer amplicons to understand regional and temporal
differences in the virus.

Scientists at the NIAID Vaccine Research Center are using the Sequel® Il System to study samples
collected from infected individuals [233]. A number of studies are using PacBio technology including a
longitudinal study of individual patients from hospital admission until after discharge [234].

Advantages of PacBio sequencing
e  Capable of high throughput, equivalent to that of lllumina sequencing platforms

e Capable of producing very high accuracy consensus reads — HiFi sequencing reads around
15,000 bases in length at over 99% accuracy

e  Produces long reads
e  Errors are random, not systematic, and can be overcome with deeper sequencing

e  Sequences read in real-time — allowing for termination when user determines enough reads have
been generated

Limitations
e Relatively expensive to run compared to other NGS technologies

e  Systems are large and more costly than some alternatives
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5.3.6 Oxford Nanopore Technologies

Oxford Nanopore Technologies (ONT) is a UK-based company that produces a range of sequencing
systems based on nanopores. ONT’s systems are designed to be relatively mobile, generate ultra-long
reads and be more accessible to those with less experience and expertise. The systems are relatively
low cost and are provided primarily through equipment purchase and customer support.

Extracted nucleic acids are prepared for sequencing by ligation of a motor protein and adapter
sequence at the ends of each strand. RNA may either be amplified and converted to cDNA prior to
sequencing as occurs with other sequencing systems, or the RNA can be read directly (direct RNA
sequencing) without prior amplification or conversion to cDNA.

During sequencing, tagged, single stranded DNA or RNA molecules are fed through a membrane-
bound protein pore — a ‘nanopore’ — by a motor protein. As each DNA or RNA nucleotide is fed
through the nanopore, it interrupts the electrical current that exists across the pore and these signals
are detected by the sequencing system. This pattern of disruption can be read to determine the base
sequence of the molecule.

Much like PacBio, ONT produces systems capable of producing very long sequencing reads, up to
around 800,000 bases in length. Sequencing is also fairly rapid: one nucleic acid can be read by each
pore at a given moment, and each molecule is read at approximately 400 bases per second.

ONT produce a range of sequencing systems (table12) which provide different capacity, throughput
and mobility, and cover a wide range of price points.

Table 12: Information on ONT sequencing platforms
Sourced from nanoporetech.com

PromethlON
48

MinION
Mk1C

GridION
Mk1

PromethlON
24

Flongle MinlON
Mk1B

Run time — flexible 1min-16 1 min - 48 1 min - 48 1 min - 1 min-72hrs 1 min-72hrs
dependent upon hrs hrs hrs 48 hrs

data required

Maximum output 2Gb 50 Gb 50 Gb 250 Gb 52Th 10.5Tb

Read length Dependent on length of target molecule Max. to date > 2Mb.

Description Lowest Low cost, Mobile Medium High capacity Higher cost,
Cost, mobile, long read capacity desktop high capacity
reduced long read sequencer desktop long read desktop
capacity sequencer and long read sequencer long read
adapter analysis sequencer sequencer
for MinlON platform in with
sequencer one unit onboard

analysis
platform
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Use of ONT systems and available tools for SARS-CoV-2 sequencing

ONT’s sequencing systems, primarily the MinlON, have been used extensively for microbial
sequencing over the past five years prior to the COVID-19 pandemic. The portability of the MinlON
and associated equipment has facilitated the development of the ‘lab in a bag’ used during Ebola and
other outbreaks for surveillance and, more recently, for diagnostic testing [235]. It has also seen use in
hospital settings for monitoring the spread of nosocomial infections [236, 237].

Early descriptions of the SARS-CoV-2 genome were produced using Nanopore sequencing in
combination with one or more short-read technologies or Sanger sequencing [16, 19, 22]. ONT is
working with public health laboratories and researchers around the world to support the current
COVID-19 pandemic response. ONT is maintaining a timeline of use of their technology relating to
SARS-CoV-2, supported by both collaborating researchers and consortia [238]. The company also
announced development of LamPORE, a rapid, scalable assay for the detection of SARS-CoV-2. This
is discussed further in Section 3.2.

The ARTIC network has published a series of protocols for the preparation and sequencing of SARS-
CoV-2 samples using nanopore sequencing [239]. These protocols have been used internationally
and have been subsequently adopted by ONT as their SARS-CoV-2 protocol of choice for nanopore
sequencing.

Advantages of Oxford Nanopore Technologies sequencing

e Rapid and flexible - particularly useful for sequencing smaller genomes. Sequences read in real
time — allowing for termination when user determines enough reads have been generated

e  Smaller sequencing units can be purchased at low cost
e Relatively inexpensive at low throughput

*  Mobile sequencing - the small size and high portability of some systems means that these can be
used in the field

e Many reagents do not require cold storage meaning they can be safely stored in environments
where refrigeration is not possible or unreliable

e  Simple user interface and analysis platforms — although knowledge is still required, the need for
expertise for many applications of this technology is not required

e Well-established sample/library preparation and sequencing protocols for SARS-CoV-2 have
been developed and distributed by researchers

e Widely used platform for SARS-CoV-2 sequencing that has been adapted and improved upon by
the research community

e  Simultaneous examination of methylation possible using direct RNA sequencing

Limitations

e Limited barcoding means this approach is more expensive than other approaches for sequencing
at high throughput (a high number of samples). Currently the mobile sequencing units are
not capable of providing the same level of multi-plexing as other next generation sequencing
technologies

e Raw signal output files are very large — this makes files difficult to store. As software and pipelines
for analysis evolve rapidly, it is useful if not essential for these files to be available for subsequent,
quality analysis of the data

e Higher error rate in homopolymeric regions
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5.3.7 Sanger sequencing

Sanger sequencing emerged in 1977, and was the primary method used for genome sequencing

until the development and improvement of NGS technologies from 2006 onwards. Sanger produces
highly accurate sequence reads of up to 900bp in length [240]. Although older than many approaches,
Sanger sequencing still provides extremely high accuracy sequencing and is still cost effective

for several small scale, small target sequencing applications. Sanger sequencing has been used

to sequence the SARS-CoV-2 genome alongside, and complementary to, higher-throughput
technologies [16, 22].

Automated sequencing systems for Sanger sequencing include Thermo Fisher Scientific (previously
Applied Biosystems) SeqStudio and the 3500 and 3730 Series Genetic Analyzers.

5.4  Extent of use of different sequencing systems

Significant resources have been invested in a short span of time in order to develop and implement
specialist tools and protocols to make sequencing of SARS-CoV-2 more efficient.

Whilst a number of developers have experienced an increase in demand for sequencing systems and
products, much of the sequencing of SARS-CoV-2 samples has taken place using instruments already
in place (personal communications). This is probably due in part to the need to act quickly, and also to
the often-significant costs involved in establishing sequencing equipment, skills, and associated tools.
This means that to some extent at least, system usage reflects previously established capacity.

Up to 26 June 2020, the most commonly used technologies listed in GISAID were from lllumina, with
more than 65% of the sequences (over 37,000 samples), followed by Oxford Nanopore Technologies
representing just over a quarter of the samples (nearly 14,000 sequences), and lon Torrent (Thermo
Fisher, just over 1,000 sequences). BGI was listed for over 180 samples, BioelectronSeq 4000 for 12
samples (a single group submitted these) and PacBio for three samples. Sanger sequencing was used
for almost 500 samples [14] (figure 4).

Within GISAID in June 2020 a wide variety of bioinformatics tools were listed: Burrows-Wheeler Aligner
Tool (BWA), iVar, SAMtools, ARTIC, minimap, bcftools, CLC genomic workbench, bowtie, Geneious,
V-pipe, medaka, lterative refinement meta-assembler (IRMA), SPAdes, nanopolish, megahit and
assembly trinity [14]. Due to the volume of information available to download on GISAID, an update to
the information above and figure 4 is not currently possible, as of March 2021.

The NCBI-SRA database showed lllumina (over 85%) and ONT (over 12%) technologies are most
commonly used, with lon Torrent (ThermoFisher), BGI and PacBio used on the remainder. Similar
proportions were seen in June 2020, February 2021 and March 2021, with lllumina still the most
frequently used followed by ONT.

Sequence databases do not provide a perfect representation of sequencing performed as not all
sequences are uploaded to public databases, but rather an indication of commonly used tools and
systems.
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Figure 4: The top twenty countries for highest number of sequences released to GISAID
[14] and the technology platforms that were used as of 26 June 2020

Data from UK, USA and Australia are represented separately due to the large numbers of sequences released from these countries
(not to scale). For some countries, the systems used could be reflected by the preferred equipment used in a small number of
submitting laboratories (circles are not to scale).
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5.5 Method development

The type of sequencing approach used varies between individual groups and countries, and is largely
based on the available technology and the aims of the experiments. Research efforts have included
method development to optimise sequencing strategies for specific purposes. Table 13 contains some
examples of research publications that describe sequencing method developments and protocols
specifically for SARS-CoV-2 to overcome various challenges, particularly those around diagnosis and
tracking viral transmission. These are only representative of the few method developments that have
been published. Individual labs may well have developed new methods, but have not published them.
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Table 13: A selection research publications describing novel methods for
sequencing SARS-CoV-2

Sequencing

technology

Approach

Primary purpose

Challenge

Novelty in protocol

Resende et al ONT, lllumina | Whole genome Describing three Obtaining complete ' Tiling multiplex PCR
(2020) [241] and/or sequencing protocols using viral genomes from | method. Recovered
Sanger a unique primer clinical samplesin | 2kb reads and
set designed to a timely manner decreased number
recover long reads of primers required
of SARS-CoV-2
genomic material
by direct RNA
sequencing
St Hilaire et al [llumina Whole genome Describing a Rapid diagnosis, SARS-CoV-2
(2020) [139] NextSegb00 | sequencing low cost, high overcoming enrichment method
throughput method  limitations of RT- developed by the
for diagnosis of PCR diagnostics ARTIC Network with
SARS-CoV-2 that (e.g. false short-read DNA
amplifies the negatives) sequencing and
entire SARS-CoV-2 de novo genome
genome assembly
Gohl et al [llumina, Targeted Development of a Sequencing All amplicon-
(2020) [242] MiSeq amplicon, long scalable method SARS-CoV-2 at based method
read sequencing of sequencing scale is limited for sequencing
for diagnosis and by the cost and SARS-CoV-2,
viral tracking labour associated which bypasses
with making costly and time-
sequencing consuming library
libraries preparation steps.
Benchmarked
against the ARTIC
v3 approach
Wang et al ONT Targeted Describing a Current Used primers
(2020) [243] amplicon, long rapid method for diagnostics based | developed in
read sequencing diagnosing SARS-  on TR-PCR exhibit | house and
CoV-2 infection false negatives, combined the
along with low sensitivity advantages
screening for 9 and do not detect of target

other respiratory
viruses

other respiratory
infections

amplification with
long-read, real-
time sequencing
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Table 13: A selection research publications describing novel methods for
sequencing SARS-CoV-2

Paper Sequencing Approach Primary purpose Challenge Novelty in protocol
technology
Moore et al ONT Targeted amplicon ~ Describing a The potential of Used amplicon
(2020) [207] and metagenomic metagenomic coinfection with based long read
sequencing approach using other pathogens sequencing
long read causing severe with sequence
sequencing COVID-19 disease | independent
single primer
amplification
(SISPA)

All of these publications were in preprint at the time of writing and therefore not peer reviewed.

Note: It is likely that many developments in sequencing methods for sequencing of SARS-CoV-2 are
not published in the literature.
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6 Sequencing implementation

This section describes how sequencing technologies are being used in practice for the genomic
analysis of SARS-CoV-2, illustrating the main components of a sequencing workflow. The choice and
design of workflow will depend on the needs of a particular sequencing project and the resources
available; key considerations surrounding workflow choice are highlighted. The various challenges

to successful implementation of sequencing are also addressed, some of which are particularly
relevant in low- and middle-income countries. These challenges often relate to the broader context
of sequencing use in disease management, a reminder that whilst it may be possible to implement
sequencing in terms of generating a sequence from a sample, the success and utility of sequencing
for disease control efforts often depends on other factors, such as the ability to share data and the
resources available for analysis. Finally, specific examples of the different types of workflows in use for
SARS-CoV-2 sequencing are provided.

A number of recently published documents provide further advice when considering sequencing
implementation. The WHO recently published the document Genomic sequencing of SARS-CoV-2:

a guide to implementation for maximum impact on public health, which provides detailed technical
guidance for laboratories, concerning sequencing implementation and method choice for different
sequencing applications [15]. A further WHO document provides higher level policy considerations for
use of sequencing to achieve public health goals [57]. Finally, the European Centre of Disease Control
(ECDC) has produced a technical note to provide guidelines to laboratories and relevant stakeholders
in making decisions on establishing sequencing capacities and capabilities [244].

6.1  The basic sequencing workflow

Producing readable genomic data from a physical sample requires completion of several steps (figure
5). Each of these steps impacts upon the type or quality of information retrieved from the original
sample, and the ability to interpret something useful from that information. Sequencing workflows
can be highly flexible — the steps may be specified in one complete or part-complete workflow or

tool (dependent upon how the technology is developed), or produced as individual parts that can

be combined with other technologies or processes at different stages of the workflow to provide
something highly customised.

The complexity of the steps varies depending upon a number of factors, including: sequencing
equipment selected, sample type and information required. Although interpretation is key to drawing
appropriate conclusions from data, the importance of preparatory steps for assuring good quality data
and appropriate subsequent interpretation should not be underestimated.

The steps both prior to and following the sequencing step are substantially variable — there are

many options for how these can be conducted, and many tools and consumables exist with broad

or exclusive application to different types of sequencing and sequencing equipment. Logistical and
environmental limitations also impact upon the steps that can be taken; where optimal conditions and
resources are not available, there are often alternative ways of completing a specific step.
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Key steps in a basic workflow can be summarised as follows:

Sample collection and preparation

Includes the steps from collection of a sample,
such as a throat swab, from a patient through
to the storage and transportation of that
sample, to the extraction of viral RNA prior to
further processing. It can also extend through
to conversion of RNA to cDNA, depending
upon the workflow.

Library preparation

Transforms the retained nucleic acid portion
of a collected sample into a prepared sample
library ready for sequencing. This may include
fragmenting or size selection of nucleic acids
(dependent upon application), addition of
sequencing adapters and quantification and
quality control of resulting libraries.

Sequencing

The process by which the sequence of bases in
a series of nucleic acids is detected by one of a
number of methods to provide readable data -
raw sequence reads. This process covers entry
of a prepared sample library into a sequencing
system to retrieval of raw sequence information.

Bioinformatic analysis

This includes the processing and conversion of
raw data that is produced during sequencing
into one of several formats that is suitable for
ongoing analysis or interpretation.

Data sharing may also be considered part

of this workflow. The approaches adopted
towards data sharing, including the databases
used, file type, and attachment of metadata, will
impact upon the ability of others outside of the
original sequencing group to effectively use the
information.

Sample collection
and preparation

Library preparation

Sequencing

Bioinformatic analysis

Interpretation

Figure 5: A basic sequencing workflow

Data sharing
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6.2 Sample collection and preparation

Sequenced genomes have typically been captured from SARS-CoV-2 positive swabs following
diagnostic testing. Samples must be appropriately processed before they can be run on sequencing
equipment.

6.2.1 Sample collection

The US CDC lists five different types of acceptable swabs for COVID-19 diagnostic testing. These are:
* A nasopharyngeal (NP) specimen

e An oropharyngeal (OP) specimen

e A nasal mid-turbinate swab

e An anterior nares (nasal) swab

* Nasopharyngeal wash/aspirate or nasal wash/aspirate (NW) specimen

A list of sample types from WHO can be found on their website, including information on transport and
storage [149].

Following collection of a swab from the patient, samples can be preserved in one of several different
media, these include:

e Viral transport medium (VTM)
e  Viral inactivation medium

e Amies transport medium

e  Sterile saline

e Viral lysis buffer

e DNA/RNA Shield or similar viral inactivation agent

Working with live pathogenic viruses (especially respiratory pathogens) requires processing of samples
to take place in facilities with specified biocontainment capabilities. The level of biocontainment a
facility is capable of may be referred to as a ‘biosafety level’ e.g. in the US, or ‘containment level’ e.g.
in the UK and Canada.

Higher levels such as containment level 3 (CL-3) laboratories (the level required in the UK for handling
SARS-CoV-2 samples prior to viral inactivation, e.g. for viral culture) have strict standards for their
design and build, and are often in short supply. Lower containment levels are simpler to achieve in a
laboratory setting, as they do not impose the same strict requirements on the facilities or staff using
them, and are therefore more common. In order to safely use lower level laboratories for SARS-
CoV-2 testing, and to rapidly increase testing capacity, some groups and companies have devised
mechanisms of virus inactivation. There are accordingly several approaches to sample collection,
transportation, and initial processing.

In addition, in order for automated RNA extraction to be performed (which normally takes place
outside of biocontainment cabinets) the virus must first be thoroughly inactivated. Some RNA
extraction buffers do not efficiently inactivate the virus, so an additional inactivation step may be
required [246].
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Methods of viral inactivation include submersion in a viral lysis buffer or component such as 5M
guanidinium thiocyanate [247] or DNA/RNA Shield (Zymo Research) [247, 248], and thermoinactivation
[250-251] which may provide a solution in settings where supply of some reagents is either unreliable,
insufficient or inconsistent.

Although beneficial in some regards, viral inactivation requires that the sample be worked on
quickly to avoid significant degradation, so proximity to testing facilities may prove a limiting factor.
Viral inactivation buffers also contain components such as beta-mercaptoethanol or guanidinium
thiocyanate, meaning they are inappropriate for where required facilities such as fume hoods are
unavailable.

Depending on the sequencing equipment to be used, different sample preparation methods may be
recommended for each sample type.

6.2.2 RNA extraction

RNA extraction is the removal of non-RNA substances from a sample containing RNA. RNA extraction
involves a number of stages, each of which is important for retrieving a high-quality sample that

is more likely to yield accurate and more complete results. Failure to remove contaminants can
compromise results.

SARS-CoV-2 RNA extraction tools and methods

Extraction of viral RNA involves the following stages:

1. Lysis — breaking open of virus structures must first take place to enable access to RNA. Lysis is
normally chemical, and performed through submersion in an appropriate buffer solution

2. Purification - this involves removal of other molecules and contaminants from the sampile,
including degradation of proteins and DNA

3. Washing and resuspension — RNA may be bound to beads or otherwise isolated while other
components are removed through ethanol washes

4. Quality assurance — the quality of the retrieved extract may be assessed, and the RNA quantified
using gPCR

5. Reverse transcription — for most sequencing methods, transformation of RNA into cDNA is
required prior to sequencing

Many kits are available for the extraction of RNA. Extraction kits are normally compatible with

all sequencing systems. Extraction kits are not mandatory for the successful extraction of RNA,
extraction can be performed using independently acquired reagents. Examples of viral RNA extraction
kits promoted for use with samples from COVID-19 patients are given below.

*  QIAGEN QIAmp Viral Mini Kit [252]

*  Quick-DNA/RNA Viral MagBead Kit from Cambridge Bioscience [253]
e Rapid Viral RNA Extraction Kit from NBS Biologicals [254]

e innuPREP Virus RNA Kits from Analytik Jena [255]

A small number of sequencing systems now provide integrated sample and library preparation steps
for sequencing [220, 256], and several extraction-free protocols and tools have been developed for
the detection of SARS-CoV-2 RNA [257-259], though test accuracy may be reduced in comparison to
protocols utilising RNA extraction.
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In addition, there are several challenges related to the extraction and purification of RNA. RNA
extraction is one of the rate-limiting steps in viral sequencing; when working with harmful respiratory
pathogens this step can present health and safety concerns and necessitate strict biocontainment
measures accordingly.

6.3 Library preparation

During library preparation, nucleic acids are prepared for sequencing by the addition of identifiers and
adapters that allow molecules to adhere to the sequencing flow cell. Library preparation is an essential
step prior to sequencing using most systems.

The type of library preparation tools and techniques applied are normally closely tied to the
sequencing equipment to be used, and the steps included in these workflows depend upon how the
sequencing itself is conducted. Some steps are common to library preparation methods across several
systems, as described below. Details of library preparation kits and methods for use with particular
sequencing workflows are included in Section 6.7.

Library preparation may also include fragmentation or size selection of extracted nucleic acids
(dependent upon approach and sequencing system to be used), amplification (involving the conversion
of RNA into cDNA), quality control, and sample quantitation steps.

Quality assessment and quantitation of nucleic acid samples can be performed using one of a range
of methods, including gPCR. These steps help to ensure the correct amount of sample can be loaded
onto the sequencer and determine whether potentially disruptive contaminants are present that could
impede sequencing.

Many library preparation kits are sequencing-platform-specific and sold by companies producing
associated sequencing equipment. However, a range of kits are also available from other suppliers
and some of the preparation may be performed without commercial kits. The extent and type of
sample and library preparation required depends upon several factors, including sequencing platform
and type of sequencing; amount and quality of starting material; the biocontainment level of available
facilities; and time taken.

Selection and execution of appropriate sample and library preparation can subsequently impact upon
overall sequence quality, genomic coverage and uniformity, error rate, selection of bioinformatic
pipelines, and variant interpretation.

6.4 Sequencing, bioinformatics and data sharing

The different sequencing platforms and approaches used for different sequencing applications are
discussed in Chapter 5, with examples of specific workflows provided in Section 6.7. As discussed
below, there are a variety of practical considerations that will influence both the type of technology
chosen and the following bioinformatics analyses.

There are a large number of different bioinformatics processes available for processing and
interpreting sequence data (see section 5.4 for a list of bioinformatics tools used for SARS-CoV-2 early
in the pandemic). Commercial software is often recommended by the technology providers or protocol
developers, which allow for the majority of variants to be detected, and provide consensus sequences
for uploading onto data sharing platforms. For example, the ARTIC protocol and the commercial

kits for lllumina and Thermo Fisher platforms all come with recommended bioinformatics analysis
pipelines.
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Others develop more complex in-house pipelines, often using a range of software to provide a specific
type of analyses for a specific application. In this case considerable expertise in bioinformatics is
required, as well as rigorous internal validation of the pipelines.

For a more in-depth overview of different bioinformatics tools suitable for different sequencing
applications, see the WHO document Genomic sequencing of SARS-CoV-2: a guide to implementation
for maximum impact on public health [15].

Data sharing of sequences is essential to ensure that sequencing has the maximum impact at a
global health level. As much metadata as possible, for example regarding the location, date, type of
sample and preferably clinical information, should also be shared to allow the data to be placed into
context and maximum information obtained [57]. Section 2.4 provides an overview of the sequencing
repositories and data sharing frameworks being used across the globe.

A wide variety of open access tools and resources have been developed to make this data easily
accessible to those requiring it for public health and research purposes. For example, the geographical
and temporal trends of virus clades can be followed on the GISAID and NextStrain websites, whilst
concerning lineages can be tracked on websites such as CovLineages [168].

Other web based applications provide specific information on viral mutations. For example, CoV-
GLUE is a website powered by data uploaded to GISAID that tracks mutations resulting in amino
acid variations, which is informative for those developing diagnostic tests or drugs [260]. For a more
extensive list of data analysis and visualisation resources see Appendix 1 in the VOC addendum [4].

6.5 Practical considerations for implementation

A number of technologies and methods are in use for the sequencing of SARS-CoV-2 as described in
Chapter 5. Most are being used in efforts to generate whole genome sequences or broad sequence
coverage of the virus for a variety of surveillance and research applications. Section 3.2 describes the
few NGS based tests approved for diagnostic purposes.

Many variations of sequencing workflows and protocols exist for the same types of sequencing
methods, which is a reflection of the varied requirements and capabilities of the many sequencing
efforts taking place worldwide. Even within consortia and collaborations currently sequencing the
SARS-CoV-2 genome as part of coordinated national or international efforts, the approach has

not been to mandate that the same sequencing technology and workflows be used by the entire
consortium. Instead each contributing group has been using their preferred technology and protocols
to generate the required data. There are many factors that influence workflow choice including:

Application type

The reason for providing a sequence and the type of application for the data will inevitably influence
the type of sequencing chosen and broad category of workflow choice. For example, metagenomic
sequencing may be useful for providing pathogen identification at the start of an outbreak, and in
cases of co-infection with other pathogens. This type of sequencing may be less suited to tracking the
development of novel variants over time, for which a targeted amplification approach may be more
suitable.
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The existing infrastructure and expertise of a sequencing facility

A facility that has already invested in a particular sequencing technology will be likely to choose
workflows that make use of that equipment and their existing expertise and reagents, or create and
adapt new protocols as necessary, rather than investing resources in procuring and learning to use

a new technology. These choices will be influenced by the individual circumstances and interests of
those sequencing; for example, labs with larger budgets or an academic interest in certain sequencing
technologies may be more likely to purchase new equipment.

Technology throughput and turnaround times

The investigation of viral genomes for the purposes of guiding national public health strategies may
involve sequencing samples from a large proportion of the population, and rapid and high throughput
technology platforms may be required to produce timely results. In contrast, a project designed to
characterise a few viral sequences at the start of an outbreak will need rapid but not necessarily high
throughput technologies. For other purposes, such as research projects requiring highly accurate and
detailed viral genomes, neither the speed nor throughput of the technology may be as important as its
accuracy and resolution.

Cost

The estimated costs of a workflow, including any upfront infrastructure and equipment investments,
reagent costs, training and personnel costs may impact upon the type of technology chosen and
which variation of a workflow to use.

Accessibility and support

How accessible a workflow appears and the availability of support from the technology provider or
from experienced colleagues could influence the choice of workflow. A well validated workflow with
plenty of guidance available on its use may be more attractive than a newly developed workflow that
needs further validation, especially to those with less experience in viral sequencing.

Project logistics

The logistics of the sequencing project often need to be taken into account when considering the most
suitable technology and workflow to use. For example, the logistical issues surrounding the transfer

of samples from labs to suitable sequencing facilities may play a role in the type of technology used.

In cases where labs are located a long distance from sample collection points, or where there are few
labs with the appropriate biosecurity, it may be easier to invest in portable sequencers that can be
taken to the site of the sample rather than transport the sample to the lab. The biological sample type
itself may also impact on which protocols are most suitable, for example samples with a lower viral
load may require more sensitive sequencing methods that necessitate targeted sequencing.

6.6 Key challenges

There were a number of challenges facing the use of sequencing highlighted by our research, including
feedback from interviewees. While all of the challenges set out below have an impact to a greater or
lesser extent in all resource settings, many are likely to be particularly acute in lower resource settings.
One vital consideration around the use of sequencing in lower resource settings is that there is a
significant barrier in terms of resource and expertise availability in computing and bioinformatics.
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In terms of the costs of sequencing pathways, absolute costs vary by jurisdiction and scale of
sequencing application, e.g. small scale vs. large, centralised laboratories. We have instead provided
comparative information on which platforms and approaches are more expensive than others and the
relative advantages and disadvantages of each different sequencing application.

There are a number of ‘pre-sequencing’ considerations, including:

e Sample type, collection and transport - measures need to be taken to minimise contamination
of the sample prior to sequencing, to ensure that samples are collected and stored in the
appropriate manner and that samples reach the laboratory in a timely manner

e Recording and use of sample metadata - this is needed to support further analysis of the
sample, including whole genome sequencing, but the collection and use of metadata varies
depending on local regulations and infrastructure available to store and manage this data

e Sample numbers - a critical mass of samples that accurately represent the infected population
is required. In many countries, there is an opportunity to make use of existing resources and
processes put in place during past outbreaks to help gather samples. Further help might be
required to establish infrastructure and protocols for appropriate sample collection in different
settings

e  Priorities in the jurisdiction in which sequencing is taking place - these can have an impact
on the circumstances in which sequencing is carried out and may include: current measures
put in place to manage epidemics; any other ongoing epidemics that require management/
surveillance (or may require more urgent attention); and vaccination cover (if a vaccine is available)

6.6.1 Challenges and considerations related to SARS-CoV-2 sequencing and data
interpretation

Aiming to conduct informative pathogen sequencing studies of any kind raises a number of
considerations, not all of them specific to SARS-CoV-2 sequencing:

Viral mutation rate - Compared to other viral genomes, coronaviruses (of which SARS-CoV-2 is

a member) are comparatively large. As described in Chapter 1, SARS-CoV-2 has a relatively slow
mutation rate compared to other viruses. This can make studies of molecular epidemiology challenging
as fewer identifying genomic differences can be tracked through transmission chains.

Sample quality and preservation - As with other RNA viruses and RNA sequencing more broadly,
sample preservation is critical. RNA is a notably unstable molecule, and highly susceptible to
degradation. Where viral titre (concentration of virus in sample) is low, detection becomes difficult. The
virus may not be detected even where it is present, especially without prior amplification or culture.

In addition, pathogenic viruses require inactivation before sequencing — degradation can occur more
quickly after inactivation.

Biohazard - There are significant challenges in working with a highly contagious and potentially
dangerous respiratory pathogen. Higher level biocontainment facilities may be required than are widely
available in order to conduct high volumes of testing or sample preparation for sequencing. In addition
suitably trained personnel are required to use such facilities.

Availability of reagents and tools - The rapid and extensive nature of infection spread has meant
that demand for specific reagents and tools related to viral sequencing and molecular diagnostics
has increased dramatically across the globe in a short space of time. This has led to difficulties in the
acquisition of certain reagents and lab equipment.
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Resources for sample preparation - For several technologies, sequencing itself is not the rate-
limiting step. Library preparation steps are often the bottleneck in the processing of samples.
Technologies providing the ability to automate these steps, especially where a large volume of
samples are being processed, are likely to be highly beneficial.

Cross contamination - The high sensitivity of NGS is beneficial for detecting viral RNA at low
concentration and for discovering rare variants in the viral genome, however this high sensitivity means
that extra care needs to be taken to avoid contamination of samples.

6.6.2 Computing and bioinformatics

Computing and bioinformatics were areas particularly highlighted by interviewees as having an impact
on the delivery of sequencing in lower resource settings. The challenges can be outlined as follows:

e Lack of available computing engineering expertise, which is needed to establish the computing
infrastructure and systems required to carry out large-scale bioinformatics. This includes
considerations around the types of computing infrastructure to put in place and types of data
storage systems that could be used

e A shortage of specific bioinformatics expertise, which is needed to run and develop
bioinformatics analysis, this includes expertise in data management

e Local expertise to contribute to understanding of the wider landscape - i.e. locally trained experts
who understand the wider cultural and social contexts in which sequencing is taking place

e Access to academic expertise to contribute to the training of computing experts and
bioinformaticians. Lower resource settings can lack the ‘critical mass’ of experts both to carry out
analysis and also support development of the next generation. Concerns were also expressed
about a ‘brain drain’ of expertise to higher paid industries, particularly the commercial sector

e Insufficient capacity in terms of expertise and computing infrastructure to benefit from the global
information available e.g. sequences deposited in international databases. Access to international
information is necessary to put sequences collected locally in context, but the expertise and
computing capacity to do this may be scarce in lower resource settings

e As sequencing methods evolve, so do the bioinformatic methods used to analyse raw genetic
data. This can have an impact on data comparability through time and highlights the need for
standardisation of sequencing and analysis methods

Although substantial challenges remain, there is a high level of awareness of these issues. Coordinated
efforts and initiatives are underway to address them; for example, the Pan-African bioinformatics
network, H3ABioNet [261] and the Public Health Alliance for Genomic Epidemiology (PHA4GE)
consortium launched in 2019 [97, 262].

6.6.3 Data sharing

There are challenges and concerns around the issue of data sharing that are not only having an impact
during the current pandemic, but also on pathogen genome sequencing efforts more generally.

While there is a desire to democratise sequencing and increase the accessibility of sequencing
technologies and access to the data they generate, there are ongoing concerns in some countries
about access to data and questions around data ownership. It should also be acknowledged that
uploading genomic data to databases can be a time-consuming and difficult task, and the challenges
outlined above - particularly in terms of access to infrastructure and expertise — can have an impact
on efforts to achieve this.
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With the ever-increasing volume of data being generated there is a need to develop standards and
consensus on what is required to support sharing of pathogen genomic data and analysis. One group
of researchers have developed recommendations for supporting open pathogen genomic analysis in
public health [97] which are to:

e Develop guidelines for management and stewardship of genomic data

e Make bioinformatics pipelines fully open-source and broadly accessible
e Improve the reproducibility of bioinformatics analyses

e Develop best practices to support open data sharing

e  Support new infrastructure and software development demands with an expanding technical
workforce

6.7 Sequencing workflows in use by international consortia and others

6.7.1 Sources and types of workflows

It is important to distinguish between the overall project workflow for a sequencing project, which
could include many elements from obtaining a sample to data sharing and visualisation, and the
workflows provided specifically for the sequencing element of a project, which have the primary aim of
generating sequence data.

As each sequencing project is different, there is no one project workflow that will fit all projects, and
instead workflows and/or guidance tend to be available for each separate element and can then be
used as required. For example, any sequencing project will inevitably require bioinformatics analyses,
which are critical for interpreting sequence data.

However, bioinformatics methods may not always be described in a sequencing workflow, or if they
are they may not be the type of bioinformatics methods required for the project. Separate workflows
and guidance on bioinformatics are therefore often used to process raw sequence data, such as
those produced by the Galaxy [263] and ELIXIR [264] projects. In addition to specific workflows some
organisations are developing general guidance on areas of best practice such as quality control and
data sharing.

This section describes key workflows in use for SARS-CoV-2 sequencing. The manufacturers of the
sequencing technologies each provide their own recommended workflows and guidance. Organised
efforts such as the ARTIC network have developed protocols for more specific methods such as tiled
amplicon sequencing, or in the case of the US CDC have tailored workflows to suit the infrastructure
of their national laboratories. Individual groups may also develop their own protocols to suit their
needs.

The scientific community has made efforts to freely share the varied workflows, protocols and other
guidance that has been developed through organisation and consortium websites, as well as online
forums such as protocols.io, virological.org and GitHub. Of particular note is the US CDC page on GitHub,
which has assembled a collection of sequencing protocols and workflows in international use [265]. The
COG-UK consortium have also published all their protocols [266]. Protocols are also widely available
in pre-print open access repositories such as bioRxiv, as well as published peer-reviewed papers or
on network websites such as ARTIC.

Whilst acknowledging that variations to specific protocols exist, it is possible to summarise from these
sources the main sequencing workflows in use based on both the sequencing method and technology
used.
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6.7.2 Workflows overview

There are several sequencing approaches and technologies in use by international consortia and
others:

Sequencing approaches Sequencing technologies

Targeted approaches (i.e. amplicon & Oxford Nanopore Technologies
hybridisation capture based sequencing) lllumina

Metagenomic sequencing Pacific Biosciences
Direct RNA sequencing lon sequencing

BGI/MGI DNA Nanoball sequencing

Most sequencing methods can be carried out using several different sequencing technologies in a
‘pick and mix’ approach, with different sequencing workflows and/or protocols existing for different
combinations of method and technology. The exception is workflows used as diagnostic tests, which
have to use the specific materials and equipment specified in the approved test protocol. For example,
when used as a diagnostic test the lllumina COVIDSeq workflow has to use the NovaSeq 6000 S4
Reagent Kit and the lllumina NovaSeq Xp sequencing system.

Here we have grouped some of the most widely used workflows into broad categories based on
sequencing approaches.

Group 1 - Workflows for research and surveillance sequencing

Note this list is non-exhaustive and other workflows are also in use or in development.

Category A - Amplicon-based sequencing workflows

e Tiled amplicon sequencing (ARTIC protocols) using ONT technology
e  Tiled amplicon sequencing (ARTIC protocols) using lllumina technology
e  Tiled amplicon (ARTIC protocols) using PacBio technology

e Amplicon sequencing using lon Torrent (lon AmpliSeq SARS-CoV-2 Research Panel)

Category B - Target enrichment-based sequencing

e Target enrichment sequencing panel (Nextera Flex) using lllumina sequencing

e  SMARTer Stranded Total RNA-Seq Kit v2 — Pico Input Mammalian followed by a probe-based
bait capture (SeqCap, Roche and xGen, IDT) using lllumina Sequencing

e DNA nanoball sequencing using MGl DNBSEQ technology

Category C - Metagenomic sequencing workflows
e  Shotgun metagenomic sequencing using lllumina technology
e Metagenomic sequencing using ONT technology

e Metagenomic sequencing using BGI/MGI DNBSEQ technology

Next generation sequencing for SARS-CoV-2 77



Sequencing implementation

Category D - Direct RNA sequencing workflows
e Direct RNA sequencing using ONT technology

Group 2 - Workflows with regulatory approval for diagnostic sequencing

e lllumina COVIDSeq workflow
e ONT LamPORE workflow
e  UCLA SwabSeq COVID-19 diagnostic platform workflow

6.7.3 Examples of specific workflows

Examples of published workflows in each of the categories listed above is provided in this section,
as summarised in table 14. For each example the main elements of a specific published workflow are
described, and as such these examples are not intended to be a general summary of all workflows
available for a particular category.

The workflows have been selected as examples primarily on the basis of how widely they have
been used internationally, as well as how complete and accessible they are. Many researchers have
modified these workflows to meet their own purposes. As a result, some variations have emerged
that have become relatively frequently used or meet a particularly urgent need; where these exist,
they have been noted. As this list was compiled in July 2020, it is possible that new adaptations or
completely new workflows now exist. However, all workflows described remain in use, and illustrate
key steps and reagents required for sequencing.
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Table 14: Summary of workflows of SARS-CoV-2 sequencing described

Group 1: Research and surveillance sequencing workflows

Group 2: Diagnostics

el Sample RNA extraction  Library prep Sequencing Data analysis

method

Category A: Total RNA General ONT provided MinION plus Provided

Tiled amplicon guidance rampant through ARTIC

sequencing,

ONT

Category A: Total RNA Not specified PreprNEB MiSeq or None specified,

Tiled amplicon NEBNext NovaSeq but can use

sequencing, Ultra Il DNA [llumina LRM

lllumina library prep kit resequencing

(llumina) module

Category B: Viral culture/ Not specified [llumina Any lllumina LRM

Nextera DNA patient sample Nextera Flex for  instrument resequencing

Flex Enrichment enrichmentand ~ (iSeq, MiniSeq, module,

with lllumina IDT for lllumina MiSeq are ideal) =~ BaseSpace,

Nextera Virus Nextera DNA IDbyDNA, Explify

Oligo Panel UD indexes platform

Category Viral culture/ Extract viral TruSeq stranded | Any lllumina LRM

C: Shotgun patient sample RNA, remove total RNA system resequencing

metagenomics human rRNA (NextSeq or module and

using lllumina iSeq, MiniSeq or | range of

technology MiSeq are ideal) ~ additional tools

Category D: RNA for viral Not specified ONT direct RNA | Minlon or Albacore

ONT Direct RNA  culture seq kit Gridlon plus software and

Sequencing MinKNOW additional

Protocol approaches

llumina Decontaminated | QIAmp viral [llumina NovaSeq DRAGEN

COVIDSeq test patient swab RNA mini kit provided- COVIDSeq test
sample tagmentationt pipeling
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6.7.4 Group 1: Workflows in use for research and surveillance purposes

Category A, example 1: Tiled amplicon sequencing (ARTIC protocols) using Oxford
Nanopore Technologies (ONT) sequencing systems [267]

Workflow description

Provided by Oxford Nanopore Technologies: workflow for tiled amplicon
sequencing based on ARTIC protocols

Starting material

Total RNA extracted from positive samples screened by a suitable qPCR
assay. This specific workflow does not produce specific protocols for RNA
extraction and quantification, but general guidance is available

Sample prep e Reverse transcribe RNA into ctDNA
e Multiplex PCR to generate 400bp tiled amplicons, overlapping by
~20bp. Primer set used is available to order
Library prep e Add barcodes using Native Barcoding Expansions 1-12 (EXP-NBD104)

and 13-24
e Add adaptors using Adaptor mix Il

Sequencing method

e Sequence using ONT device e.g. MinlON (~1 hour)
e Monitor coverage in real time using rampant technology

Bioinformatics approach

Uses ARTIC network pipelines which take an alignment based approach
to generate SNP and indel calls and subsequently a consensus sequence.
Encourages data sharing

Throughput

From 1-24 samples per run on single flow cell, to 24-1000 samples per run if
used on higher throughput ONT devices

Equipment and reagents listed in workflow

Materials

e Input RNA

e Native Barcoding Expansion 1-12 (EXP-NBD104) and 13-24 (EXP-
NBD114) if multiplexing more than 12 samples

e Ligation Sequencing Kit (SQK-LSK109)
e Flow Cell Priming Kit (EXP-FLP002)
e SFB Expansion (EXP-SFB0O01)

Next generation sequencing for SARS-CoV-2

80



Sequencing implementation

Consumables

e (Q5® Hot Start High-Fidelity 2X Master Mix (NEB, M0494)
e Random Primer Mix (NEB, S1330S)
e 10 mM dNTP solution (e.g. NEB N0447)

e SuperScript IV reverse transcriptase, 5X RT buffer and 100 mM DTT
(ThermoFisher Scientific, 18090010)

e RNaseOUT™, 40 U/pl (Life Technologies, 10777019)

e COVID-19 primers (lab-ready at 100 pM, IDT)

e Nuclease-free water (e.g. ThermoFisher, cat # AM9937)
e Agencourt AMPure XP beads

e Freshly prepared 80% ethanol in nuclease-free water

e Qubit dsDNA HS Assay Kit (ThermoFisher Q32851)

e NEBNext Ultra Il End repair / dA-tailing Module (E7546)
e NEBNext Ultra Il Ligation Module (E7595)

e NEBNext Quick Ligation Module (E6056)

e DNA 12000 Kit & Reagents - optional (Agilent Technologies)
e 0.2 mlthin-walled PCR tubes

e 1.5 ml Eppendorf DNA LoBind tubes

Equipment

e Hula mixer (gentle rotator mixer)
e Magnetic separator, suitable for 1.5 ml Eppendorf tubes
e Microfuge

e Vortex mixer

e Thermal cycler

e P1000 pipette and tips

e P200 pipette and tips

e P100 pipette and tips

e P20 pipette and tips

e P10 pipette and tips

e P2 pipette and tips

® |ce bucket with ice

e Timer
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Equipment and reagents listed in workflow Optional Equipment

continued . , .
e Agilent Bioanalyzer (or equivalent)
e Qubit fluorometer (or equivalent for QC check)
e Eppendorf 5424 centrifuge (or equivalent)

e PCR hood with UV steriliser (optional but recommended to reduce
Cross-contamination)

e PCR-Cooler (Eppendorf)

IT and software requirements e Unless using a MinIT device with pre-installed software, sequencing
on a MinlON Mk1B requires a high-spec computer or laptop to keep up
with the rate of data acquisition. Details are provided on their website

e Aninternet connection is required for updates and telemetry
e MinKnow software is required for all experiments

e Qptional software for further analysis capabilities are EPI2ME and
Guppy

Costs Sequencing equipment required for this protocol is relatively inexpensive
compared to alternative technologies. Flow cells differ in cost dependent on
sequencing systems used and quantity purchased.

Turnaround time Approximately 7 hours from RNA sample to sequence, of which 1 hour is
sequencing time, for this specific workflow as claimed by ONT [267].

Workflow and protocol availability and Openly available with full protocols on ONT website. Other support including

support an online protocol builder and selector tools to produce tailored guidance are
also available, as well as extraction methods for different biological samples
and bioinformatics guidance.

Important notes Very important to include negative controls for RT-PCR step, easy to
cross contaminate and the PCR reaction is extremely sensitive. Similarly
recommend having a pre-and post PCR area preferably using hoods, and
clean surfaces well.

Variations and related protocols 1. ARTIC network protocols -This workflow was developed based on the
ARTIC network protocols, but the ARTIC network may recommend
variations and updates [126]

2. CDC NCIRD/DVD ONT Sequencing Protocol - Protocol and guidance
on multiplexing PCR followed by minion sequencing based on ARTIC/
ONT workflow. Developed by the Viral Discovery laboratory at CDC/
NCIRD, where it was used to generate the first 16 SARS-CoV-2 genome
sequences from the United States [268]

Next generation sequencing for SARS-CoV-2 82



Sequencing implementation

Category A example 2: Tiled amplicon sequencing using lllumina technology [269]

Workflow description

Protocol for COVID-19 ARTIC v3 lllumina library construction and sequencing
protocol V.4, developed by Wellcome Sanger Institute. Uses ARTIC protocols
for producing tiled amplicons then sequences on lllumina.

Starting material

Total RNA extracted from positive samples screened by a suitable qPCR
assay.

Sample prep e Reverse transcribe RNA into ctDNA
e Multiplex PCR to generate 400bp tiled amplicons overlapping by
~20bp. Primer set used is available to order
e Purify amplified cDNA and quantify
Library prep Use PreprNEB NEBNext® Ultra™ Il DNA Library Prep Kit for lllumina

e Add adaptors, either TruSeq or NEBNext
e Purify and perform library PCR
e Quantify library

Sequencing method

Sequence samples on an lllumina NovaSeq SP flow cell, using the XP
workflow. Alternatively, samples may be sequenced on an lllumina MiSeq
using either v2 (500 cycle) or v3 (600 cycle) reagent kits.

Bioinformatics approach

No specific approach stated in this protocol. However lllumina provide an
LRM Resequencing module to perform on-instrument analysis (automated).
The Resequencing module provides alignment, coverage, and small variant
data as well as FASTQ, BAM, and VCF files for use in other data analysis
pipelines, if desired. The BaseSpace Sequence Hub to upload sequencing
data and perform additional in-depth analysis with cloud-based tools.

Throughput

e NovaSeq: plex up to 384 samples per NovaSeq SP lane

e MiSeq: plex up to 96 samples per run, this could be increased further
depending on coverage requirements

(This is based on experience of protocol authors)
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Equipment and reagents listed in workflow

NEBNext Ultra Il DNA Library Prep Kit for lllumina - 96 rxns #E7645L
New England Biolabs

e 2xKapa HiFi Hotstart Readymix #KK2602 Kapa Biosystems
e LunaScript RT SuperMix Kit #E3010L New England Biolabs

e |llumina Library Quantitation Complete kit (Universal) #KK4824 Kapa
Biosystems

e NEB Q5® Hot Start High-Fidelity 2X Master Mix #M0494L  New
England Biolabs

e AccuClear® Ultra High Sensitivity dsSDNA Quantitation Kit with DNA
Standards #31028 Biotium

Costs

The cost of sequencing systems varies substantially. The highest throughout
system, NovaSeq, requires significant investment. Consumable costs are
available from illumina.com

Turnaround time

Time from RNA to sequence generation can range widely from ~12 hours to
~63 hours depending on sequencing type used, and if automation of steps

is used as in this protocol. Estimate based on around ~4 hours from RNA

to producing amplicons [267], ~3 hours for library prep incubations not
including manual pipetting time [270]. Sequencing time can range from 4-56
hours depending on platform used.

Workflow and protocol availability and support

This version is available on protocols.io and is open access as long as group
is referenced [269]. Additional support available through ARTIC network and
llumina.

Important notes

e |tis vital the cDNA setup is performed in a laboratory in which post-
PCR CQVID-19 amplicons are not present, to minimise any risk of
sample contamination

e Throughout the protocol it is indicated that liquid handling automation is
in use at Sanger for specific parts of the process. However, these steps
could be performed on alternative liquid handlers or manually

Variations and related protocols

1. ARTIC network protocols: This workflow was developed based on the
ARTIC network protocols, but the ARTIC network may recommend
variations and updates [126]

2. Nextera Flex library prep: An adapted version of this workflow is
available which uses Nextera Flex DNA library preparation methods.
This workflow appears to have been developed due to a lack of
TruSeq or NebNext reagents in some countries and is also faster. In
South Africa this has been shown to reduce hands on time to 3 hours
compared to 12 hours with TruSeq library prep (in non-automated lab)
[271]

3. CDC NCIRD/DVD Illumina NEBNext Protocol: Protocol and guidance on
multiplexing PCR followed by lllumina sequencing using NEBNext library
prep. Developed by the Viral Discovery laboratory at CDG/NCIRD [268]
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Use case study of tiled amplicon sequencing using lllumina Technology:
Sequencing positive cases of COVID-19 in State of Victoria, Australia [47]

Purpose: To integrate epidemiological and genomic data to help trace transmission chains
and assess the impact of social restrictions in the State of Victoria in Australia (population 6.24
million).

Scale of sequencing: Of 1333 positive cases of Covid-19, 75% (903 samples) were sequenced
after applying internal quality control parameters using ARTIC version 1 or 3 primers with
lllumina sequencing.

Why was this method chosen? ‘Key to this effort was high-throughput sequencing using an
amplicon-based approach, which allowed us to process a large number of samples in a short
period of time’.

Important technical points:

e ‘Stringent QC to ensure only high-quality consensus sequences entered the final alignment
was particularly important when considering the minimal diversity in SARS-CoV-2
sequence data used to infer genomic clusters’

‘While use of a predefined Ct value to select samples for SARS CoV-2 genomic sequencing
could be considered, our use of QC parameters, rather than a Ct value, enabled the
inclusion of additional samples for genomic analysis’

Information provided:

e 76 distinct genomic clusters were identified; these included large clusters associated with
social venues, healthcare facilities and cruise ships

Sequencing of sequential samples from 98 patients revealed minimal intra-patient SARS-
CoV-2 genomic diversity

Phylodynamic modelling indicated a significant reduction in the effective viral reproductive
number (Re) from 1.63 to 0.48 after the implementation of travel restrictions and
population-level physical distancing
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Category B example: Nextera DNA Flex Enrichment with lllumina Respiratory Virus

Oligo Panel [272]

Workflow description

Starting material

Sample prep

Library prep

Sequencing method

Bioinformatics approach

Workflow provided by lllumina- described as a target enrichment sequencing
workflow for highly sensitive detection and characterization of common
respiratory viruses, including coronavirus strains. Note this workflow is
provided as an example due to its comprehensive and accessible nature, but
it is relatively new and not yet widely used.

Designed for use with either viral culture or patient samples

e Extract total nucleic acids (viral RNA)

° Reverse transcribe into cDNA

Library prep performed using lllumina Nextera Flex for Enrichment and IDT for
[llumina Nextera DNA UD Indexes:

e Enrichment reactions performed with the Respiratory Virus Oligos Panel
which features ~7800 probes designed to detect respiratory viruses,
recent flu strains, and SARS-CoV-2, as well as human probes to act as
positive controls

e Libraries quantified and pooled

e Prepared libraries can be sequenced on any lllumina instrument

e The benchtop iSeg™ 100, MiniSeq™, and MiSeq Systems are
particularly well suited due to the low read requirements for these
samples

e Inthe study example provided for this workflow, libraries were
sequenced on the MiSeq System at 2 x 151 base pairs read length
using MiSeq v3 reagents

Use LRM Resequencing module to generate sequencing data on instrument of
choice (automated). The Resequencing module provides alignment, coverage,

and small variant data as well as FASTQ, BAM, and VCF files for use in other

data analysis pipelines, if desired

The BaseSpace sequence hub can be used to upload sequencing data to
perform additional in depth analysis with cloud based tools.

The IDbyDNA Explify Platform can be accessed via the BaseSpace sequence
hub and provides an easy-to-use solution for in-depth data analysis that
features robust data quality control, standardized result interpretation,
carefully curated databases, and custom report generation. Data analysis

is based on k-mers and alignment steps, including protein-level detection

of viruses, which increases the ability to identify novel and highly divergent
viruses.
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Throughput

Library prep: Pre-enrichment pooling of up to 12-plex is tested, workflows are
available for 16 or 96 samples [273]

Sequencing: Throughput depends on sequence platform used (table 8)

There is potential for automation: Liquid handling robots can be used [273]

Equipment and reagents listed in workflow

RNA extraction: QIAGEN QIAmp Viral Mini Kit (QIAGEN, Catalog no. 52904)
used for RNA extraction

cDNA synthesis: Either lllumina TruSeq RNA reagents or Thermo Scientific
Maxima H Minus Double-Stranded cDNA Synthesis Kit (Thermo Scientific,
Catalog no. K2561).

Library prep:
e Nextera Flex for Enrichment (lllumina, Catalog no. 20025524)

e DT for lllumina Nextera DNA UD Indexes (lllumina, Catalog no.
20027213)

e Respiratory Virus Oligos Panel (lllumina, Catalog no. 20042472)

Turnaround time

Library prep (from cDNA): total workflow time ~6.5 hours. Total hands-on
time ~2 hours [273]

Sequencing time can range from 4-56 hours depending on platform used,
See table 8 for details.

Workflow and protocol availability and
support

Full workflow and protocols available on lllumina website [272]

Important notes

e The recommended minimum RNA/total nucleic acid input for reverse
transcription is 10 ng

e For best results, reverse transcription should be performed on freshly
extracted nucleic acid samples

e Total DNA input recommended for tagmentation is 10—1000 ng

As a general guideling, the read recommendation for this workflow is 500k
reads per sample but these numbers can be variable and this is only a
recommended starting point
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Category C example: Shotgun metagenomics using lllumina technology [274]

Workflow description

Provided by lllumina- A comprehensive shotgun metagenomics workflow
for detecting and characterising coronavirus strains using lllumina benchtop
systems

Starting material

Designed for use with either viral culture or patient samples

Sample prep e Extract viral RNA
e Remove human cytoplasmic and mitochondrial rRNA
Library prep TruSeq Stranded Total RNA protocol used:

e RNA fragmentation

e First- and second-strand cDNA synthesis
e Adenylation

e Adapter ligation

e Amplification

Sequencing method

Prepared libraries quantified and pooled and loaded onto an illumina
benchtop sequencing system. Any lllumina instrument can be used, but
samples prepared directly from swabs or similar matrices are most suited for
the NextSeq™ Series of Systems.

Libraries prepared from viral culture using the same workflow are particularly
well suited for the benchtop iSeq™ 100, MiniSeq™, and MiSeq Systems due
to the lower recommended read count of 500,000 reads per sample.

Bioinformatics approach

e Use LRM Resequencing module to generate sequencing data on
instrument of choice (automated). The Resequencing module provides -
alignment to the reference genome, depth of coverage for the reference
genome, a summary of the identified small variants, including single
nucleotide variants (SNVs) and insertions and deletions (indels), a
summary of the fragment length observed, duplicate information for
library diversity

e Additional commercial tools are available if cloud-based data analysis is
not possible, but they will need to be evaluated by the end user

e For cloud-based, in-depth analysis, the IDbyDNA Explify Platform
enables comprehensive identification of more than 35,000 viruses
using a proprietary database of curated DNA and RNA reference
sequences

Throughput

Sequencing: Throughput depends on sequence platform used (see table 8)
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Equipment and reagents listed in workflow

*  RNAextraction (QIAGEN QIAmp Viral Mini Kit, PN 52904)

e RiboZero Gold rRNA depletion protocol (lllumina, 48 samples, Cat no.
20020598, 96 samples, 20020599)

e TruSeq Stranded Total RNA Library Prep Gold kit (lllumina, Cat no.
20020599)

e DT for lllumina TruSeq RNA UD Indexes (96 indexes, 96 samples)
(llumina, Cat no. 20022371)

e Benchtop lllumina System

e [llumina Local Run Manager (LRM) Resequencing Module for local
analysis

e QOther commercial tools if cloud based analysis not possible (would
require evaluating)

e |DbyDNA Explify Platform for cloud based analysis

Turnaround time

Sequencing time can range from 4-56 hours depending on platform used,
see table 8 for details

Workflow and protocol availability and
support

Full workflow and protocols available on lllumina website [274]

Important notes

Virus titre, efficiency of human rRNA depletion, and the number of reads per
sample impact the number of virus-specific reads obtained and coverage of
the viral genome. A general guideline includes 10M reads for direct-from-
patient samples and 0.5M reads for positive virus culture, but these numbers
can be variable and are only a recommended starting point

Variations and related protocols

ACEGID used a protocol based on this workflow for first genome sequence of
SARS-CoV-2 from Africa (complemented by separate Sanger sequencing of
RdRp region) [114]
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Category D example: ONT Direct RNA Sequencing Protocol [275]

Workflow description This workflow is the provided by ONT [276] and has been used for direct RNA
sequencing of SARS-CoV-2, in some cases with minor variations, in at least
3 publications by Kim et al [53], Taiaroa et al [54] and Viehweger et al [276].
In all cases this workflow has been used for in depth analysis of the genome
and sub-genome of a single sample of SARS-CoV-2

Starting material RNA extracted from viral culture

Sample prep Not provided in this workflow, however details of sample prep are provided in
publications cited above

Library prep Library prep performed using ONT’s Direct RNA Sequencing Kit (SQK-
RNAQOT)

Reverse transcription adaptor ligation

Quantify reverse-transcribed and adapted RNA using a Qubit DNA HS
assay

Sequencing method o

This workflow provides instructions for use on MinlON but can also
be used on GridlON. Full details on how to prepare and load flow cell
provided

Uses MiniKNOW to run protocol

Bioinformatics approach °

Workflow says to run the Albacore software to basecall reads but no
further details given in this specific workflow. Further details provided
on ONT website. Also see ‘Important notes’ below

Throughput o

Workflow designed for preparation of single samples i.e. not
multiplexing

Throughputs obtained from sequencing of single RNA samples in
publications range from ~0.237 Gb (225,000 reads) to ~1.9 GB
(879,679 reads) [53, 54, 276]. Note the proportion of viral RNA varied,
with some RNA obtained from human host and/or cell type used

Equipment and reagents listed in workflow

Direct RNA Sequencing Kit (SQK-RNAQO1)

SpotON Flow Cell FLO-MIN106

Agencourt RNAClean XP beds

SuperScript Il Reverse Transcriptase RTA / RCS / ELB / WSB on ice
RRB / RMX in freezer until needed
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Equipment and reagents listed in workflow

e Freshly prepared 70% EtOH Nuclease-free water (NFW)

B 10 mM dNTP solution NEB Blunt / TA Ligase Master Mix T4 DNA ligase
e NEBNext® Quick Ligation Reaction Buffer
e Qubit RNA HS Assay Kit
e Qubit dsDNA HS Assay Kit
e Microfuge Vortexer and Hula mixer
e Magnet for bead separation
e Approx 20 DNA LoBind Eppendorf tubes
e 0.2 mlthin-walled PCR tubes
e Thermal cycler Pipettes
e P2, P20, P100/200, P1000 pipette tips
e P2 P20, P100/200, P1000 pipettes
Turnaround time Library prep (from RNA): total time ~100 minutes for incubation, plus extra

time for pipetting etc and setting up Minlon [277]
Sequencing: 48 hours [277]

Workflow and protocol availability and
support

Detailed example workflow including step by step instructions and checklist
available from ONT [275]

Important notes

In practice users can use their own bioinformatics approach- Of note a

resource [277] has been independently set up to allow uniform processing of

all nanopore direct RNA sequencing data using the MasterofPores workflow,
using raw FAST5 data. The workflow consists of 3 modules:

e Module 1: NanoPreprocess. Performs base-calling, demultiplexing,
quality-filtering, mapping, per-gene/per-transcript counting, mapping
and reporting (HTML MultiQC report)

e Module 2: NanoMod. Prediction of RNA modifications
e Module 3: NanoTail. Prediction of polyA tail length estimations

Protocols detailing viral culture and extraction, as well as some variations to
sequencing and types of bioinformatics used are available in publications by
Kim et al [53], Taiaroa et al [54] and Viehweger et al [276]
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6.7.5 Group 2: Workflows with regulatory approval for diagnostic sequencing

Illumina COVIDseq test workflow [278]

Workflow description This high-throughput NGS test detects SARS-CoV-2 in nasopharyngeal,
oropharyngeal, and mid-turbinate nasal swabs from patients suspected of
COVID-19. It detects 98 targets on SARS-CoV-2 for highly accurate detection
using a modified version of the validated, publicly available ARTIC multiplex
PCR protocol [128]. The workflow includes detailed instructions from viral
RNA extraction through to analysis and report generation.

Starting material Decontaminated patient sample- Nasopharyngeal (NP) swabs, oropharyngeal
(OP) swabs, anterior nasal swabs, mid-turbinate nasal swabs, nasopharyngeal
wash/aspirates, nasal aspirates, and bronchoalveolar lavage (BAL) specimens

Sample prep e Guidance is provided on sample collection, transport and storage
e RNA extraction using the QlAamp Viral RNA Mini Kit.
e CcDNA synthesis

e PCR amplification to generate amplicons using two separate reactions
to amplify cDNA, which are then pooled

Library prep e Tagment PCR Amplicons (a process that fragments and tags the PCR
amplicons with adapter sequences)

e Amplification- The adapter-tagged amplicons undergo a second
round of PCR amplification using a PCR master mix and unique index
adapters.

° Pool and clean libraries

Sequencing method e Pooled libraries are clustered onto a flow cell, and then sequenced
using sequencing by synthesis (SBS) chemistry on the NovaSeq 6000
Sequencing System using the NovaSeq Xp S4 flow cell workflow

e  Step by step instructions on how to sequence are provided in the
workflow

Bioinformatics approach e The lllumina DRAGEN COVIDSeq Test Pipeline analyzes sequencing
results to detect the presence of SARS-CoV-2 RNA in each sample for
diagnostic use under the FDA Emergency Use Authorization

e For each result with at least 90 SARS-CoV-2 virus targets, the lllumina
DRAGEN COVIDSeq Test Pipeline performs small variant calling and
generates a consensus sequence in FASTA format for research use

e Step by step instructions on data analysis are provided in the workflow
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Throughput

The test can be scaled up or down to accommodate different numbers of
samples. Up to 3072 results can be processed in 12 hours on the NovaSeq

6000 System using two NovaSeq 6000 S4 Reagent Kits with the Xp workflow.

Equipment and reagents listed in workflow

Reagents:

lllumina COVIDSeq Test (3072 Samples), # 20043675

IDT for lllumina Nextera UD Indexes Sets A-D (384 Indexes, 384
Samples), # 20027217

13 QlAamp Viral RNA Mini Kit, Qiagen, # 52906

QlAamp Viral RNA Mini Kit reagents. See QIAmp Viral RNA Mini
Handbook (document #HB-0354-006)

Qubit dsDNA HS Assay Kit, Thermo Fisher Scientific, # Q32851 or
(032854

The following NovaSeq 6000 Sequencing System reagents for 3072
samples:2 NovaSeq 6000 Sequencing System S4 Reagent Kit (200
cycles), lllumina, # 20027466 and 2 NovaSeq Xp 4-Lane Kit, lllumina,
#20021665

2 N NaoH
400 mM Tris-HCI, pH 8.0
Nuclease-free water

Ethanol, 100% (200 proof) of molecular biology grade, Sigma-Aldrich,
#E7023

Optional: DNAZap & RNaseZap

Equipment:

Afull list of items including pipettes etc is provided in the workflow. Specific
items are listed below

BioShake iQ QInstruments # 1808-0506
DRAGEN Bio-IT Platform lllumina

QlAamp Viral RNA Mini Kit equipment See QIAmp Viral RNA Mini
Handbook (document #HB0354-006)

Magnetic Stand-96 Thermo Fisher Scientific # AM10027

One of the following magnetic stands: Dynabeads MPC-S (Magnetic
Particle Concentrator) #A13346 or MagnaRack Magnetic Separation
Rack # CS15000

NovaSeq 6000 Sequencing System lllumina
NovaSeq Xp Flow Cell Dock lllumina, # 20021663

Quibit Fluorometer 3.0 Thermo Fisher, catalog # 033216, 33217, or
(033218

Bio-Rad C-1000 Touch thermal cycler Bio-Rad, Part # 1851197
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Equipment and reagents listed in workflow
continued

Consumables:

Afull list of items including pipettes etc is provided in the workflow. Specific
items are listed below

Hard-Shell 96-Well PCR Plates Bio-Rad, # HSP-9601

1.7 ml LoBind microcentrifuge tubes Eppendorf, # 022431021

5 ml LoBind microcentrifuge tube Eppendorf, # 003012234

Microseal ‘B’ adhesive seals Bio-Rad, # MSB-1001

RNase/DNase-free Disposable Pipetting Resovoirs VWR # 89094-658

Quibit dsDNA HS Assay Kit One of the following, depending on kit size:
ThermoFisher Scientific # 032851, ThermoFisher Scientific # 032854

Qubit Assay Tubes ThermoFisher Scientific # 032856

Turnaround time

3072 results in 12 hours on the NovaSeq 6000 System

Workflow and protocol availability and
support

Entire workflow and support available from lllumina [128]

Important notes

As a quality feature, an internal control consisting of 11 human mRNA
targets is included in every sample to monitor for errors

The lllumina COVIDSeq Test is intended for use by qualified and
trained clinical laboratory personnel specifically trained in the use of
the lllumina NovaSeq 6000 Sequencing System and next-generation
sequencing workflows as well as in vitro diagnostic procedures

Testing is limited to laboratories certified under the Clinical Laboratory
Improvement Amendments of 1988 (CLIA), 42 U.S.C. §263a, to
perform high complexity tests

COVIDSeq has not been FDA cleared or approved. This test is
authorised by FDA under an EUA for the duration of the declaration that
circumstances exist justifying the authorization of emergency use of in
vitro diagnostics for detection and/or diagnosis of COVID-19

This product is available for Performance Evaluation Only (PEQ) in
European countries regulated by CE-IVD, or as Research Use Only
(RUQ) in other non-US countries
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7 Conclusions

Sequencing is being widely used in COVID-19 related research, and to support SARS-CoV-2
surveillance efforts. In contrast, diagnostics in current use are based on non-sequencing technologies,
and are being managed via separate pathways and processes. Only one sequencing based diagnostic,
COVIDSeq, has received emergency use authorisation from the US FDA.

However, the landscape of how sequencing technologies are being used continues to evolve rapidly.
A large number of techniques and workflows are being used, reflecting the many different situations

in which they are being applied, the specific expertise of the people using the technologies, and the
infrastructure and equipment available to them. For example, long read sequencing using Oxford
Nanopore Technologies is in wide use by researchers and consortia in the UK and dominates
sequences being submitted from the UK to particular databases, whereas globally, lllumina short-read
technologies are widely used.

Due to time constraints and need for rapid information availability during the pandemic, current
resources have been being widely repurposed, with less focus on standardisation of workflows and
protocols than might otherwise be expected.

As the pandemic has progressed, there has been increasing use of sequencing as a surveillance

tool, including further upload of sequences to relevant databases. In particular, the use of genome
sequence data to rapidly identify variants of concern (VOCs) in the UK, South Africa and Brazil in

late in 2020, and the timely sharing of this data, demonstrated the value of genomic surveillance,
allowing countries to put additional public health measures in place in response to this data. Genomic
information also has ongoing value in terms of allowing vaccine and diagnostics developers to ensure
that their products are effective against the VOCs. Work is ongoing to examine the efficacy of existing
vaccines against the new variants, and to update vaccines, if required [4].

It remains to be seen whether sequencing will also become a routinely used diagnostic tool. At present
there are a large number of existing tests using simpler methods that are fit for purpose. The value

of using sequencing for diagnostics is questionable, particularly when a rapid diagnosis is likely to

be required in a clinical context, as it is more expensive and has slower turn-around time. However,
strengthening the infrastructure that has been put in place to support the collection of samples from
diagnosed patients for sequencing, which can only build on established surveillance efforts, would
have considerable value.

It will be some time before the clinical and epidemiological situation settles, and while some
countries are beginning to emerge from pandemic lockdowns, many still have measures in place to
reduce spread of COVID-19. The focus is still on generating viral sequences to support information
gathering about the virus and surveillance, but in the mid- to long-term, health systems and other
stakeholders will need to consider carefully the optimal sequencing strategy to pursue, in terms of
how much sequencing to undertake and when, to support ongoing disease management efforts.
Current influenza surveillance strategies, and in particular the use of sequencing, will provide valuable
guidance on how SARS-CoV-2 surveillance could be refined in the future. For example, monitoring
will be needed to detect the emergence of SARS-CoV-2 variants that could affect vaccine efficacy,
and consideration will need to be given as to how best to strategically target sequencing to optimise
knowledge gathering.
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Another important factor is the collaboration likely to be needed between national and international
sequencing consortia and other sequencing efforts, in order to standardise laboratory protocols and
processes for the consolidation and sharing of information and data. For example, planned external
quality assurance programmes will be useful in helping to determine the most suitable protocol for
particular circumstances and sequencing technologies. In addition, there is a need for continued
support of sequencing in lower resource settings, and the WHO has outlined the development of low-
cost sequencing, along with underpinning digital connectivity, as a strategic innovation priority. This
will include ongoing initiatives to support timely sharing of data on publicly accessible databases and
other platforms [279].

While the sequencing efforts of the past year have been unprecedented, there is much to be learned
about establishing new sequencing initiatives and protocols. This will have an impact on current
pathogen surveillance efforts, and will also inform management of any future disease outbreaks and
contribute to preventing or minimising pandemics.
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8.2 Appendix 2. African laboratories that have submitted more than 100
sequences to GISAID [14] as of 26 January 2021

Submitting lab Number of sequences

South Africa KRISP, KZN Research Innovation and Sequencing 2090
Platform

Kenya KEMRI-Wellcome Trust Research Programme/KEMRI- 512
CGMR-C Kilifi

South Africa National Institute for Communicable Diseases of 459
the National Health Laboratory Service

Gambia MRCG at LSHTM Genomics lab 427

Democratic Republic of the Congo Pathogen Sequencing Lab, 353
National Institute for Biomedical Research (INRB)

South Africa NHLS/UCT 316

Nigeria African Centre of Excellence for Genomics of 213
Infectious Diseases (ACEGID), Redeemer's University, Ede,
Osun State, Nigeria

Senegal Institut Pasteur de Dakar 136
Uganda MRC/UVRI & LSHTM Uganda Research Unit 133
South Africa National Health Laboratory Service (NHLS), 119

Tygerberg, Cape Town
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