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Summary.  The nucleotide sequences of the HA1 domain of the HI hemagglut- 
inin genes of A/duck/Hong Kong/36/76, A/duck/Hong Kong/196/77, A/sw/ 
North Ireland/38, A/sw/Cambridge/39 and A/Yamagata/120/86 viruses were 
determined, and their evolutionary relationships were compared with those of 
previously sequenced hemagglutinin (H1) genes from avian, swine and human 
influenza viruses. A pairwise comparison of the nucleotide sequences revealed 
that the genes can be segregated into three groups, the avian, swine and human 
virus groups. With the exception of two swine strains isolated in the 1930s, a 
high degree of nucleotide sequence homology exists within the group. Two 
phylogenetic trees constructed from the substitutions at the synonymous 
site and the third codon position showed that the Hi  hemagglutinin genes can 
be divided into three host-specific lineages. Examination of 21 hemagglutinin 
genes from the human and swine viruses revealed that two distinct lineages are 
present in the swine population. The swine strains, sw/North Ireland/38 and 
sw/Cambridge/39, are clearly on the human lineage, suggesting that they origi- 
nate from a human A/WSN/33-1ike variant. However, the classic swine strain, 
sw~owa/15/30, and the contemporary human viruses are not direct descendants 
of the 1918 human pandemic strain, but did diverge from a common ancestral 
virus around 1905. Furthermore, previous to this the above mammalian viruses 
diverged from the lineage containing the avian viruses at about 1880. 

Introduction 

On the basis of serological surveillance of humans I-2, 16, 30], it is generally 
accepted that a virus similar to the classic swine H1N1 influenza virus may have 
been the causative agent of the 1918 pandemic. Since then, a large number of its 
possible descendants have been isolated from swine populations in different 
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countries [-11], these are characterized by a minor degree of antigenic drift which 
contrasts a considerable degree of antigenic drift exhibited by human influenza 
A viruses [32]. Similarly, following the isolation of human H1N1 viruses in the 
1930s [31], numerous antigenic variants were involved in influenza outbreaks 
[12, 15]. The origin of these antigenic variants in relation to the above swine 
virus has been investigated [!,  6, 8, 29]. In a large-scale virological survey [9, 10] 
it was shown that natural infection with influenza viruses possessing a subtype 
H1 hemagglutinin (HA) antigen occur in a variety of avian species. 

Also the complete nucleotide sequence of the H1 HA gene from the avian 
strain A/duck/Alberta/35/76 (H 1N1) was recently determined [3]. As a result, 
a relatively low degree of nucleotide sequence homology among avian, swine 
and human viruses suggests that they diverged, however not in recent years, from 
a common ancestral virus. In addition, the evolutionary relationship of the N P  
genes among the viruses from mammals and a wide variety of nonmammals  has 
been examined by several individuals [1, 6-8, 29]. In two papers [8, 29-] it has 
been suggested that the classic swine virus isolated in 1930 evolved derived 
directly from the virus associated with the 1918-1919 outbreaks of human 
influenza. However, the exact origin of the 1918 pandemic strains and H1N1 
viruses isolated from humans and pigs in the 1930s is still uncertain. The present 
study was initiated to define the origin and evolutionary pathways of the H1 
HA genes of avian, swine, and human influenza viruses. 

Materials and methods 

For comparison, the complete nucleotide sequences of the HA1 domain of the HA genes of 
A/duck/Hong Kong/36/76 (H1N1; dkHK76), A/duck/Hong Kong/196/77 (H1N1; dkHK77), 
A/sw/North Ireland/38 (H1N1; swNI38), A/sw/Cambridge/39 (H1N1; swCAM39) and 
A/Yamagata/120/86 (H1N1; YMG86) were determined. In addition to the above strains, 
the nucleotide sequences of the HA genes of A/sw/Iowa/15/30 (H1N1; swlOWA30), A/sw/ 
Illinois/I/63 (H 1N1; swiLL63), A/sw/Hong Kong/1/74 (H 1N1; swHK74) and A/sw/Ehime/ 
1/80 (H1N2; swEHM80), which were determined in our previous study [33], were also used 
in the phylogenetic analyses. Evolutionary relationships among the nucleotide sequences of 
these viruses were analyzed, along with those of previously reported HA genes [23]. All viruses 
were grown in 11-day-old embryonated hen's eggs and purified as described previously [20]. 

The cDNA was synthesized from the viral RNA template with a 12-mer oligonucleotide 
universal primer. Double stranded cDNA was inserted into the ptasmid pBR322 or pUC118, 
and the recombinant plasmids were then transformed into Escherichia coil HB101. The 
nucleotide sequences of the HA genes were determined by the dideoxy method [17]. In 
addition to the above method, the direct RNA sequencing technique was also employed in 
this study [25]. A total of 29 hemagglutinin genes, including those previously published, 
were used in the phylogenetic analyses. The Nei-Gojobori method was used to estimate the 
number of synonymous (silent) and nonsynonymous (amino acid-changing) substitutions 
[ 19]. Because this computer simulation's estimation of the evolutionary rates of synonymous 
and nonsynonymous substitutions are quite accurate. Phylogenetic trees were constructed 
by the neighbor-joining (N-J) method [24]. Each branch length shown in the tree was 
estimated by the principle of minimum evolution. 
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Results 

Analyses of the nucleotide and deduced amino acid sequences of the HA genes 

Nucleotide sequences of the HA genes of dkHK76 (D00838), dkHK77 (D00839), 
swNI38 (D00840), swCAM39 (D00837) and YMG86 (D00841) were determined 
and deposited in the DNA Data Bank of Japan (DDBJ). The deduced amino 
acid sequences of the HA1 domains of the HA gene of these five strains were 
aligned with those of the previously sequenced HA genes of swine and human 
viruses (Fig. 1). 

Analyses of the amino acid sequences showed that residues 125-195, which 
correspond to the antigenic sites Sa, Sb, Cal  and Ca2 [4], were highly conserved 
among avian viruses. This is in sharp contrast to the pattern of amino acid 
substitutions in swine and human viruses, which varies greatly. In agreement 
with a previous report [3], there were five potential glycosylation sites on the 
HA1 domain of dkHK76 and dkHK77 viruses. The degree of amino acid similarity 
at positions 125-195 of swine and avian viruses was apparently higher (swiLL63/ 
dkHK76:76.1%- swIOWA30/dkHK77:85.9%) than that between human and 
avian viruses (USSR77/dkHK76:56.3% - WSN33/dkALB76:74.7%). Although 
the predicted protein structure of the HA1 region of swNI38 and swCAM39 was 
very similar to that of human strain WSN33, one amino acid deletion at position 
127 was observed in swCAM39 and WSN33. In the latter strains, residues 130-- 
135 and 221-225, which are thought to be on the surface of the receptor-binding 
pocket sides, were substituted at four positions. 

The nucleotide and predicted amino acid sequence homologies were further 
illustrated when pairwise comparisons among three avian, six swine and two 
human viruses were made. These results are summarized in Table 1. Comparison 
of the avian virus HA genes revealed extreme similarity, with homology between 
pairs of nucleotide sequences ranging from 87.2% to 98.4%. It is interesting to 
note that the degree of nucleotide and amino acid sequence homology between 
dkHK76 and dkHK77 (98.4%, 97.6%) is apparently higher than that of the 
former two strains and dkALB76 (87.7%, 92.9%) in spite of being isolated in 
nearly the same period, thus reflecting their different geographic origin. This 
result is compatible with the previous report in that the H4 HA genes are divided 
into two groups based on their geographical differences [5]. On the basis of the 
nucleotide sequence homology, H1 HA genes presented in Table 1 can be 
segregated into three host groups; avian, swine and human genes. 

With the exception of two swine isolates (swNI38, swCAM39), H 1 HA genes 
showed the highest nucleotide and amino acid sequence homology within the 
group. Interestingly, the nucleotide sequences of swNI38 and swCAM39 viruses 
showed higher homology (87.4%-97.6%) with that of human viruses (WSN33, 
PR834, USSR77, YMG86) than that (79.1%-83.1%) within the swine virus 
group. The extreme similarity among the HA genes of the above two swine 
strains and human WSN33 led eventually to the suggestion that the former swine 
viruses may have been introduced from a human virus which had been prevalent 
in the 1930s. 
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22 Y. Kanegae et al. 

Evolutionary analysis of the HA 9enes by the N - J  method 

The host-specific feature and possible co-circulation of the distinct lineages in 
the swine population led us to analyze the evolutionary patterns of the H1 HA 
genes of avian, swine and human viruses by the N - J  method. This method was 
reported to minimize the total number of nucleotide substitutions required to 

1904 

1925 

Lw,,L53 
I s w  IOWA30 

it" swNI38 
I~L. .  s w C A M 3 9  
I * - W S N 3 3  

i l  PR834 
L - - I  P"- - '  ENG51 

t I uss.,, 
1945 1~ LACK78 

F BRZ78 

I j  ENG80 

IIid+×,282 
iILr+×2982 
!1  GAl1483 
" CHL83 

GA79 83 

~IV UN2783 
IC83 

UN683 
IND80 
,HK83 

YMG86 

NJT• 
swEHM80 
K74 

0 0.1 0.2 0.3 
I ,,,, I I I 
NO, of synonymous subs t i tu t ions  
per s i te  

Fig. 2. Phylogenetic tree for the H1 HA gene of swine and human influenza viruses. The 
tree was constructed by the N-J method [22], using the number of synonymous substitution 
[17]. The length of each branch was estimated by the principle of minimum evolution to 
minimize the total number of nucleotide substitution for a tree. The following H 1N1 strains 
were also included here: ENG51, A/England/I/51; FLW52, A/Fort Leonard Wood/i/52; 
GSL54, A/Gueensland/34/54; DEN57, A/Denver/i/57; FW50, A/Fort Warren/I/50, USSR- 
77, A/USSR/90/77; LACK78, A/Lackland/3/78; BRZ78, A/Brazil/11/78; ENGS0., A/England/ 
333/80; TX1282, A/Texas/12/82; TX2982, A/Texas/29/82; GAl1483, A/Georgia/l14/83; 
CHL83; A/Chile/I/83; GA7983, A/Georgia/79/83; DUN2783, A/Dunedin/27/83; VIC83, 

A/Victoria/7/83; DUN683, A/Dunedin/6/83; HK83, A/Hong Kong/32/83 
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construct a phylogenetic tree. The results ofphylogenetic analyses of 29 influenza 
virus HA nucleotide sequences are expressed as an evolutionary tree root- 
ing from a putative origin indicated by an arrow (1904). The putative origin was 
deduced theoretically from the evolutionary rates of swine and human lineages. 
As seen in Fig. 2, within mammalian viruses, HA genes are dearly divided into 
two major lineages and one minor lineage, one including five swine strains, 
the second one including two swine and twenty-two human viruses, and the 
third minor one having been derived from the second branch cluster. As 
already described in the preceding section, the phylogenetic tree constructed 
from synonymous substitutions revealed that two swine strains, swNI38 and 
swCAM39, are apparently on the human evolutionary lineage. 

The pandemic influenza virus, which is related antigenically to the swine 
viruses, is thought to have appeared first in man in 1918. The phylogenetic tree 
suggests that the ancestral strain of these viruses had already branched before 
appearance of the above pandemic strain in man, pointing in two directions, 
human and swine pathways. The branch giving rise to the HA gene of swiLL63 
strain diversed from the branch containing the "classic" swine strain swIOWA30 
in the mid-1920s, with the swine virus then appearing to evolve in a single lineage. 
In agreement with the evidence based on pairwise comparison of the nucleotide 
sequence, two swine viruses isolated between 1938 and 1939 are closest 
evolutionally to the human WSN33 virus, belonging to the same branch cluster. 
It was interesting to determine that the H1N1 (formerly A prime) viruses, which 
were prevalent during the 10-year period from 1946 to 1956, had previously 
divided from the lineage containing the PR834 strain. This result is compatible 
with previous reports in which NP genes were analyzed from an evolutionary 
point of view [1,6,8,29]. Furthermore, in agreement with previous papers 
[18,26], the tree clearly shows that USSR77 virus originates from the 
FW50 strain. Since 1977 the tree for the HA genes of H1N1 virus suggests of the 
sequential evolution of a common lineage, however, YMG86 isolated in Japan 
originated from a HK83 isolated. The present study defined the evolutionary 
position of the YMG86 virus that was prevalent during the 1986-1987 outbreak 
in Japan. 

Using the evolutionary pathways of the mammalian virus genes, we tried 
to determine the evolutionary relationship between nonmammalian and mam- 
malian virus H1 HA genes. Because the avian and mammalian HA genes are 
distantly related, phylogenetic analysis was conducted with a model tree 
constructed from the nucleotide substitutions at the third codon position. The 
evolutionary pathways of mammalian viruses as seen in the tree (Fig. 3) are very 
similar to those obtained from the analysis of synonymous substitutions. It was 
shown that the HA genes of avian and mammalian viruses may have diverged 
considerably earlier than the appearance of the possible ancestral strains of 
mammalian virus genes in the early 1900s. According to the tree presented in 
Fig. 3, the divergence among the H 1 subtypes of HA genes might have occurred 
during the last 120 years (1870). The construction of the phylogenetic tree allows 
us to estimate long-term evolutionary rates for HA genes in different lineages. 
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Fig. 3. Evolutionary pathways of H1N1 avian, swine and human influenza viruses based 
on the mutational distances calculated between HA1 domains. The phylogenetic tree was 
constructed by the N-J method, using the number of nucleotide substitution at the third 

codon position 

The evolutionary rates were obtained by plotting the year of virus isolation 
versus the branch length to the ancestor of each lineage (data not shown). We 
estimated the rate of nucleotide substitution in the synonymous site for the HA 
gene of swine and human viruses isolated between 1933 and 1956 at 0.00946 and 
0.00847/site/year, respectively, which are nearly the same as that reported by 
Sugita et al. [33]. However, the evolutionary rate of recent H1N1 viruses seems 
to be slightly slower than that of the above human H1N1 viruses isolated before 
1957. 

Discussion 

In the present study, we defined three host-dependent evolutionary pathways 
of H1 subtypes of avian, swine and human influenza viruses. To date, a 
direct precursor of the classic swine strain swIOWA30 has been considered to 
be the causative virus of the great pandemic of human influenza in 1918- 
1919 [32]. Coupled with this speculation, it is of particular interest that a 1918- 
human pandemic virus may have entered the pig population at the time of the 
Spanish influenza outbreak/epidemic [29]. This is consistent the evidence, which 
suggests the possible existence of a common ancestor of the 1918 human and 
1930-classical swine viruses around 1918 [8]. Nevertheless, in a serological 
surveillance of humans, it was shown that antibodies reacting with swIOWA30 
virus could be detected in a high proportion of sera collected from persons born 
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between 1900 and 1920 [-2, 16, 30], suggesting the existence of swIOWA30-1ike 
virus during the above period. This is clearly compatible with our phylogenetic 
analysis indicating that swine and human HIN1 viruses may have been derived 
from an ancestral virus which was prevalent in the early 1900s. This also supports 
recent evidence showing that swine and human H1N1 viruses isolated in the 
1930s may have been derived from a virus which appeared before the outbreak 
of 1918-1919 human influenza [7, 8, 29]. 

Evolutionary rates of human, swine and avian viruses have also been analyzed 
by Gorman et al. [-8] and Schultz et al. [-29]. It was shown that a common 
ancestor of human and swine H 1N1 viruses might have appeared shortly before 
or at the time of the pandemic. These results are, however, in disagreement with 
our conclusion concerning the ancestral node: a common ancestor to the 1918 
human pandemic strain and swine H1N1 viruses was estimated to exist around 
1904. This difference may be due to the gene species and methods used in the 
analysis of evolutionary rates. As already suggested by several authors [,1, 6, 8, 29], 
our analysis also shows the existence of a common avian virus ancestor from 
which human and swine H1N1 viruses have diverged previous to the appearance 
of the 1918-human pandemic and classical swine viruses. 

In contrast to human and avian viruses, the evolution of HAs in swine viruses 
is divided into two lineages, coinciding with the result obtained in pairwise 
comparison of their nucleotide sequences. Although five swine viruses belonging 
to the swine lineage evolved in a single lineage, swNI38 and swCAM39 apparently 
belong to human lineage. In agreement with previous evidence, of the frequent 
inter-species transmission of human and swine viruses as reported by Gorman 
et al. [8] and others [-1, 29], our phylogenetic tree constructed from synonymous 
substitutions by N - J  method indicates that two swine viruses isolated from 
swine belong to human lineage, suggesting the transmission of human virus to 
the swine population in the 1930s. In earlier studies, a comparison of evolutionary 
patterns of influenza B viruses [13, 35], showed the presence of multiple evolu- 
tionary pathways. Unlike the mechanism by which influenza B viruses evolve, 
the existence of two distinct lineages in the swine population might be attribut- 
able to the transmission of human epidemic virus into the swine population. 

Recently, even though Gammetin et al. [6] and Gorman et al. [7] reported 
that human and swine virus NP genes share a common ancestor, NPs from the 
oldest nonavian viruses are much more closely related to that of avian viruses. 
In the above studies, the NP gene can be divided into five lineages, suggesting 
host-dependent evolution after introduction from an ancestral avian virus. 
Coupled with this evidence, the ubiquitous characteristic of genes coding for 
surface glycoproteins in the avian species may reflect its potential role as a gene 
pool [14]. This hypothesis is supported by the NP genes involvement in 
determining host range [28, 34]. Similarly, swine is understood to be the major 
host reservoir for human A influenza virus [10], and it was shown that HA and 
neuraminidase (NA) genes evolve as a single lineage [21, 33]. 

The present study first demonstrates that two distinct H1 HA lineages, as 
distinguished by the phylogenetic tree, were involved in influenza outbreak in 
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swine populat ions  in the 1930s. Evidence has been presented in a previous study 
[-22] that  avian influenza virus can be t ransmit ted to swine, suggesting its unique 
nature to cross the host  barrier from birds to mammals .  Recent characteriza- 
t ion of hemagglut inin genes of H1 influenza virus field isolates from swine and 
birds supports  the above evidence based on experimental  infection in pigs [-27]. 
In an earlier study [-20], we also characterized a reassortant (H1N2) virus, which 
contains seven RNA segments from swine (H1N1) virus and the remaining NA 
gene from h u m a n  H3N2 virus, demonst ra t ing  the natural  occurrence of reas- 
sor tment  between swine H1N1 and human  H3N2 viruses [20]. It  is consistent 
with previous reports that  H 1N1 viruses circulating in the swine popula t ion  may 
be derived from an avian virus gene pool  [8, 29], and that  the N P  gene of human  
viruses are closely related to those of swine and avian viruses [,1]. Our  results 
also led to suggest that  swine have played a potential  role as intermediates for 
the in t roduct ion of avian influenza virus genes into h u m a n  viruses. 
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