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Review of genome sequencing technologies
in molecular characterization of influenza A
viruses in swine

Ravendra P. Chauhan,® Michelle L. Gordon'

Abstract. The rapidly evolving antigenic diversity of influenza A virus (IAV) genomes in swine makes it imperative to
detect emerging novel strains and track their circulation. We analyzed in our review the sequencing technologies used for
subtyping and characterizing swine AV genomes. Google Scholar, PubMed, and International Nucleotide Sequence Database
Collaboration (INSDC) database searches identified 216 studies that have utilized Sanger, second-, and third-generation
sequencing techniques to subtype and characterize swine IAV genomes up to 31 March 2021. Sanger dideoxy sequencing
was by far the most widely used sequencing technique for generating either full-length (43.0%) or partial (31.0%) 1AV
genomes in swine globally; however, in the last decade, other sequencing platforms such as I[llumina have emerged as serious
competitors for the generation of whole-genome sequences of swine IAVs. Although partial HA and NA gene sequences
were sufficient to determine swine IAV subtypes, whole-genome sequences were critical for determining reassortments and
identifying unusual or less frequently occurring IAV subtypes. The combination of Sanger and second-generation sequencing
technologies also greatly improved swine IAV characterization. In addition, the rapidly evolving third-generation sequencing
platform, MinlON, appears promising for on-site, real-time sequencing of complete swine IAV genomes. With a higher raw
read accuracy, the use of the MinlON could enhance the scalability of swine IAV testing in the field and strengthen the swine
IAV disease outbreak response.
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swine [AV sequencing, whole-genome sequencing.

Influenza A virus (IAV; Orthomyxoviridae, Alphainfluenza-
virus) is the most prevalent of the 4 influenza virus types that
have been reported in swine populations globally.'® The tra-
cheal receptors that efficiently bind human- and avian-origin
IAVs make swine a favorable host or a mixing vessel for AV
inter-species transmission, reassortment, and evolution.” A
broad range of antigenic diversity in hemagglutinin (HA)
and neuraminidase (NA) genes exists in currently circulat-
ing swine IAV genomes,'*'” and forms the basis of IAV
subtyping;*''’ however, mutations''® and reassortments in
internal gene segments are also critical for swine IAV evolu-
tion. The 2009 flu pandemic originated primarily from the
interspecies transmission and reassortment of avian and
human [AV strains within swine in Mexico, which triggered
the emergence of a new [AV subtype termed the “A(HIN1)
pdm09” virus.® In addition, by utilizing various sequencing
technologies, numerous other novel and reassortant [AV sub-
types have been reported in swine in recent years.”-%%-10%106

Sanger dideoxy sequencing was the first sequencing plat-
form that was introduced in 1977, and, given the long
(~800bp) and high-quality reads produced, is considered the
gold standard for DNA sequencing.'’ Sanger sequencing uti-
lizes a chain-termination strategy that relies on a modified

DNA polymerase enzyme, which incorporates dideoxynu-
cleotides (ddNTPs) at a specific position in the DNA tem-
plate. The initial studies for sequencing swine IAVs used
2P-end-labeled oligonucleotide primers” and had to be
manually read from the sequencing gel, making this method
hazardous as well as labor- and time-intensive. The introduc-
tion of automated DNA sequencers, such as the ABI 3730
DNA sequencer’ and the ABI 3130/3130x/ genetic ana-
lyzer,***>7 as well as the replacement of radioactive-labeled
primers with rhodamine-based fluorescent dyes, overcame
these challenges and, as a result, this technology was used
extensively to obtain up to 900 bases of AV gene sequences
per sequencing reaction.

The automation of Sanger sequencing along with the
advent of next-generation sequencing (NGS) platforms,
including the Roche 454 GS Junior in 2005, Illumina in
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2007, and the Ton Torrent PGM in 2010, also facilitated the
whole-genome sequencing (WGS) of IAV in swine.”'**'
Although all next-generation technologies are capable of
high-throughput sequencing, they use different sequencing
strategies. Briefly, the Roche 454 GS Junior Titanium plat-
form uses pyrosequencing by which it detects, in real-time,
luminescence that results from the release of pyrophosphate
at the incorporation of each nucleotide into the growing com-
plementary DNA strand.” The Illumina platform utilizes a
reversible chain termination strategy that uses fluorescently
labeled reversible terminators (specially designed ddNTPs)
that terminate primer extension during the sequencing reac-
tion. In contrast, the Ion Torrent PGM works on the principle
of proton detection by measuring the pH change that results
from the release of a hydrogen ion upon incorporating a
dNTP to the growing DNA template, using an ion semicon-
ductor chip that offers a higher sequencing speed.™

One of the significant limitations of Roche 454 pyrose-
quencing was the generation of false signals for homopoly-
mers of adenine (A) in the sequencing reaction.*® Similarly,
one of the limitations of the lon Torrent PGM lies in its low
accuracy in recognizing homopolymers of >6 nucleotides in
the DNA template. [llumina sequencing offers a highly spe-
cific “base-by-base” sequencing technology for eliminating
homopolymer errors. Various Illumina sequencers, namely,
Genome Analyzer IIx (GAIIx), NextSeq, MiSeq, and HiSeq,
have been used to identify and characterize IAV genomes in
swine populations. Notably, the MiSeq platform of [llumina,
because of its user-friendly interface, is a popular second-
generation sequencer for generating full-length IAV genomes
in swine.

The advent of the Nanopore MinlON, a third-generation
sequencing platform, has further enhanced the existing capa-
bilities of generating complete swine IAV genomes.* Given
that high accuracy and low sequencing cost are critical for
large-scale swine IAV testing, the continuous upgrading of
the sequencing platforms, over a relatively short period of
time, has made swine IAV WGS more affordable. The
advancement and automation of sequencing technologies has
therefore made it possible to conduct genomic surveillance
of emerging subtypes, and monitoring of IAV evolution, in
real-time. We present here a comprehensive overview of the
use of various genome sequencing technologies and their
applications, reliability, and cost-effectiveness in swine [AV
testing, and their capacity for the characterization of novel
and reassortant AV subtypes in swine.

Review protocol and search criteria

We adopted a 2-tier approach for identifying the relevant
records for IAV genome sequencing in swine. First, a com-
prehensive search of scientific databases, including NCBI-
PubMed and Google Scholar, was conducted to identify
full-text research articles that reported genome sequencing
for identifying and characterizing IAV subtypes in swine

populations globally. Search terms, including “influenza A
virus outbreak in pigs”, “influenza A virus outbreak in
swine”, “influenza A virus in swine”, “sequences of influ-
enza A virus in swine”, and “influenza virus disease in
swine”, were entered into the NCBI-PubMed and Google
Scholar databases one by one. The title, abstract, methodol-
ogy, and/or supplementary information associated with the
research articles that emanated from the online database
searches up to 31 March 2021 were screened for relevance
for inclusion in our study. The supplementary data of publi-
cations were also used to assess the significance of articles
for inclusion in our study. In a few cases, if the full-text
research articles were not accessible online, those were
requested from the authors through ResearchGate. The avail-
ability of full-length and partial AV genomes and the infor-
mation on sequencing methods were thoroughly verified
through the NCBI-GenBank database using the accessions
provided in each research article included in the analysis.

A further search of the International Nucleotide Sequence
Database Collaboration (INSDC) database using the terms
“influenza A virus in swine” and “influenza A virus genome
sequencing” identified an additional 14 BioProjects reported
from 9 countries that have attempted IAV genome sequenc-
ing in swine populations during 2017-2020 that were not
available in the NCBI-PubMed and Google Scholar data-
bases. The INSDC database is maintained by a collaboration
of NCBI-GenBank, the European Bioinformatics Institute
(EMBL-EBI), and the DNA Data Bank of Japan (DDBJ).
INSDC publishes the technologies used for library prepara-
tion and sequencing. We followed the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis
(PRISMA)™ 2009 flowchart to screen the literature and iden-
tify the relevant research articles because the PRISMA flow-
chart systematically explains each step for screening the
literature and therefore helps to identify the relevant records

(Fig. 1).

Inclusion and exclusion criteria

We included full-text original research articles and INSDC
BioProjects that utilized genome sequencing to generate par-
tial or complete IAV genomes in swine populations. Reviews,
experimental studies, and serologic studies that did not
attempt AV genome sequencing in swine were not included
in our analysis. Research articles in a language other than
English were excluded from our analysis.

Records selected

As of 31 March 2021, we identified 216 records that have
reported various methods for either partial or complete
genome sequencing of [AV subtypes in swine populations
globally (Fig. 1). The primary use of IAV genome sequenc-
ing was the subtyping and molecular characterization of IAV
genomes to unravel the growing antigenic diversity of [AV in
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Figure 1. The PRISMA chart illustrates the search strategy for relevant records that have utilized sequencing methods for subtyping
and characterizing influenza A virus genomes from swine globally. We included 216 relevant records in our study, including 202 full-text
research articles available in NCBI-PubMed and Google Scholar databases, and 14 BioProjects available in the INSDC database.

swine. Sanger dideoxy sequencing was the first method uti-
lized for partial IAV genome sequencing in swine during the
1970s and 1980s in passive surveillance programs.'® The
full-length swine [AV genomes started appearing in the
1990s, still using Sanger technology.” The Illumina GAIIx
was the first NGS platform to generate the complete genome
of the A(HIN1)pdm09 virus from ill swine during the
“swine-flu” pandemic in Mexico in 2009.”° Although the
Roche 454 GS Junior Titanium was among the earliest NGS
platforms launched in 2005, it was not until 2010 that the
Roche 454 GS Junior platform was utilized to sequence

HIN1 and H3N2 viruses in swine in Spain.®” The Ion Torrent
PGM, another second-generation sequencing platform, gen-
erated a complete genome of a HIN2 subtype termed “A/
swine/Denmark/10302-2/2012(HIN2)” during passive sur-
veillance in pigs in Denmark in 2012."* Further technologic
advancements in recent years enabled the launch of third-
generation sequencing platforms. For example, Oxford
Nanopore Technologies launched a real-time sequencing
platform termed “MinlON” for rapid WGS. To date, only
one investigation has reported full-length swine AV genomes
using Nanopore MinlON sequencing,** in which 13
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full-length IAV genomes were sequenced and characterized
from symptomatic swine on-site overnight at a swine exhibi-
tion in Iowa, USA.*

Sanger sequencing

Sanger dideoxy sequencing was the most widely used
sequencing method overall, with 93 (43.0%) studies using
this technology to generate all 8 gene segments of [AV
genomes; 67 (31.0%) studies amplified and sequenced only
partial IAV genomes, including HA and NA genes for [AV
subtyping. It was noteworthy that most of the novel and reas-
sortant AV subtypes were detected and characterized by
Sanger dideoxy WGS (Table 1), which was also the most
widely used sequencing method for whole genomes. Of the
numerous studies that generated only partial IAV genomes in
swine, there were also a few that identified novel or reas-
sortant AV subtypes.

Second-generation sequencing

The introduction of various NGS platforms facilitated the
detection and characterization of swine IAV WGS in active
and passive surveillance undertaken in several countries. A
total of 23 (10.6%) studies used only Illumina sequencing,
which was the most used NGS platform for generating com-
plete swine IAV genomes. In addition, 3 (1.8%) studies gen-
erated partial [AV genomes using Illumina sequencing alone.
Ion Torrent PGM was used in 7 (3.2%) studies to generate
complete IAV genomes; 1 (0.5%) study utilized a combina-
tion of Illumina and Ion Torrent PGM for generating full-
length swine IAV genomes. Only one (0.5%) study utilized
the Roche 454 GS Junior Titanium platform for IAV WGS.

Even though second-generation sequencers offered much
promise for generating full-length IAV genomes, there were
certain limitations, one of which was the generation of short
reads.””' The alignment of short reads into a contiguous
sequence (contig) is challenging, especially in cases in which
there are repetitions in the genome sequences, often resulting
in gaps in the genome assembly (e.g., where genome repeats
are longer than the individual read lengths or where there is
insufficient coverage).*' Although mapping the assembled
genome with a reference genome may resolve these gaps, in
the case of de novo assembly, filling these gaps becomes
challenging and usually requires a bioinformatics pipeline
with a sufficiently trained workforce.

Sanger sequencing and NGS in combination

A total of 13 (6.0%) studies used a combination of Illumina
and Sanger dideoxy sequencing to generate complete swine
IAV genomes. Most of these studies were large-scale and
spanned a long period of time, with the incorporation of the
Illumina platform once it became available."*''® In addition,
3 (1.4%) studies combined Ion Torrent PGM and Sanger

dideoxy sequencing for generating full-length IAV genomes,
whereas the Roche 454 GS Junior Titanium and Sanger dide-
oxy sequencing were used for full-length sequencing in 2
(0.9%) studies.

Third-generation sequencing

Oxford Nanopore Technologies developed a portable
sequencing device called the “MinlON” to overcome the
challenges with NGS technologies, and to offer single-mole-
cule real-time sequencing.” To date, one (0.5%) study uti-
lized only the MinlON sequencing platform for generating
complete AV genomes in swine; one study (0.5%) utilized
the combination of Illumina and MinlON sequencing to gen-
erate swine IAV whole genomes (Fig. 2). One of the signifi-
cant advantages of the MinlON is the generation of long
reads (~5,000 bases). The portable Nanopore MinlON device
is also available at an affordable price of ~USD 1,000. The
Nanopore MinlON device detects the sequences using an
applied electric current as the DNA template passes through
the biological nanopore.” Other salient features of the Min-
ION include its portability, miniature size, rapid results, and
laptop-based sequence analysis. These features make the
MinION an attractive option as a scalable sequencing tech-
nique for large-scale real-time AV surveillance in swine.
Interestingly, the MinlON can generate swine IAV sequences
much faster than the other NGS platforms. For example, the
pipeline steps from RNA extraction until sequencing using
the MinION may take 14h* or 14.5h* compared to Illumina
(39h),* Roche 454 GS Junior (24h),>* Ton Torrent PGM
(33h),” and Sanger sequencing (15h). The advent of third-
generation sequencing technology appears promising for
real-time and large-scale IAV surveillance in swine popula-
tions.

Sequencing approaches used by NGS studies

Overall, 5 different sequencing platforms have been used to
generate AV genomes in swine populations based on vari-
ous reaction chemistries (Fig. 3; Table 2). Although ampli-
con sequencing was the more popular sequencing approach
in NGS studies (70.4%), a few studies (27.3%) used random
primers for cDNA synthesis for library preparation; the one
remaining (2.3%) NGS study did not mention the sequencing
approach utilized.

Advantages of WGS over partial IAV
genome sequencing

Although partial genome sequences (specifically HA and NA
genes) are sufficient to determine IAV subtypes and their ori-
gin, in recent decades, more studies have focused on generat-
ing complete swine IAV genomes because it provides crucial
information about swine IAV evolution (Fig. 4). An example
of this is a recent whole genome study on swine in China in
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Table 1. Novel influenza A virus (IAV) subtypes in swine characterized by various sequencing approaches.
Technique/Novel IAV subtypes reported Virus strains sequenced Year PMID Citation
Sanger dideoxy WGS
Reassortant HON2 A/Swine/Hong Kong/9/98(HIN2) 1998 11559800 Ref. [78]
H4N6 A/Swine/Ontario/01911-1/99 1999 10982381 Ref. [40]
Avian H3N3 A/Swine/Ontario/42729A/01 2001 15365042 Ref. [41]
A/Swine/Ontario/K01477/01 2001
Reassortant H7N2 A/swine/KU/16/2001 2001 21741185 Ref. [45]
Avian HIN1 A/Swine/Saskatchewan/18789/02 2002 15365042 Ref. [41]
Reassortant H3N1 A/Swine/Minnesota/00395/2004 2004 16641303 Ref. [59]
Equine H3N8 A/swine/Chibi/01/2005(H3N8) 2005 19396578 Ref. [102]
A/swine/Anhui/01/2006(H3N8) 2006
H5N1 A/swine/Banten/UT2071/2005(H5N1) 2005 20875275 Ref. [76]
A/swine/Banten/UT3063/2005(H5N1) 2005
A/swine/Banten/UT6001/2006(HSN1) 2006
Reassortant H2N3 A/swine/Missouri/4296424/2006(H2N3) 2006 18093945 Ref. [60]
A/swine/Missouri/2124514/2006(H2N3) 2006
Reassortant avian-origin HON2 A/Swine/Guangxi/7/07(HIN2) 2007 18403137 Ref. [112]
Reassortant HSN2 A/Swine/Korea/C12/08 2008 19359528 Ref. [49]
A/Swine/Korea/C13/08 2008
Avian HIONS A/swine/Hubei/10/2008/H10N5 2008 23166264 Ref. [106]
H5N1 A/swine/Jiangsu/1/2008 2008 23836394 Ref. [36]
A/swine/Jiangsu/2/2009 2009
Novel H4N1 A/Swine/HuBei/06/2009(H4N1) 2009 23166273 Ref. [38]
Novel reassortant H3N2 A/Swine/Guangxi/NS2783/10(H3N2) 2010 25008935 Ref. [52]
Eurasian avian-like HIN1 genotype 1 A/swine/Henan/201/2011 2011 32601207 Ref. [99]
Reassortant H3N1 A/swine/Chachoengsao/NIAH105583-062-46/2012 2012 26115167 Ref. [1]
Eurasian avian-like HIN1 genotype 1 A/swine/Hebei/156/2012 2012 32601207 Ref. [99]
A/swine/Jilin/625/2013 2013
Eurasian avian-like triple reassortant HIN1 A/swine/Shandong/S113/2014 2014 32601207 Ref. [99]
genotype 5
Eurasian avian-like triple reassortant HIN1 A/swine/Anhui/1227/2015 2015 32601207 Ref. [99]
genotype 6
Eurasian avian-like triple reassortant HIN1 A/swine/Shandong/16/2016 2016 32601207 Ref. [99]
genotype 4 A/swine/Hebei/0113/2017 2017
A/swine/Henan/SN10/2018 2018
Novel reassortant HIN1 A/swine/China/Qingdao/2018(HINT) 2018 31535780 Ref. [113]
Sanger dideoxy (partial) genome sequencing
Reassortant H3N2 A/swine/Potsdam/35/1982(H3N2) 1982 32868846 Ref. [116]
Reassortant HIN7 A/Swine/England/191973/92 1992 9191869 Ref. [15]
HIN2 A/swine/Henan/2/2004(HIN2) 2004 18401696 Ref. [21]
A/swine/Henan/3/2004(HIN2) 2004
H5N1 A/swine/Egypt/165/2015(H5N1) 2015 29075888 Ref. [29]
HON2 A/swine/Egypt/151/2015(HIN2) 2015
Avian-origin H5N1 A/swine/Nigeria/49/2016(H5N1) 2016 29651056 Ref. [66]
Roche 454 GS Junior WGS
HINI, HIN2 A/swine/Ontario/13-1/2012(HINT1) 2012 26030614 Ref. [32]
A/swine/Ontario/68/2012(HIN2) 2012
[llumina WGS
Novel reassortant H3N2 A/swine/Rietberg/19732/2014(H3N2) 2014 32868846 Ref. [116]
Avian-origin H4N6 A/swine/Missouri/A01727926/2015(H4N6) 2015 28841443 Ref. [2]
Unusual reassortant HIN1 A/swine/Siberia/1sw/2016(HINT1) 2016 28883131 Ref. [98]
HIN2 variants A/swine/Denmark/18-6662-26 _PB2/2018 (HIN2) 2018 32927910 Ref. [12]
Ion Torrent PGM WGS
H5N2 A/swine/Estado de Mexico/ 2015 30126057 Ref. [88]
EdoMexDMZCO03/2015(H5N2)
Avian H5N2 Feral swine/Campeche/DMZC-DEFSAL- 2019 32403268 Ref. [63]
UIFMVZ19-12 (H5N2)
Oxford Nanopore MinION WGS
HIN1 A/swine/lowa/18Tosu0505/2018(HINT1) 2018 32024713 Ref. [84]
HIN2 A/swine/lowa/18TOSU0374/2018(HIN2) 2018
H3N2 A/swine/lowa/18Tosu0394/2018(H3N2) 2018

WGS =whole-genome sequencing.
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Figure 2. Illustration of sequencing approaches for partial and full-length genome sequencing of influenza A virus (IAV) subtypes from
swine globally. Various sequencing techniques were used in 216 studies to generate IAV genomes in swine up to 31 March 2021. Sanger
dideoxy sequencing’®”’ was the sequencing technique used most widely, followed by second-generation Illumina sequencing. Since 2014,
a third-generation sequencing method, MinION, has also been used for generating IAV genomes from swine.*

which they found reassortant HA and NA genes of Eurasian-
avian origin, the PA gene of avian-origin, NS gene of the
triple-reassortant lineage, and other internal genes of the
A(HINI1)pdmO9 virus lineage. These sequences, therefore,
provided information on how the swine viruses had evolved
to facilitate human infection.” Another example is a 2017
study in the United States, in which whole-genome phyloge-
netic analyses of swine [AVs identified numerous swine
genotypes with triple-reassortant internal genes (TRIGs).*
In addition, whole-genome sequences have been used to
identify potential mammalian adaptation markers in [AVs
isolated from swine.®"** These markers indicate that circulat-
ing human® as well as avian IAVs'7®! are adapting to swine.
Other advantages of sequencing whole IAV genomes include
the use of this information for reverse genetics. An example
illustrating this use is a study in which reverse genetics
experiments showed that the 2009 pandemic emerged not
only as a result of [AV gene reassortments, but also muta-
tions in the genome.'"®

Applications of swine IAV WGS

WGS has also indirectly assisted with [AV vaccine develop-
ment.”'% For example, genetic information from a swine-
like triple-reassortant H3N2 virus allowed scientists to
develop a live attenuated vaccine against the A(HINI)
pdm09 virus” through modifications of the PB1 and PB2
polymerase genes of the swine virus. Similarly, genetic
information from IAV genomes enabled the expression of a
truncated NS1 protein from swine H3N2 virus for a modi-
fied-live virus vaccine.*” Sequences from circulating strains

have also provided information about amino acid substitu-
tions that affect vaccine efficacy.'® For this type of applica-
tion, Sanger sequencing and NGS technologies have an
advantage because they can efficiently measure the occur-
rence of variants of concern (resistant or capable of immune
escape) in a complex AV population.’” In addition, swine
TAV, like several other RNA viruses, may form quasi-species
given their error-prone polymerase enzyme.” NGS deep-
sequencing platforms, such as Illumina, have efficiently
detected minority variants in a diverse IAV population,'®>
and have shown their strength in analyzing antigenic drift™
and identifying existing antigenic diversity in swine [AVs,
which are helpful with vaccine-related decisions.'>>"1**

Most NGS studies using amplicon sequencing for gener-
ating all 8 swine IAV genome segments™ have facilitated the
identification of complex IAV populations. For example,
identification of avian-origin H4N6 virus in swine in Canada
used amplicon sequencing to generate the entire H4N6 virus
genome.” Furthermore, generating whole-genome swine IAV
sequences using NGS has enabled the analysis of antigenic
shift (reassortments)’* in the genomes, giving insights into
swine IAV evolution.®

Advantages of NGS over RT-PCR

Although commonly occurring IAV subtypes, such as H1 and
H3, as well as N1 and N2, can be determined using reverse-
transcription PCR (RT-PCR) assays targeting the HA and NA
genes, the existing broad genetic diversity of IAVs in swine
could make subtyping challenging for some of these variants
as well as other less-frequently occurring IAV subtypes,
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300 million (MiSeq) -
# Reads/run 1 100,000 400 million (NextSeq) 5 million 60,000
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Whole-genome SSllII Platinum MuLV RT-PCR SSllI Platinum SSllI Platinum SSIV Tag DNA
amplification Tag DNA Taq DNA Taq Hi Fidelity polymerase/Q5
l polymerase polymerase DNA polymerase
v
Multiplexing and Agarose gel- 454 rapid Nextera XT lon Xpress plus  Q5/LSK-108
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Genome ABI Prism 3130x Roche 454 MiSeq/ lon Torrent PGM ~ MinION
sequencing or ABI 3730 DNA  GS Junior HiSeq/
analyser Titanium NextSeq/
\Z GAlIx
Sequence analysis Server Server Server Server Laptop
v
Total time 15h 24 h 39h 33h 14.5h

Figure 3. Comparison of Sanger, second-, and third-generation sequencing technologies that have been used for influenza A virus (IAV)
sequencing in swine populations. The sequencing cost varied among different sequencing platforms, especially between Sanger and second-
generation sequencing platforms. The Oxford Nanopore MinlON sequencing generated [AV genomes from swine samples within 14.5h, the
shortest reaction time among all next-generation sequencing platforms.

especially in events of spillover from other host species to
swine. Genetic information gained from sequencing, there-
fore, has an advantage. For example, one nasal swab sample
obtained from a pig with clinical signs of influenza-like ill-
ness was found to be RT-PCR positive during the IAV screen-
ing assay. The virus was isolated on Madin—Darby canine
kidney (MDCK) cells, but it could not be subtyped using H1
and H3 as well as N1 and N2 subtyping assays; however, [AV
screening RT-PCR remained positive. The virus isolate was

sequenced on the [llumina MiSeq, which successfully gener-
ated the complete genome of an avian-origin H4N6 virus.” In
addition, nonspecific amplification during PCR might result
in a false IAV positive. For example, 4 swine oropharyngeal
swabs that had been identified incorrectly as IAV positive by
RT-PCR were subsequently identified as non-target contigs
and not actual viral RNA contigs, using the MiSeq platform.”
NGS has also shown potential in [AV testing with full-length
IAV genomes generated from RT-PCR-—positive swine
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Table 2. An overview of sequencing approaches to generate influenza A virus (IAV) genome sequences in swine.

Sequencing technology

IAV subtypes reported

Strategy for IAV sequencing

Citation

First-generation sequencing
Sanger dideoxy WGS

Sanger dideoxy
sequencing (partial
genome)

Second-generation sequencing

[llumina MiSeq/HiSeq
2000/GAIlx WGS

[lumina MiSeq

[lumina MiSeq (partial
genome)

[lumina MiSeq/HiSeq/
NextSeq S00/GAIIx
WGS

Ion Torrent PGM

Roche 454 GS Junior

Third-generation sequencing

Oxford Nanopore
MinION

HINI, HIN2, H3N2,
A(HIN1)pdm09, H2N3,
H3N1, H3N3, H3NS,
H4N1, H4NG, H5N1,
H5N2, H7N2, HIN2,
HI10NS

H3N2, HON2

HINI, HIN2, H3N2,
A(HIN1)pdm09, H5N1

Avian H5, H9

HINI1, HIN2, A(HIN1)
pdmO09, reassortant
HI1NI1, reassortant H3N2,
reassortant A(HIN1)pdm09
H3N2, A(HIN1)pdm09

HI1, H3

H1

HINI1, HIN2, reassortant
HIN2, H3N2, H4NG6,
A(HINT1)pdm09

HINI1, HIN2, H3N2,

A(HIN1)pdm09, H5N2

HINI1, HIN2, H3N2

HINI, HIN2, H3N2

All 8 segments were fully
amplified using IAV gene-
specific/universal primers. The
amplicons were sequenced.

All 8 segments were partially
amplified. The amplicons were
sequenced.

The HA and NA genes were
amplified using gene-specific
primers. The amplicons were
sequenced.

The HA gene was amplified using
gene-specific primers. The
amplicons were sequenced.

Reverse transcription used random
hexamers. Double-stranded
cDNA was used for library
preparation.

Reverse transcription used IAV
universal primers. Double
stranded cDNA was used for
library preparation.

Reverse transcription used random
hexamers. Only HA gene was
amplified using gene-specific
primers.

Only HA gene was amplified
using gene-specific primers. The
amplicons were used for library
preparation.

All 8 segments were fully
amplified using AV gene-
specific primers. The
amplicons were used for library
preparation.

All 8 segments were fully
amplified using AV gene-
specific primers. The
amplicons were used for library
preparation.

Reverse transcription used random
primers. Double-stranded cDNA
was used for library preparation.

All 8 segments were fully
amplified using IAV gene-
specific primers. The
amplicons were used for library
preparation.

Refs. [1,4,9,24,36—
38,40,41,45,49,52,59,60,75,76,78,
94,99,102,106,108,117]

Refs. [21,95]

Refs. [34,66,80,96,101]

Ref. [29]

Refs. [20,47,98,114-116]

Ref. [67]

Ref. [46]

Ref. [100]

Refs. [2,12,16,19,22,25,64,65,68,71
,73,77,87,91,92,109]

Refs. [7,14,44,58,63,72,88,89]

Refs. [32,33,62]

Ref. [84]

WGS =whole-genome sequencing.

samples with Ct values <30.7'"” However, real-time RT-
PCR—positive samples with Ct values >35 failed to generate

TAV sequences because of the very low abundance of virus
sequences in those samples with high Ct values.”’
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Figure 4. A graphical illustration of the trend of reporting sequencing approaches for either partial or complete genome sequencing
of influenza A virus (IAV) from swine globally. Partial swine IAV gene sequencing started during the 1970s. Although Sanger dideoxy
sequencing continues to be the sequencing method used most widely for generating IAV genomes from swine, the emergence of next-
generation sequencing platforms has challenged the dominance of Sanger dideoxy sequencing since ~2010. Various second- and third-
generation sequencing methods have generated full-length [AV genomes from swine samples in recent decades. A few long-term, large-scale

studies utilized a combination of Sanger and second-generation sequencing techniques to generate IAV genomes in swine.

Cost-effectiveness of various sequencing
platforms

Although Sanger sequencing is still cost-effective for partial
swine IAV sequencing for subtype identification, NGS plat-
forms have reduced the sequencing cost per million bases
compared to Sanger dideoxy sequencing. For example,
Sanger sequencing cost ~USD 2,400 per megabase (Mb),
compared to the Roche 454 GS Junior platform cost of USD
9. The Ton Torrent PGM further reduced this cost to USD 1;
Illumina sequencing costs only USD 0.1 per Mb,”*'"! and the
Nanopore MinION costs <USD 1 per Mb. A 2021 study ana-
lyzed the cost-effectiveness of Sanger and NGS platforms
for influenza virus WGS in the reference laboratories in
Europe and determined that Sanger WGS at the Friedrich-
Loeftler-Institut (FLI; Germany) costs € 836 (USD 968) per
sample.® In comparison, the Ion Torrent PGM costs € 568
(USD 658) per sample at the FLI.® The Illumina MiSeq WGS
at the Animal and Plant Health Agency (APHA, UK) costs €
1,017 (USD 1,177).° It was reported that the NGS cost varies
between the laboratories because of several factors, includ-
ing batch size for sample preparation as well as supplier
related costs of equipment and consumables.’

In our experience, the [llumina MiSeq at the Agricultural
Research Council (ARC), Onderstepoort, Pretoria, South
Africa costs ~USD 475 per sample; Illumina MiSeq at the
Michigan State University, USA starts from USD 524 per
sample, depending on the genome coverage (https://rtsf.

natsci.msu.edu/genomics/pricing/). Although a specific cost
for IAV sequencing on the Roche 454 GS Junior platform
(which is no longer supported) could not be obtained, gen-
eral sequencing costs are reported to be USD 1,100 per sam-
ple (http://www.personalizedgenes.com/). As a result, the
competitive cost of the NGS platforms have facilitated the
use of large-scale whole genome studies for [AV surveillance
in swine. The competitive running cost of the Nanopore Min-
ION at ~USD 475 per sample has the potential to establish it
as a preferred sequencing application for swine IAV detec-
tion in research laboratories.

Sequencing challenges

Just as Sanger sequencing offered high accuracy of raw reads
(99.9%), the second-generation sequencing platforms (e.g.,
Roche 454 GS Junior [99.9%] and Illumina [98%]), offered
comparable accuracy when aligned to reference genomes.*
However, one challenge that the Roche 454 GS Junior
sequencer faced was its inability to correctly identify homo-
polymers of >6 nucleotides.” The Ion Torrent PGM was
reported to be 1.5 times less accurate than the Illumina
MiSeq for sequencing IAV genomes as a result of insertions
and deletions that occurred mainly in the homopolymer
regions. In contrast, the errors that occurred on the Illumina
MiSeq platform were mostly nucleotide substitutions.'"
The accuracy of MinlON sequencing, when aligned to a
reference genome, has been reported to be much lower than
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the other NGS platforms (up to 71.5%)*; however, de novo
assembly using the MinlON offered improved assembly
compared to Illumina.” Intriguingly, the recent advances in
algorithms in MinION are reported to improve its raw read
accuracy up to 98.3% (as of May 2021; Oxford Nanopore
Technologies), with further improvements ongoing to gain a
higher raw read accuracy. Given that we are under constant
threat of the emergence of another influenza pandemic, it is
imperative for a sequencing technology such as the MinION
to become deployable for a scalable outbreak response in the
field.

Prospects of RNA sequencing for IAV
detection

Direct RNA sequencing of IAV using the Nanopore MinlON
generates longer reads of the IAV genome in a shorter time
by eliminating the requirements for cDNA synthesis and
PCR amplification.*” The complete coding region of an IAV
genome has been sequenced directly from RNA using a
reverse genetically constructed “rA/Puerto Rico/8/1934”
virus, a candidate vaccine virus, and a standard laboratory
strain.*? Using a custom-designed adaptor to target the nega-
tive-sense RNA into a protein nanopore on the MinION plat-
form, 100% nucleotide coverage was generated successfully,
with 99% of reads mapped to the IAV genome®; the study
should pave the way for performing direct RNA sequencing
for other RNA viruses and may also be applied to swine AV
clinical samples.

Conclusion

The ongoing reports of novel IAV subtypes and genotypes in
swine populations exemplify the need for active IAV genomic
surveillance. Sanger dideoxy sequencing has contributed
significantly to unravelling the existing genetic and antigenic
diversity of IAV genomes in swine. More recently, the appli-
cations of second-generation sequencing, especially the I1lu-
mina MiSeq, have facilitated large-scale surveillance for
investigating IAV disease burden in swine populations. Inter-
estingly, the on-site real-time sequencing ability of the
emerging third-generation Nanopore MinlON technology,
given the low cost, portability, and laptop-based analysis,
makes it a serious competitor to the existing second-genera-
tion sequencing platforms. Optimization of the MinION for
direct RNA sequencing may transform the swine [AV
genome sequencing landscapes in upcoming years.
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