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ABSTRACT

The capacity of influenza A viruses to cross species barriers presents a continual threat to human and animal health. Knowledge
of the human-swine interface is particularly important for understanding how viruses with pandemic potential evolve in swine
hosts. We sequenced the genomes of 141 influenza viruses collected from North American swine during 2002 to 2011 and identi-
fied a swine virus that possessed all eight genome segments of human seasonal A/H3N2 virus origin. A molecular clock analysis
indicates that this virus—A/sw/Saskatchewan/02903/2009(H3N2)— has likely circulated undetected in swine for at least 7 years.
For historical context, we performed a comprehensive phylogenetic analysis of an additional 1,404 whole-genome sequences
from swine influenza A viruses collected globally during 1931 to 2013. Human-to-swine transmission occurred frequently over
this time period, with 20 discrete introductions of human seasonal influenza A viruses showing sustained onward transmission
in swine for at least 1 year since 1965. Notably, human-origin hemagglutinin (H1 and H3) and neuraminidase (particularly N2)
segments were detected in swine at a much higher rate than the six internal gene segments, suggesting an association between the
acquisition of swine-origin internal genes via reassortment and the adaptation of human influenza viruses to new swine hosts.
Further understanding of the fitness constraints on the adaptation of human viruses to swine, and vice versa, at a genomic level
is central to understanding the complex multihost ecology of influenza and the disease threats that swine and humans pose to
each other.

IMPORTANCE

The swine origin of the 2009 A/HIN1 pandemic virus underscored the importance of understanding how influenza A virus
evolves in these animals hosts. While the importance of reassortment in generating genetically diverse influenza viruses in swine
is well documented, the role of human-to-swine transmission has not been as intensively studied. Through a large-scale sequenc-
ing effort, we identified a novel influenza virus of wholly human origin that has been circulating undetected in swine for at least
7 years. In addition, we demonstrate that human-to-swine transmission has occurred frequently on a global scale over the past
decades but that there is little persistence of human virus internal gene segments in swine.

nfluenza A viruses (IAVs) circulating in domestic swine popu-

lations present important economic concerns for the swine in-
dustry and a pandemic threat for humans. The HINT influenza
pandemic of 2009 highlighted the risk that genetically diverse
IAVs in swine (swIAVs) present for humans and the importance
of understanding the evolutionary processes that generate their
diversity (1,2). Swine infected with IAVs of both avian and human
origin have the capacity to generate novel viruses with genome
segments of multiple host origins through reassortment and have
therefore been referred to as “mixing vessels” (3). The influenza A
virus genome is comprised of eight discrete genome segments:
PB2, PB1, PA, HA, NP, NA, MP, and NS. Of these, those encoding
hemagglutinin (HA) and neuraminidase (NA) are the most anti-
genically important and define the three subtypes that circulate in
swine: HIN1, HIN2, and H3N2. These swine subtypes are similar
to those presently found in humans (HIN1 and H3N2) but rep-
resent only a subset of those found in wild birds (16 HA subtypes
and 9 NA subtypes), which are thought to be the natural reservoir
for IAVs (4). Spillover events of IAVs occur frequently between
host species, as exemplified by the isolation of avian H5NT1 (5),
avian H7N9 (6), and swine H3N2 “variant” (H3N2v) (7) viruses
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from humans in recent years. To date, however, none of these
viruses have sustained onward transmission in humans, and the
various barriers to successful adaptation to a new mammalian
host species represent one of the most important outstanding
questions in influenza virus biology (8, 9).

A characteristic that distinguishes swine from other mamma-
lian TAV hosts, including humans, horses, canines, and seals, is the
number of IAVs from a different host (in this case, mainly hu-
mans) that have successfully adapted to onward transmission in
swine (10-15). The global frequency of human-to-swine trans-
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mission of the 2009 HIN1 pandemic virus (pHIN1) in recent
years reinforces the importance of “reverse zoonosis” of human
viruses as a major source of IAV diversity in swine (16-19). In
North American swine, these recently introduced pHIN1 viruses
cocirculate with several major IAV lineages in swine, including
triple-reassortant H3N2 swine viruses, human-origin HIN2 (3-1)
swine viruses, and classical HIN1 (vy) swine viruses (20), with
frequent reassortment between lineages (17, 21). Since the 1970s,
swine in Europe have been infected with Eurasian HIN1 viruses of
avian origin and H3N2 viruses of human origin (22), and pHIN1
viruses now circulate as well (18). Both North American and Eu-
ropean swlAV lineages have been introduced into Asian swine
populations, with notable proliferation of the Eurasian avian-like
HINT1 lineage in the last decade (23). Surveillance for IAVs in
swine is limited in South America, Africa, and Australia, but vi-
ruses of human origin, including pHINT1, have been detected on
all three continents in recent years (24-26).

To further understand the evolutionary mechanisms that gen-
erate the extensive genetic diversity of swIAVs in North America,
particularly the role of human-to-swine transmission, we per-
formed whole-genome sequencing (coding regions) of 141 IAVs
collected from North American swine during 2003 to 2011. We
characterize a new swine virus of wholly human seasonal H3N2
origin that has circulated undetected in swine for at least 7 years.
To provide a broader historical context for this unusual swine
virus, we also estimated the global frequency of introductions of
human seasonal IAVs into swine since the 1960s. Our time-scaled
phylogenetic analysis of globally available whole-genome swIAV
sequence data reveals that human-to-swine introductions occur
frequently but that transmission of human internal gene segments
in swine is a comparatively rare event.

MATERIALS AND METHODS

Data collection and sample preparation. For the years 2002 to 2011,
influenza A virus samples collected from swine from routine diagnostic
submissions were randomly selected from the influenza virus archive at
the University of Minnesota Veterinary Diagnostic Laboratory (UMVDL).
These samples were selected to best represent the full time period and the
three geographical regions of U.S. hog production: the southeast region
(U.S. states of Alabama, Georgia, Kentucky, North Carolina, Tennessee,
and Virginia), the south-central/west region (Arkansas, Colorado, New
Mexico, Oklahoma, and Texas), and the midwest region (Iowa, Illinois,
Indiana, Kansas, Minnesota, Missouri, and Nebraska). Samples from
swine in Canada (2005 to 2011) and Mexico (2010 to 2011) also were
selected from UMVDL, as available. Original specimen material (nasal
swab supernatant or lung tissue homogenate stored at —80°C) was ali-
quoted and sent to the J. Craig Venter Institute (JCVI) in Rockville, MD,
for sequencing.

IAV genome sequencing. The complete genomes of 141 influenza
viruses collected from North American swine were sequenced at JCVI.
Viral RNA was isolated using the ZR 96 Viral RNA kit (Zymo Research
Corporation, Irvine, CA, USA). The influenza A genomic RNA segments
were simultaneously amplified from 3 .l of purified RNA using a multi-
segment RT-PCR strategy (27, 28). The multisegment reverse transcrip-
tion-PCR (M-RT-PCR) amplicons were sequenced using Nextera Library
construction fusing the MiSeq platform (Illumina, Inc., San Diego, CA,
USA). Additionally, M-RT-PCR amplicons sheared for 7 min and Ion
Torrent-compatible barcoded adapters were ligated to create 200-bp li-
braries that were purified and sequenced using Ion Torrent (Life Tech-
nologies, Grand Island, NY, USA).

Phylogenetic analysis. In addition to the 141 viral genomes sequenced
for this study, 1,404 whole-genome sequences from swlAVs collected
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globally during 1931 to 2012 were downloaded from the Influenza Virus
Resource (29) at GenBank. Sequence alignments for each of the six inter-
nal gene segments (PB2, PB1, PA, NP, MP, and NS), as wellas H1, H3, N1,
and N2 separately, were generated using MUSCLE v3.8.31 (30), with
manual correction using Se-Al v2.0 (31). Neighbor-joining trees were
inferred using PAUP (32) for each of the eight viral genome segments to
identify which lineage each swine virus segment was most closely related
to: (i) North American classical swine viruses, (ii) North American triple
reassortant swine viruses, (iii) Eurasian avian-like swine viruses, (iv) hu-
man pandemic 2009 HINT viruses, (v) human seasonal influenza viruses
(H3N2 or HIN1), or (vi) avian influenza viruses (data available upon
request). We then focused our analysis on the evolutionary relationships
between human seasonal influenza A viruses and the set of swine viruses
found to be closely related to human seasonal viruses of the HIN1, HIN2,
and H3N2 subtypes (see Table S2 in the supplemental material). Due to
the relatively high level of sampling of IAVs from U.S. swine during 2009
to 2013 compared to other geographical regions and time periods, 100 of
these viruses were randomly selected for inclusion in the study after it was
determined that none of the excluded viruses belonged to an unrepre-
sented swIAV lineage of human origin. The program Path-O-Gen v1.4.0
(available at http://tree.bio.ed.ac.uk/software/pathogen/) was used to
identify potential contaminants that substantially deviated from the linear
regression of root-to-tip genetic distance against time, which were subse-
quently removed from the study.

The final data set of swIAV sequences that are closely related to sea-
sonal human influenza viruses and used in this study included the follow-
ing: (i) 84 swine H1 sequences, with 108 human seasonal H1 sequences
sampled globally from 1978 to 2009 included as background; (ii) 208
swine H3 sequences, with 251 human seasonal H3 sequences sampled
globally from 1968 to 2013 as background; (iii) six swine N1 sequences,
with 116 human seasonal N1 sequences sampled globally from 1977 to
2009 included as background; (iv) 350 swine N2 sequences, with 325
human seasonal N2 sequences sampled globally from 1957 to 2013 as
background; (v) 305 swine PB1 sequences, with 126 human seasonal PB1
sequences sampled globally from 1968 to 2013 as background; and (vi)
four swine sequences each for the PB2, PA, NP, MP, and NS segments,
with 126 human seasonal PB2, PA, NP, MP, NS sequences sampled glob-
ally from 1968 to 2013 as background (see Table S2 in the supplemental
material). The phylogenetic relationships of each of the 10 data sets were
inferred using the maximum likelihood (ML) method available in the
program RAXML v7.2.6 (33), incorporating a general time-reversible
(GTR) model of nucleotide substitution with a gamma-distributed (I")
rate variation among sites. To assess the robustness of each node, a boot-
strap resampling process was performed (500 replicates), again using the
ML method available in RAXML v7.2.6. Due to the computational com-
plexity of these processes, we utilized the high-performance computa-
tional capabilities of the Biowulf Linux cluster at the National Institutes of
Health, Bethesda, MD (http://biowulf.nih.gov).

Divergence times. A time-scaled Bayesian approach was employed to
estimate the timing of each human-to-swine transmission event observed
across the 10 phylogenies (i.e., PB2, PB1, PA, H1, H3, NP, N1, N2, MP,
and NS). To that end, we employed a relaxed uncorrelated lognormal
(UCLN) molecular clock, a flexible Bayesian skyline plot (BSP) demo-
graphic model (10 piece-wise constant groups), and a general time-re-
versible (GTR) model of nucleotide substitution with a gamma-distrib-
uted (I') rate variation among sites. The analysis was repeated for the H1,
H3, and N2 segments implementing a host-specific local clock (HSLC)
model (as performed by Worobey et al. [34]) to demonstrate that ob-
served differences in the evolutionary rate of IAVs in humans and swine
hosts did not compromise our inferred phylogeny or time scale. Host-
specific clades were specified for all introductions listed in Table 1, except
in the case of singleton viruses, which were ignored. The MCMC chain
was run separately three times for each of the data sets for at least 100
million iterations, with subsampling every 10,000 iterations. The analysis
utilized the BEAST package v1.8.0 (35) and BEAGLE (36) to improve
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TABLE 1 Characteristics of the 20 introductions of human seasonal influenza A viruses into swine, 1965 to 2013

Introduction ~ Region” Lineage Related human virus Representative swine virus Segment(s)
1 N. America  Triple reassortant ~ A/New York/641/1996 H3N2 A/sw/Texas/4199/2/1998 H3N2 PB1, H3, N2
2 N. America A/New York/564/1997 H3N2 A/sw/North Carolina/2003 H3N2 H3
3 N. America A/Auckland/588/2000 H3N2 A/sw/Nebraska/00188/2003 H3N2 H3, N2
4 N. America A/Auckland/602/2001 H3N2 A/sw/Towa/HO3LDH5/2003 H3N2 H3, N2
5 N America  N2-2002 A/Denmark/5/2002 H3N2 A/swine/North Carolina/SG1464/2004 H3N2 N2
6 N. America  8-1 A/Michigan/2/2003 HIN2 A/sw/Oklahoma/0174/2007 HIN2 H1
7 N. America  3-2 A/Michigan/1/2003 HIN1 A/sw/North Carolina/01550/2007 HIN1 HI, N1
8 N. America A/Morioka/52/2002 H3N2 A/sw/Saskatchewan/02903/2009 H3N2 Whole genome”
9 Europe A/Bilthoven/2813/1975 H3N2 A/sw/England/87842/1990 H3N2 Whole genome”
10 Europe A/Bilthoven/5931/1974 H3N2 A/sw/Spain/82108/2007 H3N2 H3, N2
11 Europe A/Christs Hospital/157/1983 HIN1 ~ A/sw/England/1382/2010 HIN2 H1
12 Europe A/Michigan/3/2003 HIN2 A/sw/England/00003/2009 HIN2 H1
13 Asia A/Bilthoven/17938/1969 H3N2 A/sw/Miyazaki/1/2006 HIN2 N2
14 Asia A/Oslo/244/1997 H3N2 A/sw/Guangdong/606/2010 HIN2 N2
15 Asia A/New York/562/1996 H3N2 A/sw/Chonburi/NIAH106952-026/2011 H3, N2
H3N2
16 Asia A/Christchurch/10/2004 H3N2 A/sw/Hong Kong/2503/2011 H3N2 H3, N2
17 Asia A/Malaysia/34291/2006 HIN1 A/sw/Binh Doung/02-16/2010 HIN2 H1
18 S. America A/Auckland/602/2001 H3N2 A/sw/Argentina/CIP051-A2/2008 H3N2 Whole genome®
19 S. America A/Michigan/2/2003 HIN2 A/sw/Argentina/CIP051-StaFeN2/2010 H1, N2
HIN2
20 S. America A/Michigan/1/2003 HIN1 A/sw/Argentina/CIP051-BsAs76/2009 HIN1 ~ HI1, N1

@ Region where the introduction is thought to have originated in swine. N. America, North America; S. America, South America.

b All eight genome segments were inferred to be of human origin.

computational performance. For viruses for which only the year of viral
collection was available, the lack of tip date precision was accommodated
by sampling across a 1-year window from 1 January to 31 December. All
parameters reached convergence, as assessed visually using Tracer v.1.5,
with statistical uncertainty reflected in values of the 95% highest posterior
density (HPD). The initial 10% of the chain was removed as burn-in, runs
were combined using LogCombiner v1.8.0, and maximum clade credibil-
ity (MCC) trees were summarized using TreeAnnotator v1.8.0. The esti-
mate of each human-to-swine transmission event is provided by the in-
terval between two nodes on the phylogeny, including the 95% HPD: the
node where a swine clade associated with an introduction coalesces
with the background human diversity (i.e., the human-swine node)
and the node representing the time to the most recent common ances-
tor (tMRCAs) for each swine clade (the swine node).

HA/NA analysis. As more swIAV sequence data are available for the
HA and NA segments than for the entire genome, a more complete anal-
ysis of human-to-swine transmission of these antigens was obtained by
using the same methods of Bayesian phylogenetic inference described
above for all available swIAV sequence data for the H1 (n = 761), H3 (n =
341),N1 (n=15),and N2 (n = 936) segments (see Tables S3 and S4 in the
supplemental material). Although it was impossible to evaluate reassort-
ment with internal gene segments, it was useful to assess the number of
human-to-swine introductions involving the antigenic segments that
could not be detected using whole-genome sequences.

Nucleotide sequence accession numbers. All data sequenced for this
study were submitted to the Influenza Virus Resource at the National
Center for Biotechnology Information’s GenBank (29), and accession
numbers are available in Table S1 in the supplemental material.

RESULTS

Identification of a novel unreassorted human influenza virus in
Canadian swine. Among the newly sequenced IAVs from North
American swine, we identified a previously undetected introduc-
tion of a human seasonal H3N2 virus into a population of Cana-
dian swine, represented by the isolate A/sw/Saskatchewan/02903/
2009(H3N2). Notably, all eight of the viral genome segments are
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closely related to human seasonal A/H3N2 viruses collected dur-
ing 2001 to 2002 [e.g., A/New York/74/2002(H3N2)], indicating
that this virus has not reassorted with other swine viruses since
entering that swine population (introduction 8) (Table 1 and Fig.
1, 2, and 3; phylogenies for other segments are available in Fig. S1
to S7 in the supplemental material). The long branch lengths that
separate A/sw/Saskatchewan/02903/2009(H3N2) from the most
closely related human viruses on the maximum likelihood (ML)
phylogenetic trees indicate that this swine virus lineage has circu-
lated undetected for many years (e.g., the representative ML tree
for the PB2 is available in Fig. S8 in the supplemental material).
From the time-scaled MCC tree we estimate that the time to the
most recent common ancestor (tMRCA) for A/sw/Saskatchewan/
02903/2009(H3N2) and the most closely related human viruses
falls between 2000.77 and 2002.74 (95% HPD) across the phylog-
enies inferred for each of the eight genome segments, representing
an estimated 7 to 9 years of undetected circulation of this virus
before its collection on 24 September 2009. As the intensity of
samplingand sequencing of human influenza viruses in North Amer-
ica greatly exceeds that conducted in swine, the long phylogenetic
branch adjoining A/sw/Saskatchewan/02903/2009(H3N2) and hu-
man seasonal viruses is more likely to arise from lack of sampling of
swine viruses than unsampled human viruses.

Frequency of introduction of human seasonal viruses into
swine, 1965 to 2013. To interpret the evolution of the A/sw/
Saskatchewan/02903/2009(H3N2) virus within a broader histori-
cal context, we determined the global frequency of human-to-
swine transmission events of seasonal IAVs at a whole genome
level (summarized in Fig. 2). We focused only on IAV introduc-
tions that sustained transmission in swine for more than 1 year,
as this provides evidence of successful adaptation to a new host
species.

During the period between 1965 to 2013 we identified 20 stable

Journal of Virology


http://jvi.asm.org

location
B ARG
CAN
CHN
I EUR
B KOR
MEX
B THA
USA
B VNM
Bl human

Human-to-Swine Introductions of Influenza A Viruses

=== 10

= 9

1970.0 1980.0

1990.0

2000.0 2010.0

FIG 1 Phylogenetic relationships between human and swine H3 segments. A time-scaled Bayesian MCC tree inferred for the HA (H3) sequences of 208 swine
IAVsidentified as of human seasonal virus origin and 251 human seasonal H3N2 influenza viruses, collected 1968 to 2013, is shown. Branches of human seasonal
H3N2 influenza virus origin are in black, while branches associated with viruses from swine are shaded by country or continent of origin: ARG, Argentina; CAN,
Canada; CHN, China (including Hong Kong SAR and Taiwan); EUR, Europe; KOR, South Korea; MEX, Mexico; THA, Thailand; VNM, Vietnam. Posterior
probabilities of >0.9 are included for key nodes, and the 10 discrete introductions of the human H3 segment into swine that are supported by high posterior

probabilities and long branch lengths are labeled according to Table 1.

introductions of seasonal human influenza A viruses in part or in
entirety (Fig. 2 and Table 1). The majority (n = 13) of introduc-
tions involved human seasonal viruses of the H3N2 subtype. Four
introductions involved human seasonal HIN1 viruses, and three
involved human seasonal HIN2 viruses, despite the fact that this
reassortant subtype circulated in humans only from 2001 to 2003
(Fig. 3 and 4 and Table 1; also, see Table S5 in the supplemental
material). Our estimate of 20 human-to-swine introductions over
this time period is conservative and excludes (i) swine viruses of
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human origin that lacked evidence of sustained transmission for at
least 1 year in swine (n = 19) (see Table S5 in the supplemental
material); (i) any human-to-swine transmission events for which
whole-genome sequence data were not available; (iii) any human-
to-swine transmission events involving pandemic influenza vi-
ruses of the past century, including the North American classical
swine influenza virus lineage, which may also have been transmit-
ted by humans to swine in North America during the 1918 pan-
demic (34), and (iv) the global introductions of human pHIN1
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FIG 2 Introductions of human seasonal influenza viruses into swine, 1965 to 2013. A summary of the 20 introductions of seasonal human IAVs into swine
resulting in sustained transmission in swine (for at least 1 year) by segment and region. Introductions involving the HA and NA segments are depicted in the
upper portion of the figure, and the subset involving internal gene segments are presented in the lower portion. Each colored line represents a human-to-swine
transmission event of a segment. Introductions are numbered 1 to 20 in accordance with Table 1. The timing of each human-to-swine transmission event is
estimated from the tMRCAs inferred from the MCC trees, with gray boxes indicating the 95% HPD interval between the swine clade and most closely related
human viruses and the black box indicating the 95% HPD interval for the swine clade only. Each line extends forward in time up to the most recently sampled

swine virus of that lineage.

viruses that have occurred in swine since 2009, which have been
described in detail elsewhere (16).

Human-to-swine introductions were observed across a wide
range of countries and continents, despite substantial differences
in the intensity of IAV surveillance conducted in swine popula-
tions globally over the time period (Table 1 and Fig. 2). The fre-
quency of introductions was generally associated with the inten-
sity of sampling of swIAVs in a given region, with the highest
number (n = 8) of viral introductions being identified in North
American swine, where the availability of sequence data was high-

10114 jviasm.org

est. Five introductions were observed in Asian swine, four in Eu-
ropean swine, and three in South American swine.
Reassortment patterns of human seasonal viruses intro-
duced into swine, 1918 to 2013. Comparisons across the phylog-
enies inferred for the eight genome segments indicate that, upon
introduction into the swine population, human-origin IAVs rap-
idly acquired internal gene segments from other IAVs circulating
in swine via reassortment. For example, the vast majority of hu-
man PB2 segments (96.9%) were replaced in North American
swine by triple reassortant internal gene (TRIG) segments, were
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FIG 3 Phylogenetic relationships between human and swine N2 segments. A time-scaled Bayesian MCC tree inferred for the NA (N2) sequences of 350 swine
influenza viruses identified as of human seasonal virus origin and 325 human H3N2 and HIN2 seasonal influenza viruses, collected from 1957 to 2013, is shown.

Labeling and shading are similar to those in Fig. 1.

replaced in European swine by Eurasian avian-origin PB2 seg-
ments (73.1%), and were replaced in Asian swine by a combina-
tion of PB2 segments of classical swine virus lineage (20.5%),
TRIGs (48.2%), and the Eurasian avian-origin lineage (18.1%)
(see Fig. S9 in the supplemental material). Notably, 80% (16/20)
of the human-to-swine introductions identified in this study were
associated with the onward transmission of only the human-ori-
gin HA and/or NA antigenic segments and no internal genes in
swine (Table 1). Evidence of onward transmission of the N1 (see
Fig. S5 in the supplemental material) or the six internal gene seg-
ments (PB2, PB1, PA, NP, MP, or NS) (see Fig. S1 to $4, S6, and S7
in the supplemental material) of human origin was limited. The
pattern of reassortment appears to be bimodal: either the full hu-
man virus genome constellation is conserved, or all six internal
genes are replaced in swine by reassortment. Only in the case of the
triple-reassortant virus that emerged in the late 1990s in North
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American swine was onward transmission of a single human-ori-
gin internal gene segment gene segment (in this case PB1; intro-
duction 1) (Table 1; also, see Fig. S2 in the supplemental material)
maintained outside a full human genome background (37).

Three singleton unreassorted viruses were identified in swine
that contained all eight segments of human seasonal virus origin as
well as evidence of transmission in swine for at least 1 year, based
on long phylogenetic branch lengths and divergence times:
A/sw/Saskatchewan/02903/2009(H3N2), described above; A/sw/
England/87842/1990(H3N2); and A/sw/Argentina/CIP051-A2/
2008(H3N2) (introductions 8, 9, and 18, respectively) (Table 1
and Fig. 1 and 2; also, see Fig. S1 to S7 in the supplemental mate-
rial). The virus A/sw/Ontario/52156/2003(HIN2) also had all
eight genome segments of human seasonal virus origin but did not
meet the criteria for transmission in swine for at least 1 year (see
Fig. S1 to S7 and Table S5 in the supplemental material).
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FIG 4 Phylogenetic relationships between seasonal human and swine H1 segments. A time-scaled Bayesian MCC tree inferred for HA (H1) sequences of 84 swine
influenza viruses identified as of human seasonal virus origin and 108 human seasonal HIN1 and HIN2 influenza viruses, collected from 1977 to 2009, is shown.

Labeling and shading are similar to those in Fig. 1.

Evolutionary rates. Rates of nucleotide substitution for the
H1, H3, and N2 segments were consistently lower in human sea-
sonal viruses than in closely related viruses in swine (Table 2; also,
see Fig. S10 to S12 in the supplemental material). Importantly,
despite this rate variation, using a host-specific local clock (HSLC)
model (see Fig. S10 to S12 in the supplemental material) did not
change the topology of the phylogenies that were inferred using a
relaxed molecular clock.

DISCUSSION

We have identified a fully human-origin influenza virus—A/sw/
Saskatchewan/02903/2009(H3N2)—which may have circulated
undetected in swine for 7 to 9 years. More broadly, we have iden-
tified 20 discrete introductions of human seasonal influenza A
viruses into swine in the Americas, Europe, and Asia since 1965
that successfully sustained onward transmission in swine for at
least 1 year. Our phylogenetic analysis at a whole-genome level
indicates that human-origin internal genes frequently are replaced
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in swine via reassortment, while human-origin HA and NA seg-
ments are maintained in the swine virus population, increasing
antigenic diversity and complicating the development of effective
cross-protective influenza vaccines (38). These findings have im-
portant implications for expanding swIAV surveillance to fully
capture worldwide viral diversity as well as directions for future
research aimed at understanding the human-swine interface.
The patterns of reassortment for human-origin viruses in
swine were striking and suggest that there may be evolutionary
constraints on human internal gene segments in swine, although
experimental studies are required to test this hypothesis. The
identification of A/sw/Saskatchewan/02903/2009(H3N2) was
therefore notable and suggests that viruses of wholly human origin
can persist in swine for substantial periods of time, at least in
certain ecological niches. All swine viruses of wholly human origin
are singletons on the tree (introductions 8, 9, and 18), and it is
therefore difficult to assess how widely wholly human origin-lin-
eages disseminated in local swine populations, particularly as all
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TABLE 2 Evolutionary rates of IAVs in humans in swine?

Evolutionary rate

Segment Host Introduction (95% HPD)?
H1 Human NA 2.71 (2.44-3.03)
Swine 6 3.74 (3.21-4.33)
Swine 7 4.52 (3.75-5.28)
Swine 11 4.24 (3.85-4.66)
H3 Human NA 3.14 (2.89-3.39)
Swine 2 4.15 (3.81-4.46)
Swine 9 6.15 (4.99-7.30)
Swine 10 4.11 (3.62-4.62)
Swine 15 4.60 (3.80-5.41)
Swine 16 4.07 (3.07-5.09)
Swine 18 3.95 (2.91-4.96)
N2 Human NA 2.33 (2.14-2.51)
Swine 1 3.35(3.01-3.67)
Swine 5 2.87 (2.62-3.11)
Swine 3.62 (3.28-3.95)
Swine 10 3.24 (2.89-3.59)
Swine 13 3.34 (2.96-3.71)
Swine 14 2.85(2.31-3.44)
Swine 15 3.82(3.19-4.45)
Swine 16 3.75 (2.83-4.73)
Swine 18 2.85 (2.00-3.73)

@ Comparison of the rates of evolution for the H1, H3, and N2 segments in humans and
major clades of human-origin viruses in swine associated with the introductions
presented in Table 1. NA, not applicable.

b Values are 10° nucleotide substitutions per site per year.

three viruses were detected in swine populations where surveil-
lance is not systematically conducted or reported to public data-
bases (Argentina, Canada, and England). Here, the inference of
onward transmission in swine is based on the overwhelmingly
higher level of influenza virus surveillance in humans than in
swine and the low probability that long branch lengths arise
from unsampled human viruses. The 1918 pandemic HIN1
virus potentially provides another example of a human virus
for which all eight genome segments successfully transmitted
onward in swine. However, the scarcity of sequence data from
the 1918 pandemic in humans and swine confounds attempts
to infer whether the 1918 virus was first transmitted from hu-
mans to swine, or vice versa.

The detection of independent introductions of human sea-
sonal IAVs in swine in at least eight different countries highlights
the potential for IAV diversity to emerge in any part of the world.
Although swIAVs have the capacity to rapidly disseminate within
regions (39), the identification of A/sw/Saskatchewan/02903/
2009(H3N2) indicates that novel viruses also may persist on more
local scales outside major swine production centers, where they
are less likely to be detected by surveillance. Human-to-swine
transmission events also are likely to go undetected in cases where
human viruses are transmitted onward in swine for only short
time periods, or in earlier decades, for which only serological data,
partial gene sequences, or historical anecdotal records are avail-
able (40—42). In fact, a broader analysis of all swIAV sequence data
available for the full-length HA and NA sequences revealed an
additional 21 human-to-swine transmission events that met our
criteria for evidence of onward transmission in swine but lacked
internal gene sequence data (see Fig. S13 to S15 and Table S6 in the
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supplemental material). An additional 19 putative human-to-
swine introductions lacked evidence of onward transmission in
swine for more than 1 year (see Table S5 in the supplemental
material). Finally, our study did not consider pHINT1 viruses be-
cause prior studies provide global estimates of the frequency of
human-to-swine transmission of these viruses since 2009 (16).
Taken together, these data make it clear that our estimate of hu-
man-to-swine transmission represents a conservative, lower-
bound estimate, and increased swIAV sequencing on a global scale
is required to capture the full scale of human-to-swine transmis-
sion (43-46).

Although swine viruses may pose a threat to humans, it is im-
portant to note that the human-swine interface appears to be
strongly asymmetrical for influenza, and to date, the 2009 HIN1
pandemic virus represents the lone documented influenza virus of
certain swine origin to sustain transmission in humans (data
available from the 1918, 1957, and 1968 pandemics are insufficient
at this time to determine whether a swine “intermediary” mam-
malian host was involved in the transmission of avian HINI,
H2N2, or H3N2 viruses to humans). Further understanding of the
ecological and epidemiological circumstances under which hu-
man-to-swine transmission events occur is therefore vital for the
health of both humans and swine and merits further research.
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