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ABSTRACT

Viruses with approximately 50% homology to human influenza C virus (ICV) have recently been isolated from swine and cattle.
The overall low homology to ICV, lack of antibody cross-reactivity to ICV in hemagglutination inhibition (HI) and agar gel im-
munodiffusion assays, and inability to productively reassort with ICV led to the proposal that these viruses represented a new
genus of influenza virus, influenzavirus D (IDV). To further our understanding of the epidemiology of IDV, real-time reverse
transcription-PCR was performed on a set of 208 samples from bovines with respiratory disease. Ten samples (4.8%) were posi-
tive and six viruses were successfully isolated in vitro. Phylogenetic analysis of full-genome sequences of these six new viruses
and four previously reported viruses revealed two distinct cocirculating lineages represented by D/swine/Oklahoma/1334/2011
(D/OK) and D/bovine/Oklahoma/660/2013 (D/660), which frequently reassorted with one another. Antigenic analysis using the
HI assay and lineage-representative D/OK and D/660 antiserum found up to an approximate 10-fold loss in cross-reactivity
against heterologous clade antiserum. One isolate, D/bovine/Texas/3-13/2011 (D/3-13), clustered with the D/660 lineage, but
also had high HI titers to heterologous (D/OK) clade antiserum. Molecular modeling of the hemagglutinin esterase fusion pro-
tein of D/3-13 identified a mutation at position 212 as a possible antigenic determinant responsible for the discrepant HI results.
These results suggest that IDV is common in bovines with respiratory disease and that at least two genetic and antigenically dis-
tinct clades cocirculate.

IMPORTANCE

A novel bovine influenza virus was recently identified. Detailed genetic and antigenic studies led to the proposal that this virus
represents a new genus of influenza, influenzavirus D (IDV). Here, we show that IDV is common in clinical samples of bovine
respiratory disease complex (BRDC), with a prevalence similar to that of other established BRDC etiological agents. These re-
sults are in good agreement with the near-ubiquitous seroprevalence of IDV previously found. Phylogenetic analysis of complete
genome sequences found evidence for two distinct cocirculating lineages of IDV which freely reassort. Significant antigenic dif-
ferences, which generally agreed with the surface glycoprotein hemagglutinin esterase phylogeny, were observed between the
two lineages. Based on these results, and on the ability of IDV to infect and transmit in multiple mammalian species, additional
studies to determine the pathogenic potential of IDV are warranted.

Influenza viruses are single-stranded, negative-sense, segmented
RNA viruses belonging to the family Orthomyxoviridae (1). In-

fluenza A virus (IAV) and influenza B virus (IBV) both contain
eight genomic segments, including two surface glycoproteins,
hemagglutinin (HA) and neuraminidase (NA), whereas influenza
C (ICV) has only seven segments with one surface glycoprotein,
the hemagglutinin-esterase-fusion (HEF) protein (2, 3). While the
vast genetic diversity of IAV is found in waterfowl, only limited
subtypes infect mammals. IBV and ICV are found principally in
humans and rarely infect other species. IBV is a component of
seasonal influenza epidemics with clinically significant disease,
while ICV infects most humans during childhood and typically
results in mild respiratory symptoms and fever (1, 4 – 6).

In 2011, an influenza virus with moderate homology to ICV
was isolated from swine in Oklahoma (D/swine/Oklahoma/1334/
2011 [D/OK]) exhibiting influenza-like symptoms. Sequence
analysis showed approximately 50% homology to human ICVs
(7). D/OK did not cross-react with antibodies against human ICV
in hemagglutination inhibition (HI) and agar gel immunodiffu-
sion (AGID) assays. Limited seroprevalence in swine and humans
to D/OK (9.5% and 1.3%, respectively) suggested that an alternate

species was the reservoir of this novel virus (7). HI assays of bovine
sera found seven out of eight herds with titers greater than 40 to
both D/OK and the bovine D/bovine/Oklahoma/660/2013 (D/
660) strain (8). Eighteen percent of bovine respiratory disease
samples were positive by reverse transcription-PCR (RT-PCR) as-
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say targeting the PB1 gene of D/OK. Virus isolation, genome se-
quencing, and phylogenetic analysis showed that D/OK and three
bovine isolates were closely related and did not reassort with hu-
man ICV. Likewise, in vitro reassortment experiments between
D/OK and human ICV failed to identify viable reassortant viruses.
Reassortment of viral segments can yield viable progeny within
the same genera but not across genera of influenza virus (2, 9, 10).
Taken together, these results led to the proposal to classify D/OK-
like viruses as a new genus of influenza virus, influenzavirus D
(IDV), with bovines as the potential reservoir (8).

While the current three genera of influenza virus, influenza A,
B, and C viruses, all share similar genetic ancestry, they have di-
verged over time (2). ICVs undergo reassortment frequently in
nature, which results in greater genetic diversity of the viruses (3,
6, 11, 12). ICV is a product of multiple-lineage evolution, a result
of cocirculating strains in the human population (6, 10, 13, 14). As
influenza B and C viruses have further diverged from IAV, signif-
icant mutations resulted in the lack of viable reassortant viruses
between influenza B and C viruses, and they both are thought to be
evolutionarily stable (10, 15). The discovery of IDV warrants new
research into its evolutionary history as well as its epidemiology
and ecology.

Bovine respiratory disease complex (BRDC) is the most eco-
nomically significant disease of the beef industry with losses due to
morbidity, mortality, treatment costs, and reduced carcass value
(16, 17). Established viral etiological agents include bovine viral
diarrhea virus (BVDV), bovine herpesvirus 1 (BHV-1), bovine
respiratory syncytial virus (BRSV), and parainfluenza virus
type 3 (PI3). In the past several years, there has been increasing
evidence that bovine respiratory coronavirus also contributes
to BRDC in feedlot cattle (17, 18). The finding of IDV in cattle
warrants further investigation into its possible role as a BRDC
etiological agent.

To further investigate the epidemiology of this proposed new
genus, a large sample set of BRDC cases were screened by quanti-
tative real-time reverse transcription-PCR (qRT-PCR) to deter-
mine the molecular epidemiology of IDV in association with other
bovine respiratory disease viral agents. Phylogenetic analyses of
full-genome sequences, along with hemagglutination inhibition
(HI) assays, were performed to characterize the genetic and anti-
genic diversity of IDV.

MATERIALS AND METHODS
Molecular screening of bovine viruses. Clinical samples from bovine
respiratory disease submissions to the Kansas State University Veterinary
Diagnostic Lab (n � 208) were screened by a BRDC PCR panel which
detects BVDV, BHV-1, BRSV, PI3, and bovine coronavirus (BCV). The
208 samples, consisting of nasal and pharyngeal swabs and lung tissue,
originated from 12 states, primarily in the Midwest: Nebraska (n � 48),
Kansas (n � 116), Colorado (n � 6), Missouri (n � 1), Mississippi (n �
7), Texas (n � 4), Oklahoma (n � 2), Idaho (n � 2), Montana (n � 6),
Oregon (n � 4), Washington (n � 11), and Virginia (n � 1). Additionally,
samples were analyzed for IDV using qRT-PCR (7).

Cells and viruses. Human rectal tumor cells (HRT-18G) (ATCC
CRL-11663) were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 5% fetal bovine serum (FBS). Swine testicle
cells (ST cells) (ATCC CRL-1746) were maintained in the same manner.
Both cell lines were grown at 37°C with ~5% CO2 before infection with
viruses. IDVs were isolated at Newport Laboratories from PCR-positive
field samples. D/swine/Oklahoma/1334/2011 (D/OK) virus was previ-
ously isolated from swine exhibiting influenza-like symptoms (7). D/bo-

vine/Minnesota/628/2013 (D/628), D/bovine/Minnesota/729/2013 (D/
729), and D/bovine/Oklahoma/660/2013 (D/660) were previously
isolated from bovine respiratory disease samples submitted for diagnostic
testing (8).

Virus isolation. Virus isolation was performed with IDV qRT-PCR-
positive bovine samples using confluent monolayers of HRT-18G cells in
DMEM without FBS with 0.5 �g/ml trypsin, at 37°C with ~5% CO2. Viral
growth was confirmed by qRT-PCR and a hemagglutination assay using
0.5% washed turkey red blood cells, as IDV is noncytopathic on HRT-18G
cells. Following one passage on HRT-18G cells, viruses were passaged to
ST cells in DMEM without trypsin. Growth was confirmed by qRT-PCR,
a hemagglutination assay, and cytopathic effects (CPE) after each passage.
PCR-positive samples failing to show CPE or an increase in qRT-PCR and
HA titers were passaged three times before they were called negative.

Full-genome sequencing and analysis. A MegaMax viral RNA kit was
used to isolate the viral RNA. Full-genome sequencing was performed as
previously described (8). In brief, sequencing libraries were prepared
from full-genome amplicons using a NEBNext Fast DNA kit for Ion Tor-
rent. D/OK (accession numbers JQ922305 to JQ922311) was used as the
template to assemble the contigs using the SegMan NGen module from
DNAStar. Phylogenetic analysis was performed using MEGA6.0 software
using the maximum-likelihood algorithm with 1,000 bootstrap replicates
to verify tree topology.

Serology. Rabbit polyclonal antisera generated using D/660 and
D/OK were used in the hemagglutination inhibition (HI) assay. All viruses
were assayed in triplicate. Colostrum-deprived/cesarean-derived (CDCD;
Struve Laboratories) serum was used as a negative control. The HI test was
performed according to the WHO protocol, using turkey red blood cells
(19). Mean HI titers and standard deviations were calculated from tripli-
cate data. Heterologous mean HI titers were normalized to mean homol-
ogous HI titers (mean heterologous titers/mean homologous titers). Rel-
ative HI titers were reported to account for differences in homologous HI
titers between D/OK and D/660.

HEF structure modeling. The HEF amino acid sequence of D/bovine/
Texas/3-13/2011 (D/3-13) HEF was queried against all sequences in the
Protein Data Bank (PDB) structure database using BLAST (20). The HEF
structure from ICV C/Johannesburg/1/66 (PDB identifier [ID] 1FLC)
(21), which showed the highest sequence identity to D/3-13 HEF (53%
sequence identity), was chosen as the template. The sequences of D/3-13
and ICV HEF were then aligned using Muscle (22). The model of D/3-13
HEF was built using Modeler (23). The quality of the structure was
checked using Verify 3D (17). For demonstration purposes, the sialic acid
binding template is shown on the D/3-13 HEF structure (see Fig. 3).

Nucleotide sequence accession numbers. Sequences for the six IDVs
isolated from clinical samples in this study were deposited in GenBank
under accession numbers KM392468 to KM392509.

RESULTS
Molecular epidemiology. Ten (4.8%) of the 208 samples submit-
ted for BRDC diagnostic testing were positive for IDV by qRT-
PCR, with threshold cycle (CT) values ranging from 21 to 29.
These samples consisted of nine nasal swabs and one swab of an
unknown type. In addition, other viruses associated with BRDC
were detected by qRT-PCR, with 36% (n � 75 samples), 7% (n �
15), 5% (n � 11), 3% (n � 7), and �1% (n � 1) of samples
positive (CT � 37) for BCV, BHV-1, BVDV, BRSV, and PI3, re-
spectively. Of the 10 samples positive for IDV, one was also posi-
tive for BVDV, with a CT of 35. Four of the IDV-positive samples
were also positive for BCV, with CT values ranging from 28 to 37.
The 10 IDV qRT-PCR-positive samples originated from Kansas,
Texas, and Nebraska.

Virus isolation. Of the 10 samples qRT-PCR positive for IDV,
six viruses were isolated in cell culture. All six viruses were initially
passaged on HRT-18G cells and were noncytopathic. Viruses were
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FIG 1 Phylogenetic trees of the seven genomic segments of IDV. Maximum-likelihood analysis in combination with 1,000 bootstrap replicates was used to derive
trees based on nucleotide sequences of genome segments. Bootstrap values are shown above and to the left of the major nodes. Scale bars indicate the number of
substitutions per site.
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subsequently passaged to ST cells, where CPE was evident. Viral
replication was verified after each passage with qRT-PCR and
hemagglutination assays. The viruses were designated D/bovine/
Kansas/11-8/2012 (D/11-8), D/bovine/Kansas/13-21/2012 (D/
13-21), D/bovine/Nebraska/9-5/2012 (D/9-5), D/bovine/Texas/
3-13/2011 (D/3-13), D/bovine/Kansas/1-35/2010 (D/1-35), and
D/bovine/Kansas/14-22/2012 (D/14-22).

Full-genome sequencing and analysis. Full-genome se-
quences were determined for the six IDVs isolated from clinical
samples in cell culture. Phylogenetic analysis of each segment was
performed for 10 viruses, including nine bovine viruses (D/660,
D/628, D/729, D/14-22, D/1-35, D/3-13, D/13-21, D/11-8, and
D/9-5) and one porcine virus (D/OK) (Fig. 1). Clustal W align-
ment showed that HEF was the most divergent segment, with
sequence homology ranging from 96.1 to 99.8% among all IDV
strains. The phylogenetic analysis showed two distinct lineages of

IDV present in cattle, as was evident by two well-defined clades for
each segment with the exception of PB1. The PB1 segment showed
the highest homology among strains (�99.3% identity), and dis-
tinct lineages could not be determined. Incongruency in tree to-
pology for each segment suggests reassortment between the two
lineages, resulting in seven distinct genotypes (Table 1). Pairwise
amino acid alignments identified residues conserved among bo-
vine viruses compared to the swine D/OK (listed are the D/OK
amino acid residue, position, and bovine amino acid): HEF
A251T, K252T/A; NP E247D, K381E; P42 C91S; PB2 V521I/M
(see Table S1 in the supplemental material).

Serology. To investigate antigenic differences between the two
clades of IDV, HI assays were performed using polyclonal antise-
rum generated against D/OK and D/660. Homologous HI titers
for D/OK and D/660 were 1280 and 320, respectively. Heterolo-
gous mean HI titers against D/OK and D/660 antisera were nor-
malized to homologous D/OK and D/660 titers. D/660 clade vi-
ruses all reacted most strongly with D/660 antiserum, and D/OK
clade viruses reacted most strongly with D/OK antiserum (Fig. 2).
The exception was D/3-13, which clustered more closely with the
D/660 clade but showed near-equivalent cross-reactivity with
D/OK antisera (D/660 relative HI titer, 1.0; D/OK relative HI titer,
0.83). The clade of viruses represented by D/660 all had relative
titers to D/660 antiserum ranging from 0.5 to 2.0. The D/660 clade
had relative HI titers to the heterologous D/OK antiserum ranging
from 0.06 to 0.13, with the exception of D/3-13 (relative HI titer,
0.83). D/OK clade viruses had relative HI titers to homologous
D/OK antiserum ranging from 0.5 to 1.0 and heterologous relative
HI titers to D/660 ranging from 0.25 to 0.50. While further studies
are needed to better evaluate the genetic and antigenic relation-
ships of IDV, these results demonstrate antigenic differences in
good agreement with HEF phylogeny.

HEF modeling. The molecular structure of the HEF protein of

TABLE 1 Influenza D virus genotypes determined by phylogenetic
analysisa

Virus

Genotype

PB2 PB1 P3 HEF NP P42 NS

D/OK ND
D/660 ND
D/628 ND
D/729 ND
D/14-22 ND
D/1-35 ND
D/3-13 ND
D/13-21 ND
D/11-8 ND
D/9-5 ND
a Gray shading indicates segments clustering with D/OK. ND indicates lineage not
determined due to high overall homology.

FIG 2 Relative mean hemagglutination inhibition titers for 10 influenza D viruses from triplicate data. Blue and red bars represent relative mean HI titers to
D/OK and D/660 antisera, respectively. Relative mean HI titers were calculated by normalizing mean heterologous HI titers to mean homologous HI titers (mean
heterologous HI titer/mean homologous HI titer). Error bars represent standard deviations.

Influenza D Virus in Cattle

January 2015 Volume 89 Number 2 jvi.asm.org 1039Journal of Virology

 on January 18, 2016 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org
http://jvi.asm.org/


D/3-13 (D/660 clade) was modeled to investigate the genetic basis
for the cross-reactive mean relative HI titers observed with heter-
ologous antiserum (Fig. 3). One interesting difference is that in the
HEF protein of D/3-13, position 212 is occupied by K rather than
R, which is present in all other viruses of the D/660 clade. K212 is
also found in viruses of the D/OK clade. This position is located at
the apex of the HA1 receptor binding domain. Previous antigenic
studies with ICV suggested that residues 178 to 284 are likely in-
volved in the binding to cellular receptors. Additionally, amino
acid changes at residue 212 were shown to decrease hemaggluti-
nating activity (24, 25). D/3-13 also differs from other IDVs in
having the following unique mutations: V115I and D372G in the
esterase domain and I459V in the fusion peptide region of HA2
(see Table S1 in the supplemental material).

DISCUSSION

Previous work found that IDV is ubiquitous in cattle, with 87.5%
of herds and individuals having HI titers greater than 40 (8). Here,
we expand upon this work by showing that IDV is commonly
detected in clinical BRDC diagnostic submissions. Aside from
BCV, which was detected in 36% of our samples, IDV incidence
was similar to that of other recognized BRDC pathogens, such as
BHV-1, BVDV, and BRSV (3 to 7%). These results, along with a
paucity of titers to IDV in humans and pigs, suggest that bovines
are a reservoir for IDV. Further diagnostic testing is needed to
determine if other species can serve as IDV maintenance hosts.

Previous phylogenetic analyses found that IDV is most closely
related to ICV; the highly conserved PB1 segment has 72% iden-
tity to the human C/Ann Arbor/1/1950 reference strain (7),
whereas the divergent HEF segment has only 53% identity to this
strain. ICV resides in a human reservoir and is comprised of six
antigenic and genetic lineages with global distribution (3). It is
thought to be evolutionarily stable, with its HEF having an evolu-
tionary rate nine times slower than that of IAV HA (1, 3, 26).
Reassortment can occur between different ICVs in nature when
different lineages cocirculate in close proximity, giving rise to fur-
ther genetic variation of ICV (1, 11). Full-genome sequencing was

performed for six IDV isolates to further elucidate its genetic di-
versity and ecology. Phylogenetic analysis found two well-sup-
ported clades for all gene segments with the exception of the highly
conserved PB1. Reassortment between the two clades is common,
as seven distinct genotypes were determined among the 10 ge-
nomes analyzed. Antigenic analysis of IDV found a generally good
correlation between HEF phylogeny and reactivity in the HI assay.
Altogether, these results suggest that at least two lineages of IDV
cocirculate in U.S. cattle herds and frequently reassort. IDV, like
ICV, consists of a single subtype with cocirculating lineages. IDV
is endemic in cattle, as ICV is in humans, though both are capable
of infecting other species.

IAV infects multiple species; however, the majority of the ge-
netic diversity is found in its waterfowl reservoir. Reassortment
between avian and nonavian viruses sporadically leads to anti-
genic shift, which can result in IAV epidemics and pandemics.
Although ICV has been isolated occasionally from dogs and pigs,
it is not found in avian hosts (10). While common in bovines, IDV
can also replicate and transmit in ferrets and pigs (7). Importantly,
D/OK was originally isolated from pigs with influenza-like illness.
The possibility of alternate IDV hosts and interspecies transmis-
sion warrants further research. As in swine seroprevalence studies,
only low titers to IDV were detected in human sera, suggesting an
infection-naive population.

The finding of five of the 10 clinical BRDC samples positive
only for IDV suggests a possible primary role for IDV in BRDC, as
BRDC pathogenesis is thought to involve a primary viral infection
followed by secondary bacterial pneumonia. An unexpected find-
ing was the high incidence of BCV in the BRDC diagnostic sub-
missions. Of the five samples that were positive for both IDV and
BRDC pathogens, four were also positive for BCV. BCV can cause
respiratory or enteric disease in cattle. Both BCV and ICV utilize
N-acetyl-9-O-acetylneuraminic acid (Neu5,9Ac2) as a receptor
determinant for attachment (27). Both viruses also possess acety-
lesterase activity, which releases 9-O-acetyl residues from sialic
acids, thereby acting as a receptor-destroying enzyme. Previous
work demonstrated that the BCV acetylesterase removed recep-

FIG 3 Molecular model of D/3-13 HEF depicting cartoon and surface representations. The receptor binding site is in orange, and the esterase domain is in green.
Amino acid differences unique to strain D/3-13 are noted.
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tors for BCV, but also for ICV, and vice versa (28). A mutant ICV
that showed broader cell tropism required less Neu5,9Ac2 on the
cell surface receptor (29). Interestingly, D/OK virus demonstrated
much broader cell tropism than that of human ICV (7). Further
research is needed to study the possible synergy between these
viruses and their etiological role in BRDC.

The HI results and molecular model of the D/3-13 HEF sug-
gested that amino acid 212 may play a role in IDV antigenicity.
Previous ICV studies have shown that changes in or around the
variable region from positions 180 to 214 can result in the loss of
recognition by antibodies and that K212 is directly involved in
antibody recognition (26). The D/OK HEF clade of viruses possess
K212, whereas the D/660 HEF clade has R212. Despite genetically
belonging to the D/660 clade, D3/13, which has K replacing R at
position 212, had higher titers to heterologous D/660 antiserum.
Future research, ideally utilizing reverse genetics analysis, is
needed to conclusively demonstrate whether K212 is a determi-
nant of antibody binding in D/OK clade viruses. The amino acid
sites specific to bovine strains could also be further evaluated to
determine their role in host restriction, though there is only one
swine isolate (D/OK) available for comparison.

The presence of cocirculating lineages indicates that IDV is
endemic in cattle and that these viruses reassort frequently. The
observed antigenic differences between strains could be of impor-
tance if IDV’s role as a bovine pathogen contributing to BRDC is
confirmed. Recently, three IDVs were isolated from bovines in
Shandong province in China with 95.35 to 99.22% homology to
the IDV strains found in the United States (30). These results
suggest that IDV has a global distribution in cattle. Additional
studies are needed to investigate the transmissibility and pathoge-
nicity of IDV in bovines, as well as its etiological role in BRDC,
both alone and in the presence of other BRDC pathogens.
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