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ABSTRACT Avian-origin H3N2 canine influenza virus (CIV) transferred to dogs in
Asia around 2005, becoming enzootic throughout China and South Korea before
reaching the United States in early 2015. To understand the posttransfer evolution
and epidemiology of this virus, particularly the cause of recent and ongoing in-
creases in incidence in the United States, we performed an integrated analysis of
whole-genome sequence data from 64 newly sequenced viruses and comprehensive
surveillance data. This revealed that the circulation of H3N2 CIV within the United
States is typified by recurrent epidemic burst-fade-out dynamics driven by multiple
introductions of virus from Asia. Although all major viral lineages displayed similar
rates of genomic sequence evolution, H3N2 CIV consistently exhibited proportionally
more nonsynonymous substitutions per site than those in avian reservoir viruses,
which is indicative of a large-scale change in selection pressures. Despite these ge-
notypic differences, we found no evidence of adaptive evolution or increased viral
transmission, with epidemiological models indicating a basic reproductive number,
R, of between 1 and 1.5 across nearly all U.S. outbreaks, consistent with maintained
but heterogeneous circulation. We propose that CIV's mode of viral circulation may
have resulted in evolutionary cul-de-sacs, in which there is little opportunity for the
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selection of the more transmissible H3N2 CIV phenotypes necessary to enable circu-
lation through a general dog population characterized by widespread contact heter-
ogeneity. CIV must therefore rely on metapopulations of high host density (such as
animal shelters and kennels) within the greater dog population and reintroduction
from other populations or face complete epidemic extinction.

IMPORTANCE The relatively recent appearance of influenza A virus (IAV) epidemics
in dogs expands our understanding of IAV host range and ecology, providing useful
and relevant models for understanding critical factors involved in viral emergence.
Here we integrate viral whole-genome sequence analysis and comprehensive surveil-
lance data to examine the evolution of the emerging avian-origin H3N2 canine influ-
enza virus (CIV), particularly the factors driving ongoing circulation and recent in-
creases in incidence of the virus within the United States. Our results provide a
detailed understanding of how H3N2 CIV achieves sustained circulation within the
United States despite widespread host contact heterogeneity and recurrent epi-
demic fade-out. Moreover, our findings suggest that the types and intensities of se-
lection pressures an emerging virus experiences are highly dependent on host pop-
ulation structure and ecology and may inhibit an emerging virus from acquiring
sustained epidemic or pandemic circulation.

KEYWORDS influenza, canine influenza, emerging virus, virus evolution, virus host
adaptation

he biological and ecological factors that enable newly introduced viruses to repli-

cate and spread efficiently to cause sustained epidemics or pandemics in a new
host population are central issues for studies of disease emergence (1, 2). In particular,
a newly introduced virus may be adapted suboptimally to the novel host and face many
opportunities for epidemic fade-out (2, 3). Hence, there may be natural selection for
increased transmission in the new host as well as key roles for individuals that create
a large number of secondary infections (“superspreaders”) and for well-connected host
subpopulations that take the pathogen from the initially infected individual or small
outbreak into the broader population (1, 4). However, for most successful emergent
viruses, connections between the various properties of the pathogen and how trans-
mission is favored or reduced by the structure and demographics of the new host
population remain obscure.

Influenza A viruses (IAVs) have a complex natural history, with most viruses found as
endemic gastrointestinal tract infections of specific bird populations in marine or
freshwater environments (5, 6). Occasionally, avian 1AVs spill over to infect and spread
as respiratory infections within terrestrial avian hosts, such as domestic chickens or
turkeys, or within certain mammalian populations. In the last century, pandemic 1AVs
emerged in humans in 1918 and 2009 after transfer of entire viruses from other hosts,
while pandemic variants of these viruses emerged in 1957 and 1968 following replace-
ment of three and two of the viral gene segments from avian virus sources, respectively
(7). In addition, there have been many other avian-to-human spillover events or small
outbreaks that result in serious infections, but with little or no onward human-to-
human transmission (8). Analogous IAV emergence events have occurred in a limited
number of other mammalian species, including swine, seals, dogs, horses, and occa-
sionally mink and cats (5). Such events can provide alternative and highly informative
models for understanding how IAVs traverse the host range barrier and spread effi-
ciently within those populations.

While the threat of emergent IAVs reaching epidemic or pandemic transmission
levels is great, these events appear to be relatively rare given the prevalence of virus in
the environment and the presumed frequency of opportunities for viral exposure of
novel hosts. Likewise, the barriers that prevent IAVs from emerging in a new host to
produced sustained epidemics or pandemics are only partially understood and often
oversimplified to a few biological factors, including the host cell receptor (sialic acid)
and its linkages, which can influence viral hemagglutinin (HA) binding and/or neur-
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aminidase (NA) cleavage, viral HA stability and pH activation, viral polymerase effi-
ciency, and host innate immune responses (9-13). Traits that overcome some of these
barriers may be selected rapidly after virus infection and transmission in a new host,
and similar adaptive mutations may also appear after small numbers of passages in
experimental animals (10, 14, 15), in embryonated chicken eggs (16), or in cell culture
(17). However, complete host adaptation in nature is likely a more prolonged and
complex process, and we lack a thorough understanding of the posttransfer evolution-
ary steps that IAVs must take to produce sustained infection in a new host species.
Moreover, exactly how these evolutionary processes are facilitated or hindered by host
ecology and population structures remains difficult to define.

The appearance of IAV epidemics in dogs is a relatively recent development that
expands our understanding of IAV host range and ecology, making these epidemics
useful models for understanding the critical factors involved in successful viral emer-
gence. An H3N8 strain variant of equine influenza virus was the first AV to cause an
epidemic disease in dogs, emerging around 1999 in the southeastern United States (21,
51). That virus, the H3N8 canine influenza virus (CIV), circulated continuously among
U.S. dogs for over a decade but was eventually restricted to only a few small geographic
pockets and now appears to be reduced to very low levels (18). The second CIV, the
avian-origin H3N2 CIV, emerged in dogs in China or South Korea around 2005 and then
spread within China and South Korea and to Thailand (19, 20). The H3N2 CIV was first
introduced into the United States in February 2015 (22) and has since caused an
ongoing epidemic of disease. Because each of the CIV epidemics ultimately arose from
a single cross-species transfer event—the H3N8 subtype from a mammalian interme-
diate host and the H3N2 subtype directly from an avian reservoir—they provide
informative and relatively simple comparative models for understanding how [AVs
emerge and spread in new hosts.

To better understand how an IAV is able to establish itself in new host populations
and the determinants of this process, we analyzed the evolution and epidemiology of
H3N2 CIV during its emergence and spread, particularly among dogs in the United
States. In particular, we addressed how the U.S. H3N2 CIV epidemic is situated within
the context of global H3N2 CIV circulation and evolution and what has driven sustained
transmission and periodic epidemic bursts of the virus within the United States.

RESULTS

We initially analyzed sequences from 138 different H3N2 ClIVs (excluding partial
segment sequences), among which complete coding region sequences of all eight
segments were available for 113. Over half (64 viruses) of these 113 viruses were
sequenced as part of this study. Sequencing provided complete (~99% coverage)
genome sequences, which were missing only the last 12 or 13 bases of the terminal
noncoding sequences that were covered by the primers used to amplify the genomic
segments (see reference 47 and Materials and Methods). The viruses sequenced in this
study included clinical submissions obtained throughout the first H3N2 CIV epidemic in
the United States, with most samples obtained from dogs in Chicago and nearby
regions of lllinois as well as in the neighboring state of Indiana, and from the second
epidemic that involved animals infected mainly in the southeastern states of Florida
and Georgia, as well as California, Kentucky, Ohio, Texas, and Minnesota. As a back-
ground, we also determined the sequences of two viruses from central China, collected
in 2015, and one from South Korea, collected in 2016. Sequences of viruses collected
from infected dogs that had been brought directly from southern China to Los Angeles
in March 2017 were also obtained. As the latter sequences represent a transient
outbreak in Los Angeles and were clearly of Chinese origin, they were grouped with
other Chinese viruses for the purpose of this study.

Global circulation of H3N2 CIV. To provide a larger context for the U.S. H3N2 CIV
epidemic and to gain an understanding of the degree of intersubtype reassortment
occurring in these viruses, we first inferred phylogenies for individual genomic seg-
ments. While H3N2 CIV has been known to reassort with IAV strains from other hosts
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FIG 1 Evolutionary relationships of H3N2 CIV sequences. Black branches on the phylogenies represent early emergent viruses isolated in Asia between 2006
and 2007, while branches leading to enzootic viruses isolated from different geographic regions are color coded as follows: green, China; blue, South Korea;
and red, United States. Red triangles show viruses of Chinese origin that formed a transient and locally contained outbreak in Los Angeles, CA, in March 2017.
Horizontal branch lengths are drawn to scale (nucleotide substitutions per site). (A) Individual segment phylogenies for all complete coding regions from all
H3N2 CIV sequences available. Each segment tree is rooted on the closest related avian IAV sequence in the database. Identical sequences were collapsed into
single branches for purposes of clarity. (B) Phylogeny of concatenated major reading frames from each genome segment for all nonreassortant viruses

circulating in Asia and the United States (see inset). Bootstrap values for key nodes are indicated.

(48-50), these events have not been shown to produce dog-to-dog transmissible
viruses. We therefore excluded segments resulting from reassortment with other
non-H3N2 CIV IAVs. As no single avian virus has been identified as a direct ancestor of
H3N2 CIV, we rooted the individual gene segment phylogenies on the most closely
related avian virus sequence in the databases for each respective segment (for PB2,
A/duck/Beijing/40/04 [H3N8]; for PB1, A/mallard/Huadong/S/2005 [H5N1]; for PA, A/mi-
gratory duck/Hong Kong/MP2553/2003 [H8N4]; for HA, A/duck/Korea/JS53/2004
[H3N2]; for NP, A/duck/Jiangsu/4/2010 [H3N6]; for NA, A/duck/Korea/JS53/2004 [H3N2];
for M1, A/avian/Israel/320/2001 [H6N2]; and for NS1, A/chicken/Nanchang/7-010/2000
[H3N6]) (Fig. 1A). Tree topologies remained generally consistent across all genomic
segment major coding regions, with South Korean and Chinese lineages bifurcating
and remaining distinct after around 2009 and all circulating U.S. viruses nested within
the South Korean clade. As reported previously (19), a few isolated regional intersub-
type reassortants exist within South Korean and Chinese geographic groups; however,
our analysis revealed that none of these reassortments led to sustained canine trans-
mission. Furthermore, no reassortants were detected among the U.S. viruses. Taken
together, these observations suggest that reassortment in H3N2 CIVs, be it with other
H3N2 CIVs or with |AVs of different subtypes and hosts, typically results in evolutionary
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dead ends. This also enabled us to analyze concatenated major coding regions of each
viral genome in a single phylogeny (Fig. 1B).

Molecular epidemiology of CIV in the United States, 2015 to 2017. We next
aimed to determine the cause of sustained circulation and periodic increases of
incidence of the virus within the United States. As noted above, segment phylogenies
of U.S. viruses confirmed the absence of reassortment in the sequences from the U.S.
outbreaks such that we based our analysis on phylogenies of concatenated major
coding regions (Fig. 1B). Notably, this analysis revealed multiple incursions into the
United States from Asia and a series of clade expansions and fade-outs.

As previously reported (22) and confirmed in more detail here, the first outbreak in
the United States was clearly initiated by the introduction of a single virus closely
related to viruses from South Korea that were collected in early 2015 (Fig. 1B, inset).
Once introduced to the United States, that virus spread quickly through many of the
animal shelters and kennels in the city of Chicago and in nearby regions and states. The
sequences of viruses from around Chicago fell into two distinct clades, defined here as
an early midwestern clade (MW2015) that arose from the initially introduced virus and
a second midwestern clade (MW2016) that emerged around March 2016. Interestingly,
a satellite outbreak nested within the MW2015 clade occurred in the southeastern
United States (namely, Georgia, Florida, and North Carolina) in late June 2015 but
appeared to have died out by early August 2015. Likewise, both of the larger Midwest
clades eventually appeared to experience rapid fade-out, with no viruses recovered
from MW2015 and MW2016 after June 2016 and February 2017, respectively. This
suggests that each of these groups of viruses has either gone extinct or is circulating
at very low levels in isolated populations of dogs, despite once dominating the clinical
sampling.

An additional large clade of CIV sequences (denoted SE2017) was identified and
associated with a large outbreak of virus in the southeastern United States during May
2017 and continuing for a number of months in Georgia, Florida, Texas, Alabama, and
Kentucky. Our phylogenetic analysis clearly established that this outbreak represents a
second introduction into the United States, most likely from South Korea, in early 2017
(Fig. 1B, inset). It should be noted that a single SE2017 virus (A/canine/California/84315/
2017 [H3N2]), highly similar to the other SE2017 viruses but occupying a more diver-
gent phylogenetic position, was recovered from a dog in California with an unknown
prior travel history. At present, viruses belonging to the SE2017 clade overwhelmingly
dominate clinical sampling in the United States.

An additional transient outbreak in the United States was seen in Los Angeles, CA,
in early 2017, within a group of dogs imported directly from China, although that
outbreak was controlled soon after by quarantine of the infected dogs. As expected,
these viruses were closely related to those from southern China (Fig. 1B). The fact that
this outbreak has not been sampled since 24 April 2017 suggests that it has gone
extinct, again demonstrating the burst-fade-out evolutionary dynamics of this virus
within the United States following a regional introduction.

Rates of genome sequence evolution in H3N2 CIV. The cross-species transfer of
H3N2 CIV to dogs, its subsequent spread in China and South Korea, and its eventual
transfer to the United States to initiate separate outbreaks allowed us to compare the
genomic evolutionary rates throughout different stages and scenarios of viral emer-
gence.

We first performed a regression of root-to-tip genetic distances on the phylogenetic
tree for concatenated full-genome sequences against sampling dates (Fig. 2). This
revealed a strongly linear accumulation of nucleotide divergence over time (R? = 0.97).
Given this strong clock-like evolution, we next analyzed the rates in more detail by
using a Bayesian Markov chain Monte Carlo method implemented in the BEAST
package, version 1.8.2 (23). Overall, H3N2 CIV evolved at a mean rate of 1.38 X 10—3
substitutions/site/year during the 11 years since it was first reported in dogs (95%
highest posterior density [HPD] = 1.211 X 1073 to 1.548 X 1073 substitutions/site/
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sampling date was performed based on a phylogeny of concatenated major coding regions of H3N2 CIV
sequences from Asia and the United States. Dotted ovals demark the approximate ranges of the
MW2015, MW2016, and SE2017 U.S. phylogenetic clades.

year), according to the best-fitting model (constant population size, strict clock). These
rates are similar to those previously determined for Asian H3N2 CIV (19) and are at the
lower end of the 95% HPD intervals reported for various IAVs circulating in avian and
human hosts (24, 25). Such consistent and relatively low rates of genomic evolution
(among IAVs) suggest that the evolutionary dynamics of H3N2 CIV are largely shaped
by the background mutation rate.

Protein-level evolution and natural selection. Putative or confirmed canine-
adaptive mutations that differentiate H3N2 CIV from avian reservoir viruses have been
reported previously (19, 26, 27) and likely occurred early in the emergence of these
viruses. Interestingly, our analysis reveals that since becoming established in dogs,
H3N2 CIV has consistently accumulated more nonsynonymous substitutions per site
than those in reservoir H3N2 avian influenza A viruses (AIVs). (Fig. 3). Excluding M1 and

0.8 7
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FIG 3 Mean dN/dS values for major coding regions of H3N2 CIV and H3N2 AIV. All H3N2 AIV sequences
available in the database were included. Only full genomes of nonreassorted CIVs were analyzed. NS1
contains a portion of the NS2 alternative reading frame. It should be noted that estimates for the shorter
segments (M1 and NS1) show variance, especially among U.S. viruses that have circulated for a short
period and accumulated only a small number of nucleotide substitutions.
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NS1, which displayed considerable variance (likely due to their short sequence length),
mean ratios of nonsynonymous to synonymous evolutionary changes (dN/dS) for the
major coding regions in CIVs ranged from 0.15 to 0.26, whereas in the case of avian
H3N2 the equivalent range was 0.03 to 0.10. These elevated mean dN/dS values for CIVs
are reflected by numerous lineage-defining amino acid changes that have arisen
throughout the genome during its circulation in Asia, and even within the short period
of spread within the United States (Table 1; Fig. 4). Within the United States, a few of
these changes were identified to have potential phenotypic consequences due to their
position in or proximity to functional or antigenic protein domains. These consist of
changes in HA, including one close to the receptor-binding site (at position 219) and
one at an antigenic site (position 188); changes in NA, near the enzymatic active site
(positions 155 and 222); and changes within the NS1 sequence (at position 218),
resulting in a premature stop codon and an N-terminal truncation present among
viruses in the SE2017 clade.

Despite this abundance of amino acid diversity, an analysis of selection pressures at
individual amino acid sites, while often inadequate at the level of selective sweeps, did
not reveal positive selection in any U.S. CIV lineage. A similar lack of detectable adaptive
evolution was observed among the CIVs circulating within Asia, with the only excep-
tions being positive selection of a 2-amino-acid insertion in the NA stalk (detected with
the SLAC method in HyPhy), characterized previously (26), and at HA residue 453
(detected with FUBAR; posterior probability = 0.98), which is of unknown phenotypic
consequence. In addition, we found no evidence that any of the observed amino acid
changes increased transmission rates of virus within the United States as determined by
epidemiological analysis (see below).

Epidemiological analysis of CIV transmission in the United States. One of the
factors that determine the success of newly emerged viruses is their ability to be
transmitted in the new host population. We used diagnostic sample data from three
different centers which receive viruses from throughout the United States, as well as
more regionally, to track the spread of CIVs and to understand their transmission
characteristics at different stages of the epidemics. For the U.S. outbreaks, we had
comprehensive coverage of diagnostic sampling for CIV over the entire outbreak as
well as sample collection dates and postal codes (5-digit ZIP codes) to determine the
spatial-temporal distribution of outbreaks across the entire United States (Fig. 5; see
Movie S1 in the supplemental material). Importantly, both negative and positive
quantitative PCR (qPCR) diagnostic testing results were included in this analysis,
showing the intensity of testing in each region.

In total, surveillance efforts processed 33,435 samples, of which 1,718 were positive,
with an average (= standard deviation [SD]) of 1,078 * 532 samples processed per
month, of which 55 * 70 were positive. From the distribution of the positive and
negative samples versus time and ZIP code in the United States (Fig. 6A), we identified
nine spatially and temporally separate outbreaks, which comprised the majority of
viruses in the surveillance data (Fig. S1). Four of these outbreaks occurred in 2015, one
in 2016, and four in 2017, with additional viruses circulating at low levels primarily
within the Midwest states. Six of the nine epidemiologically defined outbreaks were
represented in the sequence data, and phylodynamics analysis revealed that the
epidemiologically defined outbreaks were consistent with the underlying phylogenetic
topology of the virus as it circulated in the United States, with each outbreak or cluster
of outbreaks associated with a monophyletic clade of viruses (Fig. 6B). Interestingly, we
found no outbreaks associated with the MW2016 clade. While outbreaks not repre-
sented in the sequence data (e.g., Cincinnati 2015) may be associated with viruses that
fall into this clade, it appears that the MW2016 clade is dominated by viruses circulating
at low but persistent levels in the Midwest United States between March 2016 and
February 2017. Overall, this analysis emphasizes the burst-fade-out dynamics of phy-
logenetically distinct viruses circulating throughout the United States, with additional
low levels of viruses circulating primarily within the Midwest United States.
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TABLE 1 Amino acid diversity among H3N2 CIVs in the United States?

Amino acid
MW2016
MW2015 clade clade SE2017 clade
Amino acid Chicago 2015 Atlanta 2015 Carolinas 2015 lllinois 2016 Nonoutbreak Florida 2017 Kentucky 2017
Viral segment position outbreak outbreak outbreak outbreak viruses outbreak outbreak
PB2 293 R R R K R R R
356 \' Vv \' Vv I \ \
368 R R R R R G G
480 \ \ \' | Vv Vv \'
590 G G G G S S S
714 S S S S S 1 |
PB1 20 T T T A T T T
97 E E E E E K K
157 A A A A T A A
187 R R R R R K K
200 | | | v | | |
218 \' Vv \ Vv Vv 1 |
377 N N N N D N N
434 T T T T T S S
574 S S S S S F F
645 \ \ \' Vv 1 Vv \
654 S N N S S S S
661 A A A A A T T
678 S S S N S S S
PA 3 N N N N N D D
57 R Q Q R R R R
65 H H H H Q H H
208 A A A T A A A
387 | | | | | \'J \'
388 S S S S S G G
401 R R R R R K K
441 K R R K K K K
461 K R R R K K K
HA 3 L L L L/P L L L
188 N N N N N D D
204 v \% \Y 1 Y Y \%
219 S S S S T S S
418 Vv \ Vv \ Vv | 1
NP 38 R R R R K R R
371 M M M | M M M
450 S S S S G S S
NA 16 T T T T T A A
41 E E E E G E E
50 \Y \% Y \% \Y 1 1
52 P P P S P P P
67 Y Y Y Y Y H H
81 \Y \Y \Y 1 \Y \Y \Y
126 H H H H H P P
155 H H H H H Y Y
187 K K R K K K K
222 | | | | \'J | |
283 R R R R R Q Q
302 \' Vv \' Vv 1 \' Vv
304 D D D D N D D
M1 95 R R R R R K K
NS1 39 E E E E E D D
55 K K K K K E E
88 R R R R R C C
171 N N N N N D D
212 [ P P P P S S|
218 Q Q Q Q Q * *
227 E E E E E K K

aConsensus coding changes in each genomic segment (by position) that differentiate various viral groups of interest in this study. Residues that differ from those seen
in the first U.S. outbreak of virus (Chicago 2015 outbreak) are shown in bold.

August 2018 Volume 92 Issue 16 €00323-18 jviasm.org 8


http://jvi.asm.org

Recurrent 1AV Epidemic Burst and Fade-Out in U.S. Dogs Journal of Virology

PB2
293 356 368 480 590 714

PB1 20 97 157 187 218 377 434 5!4 645 661
200 654 678

PA

57 65 387 401 441 461
3 208 388

HA

w

188 204 418

N
e
©

NP

38 371 450

NA

a
(=}
(2]
W,
(=]

16 4152 781 126 155 187 222 283 3024

|

M1

95

NS1

39 55 88 171 212 227
218

FIG 4 Amino acid diversity among H3N2 CIVs in the United States. Clade consensus-level segregating amino acid positions
across major coding regions in H3N2 CIV that differentiate various virus groups of interest in this study are shown.
Numbering for each major reading frame starts at 1 on the first amino acid, with the exception of HA, which is numbered
according to the standard H3 numbering scheme. See Table 1 for more details.

Despite distinct phylogenetic histories, nearly all U.S. outbreaks exhibited similar R,
values of around 1.0 to 1.5 (Fig. 7), based on epidemiological modeling. Such levels of
transmission alone would suggest the potential to establish an endemic virus in dogs,
at least by comparison with human IAVs (28). However, the repeated pattern of

Samples tested
amples positive

Mar 2015 Sept 2015 Mar 2016 Sept 2016 Mar 2017 Sept 2017

FIG 5 Spatiotemporal incidence of H3N2 CIV infection in the United States. Samples included those collected throughout
the United States between March 2015, soon after the first introduction of virus, and September 2017. Blue marks
indicate samples that were tested for CIV but were negative, while red marks indicate samples that tested positive for
H3N2 CIV. Yellow bars on the incidence-by-date histogram (lower panel) indicate periods of elevated incidence. An
animated version of this map is included in Movie S1 in the supplemental material.
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FIG 6 Phylodynamics analysis of major outbreaks occurring during the circulation of H3N2 CIV in the United States. (A)
Spatiotemporal incidence of the virus and sequencing coverage of the U.S. epidemic. Black ticks represent samples testing
positive for CIV by qRT-PCR, gray ticks represent negative tests, and triangles represent sequenced viruses, with all samples
separated by collection date (horizontal axis) and ZIP code (vertical axis). Epidemiologically defined outbreak clusters are
demarked by colored boxes, and sequenced virus markers are colored accordingly. (B) Phylogenetic structure of U.S.
epidemiological outbreaks based on concatenated segment major reading frames (as in Fig. 1B, inset). Branch tips (triangles)
are colored by epidemiologically defined outbreaks as in panel A. Open node circles indicate bootstrap proportions of >98%.

sporadic outbreaks interspersed with frequent fade-outs (or singleton cases in the
surveillance data) suggests that these viruses are generally relatively poorly transmis-
sible among dogs across different metapopulation networks. Specifically, while epi-
demic growth rates appear to be sufficient for pandemic spread in dense and/or
well-connected host populations (likely animal shelters and kennels in the case of CIV
in the United States), the sparse connectivity of these populations acts a barrier to
pandemic formation.

Interestingly, the Florida 2017 outbreak appeared to produce a relatively large
number of secondary infections, on average (R, of ~2.5 to 3.5) (Fig. 7). However,
differences in the R, values and rates of secondary infections did not differ significantly
between any of the epidemiologically defined outbreaks when the 95% confidence
intervals were considered (Fig. 7; Fig. S2). Furthermore, viral sequences recovered from
the Florida 2017 outbreak were identical to those from other concurrent outbreaks in
other southeastern states (Fig. 1B and 6B) that exhibited lower R, values. This suggests
that the elevated transmission rates observed were likely transient and/or due to
random variation in the stochastic process of disease spread rather than due to viral
adaptation to canine hosts.
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12345
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Days elapsed since start of outbreak

FIG 7 Transmission rates among different U.S. outbreaks. (A) R, estimates for the different U.S. outbreaks
based on epidemiological analysis. Estimates were performed using a gamma-distributed serial interval
for both short (mean = 3.5 days; SD = 1.5 days; solid dots) and long (mean = 7 days; SD = 6 days; open
dots) assumed serial interval periods. Error bars represent 95% credible intervals. (B) Estimates of the
variation in the rate of transmission over the course of each outbreak.

DISCUSSION

We show here that the U.S. dog population has experienced multiple, periodic
introductions of Asian-origin H3N2 CIV since 2015, resulting in hierarchically structured
outbreak bursts of various sizes, geographic locations, and durations. In this way, the
emergence of H3N2 CIV and its evolutionary and epidemiological patterns within the
United States are similar to those seen previously for other viruses that have emerged
in new hosts, with persistence in a small number of locations combined with outbreaks
and epidemics that persisted for various periods (18, 29, 30). However, despite the
multiple introductions of these viruses into the United States after approximately a
decade of circulation in Asia and the accumulation of numerous protein-level changes,
our data suggest that H3N2 CIV has been unable to overcome the barriers associated
with producing large-scale incursion into the general dog population. We found no
clear or consistent evidence for direct codon-specific adaptive evolution in H3N2 CIV,
such that the elevated mean dN/dS values most likely result from relaxed selective
constraints in dogs compared to those in birds, and perhaps from the occurrence of
recurrent population bottlenecks that allow the accumulation of slightly deleterious
amino acid changes. Moreover, the fact that elevated mean dN/dS values were ob-
served across all major coding regions is inconsistent with positive selection for
host-adaptive mutations, which would be expected to result in more targeted genomic
changes. Whatever the cause, these results illustrate the challenge inherent in trying to
determine adaptive protein changes through simple comparisons of viral genome
sequences, and further experimental work is needed to clarify any functional nuances
of the coding changes described in this study.

There are about 80 million dogs in the United States, or over one-fourth the size of
the human population. Critically, however, in comparison to the human population, the
dog population differs in significant aspects of its structure and in the levels of the close
and prolonged physical contacts that facilitate the transmission of IAVs. In the United
States, both the H3N8 and H3N2 CIVs appear to sustain transmission only in unusually
well-connected populations of dogs, such as in animal shelters and kennels in large
cities (18, 31). This contact heterogeneity, in combination with increased vaccination
and control measures, likely contributed to the reduced prevalence of H3N8 CIV in
recent years, and similar barriers to large-scale and sustained transmission patterns may

August 2018 Volume 92 Issue 16 €00323-18

Journal of Virology

jviasm.org 11


http://jvi.asm.org

Voorhees et al.

exist in other highly structured host populations that have experienced outbreaks of
IAVs, such as seals in rookeries, mink in fur farms, and domestic horses.

Given this type of population structure, significantly increased transmission rates of
IAVs might best be accomplished by the acquisition of traits that increase the likelihood
of a virus reaching a new metapopulation. For instance, among dogs, prolonged
environmental persistence of canine parvovirus (32), and thus a great capacity for
indirect transmission, appears to be key to its pandemic spread (33). Changes in
environmental survival are less commonly considered for IAVs due to their labile viral
envelope. However, alternative adaptive traits, such as an increased incubation time or
duration of virus shedding by an infected dog, are plausible and may produce similar
epidemiological outcomes. Critically, however, we propose that it is unlikely that such
traits would be selected for in CIVs spreading in animal shelters, where there may be
fewer barriers to efficient transmission given the close and frequent contact between
hosts, and in this way, H3N2 CIV may currently be confined to an evolutionary
cul-de-sac.

It is too early to know whether this mode of circulation necessarily predestines the
H3N2 CIV to a fate similar to that of the H3N8 CIV epidemic, which has largely faded out
in recent years. Many similarities between these epidemics do exist, including a
multiyear presence in one or two densely populated cities (New York for H3N8 CIV and
Chicago for H3N2 CIV) and additional, transient outbreaks that occurred throughout
the country, largely confined to shelter and kennel populations. However, our results
have highlighted potentially critical differences. Whereas the H3N8 CIV U.S. epidemic
arose from a cross-species transmission event that occurred within the United States,
the H3N2 CIV U.S. epidemic is clearly driven by multiple introductions from an Asian-
origin source population of virus also circulating in dogs. It is likely that some or all of
the introductions of H3N2 CIV into the United States occurred through the transfer of
rescued dogs from Asia, which come from populations that appear to be infected
endemically (34-36). As there is no formal quarantine requirement for dogs being
brought to the United States or barriers that would stop the introduction of most
canine respiratory pathogens, including IAVs, we may continue to see incursions of
H3N2 CIV into the United States. Further studies comparing the evolutionary trajecto-
ries of the two ClIVs, as well as a more detailed understanding of the evolutionary
dynamics of H3N2 CIV in Asia and of IAV epidemics in other mammalian populations,
are needed to identify other critical events in the emergence and long-term establish-
ment of these viruses in different host population contexts.

MATERIALS AND METHODS

Sample collection. No animal samples were collected directly for the purposes of this study. Rather,
samples were obtained under standard passive diagnostic procedures, using samples submitted to
various diagnostic laboratories to determine the etiological agent(s) causing respiratory disease in dogs.
Viral RNAs were extracted from nasal or pharyngeal swabs collected from dogs showing signs of
respiratory infection and screened in a quantitative reverse transcription-PCR (qQRT-PCR) using primers
detecting the M protein gene from any IAVs (37, 38). Typing of positive samples was performed by
retesting using typing primers (39) to confirm the H3 and N2 genotypes of the outbreak viruses. While
the sampling distribution is heterogeneous, arising from the complex decision-making processes of
individual providers (whether to submit or not), the spatiotemporal coverage of sampling (positive and
negative samples) indicates relatively strong coverage for a passive surveillance network of an emerging
infection.

Viral sequences. All samples sequenced in this study originated from nasal or pharyngeal swabs
collected directly from infected dogs and stored in virus transport medium. A small number of samples
were passaged once in either Madin-Darby canine kidney (MDCK) epithelial cells (NBL-2; ATCC CCL-34)
(1 sample) or embryonated chicken eggs (12 samples) obtained from a commercial vendor. Fertilized
eggs were inoculated with virus after 10 days of incubation at 37°C, and allantoic fluid was harvested
after an additional 5-day incubation at 37°C. All fertilized eggs were terminated before hatching.

An effort was made to sequence all viruses received from diagnostic centers for which initial
diagnostic threshold cycle (C;) values were sufficient for full-genome amplification (which we found to
be in the range of <~25). Due to limited resources, samples from unique times and/or geographic
locations were occasionally given priority over samples representing redundant spatiotemporal cover-
age. Viral RNA was extracted using a QlAamp viral RNA minikit, and ¢cDNA was generated with the
SuperScript Ill OneStep RT-PCR system with Platinum Tag DNA polymerase (Invitrogen). The entire
genome of each virus was amplified using common primers that recognize the terminal sequences of the
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fragments (underlined regions) (GTTACGCGCCAGCGAAAGCAGG and GTTACGCGCCAGTAGAAACAAGG)
in 36 to 40 rounds of PCR. Viral cDNA was purified with a 0.45X volume of AMPure XP beads (Beckman
Coulter), and 1 ng input DNA was used to construct barcoded sequencing libraries with a NexteraXT kit.
Libraries were multiplexed, sequences were determined using lllumina MiSeq 2 X 250 sequencing, and
consensus sequences were determined for each genomic segment. Additional H3N2 CIV sequences were
obtained from GenBank (http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html), along with the closest
non-canine-virus sequences in the databases for each gene segment as identified by nucleotide BLAST
searches (https://blast.ncbi.nim.nih.gov/Blast.cgi).

Phylogenetic analysis. Consensus sequence editing, alignment, and phylogenetic analyses were
performed with Geneious v9.0.5 (40). Each gene segment was trimmed to contain only its major open
reading frame, aligned using MAFFT v7.222 (41), and either analyzed separately or concatenated with all
other genomic segment sequences from the same virus. No passage-specific mutations were evident
when sequences from passaged virus were compared to those obtained directly from original nasal wash
material, and all sequences, regardless of passage history, were therefore used in our analyses. For
individual segment phylogenies, segments from intersubtype reassortant viruses and H3N2 viruses
isolated from dogs but containing segments from non-canine-virus hosts were excluded. For concate-
nated full-genome phylogenies, both inter- and intrasubtype reassortant viruses, as determined by RDP4
analysis (42) and individual segment phylogeny comparisons, were excluded. This resulted in a total of
76 full genomes analyzed. Total sequence alignment lengths were as follows (in nucleotides [nt]): PB2,
2,277; PB1, 2,268 to 2,271; PA, 2,148; HA, 1,698; NP, 1,494; NA, 1,407 to 1,413; M1, 756; and NS1, 690.
Concatenation of major coding regions from the eight segments yielded a total consensus alignment
length of 12,741 to 12,747 nt. Phylogenetic relationships among the sequences were determined using
the maximum likelihood (ML) method available in PhyML (43), employing a general time-reversible (GTR)
substitution model, gamma-distributed (I') rate variation among sites, and bootstrap resampling (1,000
replications). All trees were rooted with the earliest and most basal H3N2 CIV isolate available (A/canine/
Guangdong/1/2006 [H3N2]).

To assess the degree of clock-like structure in the data, we performed a regression of root-to-tip
genetic distances against dates of sampling by using the ML tree described above and the TempEst
program (44). Day and year values were utilized for all samples for which this information was available.
For samples lacking the exact day of collection, the first of the month was used. As root-to-tip analysis
revealed a strong molecular clock (see Results), we next conducted a more detailed analysis of
evolutionary rates by using the Bayesian Markov chain Monte Carlo method implemented in the BEAST
package, version 1.8.2 (23). Accordingly, rates of nucleotide substitution were estimated by assuming a
GTR+ I nucleotide substitution model and a strict molecular clock (following the root-to-tip regression)
under both constant population and Bayesian skyline demographic models. Each analysis was run for 100
million generations, with a 10% burn-in and with statistical uncertainty reflected in values for the 95%
highest posterior density (HPD).

Sequence variation and selection analyses. Majority consensus sequences were generated for
each monophyletic outbreak or cluster of outbreaks within the United States. Consensus sequences were
aligned and segregating sites recorded. Positions of segregating sites on phylogenetic trees were
confirmed manually and using the Treesub program (https://github.com/tamuri/treesub). Codon-specific
and mean ratios per segment of the numbers of nonsynonymous and synonymous substitutions per rate
(dN/dS) for various groups of viruses were estimated using the SLAC and FUBAR methods in the HyPhy
package, available through the DATAMONKEY Web interface (45).

Epidemiological analysis and modeling of transmission and outbreaks. We used detailed data
from the first U.S. outbreak to define the epidemiological parameters of the virus in the dog population.
Results were obtained for nasal swab specimens submitted for testing to a commercial diagnostic
laboratory (Idexx Corporation, Sacramento, CA) which received samples from throughout the United
States, and occasionally from sources in South Korea, as well as to the veterinary diagnostic laboratories
at Cornell University and the University of Wisconsin. All results were classified by postal code (ZIP code),
allowing the location to be determined with high accuracy, especially within the cities, as well as by the
date the sample was collected. These data were used along with the phylogeny of the viruses to track
the spread of the virus in the United States, including that of the different variants. As expected, many
of the viruses were found within the vicinity of Chicago, IL, while others were found as single or small
groups of samples from other regions of the United States, or in some cases were sampled from larger
outbreaks. These data were used to infer the epidemic curve of the virus overall and for nine spatially and
temporally contiguous outbreaks and to estimate the epidemiological parameters of its spread by use of
standard methods. Specifically, we used the “exponential growth” approach to estimating R, as de-
scribed by Wallinga and Lipsitch (46) and implemented in the R package R, using case count time series
from the time of the first case to the time of peak incidence. These time series were smoothed by back
filtering from date of submission to date of infection, using a gamma distribution with a mean of 3 days
and a standard deviation of 1 day, which dampened fluctuations in the raw case count time series due
to most laboratory tests being submitted on weekdays. A second U.S. outbreak was seen to initiate with
the introduction of a second virus from South Korea in early 2017, and we sequenced samples from
Georgia, Florida, Texas, Kentucky, Indiana, Illinois, and Minnesota up until November 2017. As all viruses
sequenced after May 2017 were very similar and fell into a single clade, we assumed that any positive
samples from those states after May 2017 were from the second introduction and used the more limited
information about this outbreak to define the epidemiological parameters and compare these data to
those from the first outbreak.
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Accession number(s). All sequences produced as part of this study were submitted to the NCBI, and
accession numbers are reported in Table S1 in the supplemental material.
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