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INntroduction

Microorganisms are the most abundant and diverse forms of life on
Earth, with estimates ranging from millions to trillions of species
(Figure 1)'2. They are essential components of all ecosystems and
play a crucial role in health, disease, and many industrial processes.

The field of microbiology has seen enormous impact from sequencing technologies.
Traditionally, microorganisms have been studied through the culturing of individual
species or strains using artificial culture media; however, of the ~10 million species so
far catalogued, only ~10,000 (0.1%0) have been cultured in the laboratory?. The advent
of modern sequencing technologies, which allow high-throughput genomic analysis of
cultured and, importantly, uncultured microbes, has drastically increased our capability
to identify and characterise microorganisms.

Genome sequences for ~490,000 microbial strains are now publicly available®.
However, due to the inherent limitations of traditional short-read sequencing
technologies, much of what we know about microbial genomes is based on
incomplete data. In fact, approximately 90% of bacterial genomes are considered
to be incomplete®“.

This review will explore how microbiologists are now utilising the long-read
capabilities of real-time nanopore sequencing to overcome the challenges of short-
read sequencing technologies to fully characterise microbial genomes — shedding
new light on microbial evolution, pathogenicity, and antimicrobial resistance.

Figure 1

There are seven major types of microorganisms: (a) bacteria (e.g. Mycobacterium
tuberculosis); (b) archaea (e.g. Halobacterium salinarum); (c) viruses (e.g. Herpes simplex
virus); (d) fungi (e.g. Saccharomyces cerevisiae); (€) helminths (e.g. Strongyloides stercoralis)
(f) protozoa (e.g. Paramecium aurelia); and (g) algae (e.g. Volvox aureus).
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The advantages of
nanopore sequencing for
microbial analysis

Genome assembly

In order to truly understand the diversity of
microorganisms, it is imperative to create complete
and fully characterised genomes. Repeat regions
and structural variants have important functions

in microorganisms, including the development

and propagation of antimicrobial resistance

and virulence factors*®8. However, it is widely
recognised that the short-read sequencing
technologies used to generate the majority of
existing reference genomes struggle to resolve such
regions®’ (Figure 2). Furthermore, these traditional
sequencing technologies have been shown to
exhibit GC bias, where sequences with low or high
levels of GC content are underrepresented®. It is
for these reasons that most reference genomes
are incomplete, containing gaps where either
sequencing or alignment is not possible.

In contrast to traditional sequencing platforms, which
typically process short (<300 bp) DNA fragments,

With nanopore sequencing, ultra-long

read lengths in excess of 4 Mb have
been generated®

nanopore sequencing technology processes the
entire DNA (or RNA) fragment that is presented to
the pore, regardless of its size. Complete fragments
of hundreds of kilobases are routinely processed
and ultra-long read lengths in excess of 4 Mb have
been generated®. Clearly, such long reads are more
likely to span entire regions of repetitive DNA and
structural variation, allowing more complete, gap-free
genome assembly™© (Figure 3). In addition, nanopore
sequencing does not require DNA amplification,
eliminating a key source of sequencing bias. In

a study by Browne et al., out of five sequencing
technologies tested, only nanopore sequencing
exhibited no GC bias®.

O &% %

Figure 2

Schematic highlighting the challenge of correct genome assembly using short-read data. The higher the number of
repeats (blue, green, and red regions), the more tangled the assembly graphs become, resulting in fragmentation
of the assembly. Image courtesy of Ryan Wick, University of Melbourne, Australia.
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Figure 3

A schematic highlighting the advantages of long reads in de novo assembly of repetitive regions. Repeat and high-identity
regions are often collapsed during the assembly process when using short-read sequencing technology. In contrast, long
read lengths are more likely to incorporate the whole repetitive region (blue boxes) allowing more accurate assembly.

Image adapted from Kellog™.

Long sequencing reads offer a further advantage in
that they provide greater overlap between reads,
making it easier to assemble DNA fragments into
their correct order. This can be visualised much like a
jigsaw: the larger the pieces, the easier the puzzle.

Consensus accuracies in excess of
Q50 (99.999%) have been generated
using metagenomic nanopore

sequencing at 20x sequencing depth,
supporting the generation of highly
accurate genome assemblies and
functional studies'

Using ultra-long nanopore reads, it is possible to
sequence entire viral genomes in a single read,

bypassing the requirement for assembly completely™.

As sample preparation protocols develop, allowing
even longer, intact DNA and RNA molecules to be
generated, it is feasible that even larger genomes will
be sequenced in single reads.

Metagenomics

The advent of metagenomic sequencing
techniques, whereby all organisms in a given
sample are studied at nucleotide resolution, has
revolutionised the field of microbiology. Now,
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previously unculturable microorganisms can be
analysed in their natural environment, providing
new insights into microbial biology, ecology, and
evolution. However, the limitations of traditional
short-read sequencing technologies, such as GC
bias and the inability to resolve repeat regions,
are exacerbated when analysing mixed microbial
samples®'*. According to Sereika et al., ‘This is
especially problematic in metagenome samples,
in which related species or strains often contain
long sequences of near-identical DNA* (see Case
studies 1 and 3).

Long, amplification-free nanopore sequencing
reads can span repeat regions and highly
homologous regions of DNA from related species
or strains, supporting the generation of high-quality
metagenome-assembled genomes (MAGs) from
complex, mixed microbial samples™'®,

‘Long-read Oxford Nanopore
sequencing has democratized
microbial genome sequencing and

enables the recovery of highly
contiguous microbial genomes from
isolates or metagenomes™*




A considerable obstacle associated with
metagenomic analysis of pathogen samples is the
high proportion of host DNA present in the sample.
To overcome this challenge, researchers have
successfully deployed a range of methodologies,
including optimised sample lysis techniques, host
DNA depletion, and enrichment of target microbial
genomes; however, all of these approaches require
some level of additional sample processing.
Recently, researchers have been exploring the

use of adaptive sampling — a unique capability

of nanopore sequencing that utilises real-time
analysis to selectively sequence or reject DNA
molecules as they pass through a nanopore — as
an alternative approach for metagenomic sample
enrichment. In a recent study, Cheng et al.'® utilised
adaptive sampling on 11 clinical research samples
to reject sequencing reads that matched the human
reference genome. The team were able to increase
the microbial sequence yield by at least 8-fold in all
samples and, within 4.5 hours, accurately identify
the pathogens and their associated resistance
genes. Furthermore, five samples could be
processed simultaneously on a single MinlON™ Flow
Cell, offering considerable time and cost savings.

Further sample multiplexing and the generation of
high-quality MAGs from complex samples can be
achieved using PromethlON™ devices (Figure 4).
Offering the flexibility of two independently operable
high-output PromethlON Flow Cells — each delivering
up to five times the sequencing yield of a MinlON
Flow Cell — PromethlON 2 devices bring affordable
metagenomic analyses to every microbiology lab.

For more detailed information about metagenomics
and microbiome analysis, download our
Metagenomics white paper: nanoporetech.com/
resource-centre/metagenomics-white-paper.

Antimicrobial resistance profiling

According to the World Health Organisation:
‘Antimicrobial resistance (AMR) is a global health
emergency that will seriously jeopardise progress
in modern medicine’’’. As such, it is vital that
researchers can accurately and rapidly
characterise pathogen samples to gain insights
into the evolution and transmission of drug
resistance and to further understand potential
therapeutic intervention strategies.

Nanopore sequencing provides a streamlined
approach for AMR profiling, both in the lab and in
the field. The portable MinlON and MinlON Mk1C
devices can be utilised anywhere, including
resource-limited or remote environments, making
them ideal for analysis at point of sampling
(Figure 4). The benchtop GridlON™ and
PromethlON devices provide flexible, on-demand
sequencing suitable for higher-throughput
requirements (Figure 4). For cost-effective analysis
of smaller assays, Oxford Nanopore offers
Flongle™, a flow cell adapter for MinlON and
GridlON devices enabling the use of low-cost,
single-use Flongle Flow Cells (Figure 4).

A significant advantage of nanopore
sequencing is that it streams data in

real time, allowing immediate analysis,
drastically reducing time to result

Unlike traditional sequencing technology that delivers
all data at the end of a run, a significant advantage of
nanopore sequencing is the facility for real-time data
streaming and analysis. In addition to drastically
reducing time to result, real-time analysis provides
immediate validation of sample quality and
verification that the correct sample has been
collected. Furthermore, once sufficient data has been
generated, flow cells with active pores remaining can
be washed and reused — providing further
experimental and cost efficiencies.
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Oxford Nanopore has developed the EPI2ZME™
ARMA analysis workflow for real-time microbial
species identification and AMR profiling®. This
workflow aligns sequencing reads against the
Comprehensive Antibiotic Resistance Database
(CARD) providing a detailed report highlighting
read alignments that indicate resistance to a given
antibiotic (Figure 5). With no requirement for
in-depth bioinformatics expertise, the intuitive
ARMA workflow allows any researcher to rapidly
characterise AMR in their samples.

Nanopore sequencing has enabled researchers to
reduce the time required to characterise AMR in the
tuberculosis-causing organisms Mycobacterium
tuberculosis and Mycobacterium bovis from multiple
weeks, using traditional culture-based methods, to
just 12 hours'®:20,

Using ultra-long reads and real-time analysis,
nanopore sequencing has allowed rapid drug-
resistance profiling for a range of pathogens,
including bacteria??2324, viruses?>2¢, and fungi¢’28.
This has been achieved on both cultured isolates
and uncultured metagenomic samples.

Figure 4

Oxford Nanopore sequencing platforms (from top left to bottom right): Flongle, a flow cell adapter for MinlON and
GridION; the portable MinlON and MinlON Mk1C; GridlON, with capacity for up to five Flongle or MinlON Flow Cells;
PromethlON 2 and 2 Solo; and the high-throughput PromethlON 24 and 48 (shown) platform, capable of delivering

up to 7 and 14 Tb of data, respectively’.

* Theoretical max output (TMO). Assumes system is run for 72 hours (or 16 hours for Flongle) at 420 bases/
second. Actual output varies according to library type, run conditions, etc. TMO noted may not be available for all

applications or all chemistries.
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The EPIZME ARMA workflow enables real-time microbial identification and AMR profiling from nanopore data.

Completing plasmid assemblies

In bacteria, AMR genes can be carried on the
bacterial genome or on plasmids. Understanding the
location of these genes provides more clarity on the
mechanisms of AMR transfer between pathogens
and is a vital consideration in epidemiological
tracking and containment strategies?®°'. |dentifying
plasmid-encoded resistance is especially important
as it can be rapidly transferred throughout bacterial
populations via horizontal gene transfer.

‘The ability for Oxford Nanopore to
sequence long fragments of DNA has

significantly aided the assembly of
bacterial genomes and plasmids’3?

Due to a high level of DNA repeats, which may
also be present in the genome, it is particularly
challenging to produce complete plasmid
assemblies and distinguish them from genome
sequence using short-read sequencing
technology®'®2. Long nanopore sequencing reads
resolve these challenges, allowing the generation of
complete and distinct plasmid and genome
assemblies. Using nanopore sequencing,
researchers have been able to rapidly depict the
specific locations of resistance genes, giving more
detailed insight into their transmission and
evolution?9:9,

In an experiment by Li et al., a single nanopore
read from a carbapenem-resistant Escherichia coli
strain was shown to span an entire plasmid of

>90 kb in length®°.



Bacterial plasmid sizes are extremely diverse and
can range from a few hundred bases to several
megabases in length. With nanopore technology,
read length is only limited by the size of the DNA
fragment presented to the nanopore. As a result, it is
theoretically possible to sequence even the largest
plasmids in single reads. Such a scenario would
remove the need for assembly, further streamlining
the analysis workflow.

Plasmids are also a fundamental tool in molecular
biology, and verification of the cloned plasmid
sequence is essential to ensuring that no errors have
arisen that may disrupt the expression of inserted
genes. Sequencing is the gold-standard approach for
clone verification; however, traditional technologies
can be limited in regard to turnaround time, primer
requirements, sequence bias, sample throughput,
and, critically, may preclude the analysis of the whole
plasmid construct. Nanopore sequencing has been
shown to overcomes these challenges — providing a
fast, secure, and cost-effective whole-plasmid
sequencing workflow that can be easily implemented
in any lab®.

Find out more at nanoporetech.com/plasmid-
verification.

Virulence

Virulence genes are often clustered into
pathogenicity islands (PAls) that can be either
incorporated in the genome or located extra-
chromosomally (i.e., on plasmids). As discussed for
AMR genes, PAls are also commonly flanked by
repetitive insertion sequences that support their
movement within and between species (Figure 6).
The large size of PAls (typically 10-200 kb?®8),
coupled with their repetitive content, makes their
accurate characterisation particularly difficult using
short-read sequencing techniques®’8. Long
nanopore sequencing reads can span entire PAls,
thereby providing authoritative characterisation
and localisation of these regions.

Pathogenicity island

Genome |

tRNA DR int Vi Ve V3

Virulence genes

Figure 6

| Genome
V4 IS IS DR
Insertion Chromosomal
sequences genes

The large size and repetitive content of PAls makes accurate assembly and location of these regions challenging using
short-read sequencing technologies. Mobility genes, such as integrases (int), are frequently located at the beginning
of the island, close to the tRNA locus or the respective attachment site. PAls contain virulence genes (V1 to V4) and
are frequently interspersed with mobility elements such as insertion elements/sequences (IS), which may be complete
or partial. PAl boundaries are frequently flanked by direct repeats (DR), which are used for insertion and deletion

processes. Image adapted from Schmidt and Hensel**.
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RNA genomes

. _ , ‘Much of what we know about RNA
RNA viruses lack the proofreading mechanisms

typically found in organisms with DNA-based
genomes and, as a result, exhibit much higher

biology is seen through a cDNA lens’#?

mutation rates. This high error rate confers an Nanopore technology uniquely enables direct
evolutionary advantage, allowing RNA viruses to sequencing of native RNA molecules, without the
adapt rapidly to evade the host immune response requirement for amplification or reverse transcription
to infection and subsequent antiviral therapy. It is — removing two potential sources of sequencing bias
perhaps unsurprising, then, that many emerging (Figure 7). Utilising nanopore technology, researchers
human viral diseases are caused by RNA viruses have been able to sequence the complete influenza A

(e.g. Ebola, influenza, COVID-19, severe acute RNA genome, with each of the eight genome

respiratory syndrome [SARS], and Zika), adding segments represented by full-length reads*2.

more urgency to accurate genome analysis efforts Furthermore, the streamlined direct RNA

for these organisms. Through analysing the sequencing workflow allowed the virus to be
genome, the genetic and geographic origin of the sequenced in a single day rather than several days
disease can be elucidated, and novel variants that as required for the standard short-read technology

. . H H H 42
enhance virulence, allow cross-species spread, or surveillance pipeline®.

sustain human-to-human transmission can be
identified (see Case study 2).

The sequencing of cDNA copies of RNA virus
genomes has driven many important discoveries,
but it is widely understood that the process of
converting RNA to cDNA through reverse
transcription and amplification can introduce
bias*®41.

Oxford Nanopore Oxford Nanopore Oxford Nanopore
PCR-cDNA direct cDNA direct RNA Short-read cDNA

Log count
Log count
Log count
Log count
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GC content GC content GC content GC content

Figure 7

Sequencing workflows that incorporate amplification are vulnerable to sequence-specific biases. Yeast transcriptome
libraries were prepared using three nanopore sequencing techniques (PCR-cDNA, direct cDNA, and direct RNA) and a
typical short-read cDNA method. In all cases, GC bias in the nanopore data sets was lower than in the short-read data set.



Long, full-length transcripts

Long nanopore sequencing reads enable unambiguous,
full-length analysis of RNA transcripts, capturing the full
complexity of microbial transcriptomes. Full-length
reads have been shown to enable the accurate
identification and quantification of transcripts and, in
the case of eukaryotes, transcript isoforms. They
have also provided new insights into virus-host
interactions*®#4 novel viral splicing mechanisms*5:4¢,
and expression of bacterial resistance genes®.

‘Our work highlights how long-read
sequencing technologies can reveal

further complexity within viral
transcriptomes’#°

Oxford Nanopore offers three streamlined RNA
sequencing kits: PCR-cDNA, direct cDNA, and direct
RNA, each combining full-length reads with low

bias (Figure 7).

For more information, download the RNA sequencing
white paper at nanoporetech.com/resource-centre/
rha-sequencing.
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Modified base detection

Modified bases (e.g. 5-methylcytosine, adenine
N6-methylation) have been found in virtually all
organisms studied. The specific roles of many of
these modified bases are still to be fully elucidated;
however, they are known to influence gene
expression and, in prokaryotes, protect against
bacteriophages*’. Researchers have also proposed a
role for modified bases in antimicrobial resistance*'.

‘With longer reads as well as richer
information of additional epigenetic
modifications, developments in

sequencing technology could bring
another round of revolution in

metagenome as well as virome
investigations’48

The requirement for nucleic acid amplification in
traditional short-read sequencing technology erases
these base modifications, meaning they cannot be
detected without additional time-consuming and
often inefficient sample processing methods#*'.

Nanopore sequencing does not require
amplification or strand synthesis, meaning that
both the base and its modification can be detected
in the same sequencing run, in real time. To date,
researchers have utilised nanopore sequencing to
detect wide a number of modified bases, including
pseudouridine*4® N6-methyladenosine (mBA)*°,
4-methylcytosine (4mC)®%°, 5-methylcytosine
(5mQC)#942 and 7-methylguanosine (m7G)*".

1
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CASE STUDY 1

High-quality, low-cost,
nanopore-only bacterial
genome sequences

To obtain reference-quality bacterial genome assemblies, data is often used from
the sequencing of either pure cultures or metagenomic samples. Short-read
sequencing has been the technology of choice for this application in previous
years but has limited ability to resolve repetitive sequences that are longer than the
library insert size. Consequently, technology capable of producing long sequencing
reads, including the Oxford Nanopore platform, has ‘recently emerged as the
choice’ for assembling genomes derived from such samples™.

Professor Albertson and colleagues, based at assemblies, yet this is an undesirable option as it

Aalborg University in Denmark, investigated adds cost and complexity™.

whether nanopore sequencing data alone could

be used to obtain reference-quality bacterial The team evaluated the performance of R9 and

genome assemblies™. Their work noted that, in the the more recent R10 nanopore chemistry in

past, there has been a preference to use either bacterial genome assembly, obtaining sequence

short-read or reference polishing of nanopore data derived from ‘pure cultures’ (in this case, a

data to obtain near-complete microbial genome mock community) and an activated sludge sample.
Bacillus subtilis Enterococcus faecalis Escherichia coli Listeria Ps enterica Staphylococcus aureus
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Figure 8

Indels observed per 100 kb in the de novo bacterial isolate assemblies, at different depths of coverage, with and
without short-read polishing. The authors noted that short-read polishing of nanopore data obtained using R10.4
chemistry provided no significant improvement in assembly quality. Image adapted from Sereika et al.™* and available
under Creative Commons license (creativecommons.org/licenses/by/4.0).



They introduced the term ‘near-finished’ genome
to indicate the generation of a high-quality genome
assembled with only long nanopore reads, for
which the application of short-read polishing would
not significantly improve the consensus sequence.
They found that R10.4 data alone could generate
near-finished bacterial genomes, without polishing
(Figure 8). The depth of coverage required to
achieve this was approximately 40-fold. To assess
performance on metagenomic genome assembly,
the team sequenced a sample of activated sludge;
a similar conclusion was made — that R10.4
chemistry enabled the generation of near-finished
microbial genomes, without short-read polishing™.

‘Oxford Nanopore R10.4 enables the
generation of near-finished microbial

genomes from pure cultures or
metagenomes at coverages of 40-fold
without short-read polishing’*

A notoriously challenging bacterial genome to
sequence and assemble is that of Mycobacterium
tuberculosis. M. tuberculosis is the pathogen
responsible for tuberculosis (TB), which remains
one of the deadliest infectious diseases, with
1.5 million human deaths attributed to TB

in 20205". Drug-resistant M. tuberculosis is

a particularly significant threat for effective

TB control®™%2. Genome sequencing of the
pathogen has gained traction in recent years
for both clinical research and epidemiological
investigations. Such efforts have provided
valuable insights into circulating strains,
including mutations underlying drug resistance

OXFORD NANOPORE TECHNOLOGIES | MICROBIOLOGY

and virulence, and the dynamics of person-to-
person transmission — conferring high-resolution
analyses when compared with culture-based
phenotyping or targeted sequencing assays®2.

Previously, short-read sequencing technology

was typically used to investigate the genetic

basis of resistance and the genomics underpinning
TB transmission. However, the genome of

M. tuberculosis is challenging to resolve with short
reads due to its high GC content and repetitive
nature — including the highly variable and GC-rich
pe/ppe genes associated with drug resistance,
which are often excluded from analysis due to
difficulties in accurately mapping these regions to
the genome when using short reads. Furthermore,
the high capital cost and centralisation associated
with these sequencing platforms has limited access
to whole-genome analysis in many areas with a
high TB burden and lower income52:52,

In contrast, the Oxford Nanopore platform can
produce sequencing reads of any length, and a
scalable range of devices is available, including
portable options suitable for in situ sequencing;
the technology has therefore been recognised

as a ‘promising platform for cost-effective
application’ to TB genome analysis®2. However,
few studies have investigated the performance of
nanopore sequencing for M. tuberculosis genome
analysis for drug susceptibility prediction or
outbreak investigation.
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In light of this, Gomez-Gonzaélez et al. and Hall

et al. compared the performance of Oxford
Nanopore and short-read sequencing platforms
for these applications®2®3. Gomez-Gonzalez et al.
sequenced 10 M. tuberculosis clinical research
isolates with both nanopore and short-read
technology, obtaining 93.6-fold short-read and
72.2-fold nanopore depth of coverage, after
mapping. The team highlighted the improved
coverage of long nanopore reads in repetitive
regions where short reads failed to accurately
align. As expected, a higher number of large
variants were detected with long nanopore reads,
(median 81 vs. 24, across the isolates); regarding
single nucleotide polymorphisms (SNPs), for all
sample pairs, >99% of SNPs identified were called
in both samples, with few platform discrepancies.
All lineage predictions were identical between

the two platforms (Figure 9a); however, looking
specifically at the nanopore data, as the pe/ppe
gene regions were successfully resolved with long
nanopore reads, SNPs could also be incorporated
from these regions for lineage analysis, which led
to an improved resolution that ‘would be of special
interest in outbreak settings, where transmission
analysis of closely related isolates can be
potentially better established’ (Figure 9¢). They
also suggested that the ability to cover repetitive

regions with long reads could contribute a better
understanding of drug-resistance mechanisms in
M. tuberculosis®?.

Hall et al. aimed to establish whether nanopore
sequence data could be used to reproduce
equivalent transmission clusters and drug
susceptibility profiles to those generated with
short-read data®®. To investigate this, the team
obtained matched nanopore and short-read data
from 1517 isolates. The study found that isolate
clustering was the same between the two platforms,
and in terms of genotyping resistance-associated
SNPs and INDELs, they obtained near-identical
results, with a concordance of >99.99% between
the two technologies®s.

‘Our analysis shows that it is now
possible to obtain high-precision SNP

calls in M. tuberculosis with current
nanopore data’>3
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Figure 9

Phylogenetic trees representing the branching order for the M. tuberculosis clinical research isolates studied,
showing equal branch lengths for the 10 pairs of sequenced isolates (a), and only the 10 nanopore-sequenced
isolates (b). (c) Phylogenetic tree of nanopore-sequenced samples using the 3,955 SNPs as well as the 568 sites
located in the pe/ppe genes, achieving a deeper separation of transmission clusters. Drug resistance profiles
(obtained by phenotyping drug susceptibility testing) are shown by coloured strip labels alongside each tree;

INH = Isoniazid, STR = Streptomycin. Image adapted from Gémez-Gonzalez et al.®>and available under

Creative Commons license (creativecommons.org/licenses/by/4.0).
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CASE STUDY 2
One size fits all: development

of a simple workf
characterise any

ow 10
pathogen

Successful surveillance of pathogen outbreaks requires a rapid, scalable, and
cost-effective response. To overcome the challenges of monitoring pathogen
outbreaks, such as generating real-time epidemiological information, researchers
are utilising the benefits of portable, real-time nanopore sequencing technology to
perform successful surveillance at sample source.

Genomic epidemiology, the study of how variants in
the genomes of pathogens, or their hosts, influence
health and disease, aims to track pathogen
transmission, spread, and evolution. Sequence
information also enables the identification of

drug resistance factors. Nanopore technology

has played a pivotal role in global pathogen
surveillance, from the Ebola outbreak in western
Africa in 2013-16 to the present-day COVID-19
pandemic, with greater than one million SARS-
CoV-2 genomes sequenced using nanopore
technology across over 85 countries®*. Many of the
known RNA viruses, such as SARS, influenza, and
HIV, are fast evolving, which means they continually
accumulate changes in their genome. Sequence
data can guide important control measures, but
only if the results are generated quickly enough

to inform interventions. Conventional sequencing
technologies are typically not accessible in low-
resource settings, where requirements, such as
continuous power, lab infrastructure, and trained
personnel are often not available within outbreak
areas, leading to practical difficulties transporting
samples to remote sequencing facilities. With

this in mind, Josh Quick and his team based at

the University of Birmingham, took advantage of
the accessibility, affordability, and portability of
nanopore sequencing, to successfully perform
scalable, field-based genomic surveillance of

the Ebola virus in western Africa. Using portable

equipment, including the MinlON, which they
termed a ‘lab-in-a-suitcase™®, the team highlighted
how easily nanopore technology can be deployed
to ‘remote and resource-limited locations’ to
monitor pathogen outbreaks with rapid turnaround
times, ‘with the sequencing process taking as little
as 15-60 min’®®.

The ARTIC network has since been set up to
expand international viral surveillance, enabling
worldwide collaboration in sequencing and
analysing pathogen outbreaks®®. Leveraging the
portability and streamlined sample preparation
workflows of the MinlON, they aimed to target

a wide range of DNA and RNA viruses with a
simple workflow that could be used worldwide.

The approach needed to be applicable, scalable,
and rapidly deployable. Sequencing viral genomes
directly from clinical research samples can be
challenging for viruses with a low viral load, such
as the Zika virus. The workflow developed by the
ARTIC network used a PCR enrichment approach,
suitable for samples containing as few as 50
genome copies per reaction®”. PCR can provide both
target enrichment and amplification in a single step.
For complete coverage, a tiled amplicon scheme
was devised, and to reduce time, complexity, and
cost, a multiplexed sequencing approach was used.
The end-to-end workflows allow any researcher to
amplify and sequence high- and low-abundance



Virus Genome Amplicon Number of
size (bp) length (bp) amplicons

Ebolas® ~20,000 2,000 11
Zika®’ ~11,000 400 35
Monkeypox®® ~200,000 2,500 88
SARS-CoV-2 (ARTIC)8® ~30,000 400 98
SARS-CoV-2 (Midnight)® ~30,000 1,200 29
Chikungunya®? ~12,000 300 44
Yellow fever®s ~10,000 500 27
Dengue®* ~11,000 1,000 13
Africa Swine Fever®® ~190,000 7,000 32
Avian influenza®® ~13,500 900-2,300 8

Rabies®” ~12,000 400 39
Tick-borne encephalitis®® ~10,000 450 37
Hepatitis C®° ~9,600 ~9,000 1

HIV-170 ~9,600 5,000-9,000 1-2
Adenovirus-F4171 ~34,000 1,200 92

Table 1

Examples of tiled amplicon protocols applied to viral genomes with nanopore sequencing, detailing genome size, amplicon
length, and number of amplicons to complete whole-genome sequencing.

viruses directly from clinical research samples. Due to easy adaptability for the amplification
Users can design their own primer schemes for their ~ and sequencing of different viruses, tiled PCR
virus of interest using the web-based primer design approaches using nanopore sequencing have
tool, primal scheme®e. been widely adopted (Table 1).
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Figure 10

Nanopore sequencing protocol applied to the near full-length HIV-1 genome. Image from Mori et al.”® and available
under Creative Commons license (creativecommons.org/licenses/by/4.0).

With nanopore sequencing, read length is equal

to fragment length, enabling tiled PCR and
sequencing of viral genomes with long amplicons.
Mori and coworkers™ generated near full-length
HIV genomes and obtained distinctive genetic
information for the highly genetically diverse
recombinant forms (RFs) of HIV-1 using nanopore
sequencing of amplicons (Figure 10). The team
highlighted that drug resistance-associated
mutations are located outside the target sequence
regions of the traditional HIV-1 genotyping assay
and suggested that long sequencing reads are now
required for full analysis.

‘Our new nanopore sequencing
platform is applicable to identify the

full-length HIV-1 genome structure
of intersubtype RFs as well as dual
infection heterologous HIV-1°7°

Outbreaks of mosquito-borne viruses, such as
Zika, chikungunya, yellow fever, and dengue,

have all been characterised using tiled amplicon
workflows with nanopore sequencing, and together
with broader epidemiology data could potentially
be used to inform vaccination strategies. When



vaccine levels are low, critical decisions on
geographic areas to be targeted require a detailed
understanding of the spatial spread of the virus and
predictions of where it is most likely to spread.

Nanopore workflows have also been adapted

to study viruses known to affect animals, such

as rabies, avian influenza, and African swine

fever virus (ASFV). ASFV is highly contagious

and has a mortality of up to 100% in domestic
pigs, which severely impacts pork production

and local economies. There have been major
outbreaks throughout the world, making pathogen
surveillance essential. However, its large genome
size (170-190 kb), ability to acquire large deletions
and insertions, and the presence of highly
mutagenic hypervariable regions make sequencing
the ASFV genome very challenging. Using the
MinlON, Amanda Warr and colleagues®® developed
a tiled-amplicon approach to sequence ASFV that
could enable near-live monitoring of outbreak
situations with rapid turnaround times, and no
challenging transportation of samples. Amanda
described how ‘multiplexing,... washing and reuse
of the most expensive component of sequencing,
the flow cells’ allowed for lower cost sequencing
than other methods and the long reads improved
assembly potential, particularly of highly repetitive
genomes®. Amplification of the genome in 32
fragments of 7 kb, with 1 kb overlaps, generated
near-complete genomes.

OXFORD NANOPORE TECHNOLOGIES | MICROBIOLOGY

Studying virus populations within infected hosts
can provide essential information in understanding
virus-host interactions and new approaches to
outbreak response. During the recent SARS-
CoV-2 pandemic, Oxford Nanopore and the ARTIC
network were quick to refine the targeted amplicon
approach with the Midnight protocol®. With the
ability to multiplex up to 96 samples, both time
and costs have been substantially reduced. The
Midnight protocol has become a popular method
within the public health community because
hands-on time is minimal, workflows are simple,
and researchers can go from RNA to real-time
sequencing within one working day.

Oxford Nanopore is proud to have worked with
the scientific community in pathogen surveillance
and, in collaboration with the ARTIC network and
other research groups, continuously develops its
protocols, kits, and bioinformatic pipelines. The
cost-effective workflows and scalability to large
numbers of samples during outbreak surges
suggests the multiplex, tiled PCR approach with
Oxford Nanopore technology will remain an
essential method in pathogen surveillance.
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CASE STUDY 3

Metagenomic analysis of
microbial communities In
permafrost thaw

Taking advantage of the long sequencing reads generated by nanopore
technology, Devin Drown and his team at the University of Alaska Fairbanks, USA,
have been researching how the thawing of permafrost may affect soil microbial
communities’. Permafrost is a permanently frozen layer of soil, gravel, and sand,

on or under the Earth’s surface.

To be considered permafrost, the area must
have been continuously frozen for at least two
consecutive years but, in most cases, it has
been frozen for hundreds or thousands of years.
Permafrost covers large regions of the Earth, in

areas with cold climates at high latitudes or altitudes.

Sitting on top of the permafrost is a thin layer of

soil, known as the active layer. Devin and his team
wanted to understand how permafrost thawing,
caused by climate change, affects the microbial
communities in the active layer and how, in turn,

this affects the crops which grow within the soil.
Interactions between microbes and plants are critical
for the acquisition and cycling of nutrients, and even
small changes in soil microbial communities can
disrupt plant-microbial interactions™.

Based in Alaska, the team applied nanopore
metagenomic sequencing to the study of microbial
communities in soils associated with differing
permafrost conditions that can be found in boreal
forests, also known as snow forests. These forests
are home to many plants that are integral to

the diets of native Alaskan communities. Using
metagenomics means microorganisms do not
need to be cultured. Devin and his team chose
nanopore technology for a rapid, and thorough
characterisation of the complex microbial
communities in the active layers. Long, PCR-

free nanopore sequencing reads enable access

to regions that are difficult to sequence with

traditional short-read sequencing technologies,
facilitating the assembly of accurate microbial
genomes from complex communities. Native
DNA can be sequenced in real time, enabling
streamlined library preparation and rapid
turnaround times.

Using plots of artificially induced permafrost

thaw, created over 60 years ago at the Fairbanks
Permafrost Experiment Station in Alaska, the team
conducted plant growth experiments with five
plant species found in boreal forests: Vaccinium
vitis-idaea (low-bush cranberry), Vaccinium
uliginosum (bog blueberry), Picea mariana (black
spruce), Ledum groenlandicum (Labrador tea),
and Chamerion angustifolium (fireweed). The

Sterile @
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Figure 11

Experimental design of the plant growth experiment. Image
from Seitz et al.”? and available under Creative Commons
license (creativecommons.org/licenses/by/4.0).



plants were grown in soils with differing degrees
of permafrost thaw, termed ‘undisturbed’, ‘semi-
disturbed’ and ‘most disturbed’ (Figure 11).

Most of the plants inoculated with microbial
communities from the active layer above thawing
permafrost showed decreased productivity
compared to plants inoculated with microbes

from the undisturbed active layer. To analyse the
microbial communities within the differing active
layers, the team used the Ligation Sequencing Kit
to sequence 48 metagenomes across four MinlON
Flow Cells. The combined datasets showed a mean
read length of 2,594 bp, and a read length N50 of
5,531 bp. The reads were then processed using
Kraken™ and Bracken’ to detect taxa and estimate
abundance, respectively. The team identified 24
bacterial phyla within the microbial communities.
Visualisation of the data showed that the microbial
community populations differed between the
different soil types, with the largest difference
observed between the undisturbed and most
disturbed active soil layers.

Beneficial soil microbes are known to enhance
nutrient availability to plants, enabling increased
plant growth and productivity™. The team
analysed biomarkers associated with healthy
plant growth and found microbes that have been
positively correlated with plant productivity, such
as Acidobacteriaceae and Bacillales, were highly
represented in undisturbed soil samples compared
with most disturbed soil samples. In contrast,
members of the Comamonadaceae family, which
are known to exhibit pathogenic effects on a
variety of plants, were more abundant in the most
disturbed soils compared with undisturbed soils
(Figure 12). The team hypothesised that the known
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Figure 12

Relative abundances of bacterial families in the different
soil types. Solid lines represent mean relative abundance.
Image from Seitz et al.”?and available under Creative
Commons license (creativecommons.org/licenses/by/4.0).

plant pathogens found in the most disturbed soil
led to reduced plant growth, due to a disruption in
nutrient cycling and direct alterations to the plant
rhizosphere, the area around a plant root.

This environmental metagenomics study formalises
the links between climate change, thawing
permafrost, changing microbial communities, plant
health, and broader community health™.
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summary

Microbes are ubiquitous and form an essential part of all
ecosystems. To enhance our understanding of health and the
environment, it is vital to fully characterise these organisms. While
the advent of high-throughput, short-read sequencing technologies
has improved our ability to detect and analyse microbes, the
inherent limitations of these methods present significant challenges
to complete and rapid genome and transcriptome characterisation.

The long, real-time, and direct sequencing reads provided by
nanopore technology overcome these challenges, delivering
unprecedented insight into microorganisms — allowing complete
genome assembly, real-time species identification, AMR and
virulence profiling, modified base detection, and unambiguous
transcriptome studies.



About Oxford
Nanopore Technologies

Oxford Nanopore’s goal is to enable the analysis of anything, by anyone,
anywhere. The company offers the only sequencing technology to combine
scalability — from portable to ultra-high throughput formats — with real-time data
delivery and the ability to elucidate accurate, rich biological data through the
analysis of short to ultra-long fragments of native DNA or RNA.

The facility for real-time analysis combined with streamlined sample preparation and data analysis
workflows provides rapid access to results for time-critical applications, such as outbreak tracking, and
AMR, and virulence profiling.

A range of sequencing platforms is available, suitable for all microbial research applications and sample
throughput requirements (Table 2; Figure 4).

MinlION & PromethlON PromethIlON
Flongle MinION Mkic | GndION MK 2/2 Solo 04/48

Read length Fragment length = read length. Longest read now >4 Mb®
Run time T min - 16 hrs 1min-72 hrs Tmin-72 hrs Tmin-72 hrs Tmin-72 hrs
Number of flow 1 1 5 5 04/48

cells per device

DNAsequencing — yp1o28Gb  Upto50Gb  Upto50Gb  Upto290 Gb  Upto 290 Gb
yield per flow cell*

DNA sequencing to 2 t to 2 t Upto 7Tb
yield per device™ Up to 2.8 Gb Up to 50 Gb Up to 250 Gb Up to 580 Gb 14 Tb

. . 1->2,000 1->2,000 1->2,000 1->2,000
Multiplexing 1= saimgies samples samples samples samples

* Theoretical max output (TMO). Assumes system is run for 72 hours (or 16 hours for Flongle) at 420 bases/second.
Actual output varies according to library type, run conditions, etc. TMO noted may not be available for all applications
or all chemistries

Table 2

A range of nanopore sequencing devices is available to suit all microbiology applications — from complete assembly of
microbial genomes to real-time AMR characterisation, in-field outbreak tracking, and transcriptomics. Data correct at
time of print. Visit www.nanoporetech.com for the latest information.

For more information about utilising nanopore technology for microbial analysis,
visit www.nanoporetech.com/applications/microbiology.
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