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Summary. The nucleotide and deduced amino acid sequences of the haemag-
glutinin genes coding for the HA 1 domain of H3N8 equine influenza viruses
isolated over wide regions of the world were analyzed in detail to determine
their evolutionary relationships. We have constructed a phylogenetic model tree
by the neighbour-joining method using nucleotide sequences of 15 haemagglu-
tinin genes, including those of five viruses determined in the present study. This
gene tree revealed the existence of two major evolutionary pathways during a
twenty five-year period between 1963 to 1988, and each pathway appeared to
consist of two distinct lineages of haemagglutinin genes. Furthermore, our
analysis of nucleotide sequences showed that two distinct lineages of equine
H3NB8 viruses were involved in an equine influenza outbreak during the period
of December 1971-January 1972 in Japan. The number of nucleotide changes
between strains was proportional to the length of time (in years) between their
1solation except for three of the HA genes. However, there are three exceptional
strains isolated in 1971, 1987, and 1988, respectively. The haemagglutinin gene
in these strains showed a small number of nucleotide substitutions after they
branched off around 1963, suggesting an example of frozen replication. Al-
though the estimated rate (0.0094/site/year) of synonymous (silent) substitutions
of the haemagglutinin gene of equine H3NS viruses was nearly the same as that
of human H1 and H3 haemagglutinin genes, the rate of nonsynonymous
(amino-acid changing) substitutions of the former equine virus gene was esti-
mated to be 0.00041/site/year — that is about 5 times lower than that estimated
for the human H 3 haemagglutinin gene. The present study is the first dem-
onstration that multiple evolutionary lineages of equine H3NS influenza virus
circulated since 1963.

* Present address: La Plata Veterinary Faculty, University of La Plata, Argentina.
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Introduction

Following the first isolation of H7N7 influenza virus from a horse in Cze-
choslovakia in 1956 [38], influenza virus H3N8 subtype was isolated in 1963
during a widespread outbreak of equine respiratory disease in the U.S.A. [44].
This isolate was referred to as the prototype strain A/eq/Miami/1/63. Since
then, large-scale serological and virological surveillance has been done in many
parts of the world [6, 7, 17, 23, 29, 30, 39-42], but the introduction of influenza
A subtypes virus other than the above two subtypes has not been reported.
During the course of virological surveillance of a wide variety of bird species,
a large number of influenza viruses were isolated, and it was shown that there
are 14 haemagglutinin (HA) and 9 neuraminidase (NA) subtypes of influenza
A viruses [14, 18]. The sudden appearance of A/Hong Kong (H3N2) virus in
man brought research worker’s attention to the bird and the horse populations
because: the HA antigen of this virus was related immunologically and bio-
chemically to that of avian and equine influenza viruses [24]. The subsequent
isolation of H3N2 virus from swine established with certainty a close epide-
miological relationship between human and swine influenza [37]. Antigenic
analysis, competitive RNA-hybridization, and analysis of nucleotide sequences
led to speculation that the HA gene of the 1968 human pandemic strain was
most likely to have been introduced from avian species [ 10, 24, 36]. The extensive
sequence information now available for a number of H3 HA genes of human
and animal viruses has made it possible to analyze molecular evolution of
influenza viruses from different hosts [10, 20]. On the basis of nucleotide and
amino acid sequence analyses, human influenza A viruses appear to evolve
rapidly in single lineage [3, 13]. In contrast, the avian influenza viruses evolve
at a much slower rate as multiple lineages [19]. A number of nucleotide se-
quences of H3 HA genes are now available for a study of the evolution of
equine influenza viruses [3, 8, 13, 16]. A phylogenetic tree constructed from
the nucleotide sequences of the HA genes indicated that equine H3N8 influenza
viruses like human H3N2 viruses evolve as a single lineage [ 16]. However, our
results (unpubl. data) based on the oligonucleotide mapping of the entire RNAs,
suggested the cocirculation of the distinct lineage of equine H3NS virus. We
therefore attempted to reconcile the differences between the above two obser-
vations by using the neighbour-joining (N-J) method to analyze the equine H 3
HA gene sequences reported here along with those reported previously [27,
33]. In the present communication, authors describe evolutionary pathways
and rates of evolution of equine H3N8 influenza virus isolated since 1963.

Material and methods
Viruses

The following five strains of equine influenza virus were selected and grown in 11 day-old
fertile hen’s eggs: A/eq/France/67 (FRA/67), Ajeq/Tokyo/3/71 (T/3/71), Ajeq/Kentucky/
1/81 (KEN/81), A/eq/Brazil/87 (BRA/87) and A/eq/La Plata/88 (LPL/88). They were pur-



Evolution of equine H3 HA 75

ified as described previously [28]. In addition to the nucleotide sequences of the above five
strains of H3NB8 virus, those of the previously sequenced HA genes of the strains of equine
H3N8 virus were also used in the present analysis. They were A/eq/Miami/1/63 (MIA/63),
AJeq/Uruguay/1/63 (URG/63), Ajeq/Tokyo/2/71 (T/2/71), Ajeq/Algiers/72 (ALG/72), A/
eq/New Market/76 (NM/76), A/eq/Fontainbleau/79 (FON/79), A/eq/Romania/80 (ROM/
80), A/eq/Santiago/1/85 (SAN/85), A/eq/Kentucky/2/86 (KEN/86), and A/eq/Kentucky/
1/87 (KEN/87) viruses.

Cloning and nucleotide sequences of the HA gene

The cDNA was synthesized from viral RNA with a 12 base universal primer complementary
to the 3’ terminus of influenza A virus gene using a cDNA synthesis kit (Amersham
International) [21]. Second strand DNA was also prepared similarly in the presence of
ribonuclease H and polymerase 1. After treatment with T 4 polymerase, the resultant DNAs
were cloned into pUC 118 vector using a synthetic Eco RI linker, and the recombinant
plasmid was transformed into Escherichia coli DH 5a. The plasmid containing H3 HA
DNA was identified by colony hybridization and isolated by the boiling method. Following
the transfection of the plasmid possessing HA-DNA into JM 103, single strand DNA was
collected for sequencing after infection with helper phage M13K07 as described previously
[35]. The nucleotide sequences of the HA were determined by using a series of primers
synthesized in our laboratory.

Results

Nucleotide and deduced amino acid sequences of the HA gene of equine H3NS
viruses

In order to analyze the evolutionary patterns of equine H3 HA genes, the
complete nucleotide sequences of five HA genes were determined. The sequence
of their HA 1 domains are presented in Fig.1, along with those of the ten
previously sequenced HA genes of H3NS8 viruses. The equine influenza virus
HA gene of the H3 subtype was 1762 nucleotides long with a single open
reading frame of 1650 nucleotides (Fig.2), identical in size to the previous
reports [8, 16]. No insertions or deletions were observed in any of the fifteen
HA genes. The HA gene of equine H3 virus encodes a polypeptide of 565
amino acids, 15 of which comprise the signal peptide, 329 comprise the HA 1
and 221 comprise the HA 2. Although a large number of the nucleotide changes
were scattered over the HA 1 domain, amino acid changes were mainly clustered
between residues 137 and 257. It was evident that three antigenic sites [45]
exist. By analogy with receptor specificity of the H3 HA, the presence of
glutamine at residue 226 of all equine virus HAs of the H 3 subtype suggests
that these viruses bind Neu a-2-3 Gal [31]. There are six to eight potential N-
linked glycosylation sites on the HA 1 molecule. In addition, the HA 2 molecule
contained only one potential glycosylation site (Fig. 2), coinciding with previous
reports [8, 16].
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Fig. 1. Nucleotide sequences of the complete HA 1 domain of the H3 HA gene of equine

influenza viruses. The nucleotide sequences of the each HA gene were aligned together with

those of the previously sequenced HA genes. The oldest equine (H3NS8) virus HA gene was

used as the prototype strain but only nucleotides that differ from those of the former
prototype strain are shown



=1 20 30 53
81%423 mAmmmmnmmmm&lmmmmm
FRA

LPL/88

MIA/63
URG/63
FRA

B e

2099955

(2]}

87
LPL/8%

&%A;GB GWWWWWSMMIMM%APM&%

=

DOROOOONOOHNOO

KEN/8
BRA/87
LPL/88

MIA/63 INGKLNRVIEKTNEKFHQIFKEFSEVEGRIQDLEKYVEDTKIDLWSYNAELLVALENCGHTTDL TDAEMNKLFERTRROURENAEDMGNGCFKTYHKCIINA
URG/63  tvvvenseeGrrvvnernocenaennnan ceeaas

.

.

KEN/8
BRA/87
LPL/88

Fig. 2. Comparison of deduced amino acid sequences of the HA 1 domain presented in
Fig. 1. All of the amino acid sequences were aligned with that of the oldest strain MIA/
63, but only nucleotides that differ from those of MIA/63 virus are shown
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Nucleotide and deduced amino acid sequence homologies

The differences in nucleotide and deduced amino acid sequences of the HA
gene based on a pairwise comparison, are summarized in Table 1. With the
exception of strains T/3/71, BRA/87, and LPL/88, equine H3 HA genes tend
to show nucleotide changes proportional to the amount of time between iso-
lations. However, the number of nucleotide and amino acid sequence differences
between T/3/71 and MIA/63 were smaller than those between FRA/67 and
MIA/63. Similarly, despite the sixteen to seventeen-year interval between their
isolations, nucleotide sequences of two viruses isolated in Brazil and Argentina
(BRA/87, LPL/88) differed by only 1 nucleotide from T/3/71 derived from the
outbreak in Japan. Our suggestion is that the above two strains, had been
“frozen” in nature or elsewhere.

On the basis of considerable nucleotide sequence similarity (98.2-99.2%
homology), the HA genes of MIA/63, URG/63, T/3/71, BRA/87, and LPL/88
are thought to belong to the same lineage. Similarly, another equine lineage
showing a high nucleotide sequence homology (97.2-98.0%) was found to
include strains NM/76, FON/79, ROM/80, and KEN/81. These results suggest
that at least two mainstreams of equine H3N8 viruses, distinguished by nu-
cleotide differences, were involved in influenza outbreaks among horses in
different countries during 1963-1981.

Evolutionary relationships among the HA genes of equine influenza virus

The genetic diversity of the equine H3 HA genes and possible existence of
multiple pathways led us to analyze their evolutionary patterns. As seen in the
phylogenetic tree constructed from nucleotide sequences (Fig. 3), the branching
pattern for fifteen isolates was different from that reported by Kawaoka etal.
[16]. The values given for each branch in the tree represent the expected branch
length (the expected number of nucleotide substitutions per site). Each main
branch can be distinguished by an evolutionary tree, one including seven strains
isolated between 1963 and 1988, and the other one including the remaining
eight strains. It was also shown that each major branch cluster contains two
minor branches consisting of several strains of H3N8 virus. These results in-
dicated the possibility that equine H 3 HA genes have evolved into four lineages.

The phylogenetic tree clearly indicated that the branch giving rise to the
HA gene of the oldest strain MIA/63 belonging to the first lineage had previously
been divided off from the second lineage containing the T/2/71 and ALG/72
strains. Probably, they have a common putative root with that of the oldest
strain of H3N8 virus, suggesting their derivation from a common ancestral
virus which had been prevalent in the early 1960s. These observations are
essentially consistent with the evidence obtained from the phylogenetic tree
constructed by the maximum parsimony method [16]. Although the second
branch cluster consists of eight strains, they can be further divided into two or
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Fig. 3. Phylogenetic tree for equine H3N8 influenza virus HA genes (a). The tree was
constructed by the neighbour-joining method [25, 32]. Genomic distance was estimated
on the basis of number of synonymous substitutions as described by Nei and Gojubori
[27]. The length of all the branches were calculated by the principle of minimum evolution.
Linear regression analysis of the synonymous substitution of equine (b) and human (¢) H3
HA genes. Closed circles represent the strains MIA/63, URG/63, T/2/71, and ALG/72,
respectively. Closed circles indicated by arrows indicate the position of strains T/3/71, BRA/
87, and LPL/88 (strains whose replication was frozen during a certain period). Strains
FRA/67, NM/76, FON/79, ROM/80, KEN/81, SAN/8S, KEN/86, and KEN/87 are shown
from left by open circles. The regression line (¢) was prepared by the following human
H3N2 viruses: A/Northern Territory/60/68, A/Aichi/2/68, A/England/878/69, A/Quecens-
land/7/70, A/Memphis/1/71, A/Memphis/102/72, A/Bangkok/1/79, A/Philippines/2/82, A/
Oita/3/83, A/New Jersey/4/85, A/Michigan/1/85, A/Stockholm/4/85, A/Yamagata/96/85,
A/Bangkok/2467/85, A/Bangkok/2746/85, A/Tonga/23/85, A/Yokohama/C-5/85, A/
Gunma/346/85, A/Yamanashi/497/85, A/Fukuoka/C-29/85. Pindicated by the closed arrow
represents the position of a putative root corresponding to the first main evolutionary
stream. P indicated by an open arrow represents the putative root belonging to the second
main stream. Closed circles indicate the strains belonging to the first stream and open
circles are the strains involved in the second stream. Each square shows the position of
the HA genes of human H3N2 virus. The abscissa and the ordinate represent the year of
isolation and the number of synonymous substitutions of H3N8 influenza virus HA genes
used in the test respectively
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three minor branches. Two strains of H3N8 virus isolated in England and
France, NM/76 and FON/79, were distinguished from the remaining six strains,
suggesting that they belong to the third lineage. In contrast, the branch giving
rise to SAN/85, KEN/86, and KEN/87 were found to have previously divided
off from the lineage containing FRA/67 around mid-1960s. Although the recent
two strains ROM/80 and KEN/81 are relatively distantly related to the above
three strains and to the NM/76 and FON/79 viruses, evolutionary pathways
suggested that the former two strains, together with SAN/85, KEN/86, and
KEN/87, are on the fourth evolutionary lineage.

Comparison of evolutionary rates

The phylogenetic tree constructed by the N-J method allows us to estimate the
evolutionary rate of the HA genes of equine viruses. The evolutionary rate,
based on the synonymous and nonsynonymous substitutions/site/year, was
calculated by plotting the year of virus isolation against the branch length to
each ancestor node. The HA genes of the strains BRA/87 and LPL/88 (like the
T/3/71 strain) were omitted from the calculation because they differ by only
eight nucleotides compared with the HA gene of the oldest strain MIA/63
isolated 24-25 years earlier (indicated by closed arrows) (Fig. 3b). The rate of
nucleotide substitutions of the human HA gene is clearly proportional to the
year of virus isolations (Fig. 3 c), indicating that these genes evolve steadily in
a single lineage. In contrast to this, two regression lines were seen for the HA
genes of equine influenza viruses, reflecting the existence of two major evolu-
tionary streams (Fig. 3b). With the exception of three strains belonging to the
first stream (T/3/71, BRA/87, and LPL/88), and one strain (FRA/67) belonging
to the second stream, two regression lines showed that the number of nucleotide
changes in the equine HA gene is roughly proportional to the year of virus
isolation. Because there were two main evolutionary lines, the strains of H3N8

Table 2. Comparative analysis of the rate of evolution at the synonymous and nonsynon-
ymous substitutions between HA gene derived from equine and human viruses

Positions Rate of evolution
Equine H3 Human H 3
Synonymous (silent) 0.00994-0.00989 0.01075
1st 0.00177 0.00236
2nd 0.00024 0.00234
3rd 0.00530 0.00545
Nounsynonymous (amino acid changing) 0.00041 0.00193

Number of synonymous and nonsynonymous substitutions per site per year was cal-
culated based on the phylogenetic tree shown in Fig. 3. Accumulation of synonymous
substitution in equine and human HA are shown in Fig.3b and ¢
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virus including the upper and lower branch clusters were used separately for
estimating the evolutionary rate. Accordingly, we estimated the rate of syn-
onymous substitution for the two groups of the equine HA gene to be 0.0094—
0.00989 (Table 2). This value is nearly the same as that of the human H3 HA
gene. In contrast, the rates of nonsynonymous substitutions/site/year were es-
timated to be 0.00041 for the HA gene of equine virus, a value approximately
one-fifth of the rate (0.00193) for the human H 3 HA gene. Our phylogenetic
analysis of the HA gene of equine H3N8 viruses suggested that unique evo-
lutionary pattern different from that of human and avian influenza A viruses
exists for equine influenza viruses.

Discussion

In order to examine the pattern of evolution for the equine H3NS influenza
virus and to compare it with patterns for other influenza viruses, nucleotide
sequences of the HA gene were analyzed based both on pairwise sequence
comparisons and on an evolutionary tree. Since the N-J method is reported to
find pairs of operational taxonomic units (OTUs) that minimize the sum of
branch lengths at each stage of clustering of OTUs beginning with a starlike
tree [33], we used this method for construction of the above phylogenetic tree.

Although a number of the influenza A virus nucleotide changes are reported
to be directly proportional to the year of virus isolations [3], examination of
fifteen equine H3 HA genes in a pairwise comparison indicated that the sub-
stitution of nucleotide and deduced amino acid sequences are not always related
to the amount of time between their isolation. For example, the MIA/63 and
two strains (BRA/87, LPL/88) isolated 24-25 years apart differ by only eight
nucleotides (0.75%). Similarly, the number of nucleotide and amino acid se-
quences between the HA of the above oldest strain MIA/63 and T/3/71 isolated
in Japan was very small. As seen in Fig.3b, the T/3/71, BRA/87, and LPL/88
viruses are outlier from the linear regression line. There are two possible ex-
planations: first, the oldest strain (MIA/63) may contaminate the above three
strains; second, MIA/63 virus, which showed a striking similarity with T/3/71,
BRA/87, and LPL/88, had been frozen during a certain period and recently
had been introduced into horse populations. However, it appears unlikely that
the H3NS virus isolated in 1971 in Japan, in 1987 in Brazil and in 1988 in
Argentina are laboratory contaminants, because the MIA/63 strain was not
handled in the laboratories where the above-mentioned viruses were isolated.
With the exception of the T/3/71, BRA/87, and LPL/88 viruses, the nucleotide
substitutions of the HA gene of the remaining five strains increased linearly
with the time of virus isolation, suggesting the presence of a molecular clock
in their HA genes. Although in a recent study the HA of H 3 equine influenza
virus is reported to evolve in a single lineage on the basis of phylogenetic tree
constructed by the maximum parsimony method [16], our tree showed the
existence of two main evolutionary lineages. Each of the two lineages was also
found to contain more branch points than previously reported [16]. For ex-
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ample, our phylogenetic tree constructed by the N-J method revealed that the
seven strains (MIA/63, URG/63, T/3/71, BRA/87, LPL/88, T/2/71, ALG/72)
are included in the first main evolutionary lineage, that appeared to contain
two branches. The data, based on a pairwise comparison, matched the evo-
lutionary pathways shown by our phylogenetic analysis. The HA of two strains
from Japan and Algiers (T/2/71, ALG/72) were shown to be on a branch cluster
different from that containing MIA/63, URG/63, T/3/71, BRA/87, LPL/88
because they belong to the second group of the first evolutionary lineage,
coinciding to the evidence reported by Kawaoka etal. [16]. It was of interest
to note that the H3NS8 equine viruses belonging to two distinct branches could
cocirculate in the same epizootic (T/3/71 and T/2/71).

In recent years, the nucleotide sequences of HA and nonstructural protein
(NS) genes of human influenza C virus were determined and analyzed from an
evolutionary point of view [4]. On the basis of pairwise comparison, the extent
of nucleotide substitutions in the HA gene of C virus do not appear to accu-
mulate with time [4]. For example, no amino acid substitutions were observed
between the HAs of C/Great Lakes/1167/54 and C/Yamagata/10/81 viruses
despite the thirty one-years interval between their isolation. Similar evidence
was also obtained for the NS gene of influenza C viruses. In this case, the frozen
period was sixteen years [5]. These results led us to conclude that human
influenza C and equine influenza A viruses may be frozen for a considerable
period, suggesting that their evolutionary mechanisms may be similar to each
other.

The high degree of genetic similarity (97.2 to 99.3% nucleotide sequence
homology) in the HA genes of the FRA/67, NM/76, FON/79, ROM/80, KEN/
81, SAN/85, KEN/86, and KEN/87 viruses reflects on their close evolutionary
relationships. It is, therefore, interesting to know the branching patterns of
these eight strains. As understood from Fig. 3 a, they appear to form a second
evolutionary lineage. The branch containing NM/76 and FON/79 viruses is
considered to divide off from that containing of the remaining six strains. Unlike
human influenza A viruses [3, 46], equine influenza viruses are characterized
by multiple evolutionary lineages similar to that of influenza B and C viruses
[4, 15, 48]. Thus, evolutionary patterns based on the phylogenetic model tree
shown in the present study matched the pairwise comparison data.

The construction of a phylogenetic tree by the N-J method allows us to
compare the evolutionary rate of the HA genes of equine and human viruses.
In recent papers it has been reported for a variety of genes that substitutions
at the third codon position occur at a higher rate than for substitutions at the
other two codon positions [12, 22, 34]. In agreement with this evidence, the
rate of synonymous substitutions of equine HA gene at the third codon position
is apparently higher than for the other two codon positions.

Furthermore, nucleotide substitutions at the first and second codon positions
frequently led to amino acid substitutions. Coupled with this evidence, it was
of interest to find that the HA of equine influenza virus (based on the non-
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synonymous substitutions, and nucleotide substitutions at the first and the
second codon positions) evolve more slowly than those of human influenza
virus. The present study demonstrated that equine influenza viruses have evolved
in multiple lineages in a fashion similar to influenza B and C viruses. This
evolutionary feature might lead to the recent problem that vaccination is not
controlling influenza in horses.
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