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ABSTRACT

Long-read sequencing is currently supported by sequencing platforms from Pacific Biosciences
and Oxford Nanopore Technologies, both of which generate ultra-long reads. Metabarcoding and
metagenomics are the two approaches used when implementing sequencing. Metabarcoding
involves the amplification and sequencing of selected nucleic acid regions, while in a metagenomic
approach extracted nucleic acids are sequenced directly without prior amplification. Both
approaches have associated advantages and disadvantages, which, in combination with long-
read sequencing, provide a promising new approach for fungal identification and diagnosis of
mycoses, on which we will reflect in this short review.
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Long-read sequencing

Long-read sequencing technologies are characterised by the potential to generate ultra-
long reads over 10 kb in one run.! Pacific Biosciences (PacBio) first released their long-
read sequencing instrument in 2011 and most recently released the Sequel Ile (Fig. 1).?
PacBio sequencing is based on the conversion of fluorescent signals produced when
nucleotides are bound to a template strand via a polymerase. The template double-
stranded DNA has two hairpin adaptors bound to each end and so sequencing continues
around the template for the duration of the polymerase lifetime. PacBio sequencing has
achieved high accuracy, which is reported to be 99.8%, and produces a high throughput
with parallel sequencing of millions of template strands.® However, PacBio sequencing is
a trade-off between read length and read quality: as longer template strands are
sequenced, there is often a less accurate consensus sequence. Additionally, library
preparation is estimated to be 1day, which may not be suitable for time sensitive
applications. Oxford Nanopore Technologies (ONT) began commercial release in 2015
with their MinION sequencer and has since released instruments and flow cells for a
variety of throughput requirements (Fig. 2).* The basis of ONT sequencers are biological
nanopores fixed in membranes, of which nucleotide strands travel through to cause a
current change, which is then translated into a sequence. ONT sequencing read length is
only limited by sample DNA length, quantity, and purity and as they provide a wide array
of library preparation kits and throughput options it can be scaled to any potential use
intended. Additionally, the low initial investment and small portable size of some ONT
sequencers allow sequencing to be performed in locations outside the laboratory.” The
major drawback of ONT is the lower read accuracy reported, although computation
intensive bioinformatic tools are available to increase accuracy to 99%.> Samples that
result in low DNA quantity, quality, and short read lengths do not take full advantage of
ONT sequencing and impede sequencing by blocking and inactivating pores. These
sequencing technologies are further discussed in other studies.?

Studies using PacBio and ONT long-read sequencers to sequence and identify fungal
species using metabarcoding and metagenomic approaches are described below to
demonstrate the potential use for long-read sequencers in fungal identification.

Metabarcoding

Metabarcoding involves the sequencing of targeted nucleic acid regions within environ-
mental and clinical samples. This approach combines DNA barcoding with high through-
put sequencing of specific taxonomic regions (barcodes). These barcodes, which have
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Fig. 1. Pacific Biosciences Long Read Sequencing Platforms. The
first commercial long read sequencer Sequel was released in 2015,
supporting the SMRT Cell | M. The newer instruments Sequel Il and
Sequel lle support the SMRT Cell 8 M, capable of simultaneous
sequencing of 8million template DNA strands. The Sequel lle
improves upon the previous iterations through software upgrades
resulting in a reduction in analysis, file transfer and data storage
requirements. Instrument pictures from the manufacturer’s webpage
(https://www.pacb.com/).
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Fig. 2. Oxford Nanopore Long Read Sequencing Platforms. The
flagship product, the MinlON, is a palm-sized device supporting
MinlON flow cells containing 4 % 125 nanopore channels. GridlION
and PromethlON are the higher throughput instruments, supporting
5 and 48 flow cells respectively. The Flongle flow cell contains 126
nanopore channels and is compatible with the MinlON and GridION.
A flow cell for the PromethlON containing 2675 nanopore channels
is also commercially available. Instrument pictures from the manu-
facturer’s webpage (https://nanoporetech.com/).

high taxonomic coverage and high resolution, are amplified
and sequenced (Fig. 3).° The generated barcode sequences
are clustered into operational taxonomic units (OTUs) based
on sequence similarity and compared against databases
containing reference barcode sequences to provide an accu-
rate representation of the microbial population. The advan-
tages of this approach are the low level of genomic material
required and faster and less complex computational analy-
sis. However, as only specific regions are sequenced, infor-
mation is limited to identification, although this may not be
an issue for all studies. Prior amplification of a sample also
potentially introduces bias, which may result in the
inaccurate representation of the microbial community.®
Previous microbial metabarcoding studies with short-read
sequencing technologies used micro-barcodes that spanned
less than 600 bp, which were often shorter than the full-
length barcoding regions.” Long-read sequencers can span
beyond the full-length barcode regions and resolve longer
structural variations that are challenging for short-read
sequencers, leading to higher discriminatory power.

Long-read fungal metabarcoding studies primarily use the
full-length internal transcribed spacer (ITS) region of the
rRNA gene cluster to identify fungal species, although shorter
barcode regions are also used. To validate the ability of long-
read sequencers to identify fungal species, ONT and PacBio
have been used to identify members of mock fungal commu-
nities. The full-length ITS and the ITS1 regions were shown to
accurately identify 16 and 26 fungal species within mock
communities respectively using PacBio sequencing.®° The
full-length ITS region in conjunction with ONT sequencing
has also successfully identified fungal species in mock
communities.'*!! The ITS region was found to be the supe-
rior locus for fungal identification in nanopore sequencing
although, in a mock community with varying abundance of
16 fungal species, species level identification was only
achieved for 1/3 of fungal species.” Metabarcoding of clinical
samples with nanopore sequencing of the ITS region, has
been explored extensively. Pathogens were identified from
nine positive blood culture bottles which were then verified
by routine diagnosis, one of which was a Candida albicans
infection.”> Type strains of five Candida species were also
identified to sufficient (100-200 %) coverage and nanopore
sequencing errors did not affect correct species identifica-
tion.® Full-length ITS nanopore sequencing has also identified
potential pathogens in patient samples previously negative by
traditional diagnostic methods.'""'? PacBio has also been
used in the clinical space to characterise the gut mycobiome
of 14 healthy individuals with the ITS1 locus.’ PacBio
sequencing has primarily been applied to metabarcoding of
environmental samples and has been demonstrated to out-
perform nanopore sequencing in such applications due to
nanopore sequencing errors.'> Metabarcoding of samples,
such as tree roots,'* soil,"> mangrove sediments,'* and lake
water,” have revealed the potential of PacBio targeting the
full-length ITS region to be used in broad ecological studies
requiring accurate characterisation of the mycobiome of
complex environmental samples. Metabarcoding of fungi
using long-read sequencing has been established to be a
promising avenue for the identification and characterisation
of fungal species in clinical and environmental samples.
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Fig. 3. Proposed Long-read Sequencing Diagnosis Workflow. Diagnosis of fungal infections would begin with clinical

evaluation and patient sample collection. Nucleic acids would then be extracted from patient samples containing both host
and pathogen DNA. Additional removal of host DNA may occur at this stage, and/or in metabarcoding studies. This is followed
by DNA barcode amplification. In both metagenomic and metabarcoding studies, library preparation takes place before
sequencing with long-read sequencers. Analysis of sequencing data would then be performed to generate a sequencing report
which may include pathogen identification, epidemiological information, or an antimicrobial resistance marker (specific known
mutations that confer resistance) maybe identified during metagenomic sequencing. This information in conjunction with
the clinical evaluation then provides a diagnosis from which a treatment plan for the patient can be developed. Icons made
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Metagenomics

Metagenomic sequencing, also known as shotgun sequencing,
aims to sequence all genetic material within a sample. In this
approach, all genetic material (DNA or RNA) is extracted
from the primary samples, which are then fragmented
and undergo library preparation to suit the sequencing tech-
nology. The sequencing library then undergoes in-depth
sequencing and data analysis (Fig. 3).'° An advantage of
metagenomics over metabarcoding is higher resolution, as
more parts of the genomes of every organism in the sample
are sequenced, potentially generating information beyond
identification, such as antimicrobial resistance and virulence.
The direct sequencing of genetic material eliminates the need
for prior culturing and amplification, reducing the time from
sample collection to identification, eliminating any bias that
may occur due to these additional steps, resulting in a more
accurate representation of the community composition.’” In
metagenomic sequencing studies, the overwhelming amount
of background DNA compared to microbial DNA remains
a challenge and methods to enrich microbial DNA have
been developed.'® Additionally, the cost and bioinformatic
requirements of metagenomic sequencing is generally
higher than those of metabarcoding studies. For full use of

16

metagenomic sequencing reads, robust reference whole
genome sequences are required. Long-reads generated in
metagenomic studies are more correctly mapped to refer-
ence genomes and give high discriminatory power for accu-
rate identification. However, the main current hurdles for
long-read metagenomics based fungal identification are the
fact that current genome databases lack adequate coverage
for all fungal species.'’

Metagenomic studies with long-read sequencers to identify
fungal species are currently limited. However, preliminary
studies have demonstrated their promising potential. PacBio
sequencing of skin samples using a metagenomic approach
identified a similar microbial community to short-read
sequencing.”’ Additionally, metagenomic PacBio sequencing
has been used in conjunction with short-read sequencing
for genome assembly of fungal species in complex lichen
samples.?!"?? Metagenomic nanopore sequencing identified
pathogens from 87 patient samples in a single hospital study
from a range of infections, including fungal infections,
achieving sensitivity and specificity of 90.9 and 100%
respectively, outperforming short-read sequencing.”® The
same approach was applied to three patient samples positive
for Pneumocystis jirovecii and three negative respiratory
samples.'® All positive samples returned reads identified as
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P. jirovecii. However, P. jirovecii was also detected in nega-
tive samples. Furthermore, fungal species were identified
that are geographically restricted to areas that did not
align with the patient’s travel histories. These likely mis-
identifications were attributed to issues applying the bio-
informatics tools to fungal identification. Additionally, all
samples reported 77-95% Homo sapiens reads aside from
one outlier (10%) demonstrating the high abundance of
human background DNA.'? Studies involving methods to
overcome the limitations of metagenomic sequencing have
emerged. The combination of metagenomic sequencing and
whole genome amplification has been utilised to increase
DNA quantity whilst maintaining the community composi-
tion to characterise the microbiome on the surface of oil
paintings.”* A method to deplete human DNA in clinical
samples has been applied to respiratory samples and con-
firmed an Aspergillus infection previously diagnosed by cul-
turing.>> Additionally, this method also identified fungemia
caused by Candida glabrata within 24 h whilst an extended
culturing time (48-72h to actionable results) was required
for traditional identification.?® Although there are currently
drawbacks, with methods to overcome its limitations, long-
read metagenomics is a favourable prospect for fungal
identification.

Conclusion

Sequencing of genetic material has taken a significant step
forward with the release of PacBio and ONT long-read
sequencers. Their initial applications to fungal identification
have indicated the promising potential for routine use in
clinical diagnostics, microbiome characterisation, whole
genome assembly and more, if the limiting factors of DNA
extraction, low fungal-human sample DNA range, lack of
reference sequences (DNA barcodes and whole genomes),
and lack of bioinformatic tools, can be overcome.
Implementation of long-read sequencing to diagnosis of
fungal infections additionally requires a standardised work-
flow (Fig. 3). If successfully introduced into routine diagnosis
of fungal infections it would drastically reduce turnaround
time, from currently several days/weeks to less than 24 h
(Fig. 3), enabling a timely and accurate induction of anti-
fungal treatment, reducing mortalities, treatment and hospi-
talisation costs.
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