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Abstract. We report whole-genome sequencing of influenza A virus (IAV) with 100% diagnostic sensitivity and results
available in <24-48h using amplicon-based nanopore sequencing technology (MinlON) on clinical material from wild
waterfowl (n = 19), commercial poultry (z = 4), and swine (n = 3). All 8 gene segments of IAV including those from 14 of
the 18 recognized hemagglutinin subtypes and 9 of the 11 neuraminidase subtypes were amplified in their entirety at >500x
coverage from each of 16 reference virus isolates evaluated. Subgenomic viral sequences obtained in 3 cases using Sanger
sequencing as the reference standard were identical to those obtained when sequenced using the MinION approach. An inter-
laboratory comparison demonstrated reproducibility when comparing 2 independent laboratories at >99.8% across the entirety

of the AV genomes sequenced.
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Introduction

The disease severity seen with different subtypes of influ-
enza A virus (IAV; Orthomyxoviridae, Alphainfluenzavirus)
infecting domestic and wild waterfowl is extremely variable,
ranging from no clinical disease to situations of extremely
high morbidity and mortality.'® Importantly, the hemaggluti-
nin (H)5 and H7 subtypes of IAV are known to be high risk
for severe disease in commercial poultry, and therefore are
associated with strict regulatory actions, including depopula-
tion and restricted trade in many countries.’ Given the poten-
tial for serious economic consequences, timely and accurate
detection are critical for the surveillance and control of IAV
in commercial poultry, as well as for wildlife surveillance
programs.

The most rapid approach widely utilized for IAV detec-
tion is real-time PCR (rtPCR) screening targeting the IAV
matrix gene, followed by H5 and H7 rtPCR for those sam-
ples testing positive for the IAV matrix gene.'" Official con-
firmation of positive TAV results is typically performed by
the country’s national laboratory (e.g., the U.S. Department
of Agriculture, National Veterinary Services Laboratories;
USDA NVSL). This has historically been conducted by
amplicon-based Sanger sequencing from clinical material to
determine the hemagglutinin (H or HA) and neuraminidase
(N or NA) subtypes and the pathogenicity based on known
genetic markers. This process usually requires a minimum of
2 d, depending on the time required for shipping and the
virus concentration in the original specimen. Our goal was to
evaluate a feasible mechanism for reducing turnaround time

(TAT) to preliminary virus characterization, noting that labo-
ratories that conduct such testing should ensure compliance
with their national surveillance and response program(s), and
with the Select Agent Program in the United States. Further
virus characterization, including virus recovery, whole-
genome sequencing (WGS), and intravenous pathogenicity
testing, may require weeks, but typically should not impact
outbreak response.

We report here rapid and accurate WGS via amplicon-
based nanopore nucleic acid sequencing using the MinlON
system (Oxford Nanopore Technologies; ONT), a commer-
cial portable, real-time device. The MinlON system has been
shown to be a valid tool for rapid sequencing of RNA and
DNA viruses including Ebola virus, infectious laryngotra-
cheitis virus, Zika virus, and salmonid RNA viruses."*’
Having a segmented genome with nearly identical terminal
regions on each segment, IAV is particularly suitable for
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amplicon-based nanopore sequencing given that the entire
genome can be amplified using just 3 individual primers.’

We evaluated the ability to couple on-site PCR with Min-
ION system WGS in potentially <24h as a rapid laboratory
tool to 1) sequence all 8 IAV gene segments, 2) verify the
IAV H gene subtype as reported by existing rtPCR assays, 3)
determine the IAV N subtype, and 4) generate sequence data
for analysis of the AV hemagglutinin cleavage site, a known
pathogenicity marker. We performed diagnostic sensitivity
studies using clinical samples to assess field use of ampli-
con-based nanopore sequencing. Additionally, we assessed
whether it would be feasible for diagnostic case material
(swab samples) to be accurately sequenced directly (e.g.,
without prior recovery of virus by standard virus isolation
efforts).

Materials and methods

Sample preparation, RNA extraction, and
c¢DNA synthesis

Collection of surveillance samples from wild waterfowl was
conducted by the U.S. Department of Agriculture (USDA)
Wildlife Services. Oropharyngeal and cloacal swabs were
obtained from hunter-collected carcasses and pooled by indi-
vidual bird (n = 24). We used oropharyngeal swabs from 1
commercial chicken and 3 turkeys, and tracheal swab sam-
ples from 3 swine, obtained from diagnostic and routine sur-
veillance samples submitted to the California Animal Health
and Food Safety Laboratory (CAHFS). All samples were
processed and analyzed at the CAHFS Davis laboratory.
Viral RNA was extracted from the swab fluid (MagMAX-96
viral RNA isolation kit, KingFisher 96 automated magnetic
particle processer; Thermo Fisher) per the manufacturer’s
instructions, using an elution volume of 90 uL. Swine lung
tissue samples were homogenized (MagNA Lyser; Roche).
Briefly, 250mg of tissue was placed in a 2-mL polypropyl-
ene tube containing 1.5 mL of denaturation solution (Ambion)
and filled one-quarter full with 2.3-mm silica beads (Bio-
Spec Products, Cole-Parmer). The samples were homoge-
nized at 6,500 rpm for 45s, then incubated at room
temperature for 5min. Next, 20 uL of proteinase K (20mg/
mL) was mixed with 20 uL. of homogenate and incubated at
56°C for 60 min. The digest was then transferred to a plate
(MagMax 96 Express; Thermo Fisher) with 20 uL of binding
beads and 100 pL of lysis solution per sample. The plate was
transferred to a magnetic processor (BioSprint; Qiagen), and
RNA extraction was performed (MagMAX-96 viral RNA
isolation kit).

Avian IAV RT-rtPCR

A one-step multiplex reverse-transcription rtPCR (RT-rtPCR;
VetMAX Gold AIV or SIV detection kit; Thermo Fisher),
designed to target viral matrix and nucleoprotein genes, was

used to amplify IAV RNA. The PCR reaction was set up in a
25-uL volume containing 12.5 pL of 2x multiplex RT-rtPCR
buffer, 1.0 pL of nuclease-free water, 1.0 pL of IAV primer—
probe mix, 2.5 uLL of multiplex RT-rtPCR enzyme mix, and
8.0 uL of RN A template or controls. A low pathogenicity IAV
isolate [A/Turkey/W1/68 (HSN9)] obtained from the USDA
NVSL was used as a positive extraction and rtPCR assay
control. Nuclease-free water was used as a negative control.
The thermocycling reactions were performed (7500 Fast
PCR system; Applied Biosystems) under the following con-
ditions: reverse transcription at 48°C for 10min, reverse
transcriptase inactivation/initial denaturation at 95°C for
10min, and 40 cycles of amplification and extension (95°C
for 15s and 60°C for 455).

Influenza PCR and Sanger sequencing

Initially, chicken egg—propagated, high-titer IAV samples
(n = 16) representing subtypes HI-H12, H14, and N1-N9
isolated from wild waterfowl (green-winged teal, Anas caro-
linensis; mallard, A. platyrhynchos; American wigeon,
Mareca americana; northern shoveler, 4. clypeata) were pre-
pared for MinlON sequencing (Table 1).

Subsequently, wild waterfowl swab samples (same spe-
cies as above, and northern pintail A. acuta; cinnamon teal,
A. cyanoptera; ring-necked duck, Aythya collaris) covering
the diagnostic range of cycle threshold (Ct) values (24-36),
as well as the diagnostic samples including turkey, chicken,
and swine swabs (Ct 19-32) were sequenced directly (no
prior virus isolation; Table 2).

In preparation for WGS, the 8 AV gene segments were
amplified simultaneously in a single reaction using an RT-
rtPCR with the following universal primers: MBTuni-12
(0.1 uM), MBTuni-12.4 (0.1 uM), and MBTuni-13 (0.2 uM;
Table 3).

A 25-uL reaction was used (Invitrogen Superscript 111
one-step RT-PCR system, Platinum Taq DNA polymerase
high fidelity; Thermo Fisher) and the following thermocy-
cling reactions: 60min at 42°C, 2min at 94°C, then 5
cycles of 30s at 94°C, 30s at 44°C, 3min at 68°C, fol-
lowed by 31 cycles of 30s at 94°C, 30s at 57°C, 3 min at
68°C, with a final extension at 68°C for 7min. For the
dilution series experiment, the number of thermocycling
reactions was increased from 31 to 40 for a subset of the
replicates to ensure analytic sensitivity in the experiment
(Table 4).

The same one-step RT-PCR system and thermocycling
conditions (31 cycles) were used to reverse transcribe and
amplify all genome segments, individually, from 3 different
IAV subtypes (HIN1, H3NS, and H8N4) using segment-spe-
cific primers (Table 3). PCR amplicons were visualized by
agarose gel electrophoresis, followed by purification using a
1:1 ratio of AMPure XP beads (Beckman Coulter). AV
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Table 1. Diversity of avian influenza A virus subtypes used for MinlON sequencing.

Subtype Host Sample ID GenBank accessions
HINI Green-winged teal AH0092236 MK905364-371
H2N3 Mallard AH0025218 MK928172-179
H3N2 American wigeon AHO115661 MK928140-147
H3N8 Mallard AH0033218 MK928188-195
H4N6 Mallard AHO0101955 MK928180-187
H5N2 Green-winged teal AHO0047889 MK928156-816
H6NS American wigeon AHO0025977 MK928132-139
H7N8 Mallard AHO0115568 MK928212-219
H8N4 Northern shoveler AHO0079885 MK928220-227
HIN2 Mallard AHO0033695 MK928196-203
H10N3 Green-winged teal AHO0093155 MK928148-155
HI0N7 Green-winged teal AHO0115705 MK928164-171
HI10N9 Northern shoveler AHO0087956 MK928244-251
HI1IN2 Mallard AHO115668 MK928204-211
HI12N2 Northern shoveler AHO0047767 MK928236-243
H14N3 Northern shoveler AHO0093075 MK928228-235

Table 2. Details of influenza A viruses sequenced in our study.

Host Sample ID Ct Subtype(s) GenBank accessions
American wigeon AHO0138185 28 H6N1 MK995694-701
Cinnamon teal AH0093291 29 H4, H6, H12 N2, N5 MK995710-727
AH0093904 35 H6N2 MK995702-710
AHO0138496 29 H7N3 MK995728-735
Green-winged teal AH0094001 27 H7,HI11 N3, N9 MK995744-759
AHO0137747 36 Incomplete genome
AHO0137989 27 HI11N2 MK995736-743
AHO0138674 27 H5, H9, H11N9 MK995760-776
AHO0152086 35 Incomplete genome
AHO0158391 31 HON2 MK995777-784
Mallard AH0092950 35 HI1INO9 MK995785-792
AH0093042 34 HON2 MK995793-800
AHO0121061 34 HI12N5 MK995801-808
AHO0152465 26 H5N2 MK995809-816
AHO0152537 27 HI10N3 MK995817-824
Northern pintail AHO0137555 29 HI2N2 MK995825-832
AHO0137836 35 Incomplete genome
Northern shoveler AH0093889 34 HON2 Incomplete genome
AH0093952 24 H8N4 MK995833-840
AHO0138031 24 HINI MK995841-848
AHO0138661 30 H7 N3, N9 MK995849-857
AHO138715 34 H5N3 Incomplete genome
AHO0152245 32 HSN2 MK995858-865
Ring-necked duck AHO0137654 28 HS5N2 MK995866-873
Chicken B1801923 24 H7N3 MN179383-390
Swine T1800664 32 HINI1 MN179391-398
T1801615 24 HIN2 MN179399-406
T1801856 28 HIN2 MN179407-414
Turkey B1801739 19 H7N3 MN179359-366
B1801783 24 H7N3 MN179367-374
B1801968 25 H7N3 MN179375-382

Ct = influenza A virus quantitative PCR cycle threshold values. Incomplete genomes included the following segments: AH0137747 (NS, M, PB2); AH0137836 (NS);
AHO0152086 (PB1); AH0093889 (HA, NA, M, NS, PA); AH013871 (HA, NA, M, NS, PA).
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Table 3. Oligonucleotide primers used in our study.

Primer Oligonucleotide sequence (5'-3") Reference

Universal primer

MBTuni-12 ACGCGTGATCAGCAAAAGCAGG Zhou and Wentworth'?
MBTuni-12.4 ACGCGTGATCAGCGAAAGCAGG Zhou and Wentworth'?
MBTuni-13 ACGCGTGATCAGTAGAAACAAGG Zhou and Wentworth'?
Segment-specific primer

PB2-F TATTGGTCTCAGGGAGCGAAAGCAGGTC Hoffmann et al.’
PB1-F TATTCGTCTCAGGGAGCGAAAGCAGGCA Hoffmann et al.’

PA-F TATTCGTCTCAGGGAGCGAAAGCAGGTAC Hoffmann et al.’

HA-F TATTCGTCTCAGGGAGCAAAAGCAGGGG Hoffmann et al.’

NP-F TATTCGTCTCAGGGAGCAAAAGCAGGGTA Hoffmann et al.’

NA-F TATTGGTCTCAGGGAGCAAAAGCAGGAGT Hoffmann et al.’

M-F TATTCGTCTCAGGGAGCAAAAGCAGGTAG Hoffmann et al.’

NS-F TATTCGTCTCAGGGAGCAAAAGCAGGGTG Hoffmann et al.’
PB2-int-R TGTAGACACTGCTTGTTCCACCAGC Current study
PB1-int-R CCTCTGATTTGCATTCCGGGTGT Current study
PA-int-R CTGGAGAAGTTCGGTGGGAGACTT Current study
HA-HINI-R TGTTGTTCACTGGTGGTCGGAGGAT Current study
HA-H3N8-R CTGGTTTGTGCTTGGATGATGAACTCC Current study
HA-H8N4-R TCCTTGTTGTCCTCTGACCAATGGTC Current study
NP-int-R TCCGATCATTGATCCCTCGCTTGATC Current study
NA-HINI-R CATTGTCTGGGCCGGAAATACCAATTG Current study
NA-H3N8-R CCACTGCTACTGCTTTGGCATCAGG Current study
NA-H8N4-R CATCCTGGCATACGCACTCGGAC Current study

M-int-R GACCAGCACTGGAGCTAGGATGAGTCC Current study
NS-int-R GTGGAGGTCTCCCATCCTCATTACTGC Current study

Table 4. Dilution series showing detection and coverage of influenza A virus H3N8 segments following MinlON sequencing.

Dilution PCR cycles NS M NA NP HA PA PB1 PB2
Neg Control 40 ND ND ND ND ND ND ND ND
Ct-32 31 High High High High High High High High
Ct-35 31 High High High High High Med High High
Ct-35Rep 1 40 High High High High High High High High
Ct-35Rep 2 40 High High High High High Med High High
Ct-35Rep 3 40 High High High High High High High High
Ct-38 Rep 1 31 Low Low ND ND Low ND ND ND
Ct-38 Rep 2 31 ND ND ND Low Low Low ND ND
Ct-38 Rep 3 31 High ND Med Low High-IS ND Low Low
Ct-38Rep 1 40 High High ND ND High-IS High Med Med
Ct-38 Rep 2 40 ND High High High ND ND ND Low-IS
Ct-38 Rep 3 40 ND ND High ND ND ND ND Low
Ct-41 31 ND ND ND ND ND ND ND ND
Ct-41 Rep 1 40 ND ND ND ND ND ND ND ND
Ct-41 Rep 2 40 ND ND Low ND ND ND ND ND
Ct-41 Rep 3 40 ND Med ND ND ND ND ND Low-IS

Dilutions indicate influenza A virus matrix gene quantitative PCR cycle threshold (Ct) values and number of replicate MinION sequencing runs. The coverage of each gene
segment is indicated as High (>200x), Medium (Med; 50-200x), or Low (<50x). IS = incomplete segment sequenced; ND = no detection.
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segment amplicons were sequenced using Sanger sequenc-
ing (ELIM Biopharmaceuticals). A final contiguous sequence
for each segment was generated by aligning forward and
reverse sequences using the program Geneious Prime
v.2019.0.4 (Biomatters).

Library preparation and WGS

For DNA library preparation, 1 g of purified universal PCR
amplicon from each sample was the input to a library gener-
ated with the Ligation sequencing kit 1D SQK-LSK108
(ONT). First, DNA was end-repaired (NEBNext Ultra II end
repair/dA tailing kit; New England Biolabs), purified using
AMPure XP beads in a ratio of 1:1 volume of beads per sam-
ple, and eluted in 30 uLL of nuclease-free water. Sequencing
adapters (AMX1D; ONT) were ligated to the DNA (Blunt/TA
ligation master mix; New England Biolabs) by incubation at
room temperature for 10min. The adapter-ligated DNA
library was purified with AMPure XP beads in a ratio of 1:2.5
volume of beads per sample, followed by 2 washes (Adapter
bead binding buffer; ONT) and elution in 15puL of elution
buffer (ONT). The library was loaded onto a MinION flow-
cell (MIN106 R9.4; ONT) and run via MinKNOW v.18.05.5
for up to 48 h. MinKNOW-generated FASTQ files containing
4,000 “pass” reads (Q score >7) per file were loaded into
Geneious Prime, and were initially mapped to a set of refer-
ence AV genome segments from wild birds in the United
States within the past 10y (GenBank H1: KY284523; H2:
MH637361; H3: KY828741; H4: CY235331; H5: MH546211;
H6: KY983185; H7: KR077940; HS8: CY034159; HO:
KY983229; H10: MG280432; HI11: KX351573; HI12:
KY563737; H13: CY070874; HI14: KX024583; NI:
MG280254;N2:KY990792; N3: KU289945; N4: KY983212;
NS: KY983191; N6: MN253938; N7: CY186774; N8:
MN253966; N9: KY990784; M: KY983210; NS: KY990767;
NP: KY561074; PA: MK928193; PB1: MH251192; PB2:
KY983147).

For most samples, the number of reads generated far
exceeded the amount needed to generate high coverage
(>500x) consensus sequences. Hence, only a fraction of all
files was mapped to each reference segment. In order to
achieve 500x coverage across each entire segment, 500—
1,000 mapped reads needed to be generated. Depending on
the segment (shorter segments were more abundant) map-
ping of 5-40 files from an average of 500 files was sufficient
to achieve 1,000 mapped reads. The resulting consensus
sequences were compared to GenBank using BLASTn
(http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). The “top hit”
was then used as a reference sequence for a second round of
read mapping. Mapping was set at 5 iterations and a 65%
consensus threshold.

Final consensus sequences were manually inspected for
any single-base ambiguities, which are known to be possible
at longer homopolymer regions (i.e., AAAAA).® This man-
ual step was included to ensure that a consensus sequence

containing an ambiguous base (usually an “N”) in the homo-
polymer region did not occur as a result of the detection algo-
rithm incorrectly accounting for all of the bases in these
homopolymer regions. In such cases, the ambiguous base
was manually replaced with the base detected most com-
monly by visual identification at that site among all aligned
sequences. Primer sequences were manually trimmed, and
final consensus sequences from all unique samples with a
minimum 100x depth of coverage across the entire segment
were submitted to GenBank.

Analytic sensitivity testing

An avian-origin H3N8 AV isolate was used to establish the
analytic sensitivity of the MinlON sequencer for recovering
IAV genome data following universal IAV RT-rtPCR ampli-
fication. To mimic the same sample matrix used for standard
diagnostic sampling, a high-titer H3N8 isolate (low Ct value)
was serially diluted 10-fold in pooled viral transport medium
(VTM) obtained from [AV-negative oropharyngeal and/or
cloacal waterfowl swabs previously submitted to CAHFS for
testing. Preliminary testing verified these spiked dilutions, as
tested by RT-rtPCR, to have Cts spanning the limit of detec-
tion of MinION sequencing (Ct 32, 35, 38, and 41). The Ct
35, 38, and 41 dilutions were PCR amplified and sequenced
in triplicate. In an effort to maximize analytic sensitivity dur-
ing the experiments, the number of PCR cycles was increased
from 31 to 40 for several of the dilutions tested. A negative
control consisting of IAV-negative VITM was included as
part of the analytic sensitivity experiment.

Diagnostic sensitivity and specificity

We assessed MinlON-based IAV WGS for feasibility of use
as a tool for detection of naturally occurring AV infections
in routine clinical and surveillance samples. Twenty-four
wild waterfowl samples obtained from 7 different species
with a range of rtPCR Ct values were amplified and
sequenced. In addition, 1 chicken and 3 turkey samples
obtained during an autumn 2018 outbreak of low pathoge-
nicity avian influenza (LPAI) were tested. Lastly, samples
obtained from 3 pigs testing positive previously for [AV were
included in the validation assessment. The identity of the
IAV, including N subtype, H subtype, and existence or
absence of known pathogenicity markers at the cleavage site
of H5 and H7 subtypes,” were confirmed by comparison of
the whole-genome sequences obtained during the testing to
IAV whole virus reference genomes, including LPAI and
highly pathogenic avian influenza strains, found in Gen-
Bank.

Inter-laboratory reproducibility

To demonstrate inter-laboratory reproducibility of the Min-
ION-based IAV WGS results generated at CAHFS, RNA
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extracts from 10 unique IAV subtypes were sent on dry ice
to a laboratory at the University of Georgia (UGA; Athens,
GA) with prior MinlON sequencing experience. The UGA
laboratory was provided with the protocols and primers
used at CAHFS. Sequences were analyzed similarly to the
methods described above, with the differences as follows.
Base calling was conducted using Albacore v.2.3.4 (ONT),
and adapter sequences were trimmed using Porechop
v.0.2.3 (https://github.com/rrwick/Porechop). To sort the
reads based on avian IAV (AIV) segments, sequences were
initially mapped, without iterations, to a file containing one
sequence for each AIV HA and NA segment. The top hit
was then used as a reference sequence for a second round
of read mapping. The remaining non-HA and non-NA
reads were identified and sorted by mapping and consen-
sus building to the non-HA and non-NA segments of a
single AIV isolate. The ends of short reads caused by
mispriming were trimmed to remove erroneous, primer-
based sequences. Consensus sequence threshold was set to
“0% majority,” and single-nucleotide deletions or inser-
tions at homopolymers were subsequently corrected manu-
ally to remove frameshifts. All mapping and consensus
building were performed using Geneious Prime v.2019.0.4.
Primer sequences were trimmed from the end of the con-
sensus sequences, and consensus sequences were then com-
pared between the 2 laboratories.

Results

TAV diversity using cultured IAV

To evaluate the utility of the MinlON-based WGS approach
for detecting a diversity of IAV subtypes, we sequenced 16
isolates encompassing 13 of the 18 recognized HA types and
9 of the 11 recognized NA types (Table 1). The only types not
available for testing were the bird-associated H13, H15, and
H16 subtypes, and the bat-associated subtypes H17N10 and
HI8NI11. All 8 segments in their entirety were amplified at a
minimum 500x depth of coverage from each of the 16 iso-
lates.

Comparison of MinION to Sanger sequencing

To validate the accuracy of IAV sequencing using the ampli-
con-based nanopore sequencing (i.e., the MinlON-WGS
approach) compared to the industry-standard Sanger
sequencing, internal sequences from all 8 segments from 3
TAV isolates (HIN1, H3N8, and H8N4) were sequenced by
the Sanger method and sequence results were compared with
the MinlON-generated consensus sequences from the same
isolates. The sequences ranged in length from 622bp (NA,
HINT1) to 774 bp (PB-1, H8N4). For the 3 isolates analyzed,
sequences generated using the Sanger method were identical
to the MinlON-generated consensus sequences across all 8
segments (i.e., 24 total sequences).

Analytic sensitivity

The analytic sensitivity was determined by serial dilution of
a previously characterized H3N8 isolate sequenced using
MinlON WGS following universal IAV RT-rtPCR (Table 4).
The dilution series was designed to include a range of matrix
gene rtPCR Ct values that encompassed the limit of detection
for MinION sequencing. The Ct values obtained ranged from
a low of Ct 32, for which all segments of the virus were
sequenced at high coverage depth (>200x), to Ct 41, for
which only a few segments were detected at low (<50x) or
medium (50-200x) coverage depth in 2 of 3 replicates after
40 PCR cycles. Based on these data, a limit of detection
rtPCR Ct value of 35 was determined as appropriate to ensure
that all segments are detected consistently with high cover-
age. Additionally, increasing the number of PCR cycles from
31 to 40, as evaluated in the dilution series, demonstrated
that individual segments from the 40-cycle group were
detected at a higher depth of coverage compared to the
31-cycle group. However, the total number of segments
detected (at any depth of coverage) was nearly identical
between the 2 groups.

Diagnostic sensitivity and specificity

Among the wild waterfowl samples, complete genomes were
recovered for all samples with Ct values of 32 or below
(Table 2). Although 4 complete genomes were recovered
from 9 samples with Ct values of 34 and 35, the other 5 sam-
ples resulted in at least partial genome coverage. Of the 19
waterfowl samples for which complete genomes were recov-
ered, 4 had mixed IAV infections and, in 2 of those, 3 differ-
ent HA subtypes were detected. From the 4 poultry samples
(1 chicken, 3 turkeys), nearly identical H7N3 genomes were
recovered. None of the 5 waterfowl H5 or H7 subtypes, nor
the 4 poultry H7 subtypes evaluated, contained known patho-
genicity markers at the HA cleavage site.

Inter-laboratory reproducibility

Sequence comparisons were made using consensus sequences
following manual editing of single-nucleotide deletions or
insertions at homopolymers (Table 5). The sequence identi-
ties between CAHFS and UGA were nearly identical. Three
of the 80 segments compared were 99.8% identical, 17 were
99.9% identical, and 60 were 100% identical.

Turnaround time

Considering all of the steps involved in MinlON system
WGS, we evaluated an approximate TAT from swab to
genome data for an IAV sample. The initial RNA extraction
procedure from an oropharyngeal swab required ~1 h. Prepar-
ing master mix and completing the RT-rtPCR required an
additional 2 h. The universal RT-rtPCR, including master mix
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Table 5. Percent identity of MinlON-generated influenza A virus sequences between CAHFS and the University of Georgia.
Subtype
Segment HINI1 H4NG6 H7N8 H8N4 HI10N3 HI10N7 HI1IN2 H14N3 H5N2 H3N2
HA 100 100 100 100 100 99.8 100 100 99.8 99.9
NA 100 100 100 100 99.9 100 99.9 100 100 99.9
PB2 100 100 100 100 100 100 100 99.9 100 99.9
PBI 100 99.9 99.9 100 100 100 100 99.9 100 99.9
PA 100 100 99.9 100 100 99.9 100 99.9 100 99.9
NS 100 100 100 100 100 100 99.8 100 100 100
NP 100 100 99.9 100 100 100 99.9 100 100 99.9
M 100 100 100 100 100 100 100 100 100 100

preparation, required ~4 h. The MinlON DNA library prepa-
ration required an additional 3 h to complete prior to placing
the sample on a flowcell for sequencing. Because data gener-
ated by the MinION is available for analysis in real time, sub-
typing was possible in as little as 1 h after starting the MinION
sequencing run for nearly all of the samples tested (e.g., those
with RT-PCR Cts <32). Finally, complete post-sequence data
analysis required, on average, an additional 4 h. Thus, a mini-
mum of 15h was needed from the time a swab sample having
a sufficient concentration of virus arrived in the laboratory to
the availability of a complete IAV genome.

Discussion

We demonstrated the feasibility of generating whole-genome
sequence data direct from clinical samples within 1-2 days
on-site. Rapid TATs and completeness of the laboratory
results can be critical where morbidity and mortality are high
in poultry or when there is human involvement (e.g., reverse
zoonosis from humans to pigs). The use of the MinlON-
WGS approach described here can reduce the time from sub-
mission of a swab sample to IAV subtype in a positive sample
to as little as a single day. For the purpose of our study, an
extended MinlON sequencing run time of 48h was used;
however, the clinical samples with lower initial Ct values
(e.g., Cts <32, which equates to higher virus concentration)
had sufficient sequence data for quality evaluation after as
little as 1h of sequence time. For example, from sample
AHO0152245, which had a quantitative PCR Ct of 32, 176,000
reads passing internal quality parameters (Q score >7) were
generated within 1h of sequencing. Of those sequences,
53,000 mapped variably to each of the 8 AV segments rang-
ing from 1,600 reads (PB2) to 18,200 reads (NS) resulting in
high coverage consensus sequences covering the entire
genome. Because the MinION system allows access to data
during the sequencing process, the data can be reviewed and
analyzed in real-time thus shortening the actual run time and
associated TAT to the result.

Use of WGS via the MinION system allows for on-site
and rapid generation of diagnostic quality data for IAV to
determine the H and N subtypes and presence of known

pathogenicity markers. Additionally, sequence data can be
uploaded via designated portals to reference laboratories or
collaborating laboratories for analysis and assessment when
concerns regarding zoonotic potential or altered pathogenic-
ity exist. However, our study highlights the need to manually
inspect consensus sequences for long homopolymer regions,
as well as any associated single-base ambiguities. The next
generation of flowcells (v.R10) contains engineered nano-
pores with additional recognition sites to better resolve
homopolymer regions, thus, in the future minimizing the
problems detected with homopolymers. The real-time avail-
ability of MinlON system sequencing data is useful for
disease investigations, as well as routine surveillance. Real-
time virus monitoring could also be useful when poultry are
held and allowed to clear LPAI prior to marketing.

Wild waterfowl samples were specifically targeted in the
diagnostic laboratory setting to verify the MinlON system
given the potential presence of PCR inhibitors in the sample
matrix.” Additionally, swab samples from commercial poul-
try, as well as a small subset of swine samples were evalu-
ated using the MinlON system. The [AV obtained from 4
commercial poultry samples (1 chicken, 3 turkeys) from the
same H7N3 LPAI outbreak were sequenced and found to be
nearly identical.

We compared the MinlON system WGS to viral genome
sequences obtained by Sanger sequencing across large sec-
tions (622—774bp) of all 8 segments from 3 different IAV
subtypes. The MinlON data reliably generated whole
genomes direct from swab samples without the need for prior
isolation of the virus, as can be done with Sanger sequenc-
ing; however, the ability to generate data across the full
genome can save valuable time in support of outbreak or dis-
ease investigation responses. Our data using serial dilutions
of known IAV suggest that samples with a PCR Ct <35 are
appropriate for attempted sequencing by the MinION sys-
tem; whereas Cts <32 are more likely to yield acceptable
data across all 8 segments of the virus (>200x). Our study
highlights the feasibility and benefits of nanopore sequenc-
ing using a bench-top MinION system that can provide near
real-time access to high-quality whole-genome IAV data
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direct from clinical material, as well as TAV isolates. This
approach could be expanded to include a subset of other
infectious agents, dependent on size and complexity of the
genome, as a reasonable on-site option for diagnostic labora-
tories given the accessibility, affordability, and portability of
the MinION system.
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