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ABSTRACT Influenza A and B viruses are the causative agents of annual influenza
epidemics that can be severe, and influenza A viruses intermittently cause pandem-
ics. Sequence information from influenza virus genomes is instrumental in determin-
ing mechanisms underpinning antigenic evolution and antiviral resistance. However,
due to sequence diversity and the dynamics of influenza virus evolution, rapid and
high-throughput sequencing of influenza viruses remains a challenge. We developed
a single-reaction influenza A/B virus (FIuA/B) multiplex reverse transcription-PCR (RT-
PCR) method that amplifies the most critical genomic segments (hemagglutinin
[HA], neuraminidase [NA], and matrix [M]) of seasonal influenza A and B viruses for
next-generation sequencing, regardless of viral type, subtype, or lineage. Herein, we
demonstrate that the strategy is highly sensitive and robust. The strategy was vali-
dated on thousands of seasonal influenza A and B virus-positive specimens using
multiple next-generation sequencing platforms.
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nnual influenza epidemics are caused by 4 cocirculating influenza virus subtypes

and lineages: A(HTN1)pdm09, which displaced the previously circulating A(HTN1)
viruses after the 2009 pandemic, and A(H3N2), B/Yamagata, and B/Victoria, resulting in
substantial morbidity, mortality, and economic loss (1-3). For disease surveillance and
vaccine strain selection, it is necessary to monitor thousands of circulating strains to
identify antigenic drift and antiviral resistance, which are encoded by viral hemagglu-
tinin (HA), neuraminidase (NA), and matrix (M) gene segments (4). Currently, most
surveillance sequencing is carried out using subtype- and gene-specific primers to
amplify the relevant gene segments before using them as the templates for Sanger or
next-generation sequencing (NGS) (5-10). However, one or more drawbacks are inher-
ent to those approaches: (i) conducting multiple reverse transcription-PCRs (RT-PCRs)
for one virus/gene is expensive and labor-intensive; (ii) prior knowledge of the viral
genotype is required to allow the correct selection of conserved predesigned primer
sets; (iii) even when the conserved primer set is selected, sequence mismatch is
inevitable in some influenza seasons due to the highly mutable nature of influenza
viruses; and (iv) the robustness and sensitivity of the assays are not extensively
optimized and validated with primary human specimens.
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FIG 1 Conserved terminal sequences of seasonal influenza viruses. All publicly available full-length
sequences (in cDNA sense) of human influenza A(H3N2), A(H1N1), and influenza B viruses were
aligned for each gene segment of interest [9,472 HA, 6,948 NA, and 3,635 M for A(H1N1); 6,745 HA,
6,363 NA, and 3,766 M for A(H3N2); and 3,055 HA and 2,034 NA for influenza B virus. Full-length
sequences are defined as sequences that have complete coding regions). The heights of nucleotides
at the 20 terminal positions at each end of each segment are representative of their relative
frequencies at a specific position using the WebLogo application (35). Underlined nucleotides
correspond to the primer binding regions.

Sequence-independent random priming methods have been developed to amplify
influenza viral genomes for NGS (11, 12). However, host DNA/RNA amplification by
nonspecific priming and uneven amplification of viral genomes limited their use for the
surveillance of large numbers of human clinical samples. Two techniques that specif-
ically amplify the complete genomes of either influenza A virus or B virus in individual
reactions (13, 14) have been widely used for the sequencing of thousands of influenza
virus genomes from specimens of human, avian, swine, and other species. Nevertheless,
those two methods are influenza virus type specific, and two separate primer sets with
different optimal RT-PCR conditions are required. In addition, for antigenic drift and
antiviral resistance surveillance, selective sequencing of HA, NA, and M segments
provides the essential information needed at higher throughput and lower cost than
whole-genome sequencing.

Therefore, to expedite the surveillance of viruses responsible for annual influenza
epidemics, we aimed to develop a high-throughput sequencing strategy that over-
comes the aforementioned challenges and is universally applicable to diverse circulat-
ing epidemic influenza viruses. Herein, we developed and validated a highly sensitive
and robust single-reaction influenza A/B virus surveillance multiplex RT-PCR strategy
(FluA/B RT-PCR) that enables simultaneous amplification of the HA, NA, and M gene
segments of any A(HTNT), A(HINT)pdm09, A(H3N2), B/Yamagata, or B/Victoria influ-
enza virus directly from clinical specimens or virus isolates for sequencing. The process
is ideally suited for NGS; the analysis pipeline we developed streamlines NGS analysis
for laboratories that have minimal bioinformatics support and enables the detection of
mixed infections with different influenza viruses.

RESULTS

Strategy for universal amplification of seasonal influenza viruses. We analyzed
all full-length HA, NA, and M sequences of human A(H1N1) {including viruses prior to
and after 2009 [A(H1N1)pdmO09]}, A(H3N2), and influenza B viruses deposited in
GenBank by 2013 (15) when this study was initiated, and we found the termini of the
HA, NA, and M segments to be extremely conserved (Fig. 1). Harnessing this conser-
vation, oligonucleotide primers were designed for full-length amplification of the HA,
NA, and M gene segments (Table 1). As the conserved regions are relatively short,
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TABLE 1 Universal FIuA/B primer cocktail

Amt (ul) from each 10 uM

Primer Sequence (5’ to 3)? oligonucleotide®
A-HA-UniF GGGGGGAGCAAAAGCAGGGGA 40
A-HA-UniR CCGGGTTATTAGTAGAAACAAGGGTG 40
A-NA-UniF GGGGGGAGCAAAAGCAGGAGT 60
A-NA-UniR CCGGGTTATTAGTAGAAACAAGGAGT 60
A-M-UniF¢ GGGGGGAGCAAAAGCAGGTAG 20
A-M-UniR¢ CCGGGTTATTAGTAGAAACAAGGTAG 20
B-HANA-Uni3F GGGGGAGCAGAAGCAGAGC 80
B-HANA-Uni3R CCGGGATATTAGTAGTAACAAGAGC 80

aUnderlined nucleotides correspond to the conserved genomic termini.

bFor highest RT-PCR efficiency, the working stock should be made fresh each time.

<The primers for the M segment could be left out of the cocktail if the M segment is not needed for the
identification of antiviral resistant mutations.

nucleotide tails were added to the 5’ termini of the primers to increase the annealing
temperatures for improved PCR efficiency (Table 1). The A-HA-UniF/R, A-NA-UniF/R, and
A-M-UniF/R primer pairs are designed to amplify the full-length HA, NA, and M
segments of all seasonal A(H1N1)pdm09 or A(H3N2) viruses. The B-HANA-UniF/R primer
pair is designed to amplify the full-length HA and NA segments of both the B/Yamagata
and B/Victoria lineages of viruses. The M segment of influenza B viruses was not
targeted for amplification, since it is not an antiviral target.

Optimization of the FIuA/B surveillance multiplex RT-PCR. To optimize the
sensitivity and robustness of the FIuUA/B RT-PCR, we tested and analyzed multiple
variables, including different 5’ tail sequences, primer ratios, concentrations, and/or
thermocycling parameters. The final optimized primer sequences and RT-PCR reaction
parameters are listed in Table 1 and described in Materials and Methods.

Aiming to develop techniques that amplify the HA, NA, and M segments evenly and
with high sensitivity for all contemporary epidemic influenza viruses, we used
several human influenza virus strains for the entire optimization process, including
an A(H1N1)pdmQ9 virus (A/New York/1682/2009), an A(H3N2) virus (A/New York/238/
2005), and an influenza B virus (B/Brisbane/60-10/2010). Using the optimized condi-
tions, an RNA template concentration equivalent to 1 50% tissue culture infective dose
(TCID,)/RT-PCR was sufficient to generate the desired amplicons for A(HTN1)pdm09
and A(H3N2) viruses (HA, NA, and M) and for influenza B virus (HA and NA) (Fig. 2). All
the desired segments were amplified relatively evenly, independent of the concentra-
tion of viral RNA template, which is critical for uniform nucleotide coverage in NGS. The
NS segment from influenza A virus was also amplified due to its conserved terminal
sequences with the HA/NA segments (e.g., the A-HA-UniR primer matches the 3’
terminus of the NS segment precisely).

Of note, the widely used prototype viruses A/Puerto Rico/8/1934 (PR8) and B/Lee/
1940 (B/Lee) viruses are not ideal candidates to optimize the FIuA/B RT-PCR assay. The
NA of PR8 contains a “G” at position 13 of the 5’ end (cRNA sense), whereas almost all
other NA of human A(H1NT1) [including A(HTN1)pdm0Q9] viruses contain an “A” at that
position (Fig. 1). Similarly, the HA of B/Lee contains the unique GTT instead of the
conserved AGA at positions 10 to 12 of the 5" end (Fig. 1). As both PR8 and B/Lee are
very old laboratory-adapted isolates, these mismatches are not of concern when using
the FIuA/B RT-PCR method for the surveillance of contemporary human influenza
viruses.

Performance of FluA/B RT-PCR for diverse seasonal influenza viruses. We then
validated independently the performance of the FIuA/B RT-PCR on primary and/or
culture isolated specimens at 4 institutions: the J. Craig Venter Institute, WHO Collab-
orating Centre (WHOCC)-Melbourne, CDC Influenza Division, and New York University
(Table 2). When results from different sites were combined, 1,761 out of 1,761 cultured
specimens (100%) and 286 out of 344 primary specimens (83%) were successfully
amplified (and/or sequenced) (Table 2). Our data indicate that the FIuA/B RT-PCR is
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FIG 2 Sensitivity of FIuA/B surveillance multiplex RT-PCR. RNA was extracted from 107 TCID, of each
A(HTNT)pdm09, A(H3N2), and influenza B virus, eluted in 30 ul of nuclease-free water, and diluted in a
1:10 series; 3 ul was used as the template for each RT-PCR. The equivalent amount of virus (TCID,) used
in each RT-PCR is shown at the top of each lane. For each 25-ul reaction mixture, 3 ul was used for
electrophoresis in agarose gel. L, 1-kb Plus ladder (Thermo Fisher Scientific, Inc.); N, negative control (no
template). (A) A/New York/NY1682/2009 (H1N1pdm09). (B) A/New York/238/2005 (H3N2). (C) B/Brisbane/
60-10/2010 (influenza B virus). The particular A(HTNT)pdmO09 virus used here was rescued in an earlier
study (13) and contains a “G” at the fourth position of the NA segment (refer to Fig. 1), which may have
resulted in the less-robust amplification of the NA segment, a phenomenon we have not noticed in the
many wild-type A(H1N1)pdm09 viruses we processed (Table 2).

sensitive and robustly amplifies A(H1N1)pdm09, A(H3N2), and influenza B viruses, with
threshold cycle (C;) values as high as 30 to 38, when dilutions of A/New York/1682/
2009, A/New York/238/2005, and B/Brisbane/60-10/2010 viruses were tested (data not
shown). A limited number of primary specimens were also performed with real-time
RT-PCR, but more data are needed to determine the cutoff C; value that can be reliably
amplified with the FIuA/B RT-PCR method.

TABLE 2 Summary of influenza A and B samples amplified and sequenced in this study

No. of successful

Sequencing Virus samples/total

platform Sample format type/subtype/lineage no. of samples (%)?

lon Torrent PGM Cultured specimens A(HTNT)pdm09 152/152 (100)
A(H3N2) 1,502/1,502 (100)
B/Yamagata 61/61 (100)
B/Victoria 46/46 (100)

lon Torrent PGM; Primary specimens A(HTN1)pdm09® 68/83 (82)

lllumina MiSeq A(H3N2) 158/189 (84)

B/Yamagata 10/11 (91)
B/Victoria 14/17 (82

)
B/lineage-not-performed 36/44 (82)

aSuccessful samples are either evidenced by RT-PCR amplification of all desired amplicons (for FIuA, HA, NA,
and M; for FluB, HA and NA) or by sequencing of complete target genes (for FluA, HA, NA, and M; for FluB,
HA and NA).

bTwo of the samples were coinfected with A(H1N1)pdm09 and A(H3N2), or with A(HTN1)pdm09 and
influenza B virus.
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FIG 3 NGS analysis results generated from FIULINE. Influenza virus samples processed at WHOCC-
Melbourne were sequenced on the lon Torrent PGM platform, and data were analyzed using the
newly developed FIULINE pipeline described in this study. NGS sequencing coverage and depth for
representative influenza A virus (A) and influenza B virus (B) are shown. The outermost circle
represents the gene segments: HA (orange), NA (blue), and MP (purple). The depths of coverage are
represented by the concentric rings, emanating from the center, and each concentric ring represents
1,000X coverage.

FIuA/B RT-PCR amplicons were then sequenced with either the lon Torrent PGM or
lllumina MiSeq platforms (Table 2). Importantly, when the sequencing reads were
mapped to the whole genome, all the desired segments (HA, NA, and M for influenza
A virus; HA and NA for influenza B virus) were represented at high coverage, whereas
the other segments had minimal, if any, sequence coverage (Fig. 3 and 4). Hence, the
sequencing capacity of the platform is focused on the targets that are most critical for
antigenic and antiviral resistance analyses. Using this strategy, we have also successfully
identified specimens from individuals coinfected with influenza A and B viruses or
coinfected with A(HIN1)pdm09 and A(H3N2) viruses (Table 2).
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FIG 4 NGS analysis results generated from IRMA. Influenza virus samples processed at the CDC were sequenced on
the lllumina MiSeq platform, and data were analyzed using the IRMA pipeline. Representative graphs of an
influenza A virus are shown for the percentage of read counts and the sequencing coverage and depth. (A)
Percentages of total read counts. Assembled, influenza virus reads in final assemblies; quality control (QC) filtered,
did not pass length/median quality thresholds; other, nonflu, and contaminant/poor flu signal. (B) Percentages of
assembled, merged-pair read counts of influenza virus HA, NA, and M segments. (C) Sequencing coverage and
depth based on the reads mapped to the HA, NA, and M segments.

Optimization of the influenza virus NGS analysis pipeline. The NGS data of the
FIuA/B RT-PCR amplicons can be analyzed with various analysis pipelines. To optimize
viral genome assembly and variant calling from NGS data, the Iterative Refinement
Meta-Assembler (IRMA) pipeline was developed recently at the CDC (16) and was used
to analyze all samples processed at CDC.

Meanwhile, an alternative NGS analysis pipeline, FIULINE (Fig. 5), was developed to
analyze all samples processed at the WHOCC-Melbourne (Table 2). FIULINE takes FASTQ
files from lon Torrent or Illumina sequencing to generate influenza virus consensus
sequences iteratively and then maps the reads to the final consensus sequences for
single nucleotide variant (SNV) calling and coverage visualization (Fig. 3). To assess the
accuracy of the NGS and FIUuLINE, 10 viruses of each subtype were sequenced by both
Sanger and lon Torrent PGM; in all cases, the Sanger sequencing data matched
identically with the NGS pipeline-generated consensus sequences from the lon Torrent
PGM data (data not shown).

DISCUSSION

Capturing antigenic evolution and antiviral resistance is essential for molecular
surveillance of seasonal human influenza epidemics. Sequencing of the HA, NA, and M
gene segments of influenza A virus, as well as the HA and NA gene segments of
influenza B virus, would complement and reduce reliance on the traditional hem-
agglutinin inhibition and phenotypic antiviral resistance assays for a large number
of specimens. These assays would then only need to be used to phenotypically
characterize viruses representative of each genetic group. However, the sequence
diversity within and across the 4 epidemic influenza virus subtypes and lineages
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FIG 5 Main steps in the NGS analysis pipeline. (i) Filter the sequencing reads by cutadapt and FastQG, (ii) find the nearest sequence in NCBI database for each
read, (iii) cluster and identify the viral species, (iv) generate consensus genomic sequence iteratively, (v) map the reads to the final consensus genome, and (vi)

identify SNVs and visualize the coverage of the genome. min, minimum.

presents a major hurdle to designing an efficient universal strategy for conversion
and amplification of the viral RNA to double-stranded DNA (dsDNA), a step that
dramatically increases sequence coverage and reduces costs for all current se-
quencing platforms.

Compared to the universal genome amplification methods we previously devel-
oped, which are specific for influenza A viruses (13) or influenza B viruses (14), the
single-reaction FIuA/B surveillance multiplex RT-PCR method overcomes the evolution-
ary sequence barrier between type A and type B influenza viruses. This method
amplifies the genomes of any seasonal epidemic influenza virus(es) present in clinical
samples without prior knowledge of the type, subtype, or lineage of the virus. The
FIuA/B RT-PCR is highly sensitive (1 to 10 TCID5,/RT-PCR) and robust, and we have
applied it to successfully amplify (and sequence) the desired viral segments of hun-
dreds of contemporary influenza A and B viruses (Table 2). This strategy is a powerful
genetic surveillance assay that can be used on specimens from patients with influenza-
like illness, and it has the potential to be used for diagnostic NGS, with an overall
turnaround time of 2 to 4 days. The distinctive amplicon products visualized after
agarose gel electrophoresis or other size fractionation processes will readily identify the
type of influenza virus, and sequencing of the amplicons will generate the necessary
information required for in-depth phylogenetic analyses. By focusing on the gene
segments crucial for antigenic and antiviral surveillance (influenza A virus, HA, NA, and
M; influenza B virus, HA and NA), sequencing depth is increased by 3- to 4-fold on these
genes, which could be especially helpful in analyzing minor variants. Alternatively,
more samples could be multiplexed per sequencing run for higher throughput and
reduced cost. Since most of the contemporary epidemic human influenza viruses are
resistant to adamantanes (17-19), if desired, the M primers can be removed from the
FIuA/B primer cocktail to further simplify the reaction and increase the sequencing
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coverage depth and/or the number of viruses that can be sequenced in a specific
sequencing run.

The FIuA/B RT-PCR strategy was developed primarily for NGS of contemporary
epidemic influenza A and B viruses and could be deployed for a range of activities,
including surveillance or diagnostic sequencing. The primers were designed based on
the results of an analysis of all human influenza viruses before 2013, and the assay was
validated with more than 1,000 human influenza viruses primarily collected after 2013.
In addition, the FIuA/B RT-PCR primers bind the recently emerged A(H3N2) variant
viruses (H3N2v) (20, 21), since they also have the same conserved terminal sequences
(data not shown). Given the conservation of the primer binding regions of epidemic
seasonal influenza viruses over the past 100 years, we deem it highly unlikely that these
regions will change in the foreseeable future. If a new subtype or animal-origin HA/NA
is introduced into the human population, current influenza virus surveillance will
immediately detect it, and sequencing of these regions will readily indicate if the FluA/B
RT-PCR primers should be updated.

We previously also attempted to develop a single-reaction complete genomic
amplification approach that works universally for all eight segments of both influenza
A and B viruses. We combined the primers and integrated the methods described in an
influenza A virus genomic amplification study (13) and an influenza B virus genomic
amplification study (14). However, that approach suffered from significant loss of
sensitivity: at least 1,000 to 10,000 TCID,,/RT-PCR was needed for reliable genomic
amplification. In contrast, the FIuA/B surveillance multiplex RT-PCR strategy described
herein amplifies viral RNA template as low as 1 to 10 TCID5,/RT-PCR, which is roughly
equivalent to 100 to 1,000 TCIDs,/ml of virus. We consider 10 TCID5,/RT-PCR as the
sensitivity level that a practical RT-PCR amplification method should have, as the viral
load in many human clinical specimens is in the order of 1,000 (but varies from less than
102 to more than 10°) TCIDso/ml (22, 23). In addition, some clinical specimens may
contain RT-PCR inhibitory factors, degraded viral genomes, and defective interfering
particles (24), which further decrease the success rate of the assays. Recently, using
degenerate primers, a universal method targeting the whole genome of both influenza
A and B viruses was reported (25). However, with a lab-cultured H5N1 virus, at least
1.8 X 10° TCID5o/ml of virus (10~# dilution of the 1.8 X 10° TCID5/ml of virus stock)
was needed to sequence all eight segments of the viral genome (25), further illustrating
the difficulty in developing a universal whole-genome amplification method that works
for both influenza A and B viruses.

Downstream analysis of NGS data is challenging for many laboratories because of
the lack of bioinformatics expertise. Therefore, in addition to the recently reported
IRMA pipeline developed at CDC (16), FIULINE was specifically developed for influenza
A and B virus NGS analysis at the WHOCC-Melbourne. FIULINE can be used for data
output from any NGS platform, as it uses raw fastq as the input data format. This set of
scripts was written using open source programs; hence, this semiautomated pipeline is
freely available to anyone with minimal bioinformatics training and a Linux operating
system installed on a contemporary computer.

Overall, the FIuA/B RT-PCR approach coupled with NGS and the analysis pipelines
were successfully used to sequence the complete HA and NA (and M) gene segments
of greater than 1,000 influenza A and B viruses in a fast, user-friendly, and cost-effective
way. Finally, the method is easily adopted by laboratories using a variety of NGS
platforms.

MATERIALS AND METHODS

Viruses. Altogether, 2,105 influenza A and B viruses collected between 2005 and 2015 were used in
this study, including 344 primary clinical specimens, 1,751 cell culture-isolated viruses, and 10 embryo-
nated chicken egg-isolated viruses. The viruses are mainly collected from the United States, Australia, and
other regions within the WHO Global Influenza Surveillance and Response System (WHO GISRS). RNA was
extracted from primary or cultured specimens using the RNeasy minikit (Qiagen), QlAamp viral RNA
minikit (Qiagen), or QlAxtractor automated system (Qiagen), according to the established protocols at
each institution. The presence of influenza viruses was confirmed with real-time reverse transcription-
PCR (rRT-PCR) using the CDC Influenza virus real-time RT-PCR assay (catalog no. NR-15592; BEI Resources)
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or using the FilmArray multiplex PCR system (bioMérieux, Inc.), according to the manufacturers’ recom-
mendations.

FIuA/B RT-PCR. Standard desalted oligonucleotide primers were ordered from Integrated DNA
Technologies, Inc., and 10 uM working stocks were made with nuclease-free water, aliquoted, and stored
at —20°C. The FIuA/B surveillance multiplex RT-PCR (FIuA/B RT-PCR) primer cocktail should be made fresh
for each use, as specified in Table 1, avoiding repeated freeze-and-thaw cycles, which could decrease the
RT-PCR efficiency.

The FIuA/B RT-PCR reaction was set up as follows: 6 ul of nuclease-free water, 12.5 ul of 2X RT-PCR
buffer, 3 ul of FluA/B RT-PCR primer cocktail, 3 ul of RNA, and 0.5 ul of RT/HiFi enzyme were mixed in
a 25-pl reaction mixture using the SuperScript Ill one-step RT-PCR system with Platinum Taq high-fidelity
DNA polymerase (Thermo Fisher Scientific, Inc.). The temperature cycle parameters were 45°C for 45 min,
55°C for 15 min, 94°C for 2 min, and then 5 cycles of 94°C for 20 s, 44°C for 30 s, and 68°C for 3 min,
followed by 35 cycles of 94°C for 20 s, 58°C for 30 s, and 68°C for 3 min, with a final extension at 68°C
for 10 min.

To assess the FluA/B RT-PCR amplification products, 3 ul of the amplicons was loaded into a 1%
agarose gel for electrophoresis until all bands were clearly separated. DNA was stained with ethidium
bromide that was precast in the gel.

Next-generation sequencing. The products of the various influenza A and B virus amplicons were
sequenced on an lon Torrent PGM (Life technologies) and a MiSeq (lllumina) using standard protocols
appropriate for each sequencing platform. Influenza virus sequencing and analysis at the J. Craig Venter
Institute (JCVI) were performed as previously described (14). The procedures at the CDC were also
previously described (16). Sequencing using the lon Torrent PGM at WHOCC-Melbourne was performed
according to the manufacturer’s protocol: PCR amplicons were fragmented to 200 bp using the lon
Xpress Plus fragment library kit (Life technologies) and then ligated to lon Xpress barcode adapters 1 to
96 (Life Technologies). Up to 96 individual amplicons with adapters were pooled and cleaned with
AMPure XP reagent (Agencourt). Pooled libraries were quantified with the lon library quantitation kit (Life
Technologies), 10 pM of final library concentration was used to prepare template-positive lon Sphere
particles on the lon OneTouch 2 instrument (Life Technologies), and lon 316 Chip version 2 was used for
sequencing on the lon Torrent PGM.

Influenza virus analysis pipeline. We developed a sequence analysis pipeline, FIULINE, using several
open-source programs to identify the closest viral strain genome, generate the consensus genome, and
detect variance within the sample viral population. The main steps of the pipeline are: (i) quality control
and filtering of the sequencing reads; (ii) a search of each read against the NCBI database to find the
nearest sequence; (i) clustering and identification of the viral species; (iv) generation of consensus
genomic sequences iteratively; (v) mapping of the reads to the final consensus genome; and (vi)
identification of single nucleotide variants (SNVs) and visualization of the coverage of the genome (Fig.
5). FIULINE is available on https://umasangumathi.github.io/FIuLINE/.

FastQC (26) was used to assess the quality of the NGS reads, such as quality of base calling and
read length distribution, and to identify adapter sequences in reads. Cutadapt (27) was used to trim
adapter sequences and filter out low-quality reads. A minimum base quality cutoff of 20 and
minimum read length of 50 bp were chosen to ensure good-quality reads for consensus genome
generation.

To identify coinfection, each read was searched for the best matching nucleotide sequence in the
NCBI nucleotide database using the BLAST toolkit (28). The reads were clustered based on the species or
strain using the metagenomic analysis software MEGAN (29) and generated phylogenetic clustering at
the viral strain level to investigate the potential for coinfection by multiple viral species or strains of virus
and to identify the closest viral genome in NCBI.

With the closest viral genome as a guide, the consensus genome of the sample was generated by
using the ‘bam2cons_iter.sh’ script from the ViPR pipeline (https://github.com/CSB5/vipr). The script uses
BWA (30) to iteratively map reads to the reference genome until a working consensus is generated based
on the maximum frequency of nucleotide at each position. BLAST is then run again using the working
consensus as the query, and the iterative consensus building procedure is run again with this optimal
reference as the root to produce the final consensus sequence for the sample.

Bowtie2 (31) with local fast alignment option was used to map the reads to the consensus reference
genome for mutations and indels detection, as suggested by Caboche et al. (32). Finally, LoFreg2 (33) was
used to detect the SNVs present in the sample for the regions with a minimum of 100X genome
coverage. The visualization of genome coverage for the viral gene segments of interest was plotted using
the Circos software (34).
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