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ABSTRACT Defining factors that influence spatial and temporal patterns of influ-
enza A virus (IAV) is essential to inform vaccine strain selection and strategies to
reduce the spread of potentially zoonotic swine-origin IAV. The relative frequency of
detection of the H3 phylogenetic clade 1990.4.a (colloquially known as C-IVA) in U.S.
swine declined to 7% in 2017 but increased to 32% in 2019. We conducted phyloge-
netic and phenotypic analyses to determine putative mechanisms associated with
increased detection. We created an implementation of Nextstrain to visualize the
emergence, spatial spread, and genetic evolution of H3 IAV in swine, identifying two
C-IVA clades that emerged in 2017 and cocirculated in multiple U.S. states.
Phylodynamic analysis of the hemagglutinin (HA) gene documented low relative
genetic diversity from 2017 to 2019, suggesting clonal expansion. The major H3 C-
IVA clade contained an N156H amino acid substitution, but hemagglutination inhibi-
tion (HI) assays demonstrated no significant antigenic drift. The minor HA clade was
paired with the neuraminidase (NA) clade N2-2002B prior to 2016 but acquired and
maintained an N2-2002A in 2016, resulting in a loss of antigenic cross-reactivity
between N2-2002B- and -2002A-containing H3N2 strains. The major C-IVA clade
viruses acquired a nucleoprotein (NP) of the H1N1pdm09 lineage through reassort-
ment in the replacement of the North American swine-lineage NP. Instead of genetic
or antigenic diversity within the C-IVA HA, our data suggest that population immu-
nity to H3 2010.1 along with the antigenic diversity of the NA and the acquisition of
the H1N1pdm09 NP gene likely explain the reemergence and transmission of C-IVA
H3N2 in swine.

IMPORTANCE Genetically distinct clades of influenza A virus (IAV) in swine under-
mine efforts to control the disease. Swine producers commonly use vaccines, and
vaccine strains are selected by identifying the most common hemagglutinin (HA)
gene from viruses detected in a farm or a region. In 2019, we identified an increase
in the detection frequency of an H3 phylogenetic clade, C-IVA, which was previ-
ously circulating at much lower levels in U.S. swine. Our study identified genetic
and antigenic factors contributing to its resurgence by linking comprehensive phy-
lodynamic analyses with empirical wet-lab experiments and visualized these evolu-
tionary analyses in a Nextstrain implementation. The contemporary C-IVA HA genes
did not demonstrate an increase in genetic diversity or significant antigenic
changes. N2 genes did demonstrate antigenic diversity, and the expanding C-IVA
clade acquired a nucleoprotein (NP) gene segment via reassortment. Virus pheno-
type and vaccination targeting prior dominant HA clades likely contributed to the
clade’s success.
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Influenza A virus (IAV) is an economically important pathogen of swine that has the
ability to evolve and evade the host immune response, which presents a challenge to

current control strategies. The negative-sense, single-stranded RNA genome consists
of eight noncontiguous gene segments that are known to encode between 10 and 17
proteins (1–3). The segmented genome structure creates the opportunity for reassort-
ment when two or more IAV strains concurrently infect the same host, resulting in
novel gene combinations and increased diversity at the genomic level (4, 5). IAV can
also rapidly accumulate mutations due to errors introduced by viral polymerase (6).
Swine have both a2,6- and a2,3-Gal-linked sialic acid on the surface of their respiratory
epithelial cells; therefore, in addition to swine-to-swine transmission, they have the
potential for infection from human- and avian-origin IAVs (7, 8). Consequently,
observed IAV diversity in swine is increased by the transmission, occasional establish-
ment, and evolution of avian and human IAVs in swine populations.

The genetic diversity of IAV translates to a similarly large breadth of antigenic diver-
sity in the hemagglutinin (HA) and neuraminidase (NA) proteins. The accumulation of
amino acid substitutions from polymerase mutation in the surface glycoproteins often
results in changes in the antigenic phenotype of IAV (9, 10). For the H3 subtype, a small
number of amino acid residues have a disproportionate effect on antigenic phenotype
in both humans and swine (11–13). Six of these amino acid positions (145, 155, 156,
158, 159, and 189 [H3 mature peptide numbering {14}]) are referred to as the H3 anti-
genic motif in swine (15). These 6 residues are located on the globular head of the HA
protein and are adjacent to the receptor binding site. There may be constraints on sub-
stitution flexibility at these positions due to the necessary conservation of receptor
binding functionality, as shown for position 145 (13). Minimal genetic change may
result in significant antigenic change, reducing the efficacy of current IAV vaccines
against clinical disease and transmission in swine (16). Vaccination with whole inacti-
vated virus (WIV) with an oil-in-water adjuvant is common in swine in the United
States. However, WIVs are most efficacious when the vaccine and challenge strains are
closely related (17, 18). Thus, an important utility of IAV surveillance and sequence
data in swine populations is to inform vaccine strain selection.

In 1998, investigations into severe respiratory disease in swine in the United States
revealed the introduction of the H3N2 subtype of IAV into swine. The H3N2 viruses
that persisted had triple-reassortant internal genes (TRIGs) with HA, NA, and PB1 gene
segments derived from human seasonal H3N2; PB2 and PA gene segments from avian
IAV; and nucleoprotein (NP), M, and NS gene segments from classical swine H1N1 (19–
21). The HA gene from this introduction established the colloquially named H3 cluster
IV (C-IV) in the United States (named the 1990.4 lineage in global H3 nomenclature
[21]). The C-IV HA continued to circulate in the United States and evolved into geneti-
cally distinct clades A through F (22). C-IV clade A (C-IVA) began to increase in detec-
tion frequency beginning in 2010 and was the predominant H3 clade in U.S. swine
until 2016 when it was surpassed by H3 2010.1, a more recent human seasonal incur-
sion that subsequently became established as a swine lineage (21, 23, 24). In recogni-
tion of the animal and public health relevance of IAV in swine, the U.S. Department of
Agriculture (USDA) implemented a surveillance system beginning in 2010 (25). The sys-
tem allows producers to voluntarily and anonymously submit samples collected from
swine exhibiting influenza-like illness to regional veterinary diagnostic laboratories for
diagnostics and sequencing of the HA and NA genes. The surveillance system has
resulted in the collection of 9,391 IAV isolates and the publication of 9,040 HA sequen-
ces as of 30 September 2021 (26). The data collected within the system have been
applied to monitor spatial and temporal trends in the genetic and antigenic diversity
of IAV in swine across the sampled areas of the United States (11, 27).

In this study, we used the USDA IAV-in-swine surveillance data set, supplemented
with other publicly available sequence data, to describe a resurgence in C-IVA
sequence detections in 2019 as well as a relative decrease in the detection of H3
2010.1. We quantified genetic and antigenic characteristics associated with the
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increased detection frequency of the C-IVA clade. Concurrently, we adapted the
Nextstrain platform (28) to IAV in swine to provide near-real-time phylogenetic visual-
ization of surveillance data for the H3 subtype. Collectively, these analyses provide
insight into the factors contributing to the expansion of swine IAV clades and improve
our ability to predict mechanisms that allow IAV to evade current control measures in
swine populations.

RESULTS
Increased detection frequency followed by increased relative genetic diversity

of H3 clade IVA. From 2011 to 2015, the C-IVA genetic clade was detected more fre-
quently in U.S. swine than the 2010.1 genetic clade (Fig. 1A). Between 2011 and 2014,
the C-IVA clade paired with an N2-2002B gene was the primary HA-NA pairing
detected among H3N2 viruses, while the C-IVA clade paired with an N2-2002A gene
had a decreased detection frequency. From 2015 to 2017, the C-IVA clade paired with
an N2-2002B gene decreased in detection frequency, and detections of the 2010.1 HA
clade paired with N2-2002A and -2002B genes increased from less than 20% to more
than 90%. After 2017, the majority of 2010.1 (69%) viruses detected were paired with
an N2-2002B. In 2018, the H3 clade frequency patterns abruptly changed again, with
C-IVA at 39% of H3 HA genes. In 2019, the C-IVA HA genes were detected at 75%, and
in 2020, the C-IVA HA genes represented more than 80% of the H3 genes in

FIG 1 Relative C-IVA and 2010.1 HA-NA pair detection frequency and relative C-IVA genetic diversity
from 2011 to 2021. (A) Proportional yearly detection frequency of H3 clades C-IVA and 2010.1 with
the corresponding NA genetic clade from public data. In the key, the HA clade is followed by the NA
clade. “Other” includes NA genes from the N2-1998 clade and one-off human-to-swine transmission
events. (B) EPS and average detection frequency per month of C-IVA viruses. EPS estimates relative
genetic diversity within the HA genes of the C-IVA clade. Blue shading is the 95% highest posterior
density (HPD) interval.
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surveillance. The patterns in the detection of the C-IVA and 2010.1 H3 clades in the first
3 months of 2021 remained similar to those in 2020. Throughout this time period, the
detection of H1 to H3 genes was relatively stable and concordant with previous reports
of approximately 70% H1 genetic clades and 30% H3 genetic clades (see Fig. S1 in the
supplemental material) (27).

To investigate the C-IVA expansion, we measured the median posterior rate of nu-
cleotide substitution for the C-IVA clade by Bayesian analysis to be 4.265 � 1023 (95%
highest posterior density [HPD], 3.956 � 1023, 4.589 � 1023). The relative genetic di-
versity of the HA gene was estimated by a Bayesian demographic reconstruction and
demonstrated an almost linear increase in the median effective population size (EPS)
for C-IVA genes from 2011 to 2015 but a decrease from 2015 to 2019 (Fig. 1B). Despite
minimal relative genetic diversity in 2018 and 2019, the detection frequency began to
increase. The increase in the relative genetic diversity in 2020 lagged behind the
increase in the detection frequency. The trends in relative genetic diversity are sup-
ported by the topology of a maximum likelihood phylogeny (Fig. S2), with external
branches that are shorter than branches on the interior of the tree; i.e., the topology of
the phylogeny is balanced in the major clade of C-IVA detected from 2019 to the pres-
ent (see the HA gene tree in Fig. 2). The equal and undirected propagation of leaves
along the branches suggests that selection is not acting on the HA gene at the time of
this study, as HA under selection would appear as a “ladder-like” topology across the
entire gene tree.

Two cocirculating clades with onward transmission after 2018. The HA tree (Fig. 2)
shows at least 8 cocirculating C-IVA genetic clades that corresponded to high levels of rel-
ative genetic diversity in 2013 and 2015 (Fig. 1B). These clades contained detections from
21 different states, primarily in the Midwest. In 2017 and 2018, the C-IVA HA gene was
detected across 12 states, mostly in the Midwest and Southwest. After 2018, only two dis-
tinct genetic clades of C-IVA were apparent: a major clade representing 245 detections

FIG 2 Tanglegram of the corresponding C-IVA HA and NA gene time-scaled phylogenetic trees with sequences from 2010
to March 2021. The major and minor contemporary C-IVA clades are labeled on the HA tree. N2 genetic clades are labeled
on the NA tree. The three contemporary C-IVA strains used for antigenic analysis are also labeled on both trees (1, A/
swine/Oklahoma/A01770191/2015 [OK/15]; 2, A/swine/North Carolina/A02245294/2019 [NC/19]; 3, A/swine/Minnesota/
A02266068/2018 [MN/18]). Lines between the two trees indicate HA-NA pairing. Tree branches and leaves are colored on a
blue-to-red gradient by the yearly progression of time in accordance with the x axis. The blue dotted line indicates the
pairing of the minor clade with N2-2002B prior to reassortment, and the orange dashed line indicates reassortment of the
minor clade with N2-2002A. The Nextstrain platform can be used to visualize the tanglegram in finer detail at https://flu
-crew.org/.
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(71 in 2019 and 174 in 2020) and a minor clade representing 24 detections (19 in 2019
and 6 in 2020). The major clade viruses were first detected in the Southwest region
(Texas, Oklahoma, and Kansas) in 2017 and 2018 but were detected in the major pork-
producing states of the Midwest by January 2019. By late 2019, major clade viruses were
also detected in North Carolina and some less-hog-dense states such as Michigan and
Pennsylvania. Although there was broad geographic representation, 56% of the detec-
tions of this clade were in Iowa and Indiana. The minor clade was initially detected in the
Midwest, with only 5 detections outside this region from 2018 to the present.

Reassortment with the H3 IVA and novel NA and NP gene segment pairings. The
HA gene segments of the major C-IVA clade paired consistently with N2 clade 2002B.2
gene segments, matching the topology of the congruent NA phylogenetic tree (Fig. 2).
The minor clade HA genes were paired with N2-2002B.2 from mid-2012 to 2016. In
2016 (95% confidence interval [CI], 5 June 2016, 8 February 2017), the minor clade
showed evidence of reassortment with a genetically distinct N2-2002A.2 clade that no
other C-IVA HA gene segment was paired with in the past decade. To identify the do-
nor of the N2-2002A.2 gene to the minor C-IVA clade, a phylodynamic analysis was
conducted and determined that the likely donor was an H1 beta virus (Fig. S3). To
observe patterns in the available genomes of the IVA H3N2 strains, the lineages of the
remaining six gene segments were annotated onto the HA tree (Fig. 3).

Shortly after the 2009 H1N1 pandemic, North American swine IAV acquired the M
gene from the H1N1pdm09 (pdm) lineage but retained a nucleoprotein (NP) gene seg-
ment from the triple-reassortment H3N2 (TRIG) lineage. The major clade showed evidence
of reassortment with an NP from the pdm lineage in 2017. A phylodynamic analysis of NP
genes, including human seasonal H1 pdm NP, revealed that the most likely common
ancestor of the C-IVA pdm lineage NP in the major clade was other endemic swine H3
viruses (2010.1) that had acquired the pdm NP following reassortment with swine H1
delta1 viruses that had also acquired the pdm NP via reassortment in approximately 2009
(Fig. S4). All available whole-genome sequences (n = 58) from the major clade after

FIG 3 C-IVA HA time-scaled tree with genome constellation. The corresponding NA and internal gene (PB2, PB1, PA, NP, M, and NS) lineages
of each tip are indicated by the color-coded rectangles on the right. The major contemporary C-IVA clade is boxed in dark gray on the tree,
and the minor contemporary C-IVA clade is boxed in light gray on the tree. The two substitutions defining the initial expansion of the major
clade (N156H and K368E) are annotated on the tree. LAIV, live attenuated influenza vaccine; TRIG, triple-reassortant internal gene.
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September 2018 retained a pdm lineage NP, with additional reassortment events from
different donor H1 and H3 viruses occurring during this time. There was no evidence of
replacement of the TRIG lineage in the PB2, PB1, PA, or NS gene segments.

N156H antigenic motif substitution. The time-scaled tree annotated with amino
acid substitutions created with Nextstrain showed two amino acid substitutions associ-
ated with the expansion of the major clade, N156H and K368E, dating to November
2016 (95% CI, 4 June 2016, 18 May 2017) (Fig. 3). Position 156 was identified in the pre-
viously characterized antigenic motif (11, 12, 15). Thirteen other amino acid substitu-
tions were detected in H3 genes in the major clade after December 2016 but with no
consistent pattern. Five of the 13 occurred in antigenic regions of HA1 (N96S, S146G,
N158D, I214V, and V323I [H3 mature peptide numbering]) (29).

Antigenic diversity of HA. Contemporary strains were selected to represent three
groups of C-IVA for antigenic assessment of the HA (Table S1): the major clade prior to
the N156H substitution (A/swine/Oklahoma/A01770191/2015 [OK/15]) (annotation 1 in
Fig. 2) with a motif of NYNNYK, the major clade following the N156H substitution (A/
swine/North Carolina/A02245294/2019 [NC/19]) (annotation 2 in Fig. 2) with a motif of
NYHNYK, and the minor clade (A/swine/Minnesota/A02266068/2018 [MN/18]) (annota-
tion 3 in Fig. 2) with a motif of NYNNYK. Significant antigenic drift is defined by an 8-
fold loss in hemagglutination inhibition (HI) cross-reactivity, which corresponds to 3
antigenic units (AU) between viruses in an antigenic map. The three contemporary C-
IVA representative strains were within 2 AU of each other and within 3 AU of the other
C-IVA strains tested (Fig. 4A). Two reference antigens from a different genetic clade, C-
IVB, were near the 3-AU significance cutoff. The C-IVB strain representing the NYHNYK
antigenic motif was closer to all three tested C-IVA viruses, particularly NC/19, which
had the same NYHNYK antigenic motif, than the C-IVB strain representing the NYNNYK
antigenic motif. The representative strain of C-IVC showed a significant antigenic dis-
tance of over 5 AU from the C-IVA strains.

Neuraminidase inhibition and diversity determined by an enzyme-linked lectin
assay (ELLA). The neuraminidase-inhibiting (NI) titers of the same three HI test strains
were assessed against reference antisera of swine N2 clades (Table S2): the OK/15

FIG 4 HA and NA antigenic distances. (A) HA antigenic distance between three contemporary C-IVA test
antigens and relevant H3 reference antigens. Distances are computed by merging the raw HI results from the
assay described in this experiment with results from previous HI assays in ACMACS. Points are colored by H3
antigenic motif, and their shape corresponds to their H3 clade classification. The three test antigens on the x
axis are colored by H3 antigenic motif. Significant HA antigenic drift is defined as an antigenic distance of at
least 3 AU and is denoted by the black dashed line. (B) NA antigenic distance between three contemporary C-
IVA test antigens and antigens from four N2-2002 lineages. Distances are computed by merging the raw NI
results from the assay described in this experiment with results from previous NI assays in ACMACS. Points are
colored by NA lineage. The three test antigens on the x axis are also colored by NA lineage. The test antigens
OK/15, NC/10, and MN/18, are labeled with black text in both panels.
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and NC/19 strains had an N2-2002B.2 gene, and the minor clade representative MN/
18 had an N2-2002A.2 gene. These new NI titer data were combined with data from
previous experiments by Kaplan et al. (30), and antigenic distances were extracted.
There were differences in NI antigenic phenotype within the N2-2002 lineage, which
was further divided into 2002A.1, 2002A.2, 2002B.1, and 2002B.2 (30, 31). In particu-
lar, the minor clade MN/18 virus with the 2002A.2 lineage had an antigenic distance
of 3 AU from the 2002B.2 lineage viruses, including the major clade NC/19 virus
(Fig. 4B). Despite being isolated 4 years apart, the 2002B.2 lineage viruses retained NI
antigenic properties and were within 0.5 AU of each other.

DISCUSSION

This study investigated the recent increase in the detection of H3 C-IVA viruses in U.S.
swine and how circulating H3 diversity within swine populations could help explain
genetic clade turnover and dominance dynamics. The H3 2010.1 clade that emerged in
2012 began to supplant the C-IVA clade in 2016 (Fig. 1A). There was limited serological
cross-reactivity between 2010.1 and C-IVA swine H3N2 viruses (24). Animals in the popu-
lation in 2016 were more likely to have natural immunity against 2010.1 viruses, while ani-
mals with natural immunity against C-IVA viruses gradually decreased.

Vaccine immunity likely plays a significant role in the dynamics of HA clades
detected in the United States. There is only one fully licensed commercial swine IAV
vaccine, and this does not contain the 2010.1 antigen; instead, it has an H3 C-IVA anti-
gen, an H3 C-IVB antigen, and two H1 antigens (H1N1 gamma and H1N2 delta1) (32).
Consequently, instead of a commercial product, many swine in production systems
were likely vaccinated against the 2010.1 clade of viruses with custom or autogenous
vaccines following its emergence and dominance over C-IVA (16, 33). In 2012, 60% of
producers of large breeding herds reported the use of an influenza vaccine, and 47%
of those were using autogenous vaccines rather than a fully licensed product (34).
Thus, waning immunity against C-IVA viruses due to decreased natural immunity and
the increased use of vaccines containing 2010.1 viruses could have provided an
advantage to the C-IVA viruses. This is supported by the balanced shape of the HA phy-
logeny of the major clade after 2019, which suggests an absence of immune- or vac-
cine-driven selection within the C-IVA major clade (Fig. 2 and 3).

Although the number of C-IVA detections increased since 2018, the relative genetic
diversity within the clade did not increase until mid-2020. The 2018–2019 clonal
expansion of C-IVA with low diversity suggests that a selective sweep occurred in the
population. Sweep-related changes have been identified in human seasonal H3N2 IAV
and are most often detected at amino acid sites located on the HA (35, 36). In 2019,
the relative genetic diversity began to rise, likely as the result of the success, spread,
and subsequent diversification of the virus. It is important to note that detection fre-
quencies of this clade and other swine IAV clades in USDA IAV-in-swine data are not a
measure of prevalence: these data are derived from the passive sampling of clinically
sick pigs (37). Despite this limitation, the surveillance provides a 10-year time series for
each genetic clade circulating in U.S. swine, allowing the meaningful identification of
changes in detection frequency relative to historical counts. We suggest that a pattern of
increasing detection frequency paired with low relative genetic diversity can act as an
early warning signal that can be used to flag genetic clades of swine IAV that require
characterization and risk assessment for swine agriculture and pandemic preparedness.

To determine whether a selective sweep occurred due to antigenic drift, we identi-
fied amino acid substitutions sustained in the major and minor clades that were circu-
lating as the detection frequency increased from 2018 to 2020. We identified an
N156H substitution in the HA of the major clade. Amino acid position 156 was previ-
ously identified as having an effect on the antigenic phenotype, usually in combination
with substitutions in other positions on the HA (11, 15, 38), but the impact of an amino
acid substitution depends on the biological properties of the specific amino acid(s) that
changed in the context of the overall HA1 amino acid sequence (39, 40). This N156H
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substitution prompted the antigenic characterization of the major and minor clades via
HI assays to assess for a potential loss in cross-reactivity. A significant loss in cross-reactiv-
ity of the contemporary 156H from previous strains with 156N would suggest a potential
lack of population immunity that could explain the increased frequency of the major
clade. However, our data did not demonstrate that the substitution caused significant anti-
genic drift. Antibodies raised against ancestral C-IVA demonstrated HI cross-reactivity
against the more recent strains regardless of the substitution. Our results support previous
findings that variation at position 156 alone did not cause significant antigenic drift (15, 38).
The limited change in antigenic phenotype suggests that the N156H substitution may not
have been the primary cause of the observed clonal expansion of the C-IVA major clade.

With no evidence of significant antigenic drift in the HA between the contemporary
C-IVA major and minor clades, the viruses were analyzed for evidence of other genetic
signatures associated with expansion. The minor clade recently reassorted to acquire
N2-2002A.2 genes, while the major clade remained paired with N2-2002B.2. A phylody-
namic analysis suggested that the most likely donor of the N2-2002A.2 gene was an H1
beta virus. This H1 genetic clade is not frequently detected, with only 104 detections from
January 2011 to March 2021 (see Fig. S1 in the supplemental material). Not all regions of
the United States are sampled equally in the passive surveillance program; there can be
geographical areas and production systems that are underrepresented (27), and swine
and their IAVs may move into the United States from regions with far less surveillance
(e.g., see reference 41). Our analysis supports the proposition that infrequently detected
clades of IAV can contribute to IAV reassortment and increase genetic diversity, and this
may result in novel viruses that have the capacity to expand across the United States (31).

We further investigated the antigenic effects of this reassortment event with a panel
of NI antisera previously used to describe antigenic variation among and between swine
N2 lineages (30). The 2002B.2 of the C-IVA major clade viruses retained close antigenic
relationships with the 2002B.2 reference antigen, but antigenic variation existed between
clade representatives within the 2002 lineage. Since the early-emerging 2010.1 viruses
were paired with 2002A at the time when they began to outnumber the previously circu-
lating C-IVA viruses, population immunity may have been skewed toward both mis-
matched HA and NA. The 2002B.2 clade of N2 now represents the majority of circulating
N2 detected in the swine population, so the importance of NA immunity for the mainte-
nance of the major C-IVA H3 clade paired with 2002B is not clear.

We analyzed whole-genome sequencing (WGS) data for evidence of reassortment of
the internal genes. The major C-IVA clade was determined to have reassorted with other
endemic swine viruses, likely an H1 delta1 virus, to acquire an NP of the H1N1pdm09 line-
age. The H1 delta1 clade was fairly common from 2011 to 2017, making up 17 to 47% of
yearly IAV (H1 and H3) detections (Fig. S1). The phylodynamic analysis also revealed other
NP reassortment events in the major clade of C-IVA, suggesting that although the C-IVA
NPs all share the same NP pdm evolutionary lineage circulating in swine, they are derived
from different donor H1 and H3 swine viruses. The genotype of swine IAV internal genes
was summarized as a concatenation of one-letter codes representing the genetic lineage
of each gene segment (PB2, PB1, PA, NP, M, and NS) without the HA and NA segments.
The C-IVA internal gene constellation in 2010 was TTTTTT, with all internal genes coming
from the TRIG lineage. C-IVA viruses then acquired a matrix gene from the H1N1pdm09
virus, with constellation TTTTPT, and this was common between 2009 and 2016 (42). This
constellation was also involved in an H3N2v outbreak in humans from 2011 to 2012, caus-
ing 340 cases across 13 U.S. states (43). However, beginning in 2017, the internal gene
constellation found in the C-IVA major clade that increased in detection frequency was
TTTPPT with an H1N1pdm09 NP gene. This constellation was observed previously but
was uncommon (22 of the 368 isolates between 2009 and 2016) (42). Influenza NP is char-
acterized as a structural RNA binding protein that forms the ribonucleoprotein (RNP) par-
ticle (44), and its genetic variation may impact functions such as the temporal regulation
of apoptosis or the import and export of viral RNPs (vRNPs) from the nucleus (45, 46).
Results from a transmission study in pigs have demonstrated that H3 viruses with the
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TTTPPT constellation are more effective in viral transmission than H3 strains with a
TTTTPT constellation (42). Consequently, our data suggest that the success of this clade of
viruses could be explained by differences between the pdm09 and TRIG genetic lineages
of the NP acquired following reassortment in 2017.

Since H3 C-IVA viruses continue to make up roughly one-half of H3N2 detections
within the national USDA influenza A virus-in-swine surveillance program in 2021, the
increased detection frequency of C-IVA suggests that vaccines should include antigens
from this clade of IAV. Subsequent surveillance is necessary to determine if vaccination
against C-IVA will result in a decrease in detection; however, this would require additional
knowledge of farm-specific vaccines and vaccination strategies. Matching vaccine compo-
nents to circulating diversity and understanding how swine transportation patterns and
biosecurity practices affect the transmission of swine IAV H3 clades can help improve ani-
mal health. Our analysis also demonstrates how low-frequency or regionally restricted ge-
notypes donated gene segments to a different HA clade that subsequently led to the
expansion of newly reassorted gene combinations. This dynamic and the resurgence of
the H3 C-IVA clade create concern for public health, with the knowledge that a virus from
the same clade was involved in causing a human outbreak in the context of reassortment.
Our HI assay included a representative strain (A/swine/New York/A01104005/2011) that
was genetically similar to the H3N2v from the 2011–2012 outbreaks and showed that the
contemporary C-IVA representatives tested had not undergone significant antigenic drift.
However, dominant swine H3N2 clades have caused numerous zoonotic events through
human-swine agricultural interfaces (43, 47, 48), and more recent contemporary C-IVA
swine strains may be antigenically drifted from the pandemic preparedness candidate
vaccine virus A/Minnesota/11/2010 (49). Thus, understanding the factors that contribute
to IAV in swine clade expansion is necessary to inform and improve prediction methods
for more successful control measures and to provide insight into pandemic prepared-
ness efforts.

MATERIALS ANDMETHODS
Data collection. All available U.S. swine H3 nucleotide sequences (n = 3,395) detected between

January 2010 and March 2021 deposited in GenBank (50) were downloaded from the Influenza Research
Database (IRD) (51). These sequences included all of the USDA swine IAV surveillance data (n = 2,463)
and publicly shared data from other sources. Duplicate strains were removed from the data set.
Sequences were then classified using octoFLU (52), and those that were from the C-IVA clade (n = 1,376)
were retained for further analysis. All available corresponding NA gene segments (n = 1,291) and whole-
genome sequences (n = 545) were collated and classified into lineages using octoFLU (52) according to
the N2-1998 and N2-2002 clade divisions introduced by Kaplan et al. (30). The H3 clade detection fre-
quency was derived from public sequence data and validated with the private regional surveillance data
housed in the Iowa State University Veterinary Diagnostic Lab (ISU VDL), visualized on ISU FLUture (23).

Estimation of relative genetic diversity. To generate a computationally tractable data set, we gen-
erated a random subset (n = 500) of H3 C-IVA sequences via smof v2.21.0 (53). Sequences were aligned
with mafft v7.450 (54), and a maximum likelihood phylogenetic tree was inferred using the generalized
time-reversible (GTR) model of nucleotide substitution in FastTree v2.1.11 (55). This tree was used in a
root-to-tip regression analysis in TempEst v1.5.3 (56) to assess temporal signals and detect genes with
incongruous genetic divergence and sampling dates. The final data set (n = 493) was then analyzed with
BEAST v1.8.4 (57) to estimate the effective population size of the C-IVA lineage over time. We applied the
GMRF Bayesian Skyride coalescent model (58) with a GTR substitution model with gamma-distributed rate
variation, an uncorrelated relaxed clock, and a Markov chain Monte Carlo (MCMC) chain length of
100,000,000, with sampling every 10,000 iterations. Demographic reconstruction was performed using the
GMRF Skyride reconstruction in Tracer v1.7.1 (59), and a maximum clade credibility (MCC) tree was gener-
ated using TreeAnnotator v1.8.4 (60). Clades were defined as a monophyletic group with at least 10 detec-
tions, circulation across multiple years, and significant statistical support (posterior probability of.70).

Deployment of Nextstrain for H3 IAV in swine. The Nextstrain (28) platform was adapted for H3
IAV in swine. A time-scaled tree was estimated for all H3 swine IAV HA genes and a focused C-IVA HA nu-
cleotide sequence data set using the refine Augur command (61). A separate time-scaled tree was esti-
mated for paired NA nucleotide sequences, and the two trees were then compared using the Auspice
visualization platform (https://github.com/nextstrain/auspice). Amino acid substitutions were annotated
on the backbone of the tree using the ancestral and translate commands. The H3 antigenic motif was
visualized by combining the Color by Genotype function for positions 145, 155, 156, 158, 159, and 189.
The lineages determined through octoFLU of the other six gene segments were mapped onto the HA
tree using the traits command. The traits command also integrated geographic information at the U.S.
state level and computed putative transmission between states. These data were exported as JSON files
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that are interactively visualized on the Web at https://flu-crew.org/ on an AWS server using USDA-ARS
SCInet, with all files provided at https://github.com/flu-crew/h3-iva-evolution.

Inference of reassortment and ancestral states of H3 C-IVA. We generated two additional
sequence data sets to identify the likely origin of the NP and N2-2002A gene segments paired with the
C-IVA HA genes following reassortment. All N2-2002A sequences paired with H1 or H3 from January
2011 to March 2021 (n = 191) were downloaded and classified using octoFLU. The previously collected
C-IVA NP genes were merged with NP genes from commonly detected swine clades during the same
time frame with the whole-genome constellation TTTPPT (H1 delta1a, delta1b, delta2, and gamma and
H3 2010.1) (n = 159) alongside a set of randomly selected human pdm NP genes from influenza seasons
spanning 2009 through 2018 to 2019 (n = 73). Strain names were used to match the downloaded NA
and NP genes with the corresponding clade of the HA gene of the sequenced virus. If mixed infections
were detected, strains were included once for each HA sequenced from the sample. Subsequently, we
inferred the HA ancestral state across the NA and NP gene trees to identify the donor of the pdm NP
and NA 2002A genes using a mugration model in TreeTime v0.8.6 (62) with default settings. Annotated
trees were visualized using FigTree v1.4.4 (63).

Antigenic characterization. We identified two C-IVA genetic clades cocirculating in the United States
from January 2019 to March 2021: one clade formed the majority of detections (89.3% of 326 sequences),
and the other was minor but persistent. To identify a representative sequence for each clade, we generated
an HA1 consensus sequence in Geneious Prime 2020.2.3 and selected the best-matching field strain from
the USDA IAV-in-swine surveillance system repository at the National Veterinary Services Laboratories,
USDA-APHIS. For the major clade, we identified an amino acid substitution at position 156 on the backbone
of the phylogeny using Nextstrain. We selected an “ancestral” strain and a “contemporary” strain to reflect
the substitution at position 156. Three field strains most similar to the consensus sequences were selected
to be antigenically characterized: A/swine/Oklahoma/A01770191/2015 (OK/15) as the C-IVA major ancestral
strain, A/swine/North Carolina/A02245294/2019 (NC/19) as the C-IVA major contemporary strain, and A/
swine/Minnesota/A02266068/2018 (MN/18) as the C-IVA minor strain.

A panel of swine antisera was selected using sera previously produced by immunizing two pigs (11,
38). Antisera were treated with receptor-destroying enzyme (II) (Hardy Diagnostics), heat inactivated at
56°C for 30 min, and adsorbed with 50% turkey red blood cells to remove nonspecific hemagglutination
inhibitors. Hemagglutination inhibition (HI) assays were performed on test antigens and selected sera
using turkey red blood cells (64). Cross-HI tables were merged and mapped in 3 dimensions according
to an established antigenic cartography method (11). Antigenic distances between viruses were calcu-
lated in antigenic units (AU), in which 1 AU is equivalent to a 2-fold loss in HI cross-reactivity. A threshold
of $3 AU is considered a significant loss in cross-reactivity (11). HI data with the selected H3 C-IVA
strains were merged with a subset of previously generated H3 antigenic data and used to create three-
dimensional (3-D) antigenic maps using antigenic cartography (9, 11, 38). Antigenic distances between
antigens generated in the 3-D map were extracted and plotted using ggplot2 in R (65).

An enzyme-linked lectin assay (ELLA) was used to determine neuraminidase-inhibiting (NI) antibody
titers. Serial dilutions of swine neuraminidase antisera were incubated with standardized concentrations
of IAV in fetuin-coated 96-well plates for 16 h at 37°C with 5% CO2. Cleavage of sialic acids from fetuin
was detected using peanut agglutinin-horseradish peroxidase (PNA-HRP) (Sigma-Aldrich, St. Louis, MO)
and 3,39,5,59-tetramethylbenzidine (TMB) (KPL Laboratories, Gaithersburg, MD), as previously described
(66, 67). The optical density (OD) of the plates was read at 650 nm, and the titer was assigned as the re-
ciprocal of the highest dilution resulting in at least 50% inhibition.

Data availability. All sequence data are publicly available in NCBI GenBank, and the code, data, and
supplemental material associated with this study are provided at https://github.com/flu-crew/h3-iva
-evolution. Nextstrain for H3 swine IAV is hosted at https://flu-crew.org/.
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FIG S2, PDF file, 0.3 MB.
FIG S3, PDF file, 0.1 MB.
FIG S4, PDF file, 0.2 MB.
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