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ABSTRACT Fungal infections are being caused by a broadening spectrum of fungi,
yet in many cases, identification to the species level is required for proper antifungal
selection. We investigated the fungal intergenic spacer (IGS) sequence in combina-
tion with nanopore sequencing for fungal identification. We sequenced isolates from
two Cryptococcus species complexes, C. gattii and C. neoformans, which are the main
pathogenic members of this genus, using the Oxford Nanopore Technologies Min-
ION device and Sanger sequencing. There is enough variation within the two com-
plexes to argue for further resolution into separate species, which we wanted to see
if nanopore sequencing could detect. Using the R9.4.1 flow cell, IGS sequence identi-
ties averaged 99.57% compared to Sanger sequences of the same region. When the
newer R10.3 flow cell was used, accuracy increased to 99.83% identity compared to
the same Sanger sequences. Nanopore sequencing errors were predominantly in
regions of homopolymers, with G homopolymers displaying the largest number
of errors and C homopolymers displaying the least. Phylogenetic analysis of the
nanopore- and Sanger-derived sequences resulted in indistinguishable trees. Com-
parison of average percent identities between the C. gattii and C. neoformans spe-
cies complexes resulted in only a 74 to 77% identity between the two complexes.
Sequencing using the nanopore platform could be completed in less than an hour,
and samples could be multiplexed in groups as large as 24 sequences in a single
run. These results suggest that sequencing the IGS region using nanopore sequenc-
ing could be a potential new molecular diagnostic strategy.

KEYWORDS DNA sequencing, diagnostic, fungal

Fungal infections, particularly systemic mycoses, continue to be a major health care
challenge. In 2017, the estimated cost of fungal infections in the United States was

$7.2 billion, and there were more than 75,000 hospitalizations (1). Globally, there are an
estimated 1.7 billion people infected, and 15 to 30% of the cases are serious (2–4).
These infections result in approximately 1.6 million annual deaths, a rate equivalent to
that of tuberculosis and more than that of malaria (5). One of the most important tools
for reducing fungal morbidity and mortality is accurate and rapid diagnosis. In fact,
based on autopsy reports, it has been estimated that 50% of fungal infections may be
undiagnosed (6).

Although the literature typically cites 300 to 500 species as pathogenic for humans
(7–10), this number is an underestimation, based on case reports alone. Since 1995, the
number of new fungal pathogens of animals, plants, and humans has increased almost
10-fold (11). Our own diagnostic program has found more than 1,500 unique species
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capable of infecting humans (12). Most of these species are opportunistic pathogens
that take advantage of immunosuppressed hosts, with most of them rarely, if ever, seen
by the majority of clinical microbiology laboratories. Because of the ability of modern
medicine to sustain increasingly sicker patients, the continued expansion of the num-
ber of fungal species capable of causing infection is to be expected. This expansion will
necessitate new fungal diagnostic strategies to identify these organisms. However, a
confounding problem with this need is that because so many human fungal pathogens
are so rarely encountered in clinical specimens, it is not possible or financially worth-
while to include them in assays requiring specific analytes to be targeted with specific
probes, antibodies, etc., for each potential species. Consequently, virtually all FDA-
cleared fungal diagnostic assays focus on a single fungal pathogen or a very limited
scope of the most common fungal pathogens (12), with most assays directed toward
a few Candida species. The reasons are both epidemiological and economic. Candida
spp. are among the most common causes of systemic mycoses, and because getting a
diagnostic assay all the way through FDA clearance is so challenging, it is difficult to
incentivize the development of assays that target organisms that may be only rarely, if
ever, encountered. However, when viewed in regard to the morbidity and mortality
costs of undiagnosed, slowly diagnosed, or misdiagnosed infections, there is a strong
argument for developing assays that are panfungal. This strategy would allow an assay
to identify the fungi commonly encountered in the clinic but would also enable the
identification of rare fungal pathogens.

Assay development arguably requires choosing one of two paths: an assay that
targets one or a few fungi or an assay that is potentially panfungal. Targeted assays
require two levels of suspicion before deployment; a patient has a fungal infection, and
the infecting agent can be identified by the targeted assay. Panfungal assays require
only a suspicion that an infection is fungal in nature since the assay is “one size fits all.”
However, panfungal assays are dependent on having the identity of the infecting
fungus in the assay database, which is interrogated by the assay output. Matrix-assisted
laser desorption ionization–time-of-flight mass spectrometry (MALDI-TOF MS) is one
potentially panfungal assay; however, this assay requires a biocurated database, which
is attached to the instrument by the vendor and is proprietary, although it is possible
for laboratories to add new species to research-use-only (RUO) databases under certain
conditions. Sequenced-based identification, because of the vast amount of data in
public databases (more than 500,000 sequence records from more than 5,000 fungi
[12]), is generally unlimited in species scope since sequences from even newly discov-
ered species are quickly added to GenBank as part of the formal species description
(13).

DNA sequencing, ribosomal DNA (rDNA) sequencing in particular, is the gold
standard of fungal molecular identification for many reasons. First, fungal ribosomal
genes are multicopy in nature, which increases the sensitivity of detection by PCR.
Second, the organization of these loci in fungi places multiple conserved ribosomal
subunit genes (18S, 5.8S, and 28S) in close proximity, which offers conserved PCR
primer sites that span variable regions. In fact, the conserved nature of the subunits and
their primer annealing sites enables virtually any unknown fungus to be amplified with
universal primers targeted to these regions (14, 15). Third, the overall organization of
this region confers variability due to the fact that the informative regions, the internal
transcribed spacer (ITS) regions (comprised of ITS1 and ITS2), are short enough to be
covered in a single Sanger sequencing run. For this reason, the ITS region serves as the
universal barcode for fungi (16). A third variable region, called the D1/D2 region
(�700 bp in length), exists within the large 28S ribosomal subunit and was commer-
cialized as a diagnostic kit (MicroSEQ; Thermo Fisher, Waltham, MA) many years ago,
but it is not widely used due to lack of sensitivity. The fourth variable region is the
intergenic spacer (IGS) sequence (made up of IGS1 and IGS2), which is not transcribed
and is the most variable region within the ribosomal repeat (�3 kb to 8 kb in length)
(17). However, the region is too long to sequence quickly and efficiently using Sanger
sequencing. Finally, sequence data can be used to search public databases, such as
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GenBank, using the Web-based BLASTn algorithm (18). The breadth and depth of these
data are unmatched as a diagnostic tool. However, sequence instrumentation is
expensive, and the procedure requires specific expertise and takes a day or longer to
obtain results. Furthermore, while the ITS region can be species specific for many fungi,
other fungi, including Aspergillus, Penicillium, Alternaria, and Fusarium species, require
additional sequences from other genes with greater specificity, which may delay results
substantially, particularly if the first sequence identity is required for selection of the
second sequence. Consequently, while reference or research laboratories with the
proper expertise can identify virtually any fungus by sequencing, this arrangement is
suboptimal or not possible in most clinical microbiology laboratories. If throughput is
low, purchase and maintenance of a sequencing platform may not be justified no
matter how well it is operated. Therefore, while DNA sequencing arguably has the
greatest potential for specificity, crucial assay factors such as turnaround time, cost, and
expertise are the main barriers blocking it from being a viable option as the main fungal
diagnostic platform.

To overcome these hurdles, another jump in sequencing technology was needed.
This jump came in the recent development of fourth-generation sequencing technol-
ogy called nanopore sequencing. Nanopore sequencing technology generates se-
quences based on detecting changes in electrical conductivity which occur as DNA
molecules are threaded through a biological pore that is embedded in a solid-state film
(19). While the basic technology has been known for more than 20 years, commercial
platforms were only recently developed by Pacific Biosciences Inc. and Helicos Biosci-
ences. Subsequently, Oxford Nanopore Technologies (Oxford, UK) introduced their
commercial version of this technology in 2015 as a small desktop device (20). This
technology has numerous advantages over first (Maxam-Gilbert)-, second (Sanger)-,
and third (next generation)-generation methods. Depending on the application, there
is no library preparation required, reads can be a megabase in length (21), and unique
technician skills are not needed. Importantly, depending on the platform, sequencing
can be done on the benchtop and data can be captured and analyzed with a laptop.

In this study, we used nanopore sequencing to obtain complete IGS sequences from
multiple genotypes of Cryptococcus neoformans and Cryptococcus gattii and compared
these sequences to Sanger sequences of the same regions. Samples could be multi-
plexed using barcoding and sequencing completed in less than an hour, depending on
the number of samples. Nanopore-derived sequences were, on average, �99.8%
identical to Sanger-derived sequences of the same region. These results suggest that
nanopore sequencing of the IGS region could be a viable fungal identification strategy.

MATERIALS AND METHODS
Strains and media. YPD consisted of 1% yeast extract, 2% peptone, and 2% dextrose and was

solidified with 2% agar (all obtained from Thermo Fisher Scientific, Waltham, MA) as needed. C.
neoformans and C. gattii strains were chosen from the Wickes culture collection and were stored at
�70°C in 15% glycerol–YPD. Genotype reference cultures (WM prefix) were supplied by June Kwon-
Chung (Table 1). Hybrids, such as serotype AD, were excluded from the study. Strains were revived from
�70°C by plating onto YPD plates and incubating at 30°C for 1 to 2 days. Individual colonies from each
strain were then subcultured onto a new YPD plate and grown for 24 h at 30°C prior to nucleic acid
extraction.

DNA extraction. DNA extraction was done by subculturing cells from a 2- to 3-day-old YPD culture
onto fresh YPD and incubating at 30°C for 20 h. Approximately 107 cells were removed from the
subculture and prepared for DNA extraction as previously described (22).

Primers. PCR and sequencing primers were obtained from Eurofins Genomics (Louisville, KY) and are
shown in Table 2. Sequences of primers that were used in sequencing reactions (P55 to P122) were
stored as MacVector files (MacVector, Inc., Apex, NC) and placed into their own folder, which was used
by the MacVector software for mapping primer walks.

PCR. The IGS region was prepared for sequencing as a PCR product using 1 �l of extracted DNA as
the PCR template. The PCR mixture consisted of 12.5 �l of 2� KOD Xtreme Buffer, 5.0 �l of 2 �M
deoxynucleoside triphosphate (dNTP) mix, 4.5 �l of H2O, 0.75 �l of both primers (primers P1 and P2,
10 mM stock), and 0.5 �l of KOD Xtreme HotStart Taq DNA polymerase (Sigma-Aldrich, St. Louis, MO).
Initial denaturation was done at 94°C for 2 min, followed by 36 cycles of denaturation at 98°C for 1 s,
annealing at 60°C for 10 s, and amplification at 68°C for 4 min and a final extension at 68°C for 2 min in
a SimpliAmp thermal cycler (Thermo Fisher Scientific). The PCR amplicons were electrophoresed on a 1%
agarose gel (Bio-Rad Laboratories, Inc., Hercules, CA) in Tris-borate-EDTA (TBE) buffer to confirm
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amplification and then purified using a QIAquick PCR purification kit (Qiagen, Hilden, Germany). DNA
concentrations were determined with a NanoDrop (Thermo Fisher).

Genotyping was performed with the URA5 gene sequence (23). Reaction mixtures contained 1 �l of
template DNA, 2.5 �l of 10� buffer, 2.0 �l of 2.5 mM dNTP mix, 16.0 �l of H2O, 1.0 �l of both primers
(URA5.F and URA5.R, 10 mM stock), 1 �l of dimethyl sulfoxide, and 0.5 �l EconoTaq DNA polymerase
(Lucigen, Middleton, WI). Initial denaturation was done at 94°C for 2 min 20 s, followed by 35 cycles of
denaturation at 94°C for 30 s, annealing at 61°C for 30 s, and amplification at 72°C for 45 s and a final
extension at 72°C for 5 min. The PCR amplicons were electrophoresed on a 1% agarose gel in TBE buffer
to check for amplification and then purified and sequenced as described above or digested with Sau96I
and HhaI (New England Biolabs, Beverly, MA). Sequences were analyzed by MacVector to place Sau96I
and HhaI restriction enzyme sites or run on a 2% Nusieve gel (Lonza Group, Ltd., Basel, Switzerland) and
were also used in BLASTn searches to determine genotype (18). The sizes of the internal fragments after
mapping or restriction enzyme digestion were noted for genotype pattern. Internal fragments were
defined as fragments produced by two or more cuts which were flanked by a restriction site. The flanking
fragments were ignored because they contained one restriction site and the end of the amplicon, which
could vary in size if sequencing did not proceed all the way through the primer. With this strategy,
sequencing with only a single forward or reverse primer, which will miss some of the amplicon ends, still
can be used to genotype. For example, an amplicon that has two Sau96I sites would result in three
fragments after restriction enzyme digestion, but only the Sau96I-Sau96I fragment size was noted.

Sanger sequencing. Sanger sequencing of the IGS region was done by primer walking. Sequencing
primers were selected with MacVector software from the primer folder using the Align To Folder
command. The software maps all primers in the primer folder with identity to the target sequence in
both the forward and reverse orientations. Sequencing primers that were 600 to 800 bp apart were
selected and used to obtain double-stranded sequences of PCR templates covering the entire IGS region,
including primers. After the initial sequencing runs with the two primers used for amplification (P1 and
P2), new primers were designed using MacVector, if needed, to extend the sequence until it was double
stranded or to close gaps and then added to the primer folder. Sequencing was performed by Eurofins
Genomics (Louisville, KY). Sequencing of the URA5 gene was done using the same primers used to
amplify the template, to yield a double-stranded sequence.

Nanopore sequencing. To prepare our IGS PCR amplicons for nanopore sequencing (Oxford
Nanopore Technologies [ONT], Oxford, UK), we followed the Native Barcode Expansion 1–12 and 13–24
protocols (EXP-NBD104 and EXP-NBD114 kits; ONT). Individual IGS amplicons were adjusted to 440 ng of
template DNA in 48 �l of distilled water (dH2O). The manufacturer’s instructions for end repair using FFPE
DNA repair and Ultra II End preparation enzyme mixes (New England Biolabs) were followed. After
cleanup, samples were quantified with the QuantiFluor One double-stranded DNA (dsDNA) system
(Promega, Madison, WI) and adjusted to 220 ng in 22.5 �l of dH2O. Each sample was then barcoded using
the Native Barcode Expansion kits. After cleanup, samples were again quantified and pooled in equimolar
amounts for a total of 400 ng in 65 �l. Adapter ligation was performed using the ligation sequencing kit

TABLE 1 Strains

Strain Alias Species Serotype Genotype Contributor

W10 NIH B-4508 C. gattii B VGI Jeffrey Edman
W85 NIH 435 C. gattii B VGI K. J. Kwon-Chung
W3482 WM 179 C. gattii B VGI Weiland Meyer
W432 USC#1014 C. gattii (C. deuterogattii) B VGII Vishnu Chaturvedi
W530 Thai 37-141-141 C. gattii (C. deuterogattii) B VGII Natteewan Poonam
W3481 WM 178 C. gattii (C. deuterogattii) B VGII Weiland Meyer
W84 NIH 198 C. gattii (C. bacillisporus) B VGIII K. J. Kwon-Chung
W83 NIH 189 C. gattii (C. bacillisporus) B VGIII K. J. Kwon-Chung
W15 NIH 34 C. gattii (C. bacillisporus) C VGIII Jeffrey Edman
W16 NIH 191 C. gattii (C. bacillisporus) C VGIII Jeffrey Edman
W87 NIH 312 C. gattii (C. bacillisporus) C VGIII K. J. Kwon-Chung
W89 NIH 139 C. gattii (C. bacillisporus) C VGIII K. J. Kwon-Chung
W90 NIH 113 C. gattii (C. bacillisporus) C VGIII K. J. Kwon-Chung
W3479 WM 161 C. gattii (C. bacillisporus) C VGIII Weiland Meyer
W3480 WM 779 C. gattii (C. tetragattii) C VGIV Weiland Meyer
W393 H99 C. neoformans var. grubii A VNI John Perfect
W72 NIH 288 C. neoformans var. grubii A VNI K. J. Kwon-Chung
W473 IUM 96-2828 C. neoformans var. grubii A VNI Marianna Vivianni
W516 IFM-46660 C. neoformans var. grubii A VNI Reiko Tanaka
W1047 IUM 993617-3 C. neoformans var. grubii A VNI Marianna Vivianni
W3477 WM 148 C. neoformans var. grubii A VNI Weiland Meyer
W3478 WM 626 C. neoformans var. grubii A VNII Weiland Meyer
W21 JEC21 C. neoformans var. neoformans (C. deneoformans) D VNIV Jeff Edman
W77 NIH 433 C. neoformans var. neoformans (C. deneoformans) D VNIV K. J. Kwon-Chung
W78 NIH 430 C. neoformans var. neoformans (C. deneoformans) D VNIV K. J. Kwon-Chung
W79 NIH 52 C. neoformans var. neoformans (C. deneoformans) D VNIV K. J. Kwon-Chung
W3484 WM 629 C. neoformans var. neoformans (C. deneoformans) D VNIV Weiland Meyer
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TABLE 2 Primers

Name Sequence

P1 5’-GCTGGGGCGGCACATCTGTT-3’
P2 5’-TGAGCCATTCGCAGTTTCACAGT-3’
URA5.F 5’-ATGTCCTCCCAGCCCTCGACTCCG-3’
URS5.R 5’-TTAAGACCTCTGAACACCGTACTC-3’
P55 5’-CTGTCTCACGACGGTCTAAACC-3’
P56 5’-GGGCTTTACGCATTCGCATAAC-3’
P57 5’-ACACTGCCAACTTGCGATGG-3’
P58 5’-GTCGTGGGGGACTTTGGTAATG-3’
P59 5’-CCCACAATGAGCAAGAGAAGTGAC-3’
P60 5’-GACCTTGGGTGACAAAAAATCGG-3’
P61 5’-TAGCCTTCATACAGCACCCTGC-3’
P62 5’-GGTGCTGTATGAAGGCTATGGC-3’
P63 5’-TTTGGTCTACTGGACTTGCGTC-3’
P64 5’-CGTGGTAGGCTCAAACACTCTC-3’
P65 5’-GAGAGAGTGTTTGAGCCTACCAC-3’
P66 5’-CTTCTCTGAAAACACTTGGAGG-3’
P67 5’-CGCACCTCCAAGTGTTTTCAG-3’
P68 5’-CGGATTACTTTTCGTAACGCC-3’
P69 5’-CAGAACAAGACAAGTAGGGAAG-3’
P70 5’-AACAAGGGCTTAGCCTCAG-3’
P71 5’-TTTTACCCTACTGATGGAGTGTCG-3’
P72 5’-TGCCTGTCTTTCTAGCTGGGTG-3’
P73 5’-CAATCACCAAGAATTGCCCGAG-3’
P74 5’-ACACACAGTCTCATCAGTCTTCAG-3’
P75 5’-GAAAGAATGTTTGAGCCTACCACG-3’
P76 5’-CTACCAAAGTCCCCCACGAC-3’
P77 5’-TGGTTCACAGCCGAAGCC-3’
P78 5’-GCTCATTGTGGGTCCAGTCTTC-3’
P79 5’-CTCACATCACATACTCACCTGGG-3’
P80 5’-TGTGCTAAGTTGAGTTGAAACGC-3’
P81 5’-ATAGGCTTCGGCTGTGAACC-3’
P82 5’-CTTTCTTACAAACTCGGATGGTGC-3’
P83 5’-TGACTTAGAGGCGTTCAGCC-3’
P84 5’-GCAAGATCCACTGGCTTATAGTGTC-3’
P85 5’-TGTGCGGGACCAAAATCGTC-3’
P86 5’-ATCAGTCCGTCATTTCAGC-3’
P87 5’-GCAAATGAACAACCTAGCG-3’
P88 5’-GTAAGTAGGCTCTGAATGACGGG-3’
P89 5’-ATCCACTGAGGCTAAGCCCTTG-3’
P90 5’-TCACCCTTGGGTCAATTATTCCTC-3’
P91 5’-TTATCGCAAGTTGGGCAG-3’
P92 5’-GATCTTTCAAACTGGACATGCTGC-3’
P93 5’-TACGGGTACTAGAGACCACTTGGC-3’
P94 5’-CGCAACATGGTTCTCGATCAGG-3’
P95 5’-TCCGATCTGCGAAGTCAAGC-3’
P96 5’-ACGTTTGCTTGACCAGCCTATTAG-3’
P97 5’-GGATTCAGCGTGTTCTTTGGC-3’
P98 5’-AATTACCAGCCCGACCTCTCTC-3’
P99 5’-TGCAGAAAGGGTGAGAAGAACG-3’
P100 5’-CATTCATTTCGCCCAAGTCCAC-3’
P101 5’-GCTCAAGTACGAGGAGCAGTAG-3’
P102 5’-TGAAAACTGGACCCACAGTGG-3’
P103 5’-TCTGGCGTATGATAGCTTCGC-3’
P104 5’-CCGCATTGCCAACTACATGAAAG-3’
P105 5’-GGTGTCTCCTTCATTCCCTTTTC-3’
P106 5’-ACGTGGTAGGCTCAAACACTC-3’
P107 5’-AATCAGTAGTATGCCCAGTGCAG-3’
P108 5’-TCCCATTCAAGTCGTCTGC-3’
P109 5’-CTTCCTCCTCCCTTTCATTC-3’
P110 5’-CACAGGGATAACTGGCTTG-3’
P111 5’-GGATGGATGGAAGAGAAGC-3’
P112 5’-CCCCCACGACCATAAAATC-3’
P113 5’-GACTTACCTTTTCTTCCTCCTCCC-3’
P114 5’-TGCGGCAAGTAGAGTCAACCAG-3’
P115 5’-TATCCAAACGGGCAAAGGCG-3’
P116 5’-GACACCGCCCCAACTTTTTG-3’

(Continued on next page)
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(SQK-LSK109) with adapter mix II (from the Native Barcode Expansion kit) (ONT). The NEBNext quick
ligation kit (New England Biolabs) was replaced with T4 ligase and buffer (New England Biolabs) for this
step. Ligation reaction mixtures were incubated for 20 min instead of 10 min at room temperature, and
then, without heat killing, Ampure XP beads (Beckman Coulter, Indianapolis, IN) were added to clean
samples. After a 5-min incubation, the beads were washed twice with long-fragment buffer (from the
ligation sequencing kit) (ONT). The samples were then resuspended in 15 �l elution buffer, incubated at
37°C for 10 min, and recovered after removal of beads. The samples were quantified a final time with
QuantiFluor dye.

The MinION sequencer (ONT) loaded with an R9.4.1 or R10.3 flow cell was connected to a MacBook
Pro 2018 laptop with 1 Tb of memory (Apple, Cupertino, CA) running MinKNOW software version 19.12.5
(ONT). After hardware and flow cell checks, the kit type was selected (SQK-LSK109) along with the
corresponding barcode kits (EXP-NBD104 and/or EXP-NBD114), high-accuracy basecalling, output format
(FASTq, with FAST5 if additional basecalling was done later), and 10,000 reads per file. The flow cell was
prepared using the flow cell priming kit according to manufacturer’s instructions (ONT). Twelve micro-
liters of the sample pool containing 100 ng of the barcode pool was prepared for loading by mixing with
sequencing buffer and loading beads from the ligation sequencing kit (ONT). The sample was then
loaded according to the manufacturer’s instructions. Once started, total barcode reads and individual
barcode read numbers were monitored during the run to guide run duration. The sequencing run was
stopped after �35 to 200 Mb of total bases were collected, depending on the number of barcoded
samples present in the run, to yield �700 to 1,700 reads per barcode. After the sequencing run was
complete, the flow cell was cleaned using the flow cell wash kit (EXP-WSH003) according to manufac-
turer’s instructions (ONT) and stored at 4°C. The MinION device was disconnected from the computer,
and basecalling was allowed to continue if needed.

Data analysis. At the completion of basecalling, edited and trimmed sequences were distributed by
the software into individual pass, fail, and unclassified read folders as FASTq and FAST5 files (if selected),
with each folder labeled according to barcode (e.g., Barcode01, Barcode02, etc.) by the software. A Perl
script was used to produce consensus sequences from basecalled FASTq files in pass folders using CANU
(24), which is a single-molecule sequence assembly program for data generated by nanopore platforms.
The script was deposited at Github and is available at �https://github.com/embunnik/nanopore
-amplicon-consensus�. In order to set up and run the program, nanopore sequence data from demul-
tiplexed FASTq pass folders labeled Barcode01, Barcode02, etc., were copied into a subdirectory called
Barcode_first_run located within a directory called NANOPORE_DATA, which contained the script
README file. Each barcode subdirectory will contain one or more FASTq files of raw sequence data;
however, there is no need to rename any of the FASTq files in these directories (nanopore-amplicon-
consensus/�run�/�barcodesxx�/�files.fastq�). Runs were initiated with the command sh nanopore-
amplicon-consensus.sh �name_of_run_directory� �minimum_amplicon_length� �maximum_ampli-
con_length�. The program first removes any existing TEMP or result folders that may have been
generated during a previous execution of the script. Next, multiple FASTq files from the same barcode
directory, if they exist, will be merged and filtered for minimum and maximum amplicon length. It is
recommended to use a target amplicon length of �100 to 200 nucleotides. Prior to the sequencing run
start, we set the number of reads to 10,000 to reduce the likelihood of multiple FASTq files being
produced from the same run. Merged and filtered files are next used by CANU to generate consensus
sequences, which are copied to the output folder “consensus_seqs” as FASTa files. The output directory
and directories with merged, filtered, and consensus FASTa files created in the process will be removed
when the script is executed again on the same run directory.

After runs were completed, consensus files were opened directly with MacVector and used for
alignments, GenBank searches, and annotation. Annotation was done using RFAM (25), which identified
the 28S ribosomal subunit, 5S ribosomal subunit, and 18S ribosomal subunit sequences and boundaries.
The IGS1 and IGS2 regions were identified from the boundaries of these three subunits. The 28S and 18S
subunits were partial sequences, based on primer location, and the IGS1, 5S, and IGS2 sequences were
complete sequences.

IGS analysis. Phylogenetic analysis was performed on 28 IGS sequences, including the outgroup,
Cryptococcus wingfieldii. The Cryptococcus wingfieldii IGS region was recovered from the CBS7118
chromosome 14 genome sequence after a BLASTn search using the corresponding H99 sequence. The
chromosomal region was downloaded, analyzed by RFAM, and then annotated for subunit boundaries
as described above. All sequences were aligned using MUSCLE (26) as implemented in Sequencher
version 5.4.6 Build 46289 (Gene Codes Corporation, Ann Arbor MI, USA) and manually checked in PAUP
version 4.0a Build 167 (PAUP) (27). The alignment was analyzed using maximum parsimony (MP),
maximum likelihood (ML), and Bayesian inference (BI). The maximum-likelihood tree was constructed in

TABLE 2 (Continued)

Name Sequence

P117 5’-ATGGGGGACTTTGATAGTGGTTG-3’
P118 5’-TTGGCTACTGGGTGCTTGTGTTGC-3’
P119 5’-AGCTGAAGACTGATGAGACTGTG-3’
P120 5’-AAATGTGGTATGGATGGTGAGAGG-3’
P121 5’-CAGTCTGCAATGTTGGAAAAGTGG-3’
P122 5’-TCCACTGTGGCTCTGATACCAG-3’
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IQ-TREE (28) with 1,000 resampling of standard nonparametric bootstrapping (BS) implemented in
IQ-TREE as UFBoot (29). TPM3u�G was the best-fit substitution model for maximum likelihood as
determined by the ModelFinder implemented in IQ-TREE using the corrected Akaike information
criterion (AICc) (30). Bayesian posterior probabilities (PP) were calculated using MrBayes 3.2.5 (31). The
substitution model for Bayesian analysis was determined as described above. However, TPM3u�G is not
implemented in MrBayes 3.2.5 and was replaced by the GTR�G as an alternative model (32). The analysis
ran for 2 � 107 generations, two parallel runs with four chains, and every 1,000th tree was sampled until
convergence was reached when the standard deviation of split frequency was �0.01. The first 25% of
trees were discarded as burn-in, and the remaining trees were combined into a single tree with 50%
majority rule consensus. Thresholds of �80% BT and �0.95 PP on nodes were considered significantly
supported.

Percent identities were compared by generating a consensus sequence for strains within the same
genotype and then creating a matrix of pairwise alignments of each consensus sequence. The average
identities of the sequences within each genotype were then calculated and compared to all genotype
averages.

Comparison of nanopore and Sanger sequences. Nanopore sequence accuracy was determined
by aligning nanopore sequences of the IGS regions (IGS1, 5S, and IGS2) with CLUSTAL (33) to the Sanger
sequences of each strain. Percent identities were determined for each alignment to ascertain nanopore
sequencing accuracy. Each Sanger and nanopore alignment was then examined for error location and
type, including homopolymers, indels, and mismatches. Homopolymer definitions can be variable, such
as runs of 2 or more (34) or 3 or more (35) of the same nucleotide. We used runs of 2 or more of the same
nucleotide to identify a homopolymer.

Data availability. Annotated IGS sequences obtained from Sanger sequencing were submitted to
GenBank under BioProject record number PRJNA614507, with accession numbers MT712017 to
MT712043.

RESULTS

Twenty-seven strains, including reference isolates representing seven genotypes,
were analyzed by Sanger sequencing of the URA5 gene to determine genotype based
on Sau96I and HhaI restriction enzyme sites (23) and BLASTn search results. We found
that locating the restriction sites based on sequence instead of trying to determine
sizes based on gel pattern eliminated the potential ambiguity of trying to determine
exact fragment sizes, some of which were less than 100 bp. One strain, WSA3478, had
a single Sau96I restriction enzyme site, and no strains had a single HhaI restriction
enzyme site. Table 3 shows that the restriction enzyme fragments determined by
sequence cluster in 100% agreement with VN-VG genotype.

IGS region characteristics. After annotating for ribosomal subunit position, IGS1
and IGS2 regions were identified and the sizes were determined (Table 4). The sizes of
the entire IGS region (IGS1, 5S, and IGS2) within genotypes were consistent, with little
variation (0 to 5 nucleotides over an IGS size range of 2,426 to 2,622 bp), depending on
genotype. Individual regions also showed little variation. The 5S subunit was uniform
in length across all genotypes and strains (119 bp). The IGS1 size varied from 1,229 to
1,418 bp, while the IGS2 size varied from 1,061 to 1,123 bp. The IGS1 region varied from
0 to 7 nucleotides and the IGS2 region varied from 0 to 12 nucleotides, depending on
genotype. When the two species complexes were compared, for C. gattii, the IGS
average length was 2,487.13 � 15.44 bp, while the IGS1 average was 1,268� 2.83 bp,
and the IGS2 average was 1,100.13 � 12.91 bp. For C. neoformans, the IGS average
length was 2,539.33 � 98.48 bp, while the IGS1 average was 1,340.33 � 95.83 bp, and
the IGS2 average was 1,078.50 � 8.39 bp. The C. gattii IGS, IGS1, and IGS2 length ranges
were 2,482 to 2,514 bp, 1,265 to 1,274 bp, and 1,106 to 1,123 bp, respectively, with the
IGS2 region being more variable. The C. neoformans IGS, IGS1, and IGS2 length ranges
were 2,426 to 2,622 bp, 1,229 to 1,418 bp, and 1,061 to 1,085 bp, respectively, with the
IGS2 region also being more variable. Interestingly, the C. neoformans IGS and IGS1
lengths were greater than the corresponding C. gattii lengths, while the C. gattii IGS2
length was greater than that of the corresponding C. neoformans region.

IGS phylogeny. The IGS alignment was 2,872 characters with 594 (20%) parsimony-
informative characters. Twelve most-parsimonious trees were generated from the
maximum-parsimony analysis in PAUP, with the following tree scores: consistency
index (CI), 0.924; retention index (RI), 0.976; homoplasy index (HI), 0.076. The topologies
of the best-scoring MP (not shown) and ML trees were congruent with the BI tree (not
shown). In the best-scoring ML tree, two main clades corresponding to the two species

Nanopore Sequencing of the Fungal IGS Sequence Journal of Clinical Microbiology

December 2020 Volume 58 Issue 12 e01972-20 jcm.asm.org 7

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA614507
https://www.ncbi.nlm.nih.gov/nuccore/MT712017
https://www.ncbi.nlm.nih.gov/nuccore/MT712043
https://jcm.asm.org


complexes were shown with high BI-PP/ML-BS support (1.00/100%) (Fig. 1). Strain
identities included strain number, VN-VG genotype, and new names of the recent
Cryptococcus neoformans/Cryptococcus gattii species complex (36) to determine if IGS
sequences clustered by this new naming method. The 27 isolates of each species
complex were resolved in well-supported subclades of strains with the same genotype
as well as species designation for each genotype, which demonstrates that the se-
quences generated by nanopore sequencing match previous results generated by
Sanger sequencing (36). A CLUSTAL alignment matrix of consensus sequences for each
genotype was consistent with the phylogenetic tree (Table 5). Importantly, from a
diagnostic perspective, the consensus IGS sequences of genotypes within a species
complex differed from the other species complex substantially, displaying only 74.6 to
77.2% identity. Within a species complex, percent identities ranged from 92.3 to 96.0%
for the C. gattii complex and from 83.6 to 98.1% for the C. neoformans complex.

Nanopore IGS sequence analysis derived from R9.4.1 flow cells. The same PCR
products used for Sanger sequencing were used for nanopore sequencing in various
barcoded combinations, with up to 24 barcoded samples in a single run. Run speed
depended on a variety of factors, including the number of previous runs of the flow cell
and number of barcoded samples in the run. Our amplicons ranged from �3.3 to
3.5 kb, and we typically barcoded 5 to 12 samples. We used the MinION flow cell, which
has an enormous excess capacity for PCR amplicons in our size range. We were able to
get almost 10 runs per flow cell, although each successive run depletes functioning
pores. Sequencing speed was generally in the range of 500 bases/s, with only a slight
drop-off toward the end of the flow cell life. With a new flow cell and a set of 12
barcodes, we were able to generate at least 1,500 reads per barcode within 20 to
30 min.

After base-called reads were demultiplexed by MinKNOW and processed by the
nanopore amplicon consensus script to derive a consensus sequence, the sequence
from each strain was aligned with its respective Sanger-derived sequence to identify

TABLE 3 Strain genotypes

Strain URA5 genotype BLAST genotype

Restriction enzyme fragment size (bp)

Sau96I Sau96I-HhaI Sau96I-Sau96I HhaI-Sau96I HhaI-HhaI

W3482 VGI VGI 324
W10 VGI VGI 324
W85 VGI VGI 324
W530 VGII VGII 128 138 58
W3481 VGII VGII 128 138 58
W432 VGII VGII 128 138 58
W84 VGIII VGIII 128
W87 VGIII VGIII 128
W83 VGIII VGIII 128
W3479 VGIII VGIII 128
W15 VGIII VGIII 128
W16 VGIII VGIII 128
W89 VGIII VGIII 128
W90 VGIII VGIII 128
W3480 VGIV VGIV 128 196
H99 VNI VNI 61
W3477 VNI VNI 61
W473 VNI VNI 61
W516 VNI VNI 61
W72 VNI VNI 61
W1047 VNI VNI 61
W3478a VNII VNII 269
JEC21 VNIV VNIV 186 156
W3484 VNIV VNIV 186 156
W77 VNIV VNIV 186 156
W78 VNIV VNIV 186 156
W79 VNIV VNIV 186 156
aSau96I has a single cut site.
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mismatches, with the goal being to determine how close in percent identity the
nanopore sequences were to Sanger sequences. Two of the Sanger sequences, H99 and
JEC21, were 100% identical to sequences in GenBank derived from the genome
sequence of each strain, which provided the rationale for using Sanger sequences as
the baseline for measuring nanopore sequence accuracy. The nanopore sequences for
each strain displayed an average identity of 99.57% � 0.19% (range, 99.20% to 100%)
to their respective Sanger-derived sequences.

Alignments of sequences derived from the R9.4.1 flow cell were then examined
more closely for error type. Regions of homopolymers were most commonly prone to
errors, with G homopolymers showing an average of 5.15 mismatches per IGS and C
homopolymers showing the least, with an average of 0.04 mismatch per IGS (Table 6).
All IGS sequences except one had at least one G homopolymer mismatch, while only
one of the 27 IGS sequences had a C homopolymer mismatch. For every IGS sequence
that displayed homopolymer errors in the nanopore sequence, all were deletions. No
insertion errors were found in the homopolymer regions. Other types of errors were
rarely seen. Out of the 27 IGS sequences, seven sequences displayed errors in repetitive
motif regions (e.g., ATATATAT), one displayed a deletion error, and five displayed
mismatch errors. No insertion errors were detected. When homopolymer errors were
excluded from percent identity determinations, the nanopore sequences were 99.97 to
100% identical to Sanger sequences, with 17/27 sequences displaying 100% identity.

Nanopore IGS sequence analysis derived from R10.3 flow cells. During this
study, the next version of the MinION flow cell was released, designated R10.3. The flow
cell utilizes a new nanopore that reads homopolymers with greater accuracy. The same

TABLE 4 IGS analysis

Strain Genotype

IGS length (bp)

Total IGS1 5S IGS2

W3482 VGI 2,470 1,265 119 1,086
W10 VGI 2,470 1,265 119 1,086
W85 VGI 2,470 1,265 119 1,086

Avg � SD 2,470 � 0 1,265 � 0 119 � 0 1,086 � 0
W530 VGII 2,514 1,272 119 1,123
W3481 VGII 2,513 1,271 119 1,123
W432 VGII 2,514 1,272 119 1,123

Avg � SD 2,513.7 � 0.6 1,271.7 � 0.6 119 � 0 1,123 � 0
W84 VGIII 2,482 1,267 119 1,096
W87 VGIII 2,483 1,267 119 1,097
W83 VGIII 2,482 1,267 119 1,096
W3479 VGIII 2,482 1,267 119 1,096
W15 VGIII 2,482 1,267 119 1,096
W16 VGIII 2,482 1,267 119 1,096
W89 VGIII 2,482 1,267 119 1,096
W90 VGIII 2,482 1,267 119 1,096

Avg � SD 2,482.1 � 0.4 1,267.0 � 0 119 � 0 1,096.1 � 0.4
W3480 VGIV 2,499 1,274 119 1,106

Avg � SD 2,499 � 0 1,274 � 0 119 � 0 1,106 � 0
H99 VNI 2,619 1,418 119 1,082
W3477 VNI 2,619 1,418 119 1,082
W473 VNI 2,618 1,418 119 1,082
W516 VNI 2,622 1,418 119 1,085
W72 VNI 2,619 1,418 119 1,082
W1047 VNI 2,615 1,418 119 1,078

Avg � SD 2,618.7 �2.3 1,418 � 0 119 � 0 1,081.8 � 2.2
W3478 VNII 2,621 1,417 119 1,085

Avg � SD 2,621 � 0 1,417 � 0 119 � 0 1,085 � 0
JEC21 VNIV 2,426 1,236 119 1,061
W3484 VNIV 2,428 1,229 119 1,081
W77 VNIV 2,426 1,236 119 1,061
W78 VNIV 2,431 1,229 119 1,083
W79 VNIV 2,428 1,229 119 1,080

Avg � SD 2,427.8 � 2.0 1,231.8 � 3.8 119 � 0 1,073.2 � 11.2
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strains that were sequenced with the R9.4.1 flow cell were sequenced with the R10.3
flow cell. The sequences were then compared to the Sanger and R9.4.1 sequences.
Overall, the percent identity increased from 99.57% � 0.19% to 99.83% � 0.092% for
the R10.3 flow cell compared to the R9.4.1 flow cell (Table 7). As expected, the accuracy
of homopolymer regions improved, with a 57% decrease in errors. Errors for A, T, and
G homopolymers all decreased, although C homopolymer errors increased from one to
eight. Errors associated with repetitive motifs and deletions increased slightly, while
mismatch errors decreased substantially (Table 8).

FIG 1 Phylogenetic relationships of strains belonging to the Cryptococcus gattii and C. neoformans
species complexes inferred from maximum-likelihood analysis of IGS sequences. Bayesian posterior
probabilities (PP) (left) and maximum-likelihood bootstrap support (BT) (right) are shown on the nodes.
The tree is rooted with the corresponding IGS sequence from Cryptococcus wingfieldii strain CBS 7118.
Asterisks represent reference strains.

TABLE 5 Consensus VG-VN IGS alignment matrix

Genotype

Identity (%) to genotype:

VGI VGII VGIII VGIV VNI VNII VNIV

VGI 100.0 93.6 96.0 94.7 75.5 75.4 77.2
VGII 93.6 100.0 93.1 92.3 74.6 74.6 76.2
VGIII 96.0 93.1 100.0 93.9 75.6 75.4 77.1
VGIV 94.7 92.3 93.9 100.0 75.5 75.5 77.0
VNI 75.5 74.6 75.6 75.5 100.0 98.1 83.6
VNII 75.4 74.6 75.4 75.5 98.1 100.0 83.6
VNIV 77.2 76.2 77.1 77.0 83.6 83.6 100.0
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The phylogenetic tree of IGS sequences generated with this flow cell was compared
to a tree of their respective Sanger sequences (Fig. 2). No differences were found with
regard to clusters observed between the two trees. These results suggest that the R10.3
flow cell has sufficient accuracy to be used for IGS sequence-based identification.

DISCUSSION

The IGS region is a little-used area of the ribosomal cluster that has the potential to
be extremely informative with regard to fungal identification. It has not been used
extensively for fungal identification in the past because it is too long to cover efficiently
using Sanger sequencing. In contrast, the fungal ITS region is short enough to be
covered in a single Sanger sequence read and can be amplified with universal primers.
However, for many fungi it does not have enough discriminatory power to yield a
species-level identification independently, especially for closely related sibling species,
which may necessitate identification and sequencing of additional loci. Sequencing of
multiple loci may be problematic for clinical microbiology laboratories due to turn-
around time, which can be extended further if the first sequence is needed before the
second sequence is chosen. Because the IGS region is not transcribed and is much
longer than the ITS region, it can vary extensively and can potentially solve the problem
of yielding an identification in a single sequencing run; however, short of a whole
genome sequence, there was no convenient way to sequence this region in a single
run. The development of nanopore sequencing solves this problem since this type of
sequencing can yield single reads that exceed 2 megabases in length (34, 37), so target
sequence length is not a concern. When nanopore sequencing first became available
in 2014, it was not accurate enough to be used for microbial sequence-based diagnosis

TABLE 6 Sanger versus nanopore R9.4.1 flow cell sequence IGS mismatches

Strain Genotype

No. of errors

% identityb

Homopolymer mismatches

Repetitive motifs Deletionsa MismatchesA T G C Total

W3482 VGI 0 0 0 0 0 0 0 0 100
W10 VGI 1 7 6 0 14 0 0 0 99.55
W85 VGI 3 4 5 0 12 0 0 0 99.64
W3481 VGII 4 4 4 0 12 0 0 0 99.52
W432 VGII 1 5 4 0 10 0 0 0 99.58
W530 VGII 5 5 5 0 15 2 0 0 99.38
W3479 VGIII 0 4 5 0 9 0 0 0 99.73
W15 VGIII 1 0 3 0 4 0 0 0 99.85
W16 VGIII 3 5 5 0 13 0 0 1 99.58
W83 VGIII 3 3 6 0 12 0 0 0 99.61
W84 VGIII 0 4 2 0 6 0 0 0 99.76
W87 VGIII 2 4 4 0 10 0 0 0 99.70
W89 VGIII 2 3 4 0 9 0 0 0 99.70
W90 VGIII 1 4 3 0 8 0 0 0 99.70
W3480 VGIV 1 5 5 0 11 0 0 0 99.61
W3477 VNI 6 3 8 0 17 0 0 0 99.48
W72 VNI 5 2 5 0 12 0 0 0 99.63
W473 VNI 6 4 6 0 16 0 0 1 99.51
W516 VNI 5 4 7 0 16 5 0 6 99.20
W1047 VNI 7 3 10 0 20 0 1 1 99.34
H99 VNI 6 3 7 0 16 2 0 2 99.23
W3478 VNII 7 3 9 0 19 0 0 0 99.34
W3484 VNIV 1 4 8 0 13 2 0 0 99.48
JEC21 VNIV 1 5 8 0 14 3 0 0 99.48
W77 VNIV 3 4 4 0 11 0 0 0 99.54
W78 VNIV 1 0 2 1 4 2 0 0 99.75
W79 VNIV 2 3 4 0 9 2 0 0 99.60

Total 77 95 139 1 301 18 1 11
Avg 2.85 3.52 5.15 0.04 11.15 0.67 0.04 0.41 99.57
aDeletions in regions other than a homopolymer.
bBased on comparison to Sanger sequence of the same region.
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(38). However, since its initial release, accuracy has improved greatly due to upgrades
in instrumentation, chemistry, and base-calling algorithms, in addition to editing and
assembly programs, to the point that nanopore sequencing is finding its way into
clinical microbiology laboratories (39). Because of these improvements, we wanted to
determine how useful nanopore sequencing could be for fungal identification using the
IGS region as a target.

Diaz et al. performed a detailed analysis of the Cryptococcus IGS region a number of
years ago by sequencing the IGS1-5S-IGS2 (partial) region from 107 isolates of Crypto-
coccus neoformans and Cryptococcus gattii, and they identified six genotypes and 12
different lineages (40, 41). Although those studies were completed prior to the publi-
cation of the species complex proposal (36), they demonstrated the specificity of this
region with regard to species identification. The percent identity between the C.
neoformans and C. gattii complex in those studies was �66 to 69%. Our results were
similar, with a range of 74 to 77%, with the disparity due to the inclusion of the
complete IGS2 region in our alignments. The studies by Diaz et al. and our study were
able to resolve individual species within the species complex, suggesting that the IGS
region is sufficiently sensitive for species-level identification. The utility of the IGS
region as a potential molecular diagnostic target was the reason we investigated
nanopore sequencing as a method for fungal identification, since it offers a number of
advantages over Sanger sequencing. Importantly, in spite of its variability, the location
between the 28S and 18S ribosomal subunits offers a number of options for universal
PCR priming sites, analogous to the utility of the ITS region for sequence-based
identification of unknown fungi. Consequently, it matches an important asset of ITS
sequencing, which is that, due to universal PCR priming sites, unknown isolates can be
identified with no preliminary information regarding suspected taxonomic placement.
Based on the results of this study, it appears to have more discriminatory power than

TABLE 7 Comparison of sequences obtained with R9.4.1 and R10.3 flow cells to Sanger
sequences

Strain

Identity (%) to Sanger sequence

R9.4.1 flow cell sequence R10.3 flow cell sequence Change

W3482 100 99.91 �0.09
W10 99.55 99.85 �0.30
W85 99.64 99.94 �0.30
W3481 99.52 99.73 �0.21
W432 99.58 99.82 �0.24
W530 99.38 99.70 �0.32
W3479 99.73 99.94 �0.21
W15 99.85 99.88 �0.03
W16 99.58 99.85 �0.27
W83 99.61 99.91 �0.30
W84 99.76 99.70 �0.06
W87 99.70 99.91 �0.21
W89 99.70 99.85 �0.15
W90 99.70 99.82 �0.12
W3480 99.61 99.94 �0.33
W3477 99.48 99.71 �0.23
W72 99.63 99.91 �0.28
W473 99.51 99.86 �0.35
W516 99.20 99.89 �0.69
W1047 99.34 99.91 �0.57
H99 99.23 99.83 �0.60
W3478 99.34 99.74 �0.40
W3484 99.48 99.60 �0.12
JEC21 99.48 99.87 �0.39
W77 99.54 99.70 �0.16
W78 99.75 99.79 �0.04
W79 99.60 99.88 �0.28

Avg 99.57 99.83 �0.26
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ITS sequencing, since it was able to resolve the C. neoformans and C. gattii complexes
into individual clades, which cannot be done accurately with the ITS region. If this
outcome also was observed for other, more complicated fungal taxonomies, such as
Aspergillus and Fusarium, it could eliminate the need for a second locus to be se-
quenced from these fungi in order to yield the most accurate identity.

In addition to the ability of nanopore sequencing to easily and quickly generate
complete IGS reads from PCR amplicons of the region, sequencing can be done in the
laboratory using a sequencing device with a small footprint (the MinION) and a laptop
computer to capture and analyze data. Sample preparation is easy and consists of end
repair, barcoding, and adapter ligation, all of which are enzymatic manipulations done
in a microcentrifuge tube. The barcode step is optional, as it is not needed for single
samples or if the initial PCR step uses custom barcodes. In fact, we found that
sequencing capacity of amplicons using a MinION flow cell was overkill, as the capacity
in a single run is far more than the maximum barcode number using the two different
12 barcode kits from ONT. While we do not know the precise limits, we estimate that
it might be possible to sequence 500 different amplicons or more if custom barcodes
were used. With the ONT barcode kits providing a maximum of 24 barcodes per run,
well in excess of 100 samples could be run on the same flow cell. There is a newer flow
cell (Flongle) that is a single-use model capable of generating almost 2 gigabases of
data, which is still excess capacity, yet it is 1/10 the cost of a MinION flow cell. Running
multiple samples on this flow cell using custom barcodes would lower the cost further
and make this strategy a realistic option, based on cost, for clinical microbiology
laboratories, particularly with further improvements. Importantly, barcodes can be read
in real time, and it is possible to run mixed microbial or other samples in a single run,

TABLE 8 Sanger versus nanopore R10.3 flow cell sequence IGS mismatches

Strain Genotype

No. of errors

% identityb

Homopolymer mismatches

Repetitive motifs Deletionsa MismatchesA T G C Total

W3482 VGI 0 0 2 1 3 0 0 0 99.91
W10 VGI 1 1 3 0 5 0 0 0 99.85
W85 VGI 0 0 2 0 2 0 0 0 99.94
W3481 VGII 0 2 6 1 9 0 0 0 99.73
W432 VGII 0 1 5 0 0 6 0 0 99.82
W530 VGII 1 1 6 0 8 0 2 0 99.70
W3479 VGIII 0 0 1 1 2 0 0 0 99.94
W15 VGIII 1 0 3 0 4 0 0 0 99.88
W16 VGIII 1 0 3 0 4 0 0 1 99.85
W83 VGIII 0 1 2 0 3 0 0 0 99.91
W84 VGIII 2 2 4 0 8 2 0 0 99.70
W87 VGIII 0 1 2 0 3 0 0 0 99.91
W89 VGIII 0 1 3 1 5 0 0 0 99.85
W90 VGIII 2 1 3 0 6 0 0 0 99.82
W3480 VGIV 0 0 2 0 2 0 0 0 99.94
W3477 VNI 0 1 7 0 8 2 0 0 99.71
W72 VNI 1 0 1 1 3 0 0 0 99.91
W473 VNI 2 0 2 0 4 0 0 1 99.86
W516 VNI 0 0 2 0 2 2 0 0 99.89
W1047 VNI 2 0 1 0 3 0 0 0 99.91
H99 VNI 1 0 3 0 4 2 0 0 99.83
W3478 VNII 5 0 4 0 9 0 0 0 99.74
W3484 VNIV 6 0 3 0 9 2 0 2 99.60
JEC21 VNIV 0 0 2 1 3 0 1 0 99.87
W77 VNIV 6 0 2 0 8 2 0 0 99.70
W78 VNIV 4 0 2 1 7 0 0 0 99.79
W79 VNIV 1 0 2 1 4 0 0 0 99.88

Total 36 12 78 8 128 18 3 4
Avg 1.33 0.44 2.89 0.30 4.74 0.67 0.11 0.15 99.83
aDeletions in regions other than a homopolymer.
bBased on comparison to Sanger sequence of the same region.
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which would further expand capability. Although the PCR step is not optimal for a
diagnostic assay, it enables nanopore sequencing to be used directly on clinical
specimens that have yeast or fungi in them if the target IGS region can be amplified
directly from the sample. Nevertheless, compared to existing systems such as Vitek2 or
MALDI-TOF MS, which may have lower costs per sample, nanopore sequencing using
the MinION has a negligible capital investment ($1,000), no maintenance contract, and
no required specialized technical expertise. While a biocurated database would need to
be used for identification in a clinical laboratory, the spectrum of organisms identified
by this system would arguably be much broader due to the availability of fungal DNA
sequences in public databases. In our hands, some of the drawbacks included the need
to purchase reagents from a third party (New England Biolabs) with no clear less-
expensive alternative, which adds substantially to cost, and the requirement by ONT to
order packages of 12 if the smaller module (Flongle) is purchased, which is quite
expensive. We also found that our laptop computer handles one or a few samples
quickly with regard to base calling and downstream data analysis, which can be done

FIG 2 Phylogenetic relationships of species belonging to the C. gattii and C. neoformans species complexes inferred from maximum-likelihood
analysis of IGS sequences using the nanopore (R10.3 flow cell) and Sanger methods. Bayesian posterior probabilities (PP) (left) and maximum-
likelihood bootstrap support (BT) (right) are shown on the nodes. The tree is rooted with Cryptococcus wingfieldii CBS 7118. Asterisks represent
reference strains.
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within minutes for a single sample, but can take longer than a day for a full set of 24
barcoded samples, depending on how large the FASTq files are. For a clinical or
high-throughput laboratory, alternate computing resources or the Oxford Nanopore
supporting computer system (MinIT), which can base call almost 10 times faster than
our laptop, would be needed.

During this study the newest flow cell, R10.3, became available after we had
analyzed IGS sequences generated with the previous flow cell version. Repeating the
experiments using the R10.3 flow yielded improved results. Average percent identity
compared to the corresponding Sanger sequence increased to 99.83%, with much of
the increased accuracy due to better recognition of homopolymer regions. Homopo-
lymer errors were reduced an average of 57%, and phylogenetic trees constructed with
the nanopore sequences produced from the R10.3 flow cell compared to the corre-
sponding Sanger sequences were indistinguishable, both of which supported previous
phylogenetic trees produced by a variety of other methods (36, 42). In these investi-
gations, VGI and VGIII were most closely related, VGIV was basal, and VGIII was the most
distantly related to these genotypes in C. gattii (43). In the C. neoformans species
complex, VNI and VNII were most closely related, while VNIV was most distant (43). The
accuracy of nanopore sequencing compared to Sanger sequencing appears to be
sufficient to allow this sequencing method and the IGS sequencing target to serve as
a novel molecular identification method for fungal identification. The specificity of this
region was sufficient to reproduce the recently proposed clades of the C. neoformans
and C. gattii species complexes. It would be interesting to see how the IGS region
performs on more-challenging taxonomic problems, such as the Fusarium species
complexes or the Aspergillus sections. Technically, only basic molecular skills are
required to use nanopore sequencing, since templates are PCR amplicons and prepa-
ration of these amplicons for sequencing consists only of end preparation to add
adapters and barcodes (if used). Postrun processing is done in part by ONT software,
and while we wrote our own scripts to generate consensus sequences, ONT has internal
software programs that can be used to establish other pipelines. Importantly, for
clinical laboratories, almost all steps have been automated, with future configurations
incorporating dockable components (extraction, PCR, and sequencing) into a single
system. The speed of sequencing and small footprint make nanopore sequencing of the
IGS region an option to consider for sequence-based identification of fungi.
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