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ABSTRACT

Since influenza C virus was first isolated in 1947, the virus has been only occasionally isolated by cell culture; there are only four
strains for which complete genome sequences are registered. Here, we analyzed a total of 106 complete genomes, ranging from
the first isolate from 1947 to recent isolates from 2014, to determine the genetic lineages of influenza C virus, the reassortment
events, and the rates of nucleotide substitution. The results showed that there are six lineages, named C/Taylor, C/Mississippi,
C/Aichi, C/Yamagata, C/Kanagawa, and C/Sao Paulo. They contain both antigenic and genetic lineages of the hemagglutinin-
esterase (HE) gene, and the internal genes PB2, PB1, P3, NP, M, and NS are divided into two major lineages, a C/Mississippi/80-
related lineage and a C/Yamagata/81-related lineage. Reassortment events were found over the entire period of 68 years. Several
outbreaks of influenza C virus between 1990 and 2014 in Japan consisted of reassortant viruses, suggesting that the genomic con-
stellation is related to influenza C virus epidemics. The nucleotide sequences were highly homologous to each other. The mini-
mum percent identity between viruses ranged from 91.1% for the HE gene to 96.1% for the M gene, and the rate of nucleotide
substitution for the HE gene was the highest, at 5.20 X 10~* substitutions/site/year. These results indicate that reassortment is
an important factor that increases the genetic diversity of influenza C virus, resulting in its ability to prevail in humans.

IMPORTANCE

Influenza C virus is a pathogen that causes acute respiratory illness in children and results in hospitalization of infants. We pre-
viously demonstrated (Y. Matsuzaki et al., J Clin Virol 61:87-93, 2014, http://dx.doi.org/10.1016/j.jcv.2014.06.017) that periodic
epidemics of this virus occurred in Japan between 1996 and 2014 and that replacement of the dominant antigenic group occurred
every several years as a result of selection by herd immunity. However, the antigenicity of the HE glycoprotein is highly stable,
and antigenic drift has not occurred for at least 30 years. Here, we analyzed a total of 106 complete genomes spanning 68 years
for the first time, and we found that influenza C viruses are circulating worldwide while undergoing reassortment as well as se-
lection by herd immunity, resulting in an increased ability to prevail in humans. The results presented in this study contribute to
the understanding of the evolution, including reassortment events, underlying influenza C virus epidemics.

Inﬂuenza C virus was first isolated in 1947 from a human with
upper respiratory symptoms in the United States (1). This virus
has been classified as a member of the Orthomyxoviridae family of
enveloped and segmented negative-sense RNA viruses together
with influenza A virus and influenza B virus. The genome of in-
fluenza C virus consists of seven RNA segments, which encode
three polymerase proteins (PB2, PB1, and P3), a hemagglutinin-
esterase (HE) glycoprotein, a nucleoprotein (NP), a matrix (M)
protein, and a nonstructural (NS) protein. HE glycoprotein is the
counterpart of both hemagglutinin (HA) and neuraminidase
(NA) in influenza A and B viruses.

Whereas influenza A virus infects a variety of hosts, influenza C
viruses are predominantly found in humans and, rarely, in pigs (2).
Influenza C virus usually causes a mild upper respiratory tract illness
in children but can also cause lower respiratory tract illness, such as
bronchitis and pneumonia, particularly in children <2 years old (3—
7). Despite the ubiquitous distribution of influenza C virus, which is
demonstrated by its high rate of seroprevalence (8-16), the virus has
been isolated by cell culture only occasionally, and there are only
four strains for which complete genome sequences are registered in
GenBank at present: C/Ann Arbor/1/50, C/Johannesburg/1/66,
C/Eastern India/1202/2011, and C/Victoria/2/2012.
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Since 1988, we have monitored influenza C virus infections in
Japan using a cell culture method, and we succeeded in repeatedly
detecting outbreaks by 2014 (17-25). This long-term surveillance
revealed that there are several antigenic groups among influenza C
viruses, and this antigenic difference is cross-reactive but distin-
guishable by analysis with human antibodies and anti-HE mono-
clonal antibodies (17-22, 24-26). Influenza C viruses belonging to
the different antigenic groups cocirculated in the community, and
replacement of the dominant antigenic group occurred every few
years as a result of selection by herd immunity (24). However,
antigenic drift between viruses due to immune pressure has not
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occurred for the influenza C viruses for at least 30 years (24).
These findings clearly differ from those for the influenza A viruses.
Influenza C virus is antigenically stable compared with influenza
A virus.

Reassortment, the exchange of genome segments between two
different strains, is one way for influenza viruses to increase their
genetic diversity (27-30). We demonstrated that frequent reas-
sortment events occurred among influenza C viruses from 1990 to
2000 in Japan (21, 22). Our observation that influenza C out-
breaks have consisted of reassortant viruses suggests that the
genomic composition of influenza C viruses influences their abil-
ity to spread in humans. In our previous works, we performed
phylogenetic analysis of internal gene segments, such as the PB2,
PB1, P3, and NP genes, using partial sequences of the coding re-
gion (469 nucleotides for the PB2 gene, 376 nucleotides for the
PBI gene, 372 nucleotides for the P3 gene, and 600 nucleotides for
the NP gene) (18-22, 31, 32). Here, we extended this analysis to
the complete genome sequence of each coding region (2,325 nu-
cleotides for the PB2 gene, 2,265 nucleotides for the PB1 gene,
2,130 nucleotides for the P3 gene, and 1,698 nucleotides for the
NP gene). In addition, influenza C viruses ranging from the first
isolate in 1947 to recent isolates in 2014 were included in this
analysis.

In this study, we analyzed a total of 106 complete genomes
spanning 68 years to determine the genetic lineages of influenza C
virus, the reassortment events, and the rates of nucleotide substi-
tutions. The results will further the understanding of the evolu-
tion, including reassortment events, of influenza C virus.

MATERIALS AND METHODS

Viruses. A total of 102 influenza C viruses isolated between 1947 and 2014
were subjected to complete genome sequencing. Twenty-five strains iso-
lated before 1988 were used that had been used in our previous studies
(17,19, 26, 31, 33) and kept in our laboratory. The remaining strains were
isolated by our surveillance in Japan as described previously (17-25, 32).
The viruses were all propagated in the amniotic cavity of 8- or 9-day-old
embryonated hen eggs, and they were stored at —80°C until use for se-
quencing. The HE, NP, M, and/or NS gene sequences of some viruses had
been determined in our previous studies (17-25, 31-37). Nucleotide se-
quences determined in our laboratory and registered in DDBJ/GenBank
were used for C/Ann Arbor/1/50 (38, 39).

Nucleotide sequencing and phylogenetic analysis. Viral RNA was
extracted from 100 pl of amniotic fluid using the RNeasy minikit (Qia-
gen). The viral RNA was then transcribed into cDNA using a universal
primer (5'-AGCAGAAGCAGG-3’) that is complementary to positions 1
to 12 at the 3" end of all influenza C virus RNA segments. Using the
synthesized cDNA as a template, the complete coding regions of the indi-
vidual RNA segments were amplified using gene-specific primers. The
PCR products were purified using a QIAquick PCR purification kit (Qia-
gen) and were sequenced using a BigDye Terminator v3.1 cycle sequenc-
ing kit (Life Technologies) and an ABI Prism 3130 sequencer (Applied
Biosystems). The primer sequences used for amplification and sequencing
are presented in Table 1.

The sequence data were analyzed with MEGAG6 software (40). Based
on the best-fit models of nucleotide substitution, maximum-likelihood
phylogenetic trees of the individual genes were constructed with 1,000
bootstrapped replicates using the same software.

Evolutionary rate. The evolutionary rates were estimated using the
Bayesian Markov chain Monte Carlo methods (MCMC) framework in
BEAST version 1.8.2 (41). A maximum-likelihood phylogenetic tree was
constructed using the general time-reversible model. A discrete gamma
distribution was used to model the evolutionary rate differences among
sites, and the rate variation model allowed for some sites to be evolution-
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TABLE 1 Primers used for amplifications and sequencing of influenza C
viruses in this study

Target gene Primer Sequence (5" to 3")

PB2 FluCPB2F1 AGCAGAAGCAGAGGATTGGAAAT
FluCPB2R1130 CTCCAGTATTCAAATTGTAC
FluCPB2F604 GAAATGAGATCAAAGTTTGC
FluCPB2R2365 AGCAGTAGCAAGAGGATTTTTA
FluCPB2R492 TACAGGCTGAGTGTCAAC
FluCPB2F292 AAAAGGGATCATGTTCTTGC
FluCPB2F909 TATGAGAATTGGAGAAACAG
FluCPB2F1505 CTGTCACAATACAATCAGG
FluCPB2F2103 TTTAGTTGTTGGAGATGAAC

PB1 FluCPBIF1 AGCAGAAGCAGAGGATTATGG
FluCPB1R1402 CAATGTATATTTGACCAGTTTG
FluCPB1F1228 TGCCTGGAGGAATGCTTATG
FluCPBIR2363 AGCAGTAGCAAGAGGATTTTTTCA
FluCPB1R469 TCAACTGTCAGTTGCAAAGC
FluCPB1R939 TGTCTCCAGTTATATTAACTGC
FluCPB1F784 TTGTTGAAACTGTAGCACAG
FluCPB1F1228 TGCCTGGAGGAATGCTTATG
FluCPB1F1801 GTGGGAAACTGATGAACAAC

P3 FluCP3F1 AGCAGAAGCAGGGGATCCGAA
FluCP3R1170 ATTGAACCATTTAGGGAAAG
FluCP3F989 CAATAGCCGATAGAACCATG
FluCP3R2183 AGCAGTAGCAAGGGGATTTTTTC
FluCP3R515 CTAAGAAAATCAGCAGCAG
FluCP3R1170 ATTGAACCATTTAGGGAAAG
FluCP3F989 CAATAGCCGATAGAACCATG
FluCP3F1604 GACACACAACAGTTAGAATG

HE FluCHEKNS ATAATGTTTTTCTCATTACT
FluCHER2025 TAAAACTGTACAAAATATTG
FluCHER345 GCCAAACATACTCAACATCA
FluCHEF213 ATGGATTGGCTTTGGAGATT
FIuCHEF810 TGGAAAAGTTGTTGGAGGGC
FluCHEF1262 CCTTGGCTGCAAAGGAAGAA

NP FIluCNPF6 AAGCAGGAGATTTGGTTTTC
FluCNPR1088 ATAAGCAAGTCCAAAGCATG
FluCNPF546 GGGGCTGGAATCGAAACTAG
FluCNPR1809 AGCAGTAGCAAGGAGATTTTTGAA
FluCNPR496 CTTCCTCTTTGATAAATAATTG
FluCNPF321 GGCACCAATATAACCTACCA
FluCNPF934 CATATGCAGGAAGAAGAGCC
FluCNPF1503 ATAAATTTCAGGTCTGGAGC

M FluCMF4 AGAAGCAGGGGATTTCAAAA
FluCMR1170 GGGGATTTTTTCAAGGTAATTA
FluCMR548 GCTGTGCTGGCTTTTCTTAC
FluCMF313 GCAAATGAAAGCAGCTGGAG
FluCMF676 AATGAGACCCCACTTGGAAA

NS FluCNSF1 AGCAGAAGCAGGGGTACTTTTCC
FluCNSR925 AAGGGGATTTTTAACTTTGG
FIuCNSR586 CCTGTTTCAATTCCGGCCAC
FluCNSF360 CCATGTATTCCTAACTTTGATGG
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arily invariable. A constant population size model with a strict clock,
which assumes a uniform evolutionary rate among the branches of the
tree, or a relaxed uncorrelated lognormal clock, which allows the evolu-
tionary rates to change among the branches of the tree, were utilized. In
the MCMC analysis, 20 million iterations were performed, and samples
were obtained every 1,000 steps.
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Nucleotide sequence accession numbers. Nucleotide sequences de-
termined in this study have been submitted to the DDBJ/GenBank data-
base and assigned the accession numbers LC123283 to LC123384 for the
PB2 gene, LC123385 to LC123486 for the PB1 gene, LC123487 to
LC123588 for the P3 gene, LC122632 to LC122678 for the HE gene,
LC123722to LC123814 for the NP gene, LC123815 to LC123882 for the M
gene, and LC124977 to LC125046 for the NS gene. The accession numbers
for nucleotide sequences presented in this study are shown in Fig. 1 and 3.

RESULTS

Six discrete lineages of the HE gene. To study the lineage of the
HE gene in relation to antigenicity, a phylogenetic tree was con-
structed using 106 HE gene sequences (nucleotides 64 to 1989,
corresponding to the complete coding region excluding the signal
peptide) from viruses isolated between 1947 and 2014. The se-
quences of three strains (C/Johannesburg/1/66, C/Eastern India/
1202/2011, and C/Victoria/2/2012) were obtained from GenBank.
The sequences of the other 103 strains were determined in our
laboratory. As shown in Fig. 1, the HE genes were divided into six
discrete lineages, C/Taylor/1233/47, C/Mississippi/80, C/Aichi/1/
81, C/Yamagata/26/81, C/Kanagawa/1/76, and C/Sao Paulo/378/
82. For the influenza C virus, the phylogenetic classification based
on the HE gene corresponds to the antigenic classification (19, 21,
24). Therefore, in this study, we named the six HE lineages,
the C/Taylor lineage, C/Mississippi lineage, C/Aichi lineage,
C/Yamagata lineage, C/Kanagawa lineage, and C/Sao Paulo lin-
eage, as both antigenic and genetic lineages of the HE gene.

The prototype strain, C/Taylor/1233/47, the first isolate from a
human, who lived in New York, formed the C/Taylor lineage to-
gether with C/Ann Arbor/1/50 and C/Paris/1/67, which were iso-
lated in the United States in 1950 and in France in 1967, respec-
tively. However, there was no virus belonging to the C/Taylor
lineage after 1967, suggesting that this lineage died out. Among
the 30 strains isolated before 1990, four strains isolated in South
Africa (C/Johannesburg/1/66 and C/Johannesburg/4/67) and the
United States (C/Georgia/1/69 and C/Kansas/1/79) belong to the
C/Aichi lineage together with two Japanese strains (C/Aichi/1/81
and C/Yamagata/9/88); however, this lineage of strains disap-
peared from Japan and from the world after 1992 (18). Of the
other 21 strains isolated before 1990, three strains from Greece
(C/Greece/1/79), the United States (C/Mississippi/80), and Japan
(C/Nara/82) belong to the C/Mississippi lineage, and four strains
from Japan (C/Yamagata/64, C/Aomori/74, C/Kanagawa/1/76,
and C/Miyagi/77) and one strain from Brazil (C/Sao Paulo/378/
82) form the C/Kanagawa lineage and the C/Sao Paulo lineage,
respectively. The remaining 13 strains belong to the C/Yamagata
lineage: three strains (C/Great Lakes/1167/54, C/New Jersey/1/76,
and C/California/78) from the United States, one swine strain
(Cl/pig/Beijing/115/81) from China, one strain (C/England/892/
83) from England, and eight strains (C/Sapporo/71, C/Kyoto/1/79,
C/Shizuoka/79, C/Yamagata/7/81, C/Yamagata/10/81, C/Yamagata/
26/81, C/Yamagata/7/88, and C/Yamagata/10/89) from Japan.

There were almost no reports of influenza C virus isolation
from the middle of the 1980s until the late 2000s, when molecular
techniques were used. As shown in Fig. 2, most of the Japanese
strains isolated from 1988 to 2000 by our surveillance system be-
long to the C/Aichi, C/Mississippi, or C/Yamagata lineage (17—
22). Viruses isolated in Tokyo, Fukuoka, Miyagi, and Yamagata,
Japan, from 2002 to 2014 mainly belong to the C/Kanagawa or
C/Sao Paulo lineage (23-25). A strain from Australia deposited in
2012 (C/Victoria/2/2012) belongs to the C/Sao Paulo lineage and
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forms one cluster together with the Japanese strains (C/Tokyo/4/
2014, C/Miyagi/5/2014, and C/Yamagata/33/2014). Another re-
cently reported virus from India in 2011 (C/Eastern India/1202/
2011) (42) was classified in the C/Kanagawa lineage but forms a
different branch apart from the other strains belonging to the
C/Kanagawa lineage.

Two major lineages of internal genes. We performed phylo-
genetic analysis of individual RNA segments of the internal genes
PB2, PB1, P3, NP, M, and NS. Although partial sequences of the
PB2, PB1, P3, and NP genes were used in our previous works
(18-22, 31, 32), to extend these studies to the analysis of complete
sequences, whole sequences of the coding region for six individual
RNA segments were determined for the 102 strains. The sequences
of four strains (C/Ann Arbor/1/50, C/Johannesburg/1/66, C/East-
ern India/1202/2011, and C/Victoria/2/2012) were obtained from
GenBank; however, the M and NS gene sequences of C/Johannes-
burg/1/66 were determined in our laboratory (35, 36).

As shown in Fig. 3, two major lineages, C/Mississippi/80 and
C/Yamagata/26/81, were identified in each of six internal gene
trees. Although our previous studies showed some sublineages in
the phylogenetic trees (21, 22), more than 80% bootstrap proba-
bility at the branches could not be obtained by complete sequence
analysis. Therefore, we divided the genetic lineages of the internal
genes into two major lineages, the C/Mississippi/80-related lin-
eage and the C/Yamagata/81-related lineage.

Our previous studies demonstrated that the NS gene sequences
obtained from 34 strains isolated between 1947 and 1992 were
split into two groups, A and B, which correspond to the C/Missis-
sippi/80-related lineage and the C/Yamagata/81-related lineage,
respectively. Most influenza C viruses had acquired group B NS
genes until the early 1980s irrespective of their HE gene lineage
(36). This study confirmed the previous results, although two
strains (C/Miyagi/7/93 and C/Yamagata/26/2004) that had HE
genes belonging to the C/Mississippi lineage were classified into
the C/Mississippi/80-related lineage (correspond to group A) on
the NS gene tree. On the other five phylogenetic trees based on the
PB2, PB1, P3, NP, and M gene sequences, the sequences seemed to
be split into two lineages independently of the year of isolation.

Reassortment of influenza C viruses between 1947 and 2014.
To study the reassortment of influenza C viruses circulating from
1947 to 2014, their internal genome compositions, which were
determined by dividing them into C/Mississippi/80-related and
C/Yamagata/81-related lineages by phylogenetic analysis, were in-
vestigated for the 106 strains according to HE lineages. As shown
in Fig. 4A, all strains isolated by the 1960s, whose HE genes be-
longed to the C/Taylor, C/Aichi, C/Yamagata, and C/Kanagawa
lineages, had the same composition of internal genes. After 1970,
reassortment events occurred among the viruses from the C/Ai-
chi, C/Yamagata, and C/Kanagawa HE lineages. However, among
the viruses belonging to the same HE lineage, viruses isolated in
various areas of the world had the same composition during the
same period. For example, in the C/Mississippi lineage, C/Missis-
sippi/80 isolated in the United States in 1980 had the same genome
composition as C/Greece/1/79 isolated in Greece in 1979 and
C/Nara/82 isolated in Japan in 1982. In other lineages, C/Aichi/
1/81 isolated in Japan in 1981 had the same genome composition
as C/Kansas/1/79 isolated in the United States in 1979, and
C/Yamagata/26/81 isolated in Japan in 1981 had the same genome
composition as C/pig/Beijing/115/81 isolated from pigs in China
in 1981.
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FIG 1 Phylogenetic tree of the influenza C virus hemagglutinin-esterase (HE) gene. The coding region without a signal peptide in RNA segment 4 was used for
the analysis (corresponding to nucleotide positions 64 to 1989 of the HE gene). Numbers below or above the branches indicate the confidence level of the
bootstrap analysis with 1,000 replicates as a percentage, and values greater than 70% are shown. Strains belonging to each lineage are marked with the
corresponding symbol on the head of the strain name: the C/Mississippi lineage is represented as an orange diamond, the C/Aichi lineage is represented as a
purple inverse triangle, the C/Yamagata lineage is represented as a green circle, the C/Kanagawa lineage is represented as a blue triangle, and the C/Sao Paulo
lineage is represented as a red square. Strains isolated before 1990 are indicated by open symbols, and strains isolated after 1990 are marked with filled symbols.
Numerals prior to the strain name indicate the order of the isolation year. GenBank/DDBJ accession numbers are presented in parentheses.
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FIG 2 Monthly distribution of influenza C viruses in Japan between 1988 and 2014. The number of influenza C virus isolates was obtained from our previous
reports: Matsuzaki et al. (17, 19, 20, 21, 22, 24, 32), Kimura et al. (18), and Tanaka et al. (25). The colored open squares indicate the representative reassortant

viruses that emerged during influenza C virus epidemics.

Since 1988, we have carried out long-term surveillance of in-
fluenza C virus in Japan (Fig. 2). In previous studies based on
partial sequences of the PB2, PB1, P3, and NP genes, we reported
two reassortment events. One hypothesis is that multiple reassort-
ment occurred between 1992 and 1996 among viruses with the HE
gene of the C/Mississippi lineage (21), and reassortant viruses of
the C/Yamagata lineage, which obtained the P3 and NP genes
from a C/Mississippi/80-like virus, caused two outbreaks in
Yamagata, Japan, in 1996 and 1998 (20). As shown in Fig. 4B, these
findings are consistent with the present results obtained based on
complete sequences of internal genes.

In this study, we analyzed the phylogenetic position of each
strain circulating between 2000 and 2014 in Japan. On the HE
gene tree (Fig. 1), strains of the C/Yamagata lineage isolated
between 1996 and 2004, strains of the C/Kanagawa lineage iso-
lated between 1996 and 2014, and strains of the C/Sao Paulo
lineage isolated between 1999 and 2014 formed one cluster
within the respective lineage. As shown in Fig. 4B, the genomic
composition of C/Kanagawa lineage strains such as C/Miyagi/
9/96, C/Yamagata/35/2014, and C/Miyagi/2/2014 did not change
from 1996 to 2014, and it is the same as that of the C/Yamagata
lineage strains circulating between 1996 and 2004. Conversely,
some different reassortant viruses of the C/Sao Paulo lineage were
found during the period from 1999 to 2014. However, interest-
ingly, the internal genome composition of all strains of the
C/Sao Paulo lineage isolated in 2014, such as C/Yamagata/6/
2014, C/Miyagi/6/2014, and C/Tokyo/4/2014, is the same as
that of the C/Yamagata lineage and C/Kanagawa lineage strains
isolated between 1996 and 2014. One C/Sao Paulo lineage
strain reported in Australia in 2012, C/Victoria/2/2012, was
found to be highly homologous to the Japanese C/Sao Paulo
lineage strains isolated in 2014, such as C/Yamagata/33/2014,
C/Miyagi/5/2014, and C/Tokyo/4/2014, in the phylogenetic
trees constructed with the HE, PB2, PB1, P3, NP, M, and NS
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genes. One strain of the C/Kanagawa lineage reported in India
in 2011, C/Eastern India/1202/2011, had unique phylogenetic
positions. In the trees constructed with the HE, PB1, and P3
genes, it was especially closely related to the strains isolated by
the 1960s, such as C/Yamagata/64, C/Ann Arbor/1/50, and
C/Johannesburg/1/66, respectively. The internal genome com-
position of C/Eastern India/1202/2011 was found to be similar
to that of C/England/892/83.

Nucleotide and amino acid sequence identities and evolu-
tionary rates. The identities of the nucleotides and deduced
amino acid sequences among 106 strains are summarized in
Table 2. The nucleotide sequences of influenza C virus isolates
were highly homologous to each other; mean percent identities
were greater than 95% for all segments. The sequences in the HE
gene had lower homology, at 95.3%, and the minimum identity of
91.1% was between C/Yamagata/26/2004 (C/Mississippi lineage)
and C/Yamagata/16/2014 (C/Kanagawa lineage). The PB2,
PB1, P3, HE, and NP genes each encode single proteins, and the
M and NS genes each encode two proteins, M1 and CM2 as well
as NS1 and NS2, respectively. The HE protein is composed of
two subunits that are cleaved by a host protease: HE1 is the
globular region of the HE protein, and HE2 is the stalk region.
The amino acid sequences were also highly homologous for
all proteins. The minimum amino acid sequence identity was
93.3% in the HEI region of the HE protein found between
C/Yamagata/14/2004 (C/Kanagawa lineage) and C/Victoria/2/
2012 (C/Sao Paulo lineage).

The nucleotide substitution rates for all of the segments were
estimated using BEAST (Table 2). The rates of nucleotide substi-
tution of individual segments ranged from 3.76 X 10~ * to 5.20 X
10~ * (strict clock) and from 3.87 X 10 *t0 5.23 X 10~ * (relaxed
clock) substitutions/site/year, with the lowest and highest rates
found for the P3 and HE genes, respectively.
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FIG 3 Phylogenetic trees of internal genes of influenza C viruses. The nucleotide sequence of the whole coding region was used for the analysis: nucleotide
positions 22 to 2343 for the PB2 gene, 18 to 2279 for the PB1 gene, 22 to 2148 for the P3 gene, 30 to 1724 for the NP gene, 26 to 1147 for the M gene, and 28 to
886 for the NS gene. Numbers below or above the branches indicate the confidence levels of bootstrap analysis with 1,000 replicates as a percentage, and values
greater than 70% are shown. Each lineage of the HE gene is shown with the corresponding symbol on the head of the strain name. The C/Mississippi lineage is
represented as an orange diamond, the C/Aichi lineage is represented as a purple inverse triangle, the C/Yamagata lineage is represented as a green circle, the
C/Kanagawa lineage is represented as a blue triangle, and the C/Sao Paulo lineage is represented as a red square. Strains isolated before 1990 are indicated by open
symbols, and strains isolated after 1990 are marked with filled symbols. Numerals prior to the strain name indicate the order of the isolation year. GenBank/DDBJ
accession numbers are presented in parentheses.
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FIG 4 Internal genome constellations of the influenza C viruses for which the full genome was analyzed in this study. (A) Influenza C viruses circulating between
1947 and 1983 around the world are shown. (B) Influenza C viruses isolated in Japan from 1988 to 2014 are shown. Virus particles are indicated by hexagons
containing triangles for the six internal gene segments (clockwise: PB2, PB1, P3, NP, M, and NS) and colored according to their lineage: white, Mississippi/80-
related lineage; black, Yamagata/81-related lineage. Abbreviations in panel B: YA, Yamagata; MI, Miyagi; Al, Aichi; FU, Fukuoka; TK, Tokyo.
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TABLE 2 Identities and nucleotide substitution rates for all segments of influenza C viruses circulating between 1947 and 2014

Influenza C Viruses Circulating between 1947 and 2014

Nucleotide substitution rate (10~ * substitutions/site/year),

Mean % identity (range) 95% HPD®
Strict clock L I relaxed clock

Coding  Nucleotide ~ Amino acid fercoc ognorma refaxec coc
Segment  region length length Nucleotide Amino acid Mean  Lower  Upper  Mean  Lower  Upper
1 PB2 2,322 774 97.8 (95.7-100) 99.6 (98.7-100) 3.87 3.31 4.44 3.96 3.37 4.55
2 PB1 2,262 754 97.6 (94.4-100) 99.5 (98.3-100) 4.11 3.56 4.71 4.38 3.73 5.04
3 P3 2,127 709 97.8 (95.1-100) 99.3 (97.9-100) 3.76 3.25 4.27 3.87 3.29 4.44
4 HE 1,923 6417 95.3 (91.1-100) 97.1 (94.7-100) 5.20 4.51 5.88 5.23 4.51 5.98

HE1 1,296 432 94.9 (89.9-100) 96.2 (93.3-100)

HE2 627 209 96.1 (92.7-100) 98.9 (95.7-100)
5 NP 1,695 565 97.7 (95.7-100) 99.4 (98.4-100) 4.03 3.44 4.66 4.04 3.40 4.69
6 M 1,122 98.3 (96.1-100) 4.04 3.28 4.83 4.05 3.27 4.81

M1 726 242 98.3 (95.1-100) 99.7 (98.3-100)

CM2 345 115 98.7 (96.1-100)  99.4 (95.7-100)
7 NS 859 98.1 (95.6-100) 4.31 3.36 5.30 4.48 3.49 5.56

NS1 738 246 98.4 (96.4-100)  98.6 (95.5-100)

NS2 546 182 98.0 (95.2-100) 97.8 (94.0-100)

“ Signal peptide is excluded from length.
¥ HPD, highest posterior density.

DISCUSSION

In this study, we determined the genetic lineages of influenza C
virus by analyzing complete genome sequences of isolates, ranging
from the first, C/Taylor/1233/47, to recent isolates of 2014. More-
over, the relationship between internal genome composition and
antigenic lineage (HE lineage) was studied. The results suggested
that there are some advantageous genome constellations and that
they may be related to influenza C virus epidemics.

We previously suggested that the C/Kanagawa lineage died out,
similar to the C/Taylor lineage, because no strain of the C/Kana-
gawa lineage was isolated since 1977 (34). However, a C/Kana-
gawa lineage virus reemerged in Sendai City, Japan, in 1996 (C/
Miyagi/9/96) that had acquired its internal genome composition
from epidemic strains of the C/Yamagata lineage, such as
C/Yamagata/8/96, and spread to various areas of Japan during
2000 (21, 22). The present study revealed that such C/Kanagawa
lineage viruses continue to circulate as a predominant virus over
the C/Yamagata lineage viruses (Fig. 2 and 4B).

In 1992 and 1993, three strains belonging to the C/Sao Paulo
lineage, which have internal genome sequences phylogenetically
similar to that of C/Sao Paulo/378/82, were isolated in Japan for
the first time; one of the three strains is C/Yamagata/1/93 (19). In
1999, one strain belonging to the C/Sao Paulo lineage (C/Aichi/1/
99) was isolated in Japan from a traveler who had visited Malaysia
(32). Therefore, C/Aichi/1/99 was circulating in Malaysia and had
a genome composition distinct from that of C/Yamagata/1/93
(32). The increase in isolates belonging to the C/Sao Paulo lineage
in Japan started in 2004 (Fig. 2) (24). This study revealed that
multiple HE gene reassortants of the C/Sao Paulo lineage coex-
isted in Japan during the short period between 2004 and 2012, and
these strains are phylogenetically more similar to C/Aichi/1/99
than C/Yamagata/1/93. Among the internal gene sequences of 23
strains belonging to the C/Sao Paulo lineage isolated between 2004
and 2012, the NP and M gene sequences of 4 strains isolated in
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2004 and 2005 (C/Yamagata/18/2004, C/Yamagata/27/2004,
C/Yamagata/1/2005, and C/Yamagata/3/2005) were very similar
to those of C/Aichi/1/99, and the PB2 gene sequences of the re-
maining 19 strains isolated in Tokyo, Fukuoka, Miyagi, and
Yamagata, Japan, form one cluster together with C/Aichi/1/99 in
the C/Mississippi/80-related lineage. This result suggests that a
newly introduced influenza C virus spread widely throughout Ja-
pan while undergoing reassortment events.

All C/Sao Paulo lineage strains isolated in 2014 had the same
genome constellation, which is similar to that of the C/Kanagawa
lineage isolated in 2014. However, their HE gene sequences could
be divided into two distinct clusters within the C/Sao Paulo lin-
eage. One cluster is represented by C/Aichi/1/99, and the other
cluster is represented by C/Victoria/2/2012 (Fig. 1). On the HE
gene tree, three strains (C/Yamagata/30/2014, C/Yamagata/32/
2014, and C/Miyagi/6/2014) were classified into a cluster together
with C/Aichi/1/99 and all strains of the C/Sao Paulo lineage iso-
lated between 2004 and 2012. However, their PB2, PB1, P3, and
NP gene sequences are closely related to those of the C/Kanagawa
lineage circulating between 2012 and 2014 in Japan. Therefore,
these strains seem to have emerged by acquiring the gene segments
that encode the polymerase complex and the nucleoprotein from
viruses of the C/Kanagawa lineage circulating in Japan. Five
strains (C/Yamagata/6/2014, C/Yamagata/33/2014, C/Miyagi/5/
2014, C/Tokyo/1/2014, and C/Tokyo/4/2014) form a clearly dis-
tinct cluster together with C/Victoria/2/2012 on the HE gene tree.
Of these strains, C/Yamagata/33/2014, C/Miyagi/5/2014, and
C/Tokyo/4/2014 have genes that are highly homologous to those
of C/Victoria/2/2012 on the internal gene trees, suggesting that
they were derived from a strain that was introduced into Japan
from a foreign country. Interestingly, the internal genome com-
position of C/Victoria/2/2012 is the same as that of strains having
HE genes belonging to the C/Kanagawa lineage, such as C/Miyagi/
9/96. Odagiri et al. previously reported that 10 strains isolated in
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the Philippines in 2011 and 2013 had HE genes belonging to the
C/Sao Paulo lineage and had the same internal genome composi-
tion as C/Miyagi/9/96 (43). Therefore, the viruses isolated in the
Philippines are closely related to C/Victoria/2/2012, suggesting
that such viruses of the C/Sao Paulo lineage were circulating in
Australia and the Philippines in 2011 to 2013 before they spread to
Japan. Although antigenic differences between the two distinct
clusters within the C/Sao Paulo lineage cannot be detected using
polyclonal immune sera, these clusters could be distinguished
from each other by their reactivity with an anti-HE monoclonal
antibody in hemagglutinin inhibition testing (25). Observation
over a longer period is required to reveal whether either or both of
the two clusters survive in a community.

In Japan in 2014, influenza C viruses belonging to the C/Kana-
gawa and C/Sao Paulo lineages were cocirculating (Fig. 2) (25),
and these lineages had the same internal genome constellation as
the C/Yamagata lineage, which was the dominant lineage in Japan
between 1996 and 2000 (Fig. 2 and 4B). Therefore, this genome
composition certainly seems to provide some advantage for viral
spread in humans. Interestingly, as shown in Fig. 4A, this genome
composition is the reverse of that of each virus isolated before
1970. Although various genome constellations appeared after
1970, the P3 and NP gene segments always belong to the same
lineage (C/Mississippi/80-related lineage or C/Yamagata/81-re-
lated lineage) except for a small number of exceptions, such as
viruses of the C/Sao Paulo lineage isolated between 2004 and 2012.
This observation suggests that the genome constellation of influ-
enza C viruses restricts viral fitness. Reassortment events might
play a role in the acquisition of an advantageous internal gene
composition under this restriction. Further analyses using a larger
number of influenza C viruses, including foreign isolates, and also
functional analysis, including the generation of reassortant vi-
ruses, are required to confirm this suggestion.

This study provides the first examination of the rates of nucle-
otide substitution for influenza C viruses spanning 68 years from
complete coding region sequences. The highest rate was that of the
HE gene. The comparison performed using similar methodology
yielded a rate of 5.20 X 10~* substitutions/site/year, which is ap-
proximately 8- to 11-fold lower than the estimated rates of 3.99 X
107 substitutions/site/year (30) or 5.72 X 107> substitutions/
site/year (28) obtained for the HA gene from influenza A (H3N2)
viruses and approximately 4-fold lower than the estimated rate of
2.15 X 10~ substitutions/site/year obtained for the HA gene from
influenza B viruses (29). The amino acid sequence identity of
more than 93% obtained for the HEI protein suggests that the
antigenicity of influenza C virus is highly stable. PB2, PB1, P3, and
NP proteins, which construct a ribonucleoprotein complex to-
gether with VRNA, have a high identity of more than 98%. Al-
though both M1 and CM2 protein sequences are conserved fairly
well, the amino acid sequence of the M1 protein, which gives ri-
gidity to the virion (39), has higher identity than that of the CM2
protein, which plays a role in the genome packaging and uncoat-
ing processes (44). The divergence of the amino acid sequence of
the NS2 protein, which possesses nuclear export activity (45), is
higher than that of the NS1 protein and comparable to that of the
HE protein. The precise role of each protein of the influenza C
virus has yet to be determined. Further analysis of the relationship
between conserved regions in amino acid sequences and biologi-
cal activity might help to clarify the functions of the respective
proteins.
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