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Avian influenza A viruses of the H5 and H7 subtypes periodically cause severe outbreaks of disease in poultry. The
question we wished to address in this study is whether these highly pathogenic strains constitute unique lineages orf whether
they and refated nonpathogenic viruses are derived from common ancestors in the wilg bird reservoir. We therefore
compared the nucleotide and amino acid sequences of the hemagghutinin (HA} genes of 16 H5 and 26 H7 influenza A
viruses isolated cver 91 years from a variety of host species in Eurasia, Africa, Australia, and North America. Phylogenetic
analysis indicated that the HA genes of H5 and H7 viruses that cause severe disease in domestic birds do not form unique
lineages but share common ancestors with nonpathogenic H5 and H7 viruses. These findings predict that highly pathogenic
avian M5 and H7 influenza A viruses will continue to emerge from wild bird reservoirs. Another important question is
whether H7 influenza viruses found in mammalian species are derived from avian strains. We included eight equine influenza
viruses and one seal isolate in the phylogenetic analysis of H7 HA genes. We could show that the HA genes of both, the
equine and the seal viruses, shared ancestors with avian H7 HA genes. This indicates that currently circulating H7 viruses
with an avian HA gene may have the potential to adapt to mammalian species and to cause an influenza outhreak in the

new host 49 1995 Academic Press, Inc.

Wild aquatic birds are considered the primordial reser-
voir of all 14 HA subtypes of avian influenza A viruses (7,
2). In general, the influenza viruses isolated from aquatic
birds do not produce symptomatic infections; however,
some straing of the H5 and H7 subtypes are highly patho-
genic in certain avian species, including domestic chick-
ens, turkeys, and quails.

Although the pathogenicity of influenza viruses is a
polygenomic trait (3, 4). the HA molecule, which is re-
sponsible for virus binding 1o cell surface receptors and
mediating fusion between viral and endosomal mem-
branes, plays a critical role during infection (8). In order
for a virus to produce infectious progeny, its HA must
be cleaved by proteolytic enzymes into HA1 and HA2
subunits {6, 7). Highly pathogenic avian viruses possess
multiple basic amino acid inserts at the HA cleavage
site, making it accessible to intracellular proteases (8,
9}, in contrast t¢ nonpathogenic viruses which possess
only two basic amino acids atl the HA cleavage site and
are not susceptible to these proteases. Some H5 and
H7 avian influenza viruses have been characterized as
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potentially pathogenic strains {10, 77}, that is, although
they are nonpathogenic, a single point mutation in the HA
gene can increase the cleavability of their HA molecules
leading to increased pathogenicity.

The source of highly pathogenic avian influenza A vi-
ruses remaing uncertain. There is strong evidence for
transmission from wild birds to domestic poultry, but it
is unclear whether highly pathogenic straing constitute
unique lineages, which are maintained in a host popula-
tion where these viruses are nonpathcgenic, or whether
they are derived from the same ancestors as their non-
pathogenic counterparts. To address this gquestion, we
determined the phylogenetic relationships among nucle-
otide and deduced amino acid sequences of the HAT
genes of 16 H5 and 26 H7 viruses, including nonpatho-
genic and highly pathogenic isolates. A compelling rea-
son to study H7 viruses is that they also affect mammals,
including horses and seals, therefore raising the ques-
tion if viruses with an avian HA have the polential to
spread into mammalian hosts.

Our intent was to choose viruses representing a spec-
trum of geographical locations, dates of isolation, and
host species. The viruses and abbreviations which are
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used in place of complete strain designations are listed
in Table 1. The RNA was extracted by a phenol:chloro-
form procedure (12} and amplified by PCR (73). The nu-
cleotide sequences of the 17 HA genes were determined
by the dideoxynucleotide-chain termination method (74),
using the fmal DNA sequencing system (Promega, Madi-
son, Wi). Primer sequences are available upon request.
The nuclectide sequences have been submitted to Gen-
Bank. HA ssquences of 24 viruses were obtained from
GenBank or literature. Accession numbers or references
are listed in Table 1.

The HA1 genes frem 10 nenpathogenic avian H7 influ-
enza A viruses, each comprising 1038 nucieotides, were
found to have a single open reading frame that extended
from position 22 to the end of the HA1 and encoded
a polypeptide of 332 amino acids. Both of the highly
pathogenic viruses (TyEn63 and CkbLe79) were distin-
guished from the nonpathogenic strains by a 6-nucleo-
tide inserticn at the HA cleavage site. Analysis of the
deduced amino acid sequences for H7 HAls identified
the first 18 amino acids as the N-terminal signal peptide.
Each HA1 subunit from nonpathogenic viruges com-
prised 321 amino &cids, as compared with 323 in the
HA1s of TyEnB3 and CkLe79. As predicted by nuclectide
analysis, HA cleavage sites In nonpathcgenic H7 strains
included only two basic amino acids (K-X-R), whereas
TyEng3 and Ckle79 possessed multiple basic amino
acids {K-R-R-R-R and K-K-K-K-R), which is in accord with
the HA sequences cf the other avian H7 viruses used in
this study.

The HA1 gene of the HENZ virus DkHK78 comprised
1026 nucleotides, as did the same gene from other non-
pathcgenic H5 viruses examined in this study. The patho-
genic TeSAB1 strain, by contrast, had a 12-nucleotide
insertion at the cleavage site. The two HA1 genes en-
coded proteins comprising 342 and 346 amino acids,
respectively. DkHK78 featured a cleavage site sequence
typical for nonpathogenic avian H5 viruses (R-E-T-R),
wheareas the pathogenic TeSAB1 was characterized by
multiple basic amino acids at this site (R-E-T-R-R-Q-K-R)
like the other pathogenic Hb viruses used in this study.
Only partial sequences were obtained for the HA genes
of four nonpathogenic HE isolates: i.e., nuclectide posi-
tions 545776 (TyCO72, DkMIBD, and DkPA84) and 77-
355 (ShAU75).

The phylogenetic analysis was performed by the maxi-
mum parsimony method to determine the minimum num-
ber of mutations needed to account for the sequence
differences (76). The shortest tree connecting the 26 H7
HA nuclectide sequences required 1592 steps (Fig. 1A).
We obtained three slightly different trees of the same
length; the only topological features affecied were the
terminal branches in the North American avian lineage.
The primary analysis shows (i) the divergence of H7 HAs
intc two geographically distinct avian lineages, (ii) a

close phylogenetic relationship between pathogenic and
nonpathogenic avian viruses that includes common pro-
genitors, and {iii) a distinct equine lineage that shares &
common ancestor with all Eurasian avian viruses.

Due to their geographical separation, the HA genes
of avian H7 influenza A viruses diverge into two major
lineages, one restricted to North American viruses and
the other to viruses from Eurasia, Africa, and Australia.
The latter (or Eurasian) lineage splits into two major
branches, one formed by early Eurcpean viruses that
circulated at the beginning of this century and the other
by more recent strains from Eurasia and Africa. Interest-
ingly, the Australian avian viruses are diverging from an
ancestor shared with the early European viruses toward
a separate Australian sublineage.

Evaluation of the position of highly pathogenic avian
viruses in this phylogenetic tree was complicated by the
absence of nonpathogenic counterparts for the early
pathogenic isolates. Hence, we found it necessary 10
focus on more recent isolates, none of which form a
distinct lineage relative to nonpathogenic strains, but
rather share cormnmon ancestors with closely related non-
pathogenic strains. The pathogenic Australian virus
CkVi85, for example, arose from the same pragenitor as
the nonpathogenic DkVi76 strain also isolated in Austra-
lia. A similar relationship was found between a patho-
genic German virus, CkLe73, and twe of its benign rela-
tives from the same geographical area (TePc79 and
SnPo81). Although lecated on a separate branch, TyEnG3
also diverged from a common ancestor shared with all
the more recent Eurasian and African viruses, most of
which are nonpathogenic.

The mammalian strains in this study represent a dis-
tinct equine lineage and a single seal isolate in the North
American branch of the H7 HA tree (Fig. 1). Because of
ihe topological variation in the North American branch,
we could not trace the HA gene of SeMAS0 to a single
hypothetical ancestor; however, SeMASO is linked to the
North American avian strains with an external node that
emphasizes the recent divergence of this gene from an
ancestor common t0 avian viruses.

The eguine H7 viruses form a distinct lineage that is
linked to the Eurasian avian lineage; an internal node
represents a hypothetical ancestor shared with the HA
genes of all avian viruses, except the North American
isclates, as well as equine viruses worldwide. The
equine HAs differ by only a few nucleotide changes;
however, two sublineages are apparent, one containing
the proiotype-like viruses EqPr56 and EqCa63, and the
other more recent equing isolates.

By comparing the nuclectide and amino acid tree {Figs.
1A and 1B), one finds that the numbers of aminco acid
changes relative to the numbers of nuclectide changes
differ between avian and mammalian strains. For the
eguine HY lineage, an average of 1.67 nuclectide
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TABLE 1

Influenza A Virus Strains Used for the Phylogenetic Analysis

Strain Abbreviation Pathogenicity GenBank No.
or reference

Avian H5 viruses

AJchicken/Scotland/55 (H5N1) Ck8c59 +* 07826
Altern/South Africa/61 (HSN3)® TeSA61 + U20460 (this study)
Adturkey/Ontario/7732/66 (H5N9) TyON66 + M30122
Adturkey/Colorado/72 (HSN2)> TyCO72 - U20472 (this study)
AJshearwater/Australia/75 (H5N3)® ShAU75 - JO2160
A/duck/Hong Kong/342/78 (H5N2)® DKHK78 - U20475 (this study)
Alduck/Michigan/80 (HSN2)™ DkMIS0 - 20474 (this study)
AJchicken/Pennsylvania/1/83 (H5N2) CkPA1/83 - M18001
Alchicken/Pennsylvania/1370/83 (H5N2) CKPA13/83 + M10243
Afduck/lreland/113/83 (HINR) DKIrg3 + MIiB450
Ahturkey/Treland/1 378/83 (H5N8) Tylr83 + MI18451
Afduck/Pennsylvania/84 (HSN2)™ DKPAR4 - 120473 (this study)
A/ruddy turnstone/Delaware/244/91 (H5N2) RTDES1 - 1305330
Adchicken/Florida/25717/93 (H5N2) CkFL93 - U05332
Alchicken/Pennsylvania/1 3609/93 (FI5N2) CkPAS3 - U05331

Avian H7 viruses

Adchicken/Brescia/1902 (HTN7) CkBr02 + U20471 (this study) (15)*
AFPV/Weybridge/27 (HTN7} FPVW27 + (15)
A/FPV/Rostock/34 (HTN1) FPVR34 + M24457
Aturkey/England/63 (H7N3)" TyEn63 + U20462 (this study)
Aturkey/Oregon/71 (HTN3) TyOR71 - M31689
Afduck/Victoria/76 (HIN?)* DkVi76 - U20463 (this study)
Alduck/Hong Kong/293/78 (HIN2) DKHK78 - 120461 (this study)
Alchicken/Leipzig/79 (HTNT)™® CklLe79 + U20459 (this study)
Adtern/Potsdam/342/6/79 (H7NT) TePo79 - 120470 (this study)
Afurkey/Minnesota/1 237/80 (H7N3)® TYMNSO - U20466 (this study)
Alswan/Potsdam/63/6/81 (HINT)' SnPo8l - 120467 (this study)
Afchicken/Victoria/1/85 (HTNT) CkVi85 + M17735
Adduck/Heinersdorf/S495/6/86 (HTNT) DkIHeB6 - 120465 (this study)
Afchicken/Jena/1816/87 (HTNT) CkJe87 - U20469 (this study)
Adostrich/South Africa/5352/92 (HIN1) OSA92 - U20458 (this study)
Alsoftbill/South Africa/142/92 (HTN4® SbSA92 - U20464 (this study)
AJ/thea/North Carolina/39482/93 (H7TN1)* RhNC93 - U20468 (this study)
Mammalian H7 viruses

AJseal/Massachusetts/1/80 (H7N7) 5eMAS0 K00429
Alequine/Prague/1/56 (HTNT) EqPr56 X62552
Aequine/Cambridge/1/63 (H7N7) EqCa63 X62553
Afequine/Detroit/1/64 (H7N7} EqDe64 X61627
Alequine/Lexington/1/66 (HTNT) Eql.e66 X62556
Alequine/Switzerland/137/72 (HIN7) EqCH72 X62557
Alequine/London/1416/73 (HIN7) EqLo73 M58657
Alequine/Sao Paulo/1/76 (H7TN7) EqSP76 X62559
AdequineMNewmarket/1/77 (HINT) EaNM77 X62554

? +, Highiy pathogenic; —, nonpathogenic.

® From the repository of St Jude Children's Research Hospital {Memphis, TN).

¢ Partial sequence.

¥ Nuclectides 766—831 were done in this study to complete the sequence published earlier (5}

° From the repositery of Commonwealth Scientific and Industrial Research Organization, Australian Animal Health Laboratory.
"From the repository of the Bundesinstitut fir Veterinarmedizin {Berlin, Germany,.

?Virus was isolated by the former Bezirksinstitut flr Veterinarmedizin {Leipzig, Germany).
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FIG. 1. Phylogenetic tregs of the H7 influenza virus HA genes. The phylogenetic tree constructed for the 26 H7 viruses included complete
sequences of the HAT portion of the MA gene and 51 nucleotides of the HAZ portion; the tree was rooted to the H10 HA1 sequence from A/chicken/
Germany/N/49 {H10N7) (GenBank No. M21648). The signal peptides (54 nucleotides) and the insertions at the cleavage sites were excluded, as
were two insertions (three nuclectides each) in the H10 HA sequence. The phylogenetic analysis was performed by the maximum parsimony
method (78). Searches for the most parsimonious topologies were done with PAUP software, version 2.4 (David L. Swofford, (llincis Natural History
Survey, Champalgn, IL). The nucleotide tree (A) requires 1892 nucleotide changes, while the amino acid tree (B) requires 426 amino acid changes.
Horizontal distances are proportional to the number of nucleotide and amino acid changes required to join nodes and H7 HA seguences. Vertical
lines are for spacing branches and labels. The arrow at the left indicates the direction of the A/chicken/Germany/N/49 from the root node.
Abbreviations of viruses are listed in Tabie 1. Pathogenic viruses are marked with black boxes.
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FIG. 2. Phylogenetic trees of the Hb influenza virus HA genes. The phylogenetic tree of the H5 viruses included 11 seguences of the HA1 subunit
and was rcoted to the H2 HA sequence of A/pintail/Praimoric/625/76 (H2N2) (GenBank No. L11141). The signal peptides (54 nucieotides) and 15
nucleotides at the cleavage site were excluded, as were three nucleotides inseried into the HB HA1 sequences. An additional three nuclectides
were excluded because of a deletion in the HA gene of CkPA 1/83 and CkPA 13/83. The nuclectide tree (A) requires 750 nuclectide changes, while
the amino acid tree (B) requires 200 amino acid changes. Horizontal distances are proportional to the number of nuclectide and amino acid changes
requirad to join nodes and HE HA sequences. Vertical lines are for spacing branches and labels. The arrow at the left indicates the direction of
the A/pintail/Praimoric/6256/76 (H2N2) HA gene from the root node. Abbreviations of viruses are listed in Table 1. Pathogenic viruses are marked
with black boxes, viruses with a potential to become pathogenic with grey boxes.

changes in the terminal branches leads to cne amino
acid change. This result contrasts with findings for
equine H3 viruses, which accumulate 2.42 nucleotide
changes per each coding change (77). Avian H7 viruses
exhibit greater disparity between nucleotide and amino
acid changes. That is, an average of 3.71 mutations is
acquired for each coding change In the terminal
branches.

in the phylogenetic analysis ¢f the H6 viruses the
shortest path connecting the 11 HE HA seguences was
750 steps for the nuclectide sequences and 200 steps for
aming acid sequences (Figs. 2A and 2B). In this analysis,
which includes only avian influenza viruses, we again

found a strict separation into North American and Eur-
asian lineages. Bath branches of the phylogenetic tree
include highly pathogenic as well as nonpathogenic vi-
ruses with commaen ancestors. To demonstrate the mixed
character of both avian lineages, we performed addi-
ticnal analyses with partial HA sequences, including sev-
eral from nonpathogenic Hb5 viruses not examined earlier
(Fig. 3). The two pathogenic viruses from reland (DkIr83,
Tylr83} share a common ancestor with a nenpathogenic
isolate from Hong Kong (CkHK78) {Fig. 2). The other
pathogenic isolates in the Eurasian branch (TeSA61,
CkSch9) diverged from the same ancestor as the non-
pathogenic ShAU75 (Fig. 3A). The two pathogenic viruses
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FIG. 3. Hypothetical Eurasian (A) and North American (B) branches
of phylogenetic trees constructed with partial H5 HA nucleotide se-
quences. Nucleotides 77-355 of the HA1 were used for the Eurasian
branch, and nucleotides 545-775 for the North American branch. In
each case the viruses of the other branch were used as an outgroup.
The arrows at the left indicate the direction of the outgroup from the
root node. Nodes A and B correspond o the same nodes in Fig. 2.

from North America (CkPA13/83 and TyONG66) both
evolved from the same progenitors as did the nonpatho-
genic TyCO72 and DkPAB4 strains (Fig. 3B). Mcreover,
three of the HS viruses (CkPA93, CkFLO3, and CkPA1/
83) occupy an intermediate position with respect to
pathogenicity, in that a single point mutation in their HA
genes could lead to greatly increasad cleavahility (10,
11). These intermediate strains are found in different
sublineages. CkFL93 and CkPA93 are closely related to
a nonpathogenic strain, RTDEY1, as previously described
(71), whereas CkPA1/83 is located next to CkPA13/83,
which caused a devastating influenza outbreak in poultry
(Fig. 2).

Comparison of the Hb nucleotide and amino acid trees
(Figs. 2A and 2B) yielded similar results to those for avian
H7 viruses. In the terminal branches of the phylegenetic
trees, avian Hb viruses are characterized by a ratic of
nucleotide to amino acid changes of 3.18.

The central aim of this study was to define the genetic
relationship between the HAs of highly pathogenic and
nonpathogenic avian influenza A viruses of the H% and
H7 subtypes. This information was then used to address
a key question in contemporary influenza virus research:
Are the HA genes of pathcgenic viruses derived from
progenitors shared with their nonpathogenic counter-
parts in the wild bird population or do they represent
separate and distinct lineages which may be maintained
in a different host species? Cur phylcgenetic results
(Figs. 1—3} clsarly support the first alternative. Although
we could not trace the origin of the early European H7

viruses (CkBro2, FPVYW27, FPVR34}) due to a lack of non-
pathogenic counterparts, study of the HA genes of more
recent avian Hb and H7 viruses revealed a common link-
age of pathagenic and nonpathogenic viruses to one
hypothetical ancestor. For some highly pathogenic vi-
ruses, such as CkLe79, CkVigb, Tylr83, Dkir83, and
CkPA13/83, we found a direct relationship to nonpatho-
genic viruses from the same geographical region; others
were linked to earlier ancestors from which an entire
branch of pathogenic and nonpathogenic viruses
emerged (TYEnB3, TeSA61, CkSch9, and TyONBE). These
findings predict that the HAs of nonpathogenic avian vi-
ruses which hypathetically circulated in Eurcpe at the
beginning of this century would constitute a sublineage
with the pathogsnic early European strains that are in-
cluded in our survey.

Thus far, we have not been able to identify a progenitor
virus for the mixed lineages containing pathogenic and
nonpathogenic viruses. But, we do have Hb viruses
whose HA genes occupy an intermediate position in
terms of their cleavability (hence pathogenicity): two iso-
lates from live bird markets, CkPAS3 and CKFL93 (77),
share a common ancestor for their HAs with the non-
pathogenic shorebird isolate RTDES1 (Fig. 2); CkPA1/
83 and its pathogenic counterpart CkPA13/83 carry HAs
derived from a common ancestor with the nonpathogenic
TyCO72 (Fig. 3B). The phylogensgtic relationships in these
two cases strongly suggest that HA genes introduced
into chickens frem ncnpathogenic shorebird or turkey
isolates can mutate unfavorably, resulting in highly
pathogenic new strains of influenza virus. Thus, an avian
influenza A virus with a highly cleavable BA could arise
from the wild bird reserveoir at any time, and at any geo-
graphical site, and produce another devastating influ-
enza outbreak in poultry. Therefore, all H5 and H7 influ-
enza viruses are potentially suspect for becoming patho-
genic.

Another important question is whether there are in-
stances in the avolutionary history of avian H7 influenza A
viruses to indicate a potential for spread into mammalian
hosts? Our phylogenetic data suggest at least two such
events: The first appears to have occurred at about the
time the equine H7 lineage diverged from the Eurasian
avian lineage by a single introduction of an HA gene
from the avian Eurasian gene pool into the horse popula-
tion; the second was the relatively recent introduction of
an avian HA into the North American seal population.
We would propose from our findings that viruses carrying
the ancestral HA gene of the currently circulating avian
H7 strains had the potential to establish a continuing
lineage in equine hosts. Furthermore, H7 viruses with an
avian HA, which is probably still circulating in the wild
bird reservoir, have the potential to adapt to seals. Thus,
we should be aware of the possibility of a spread of
hazardous H7 viruses 10 mammalian populations.
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In this article, we suggest that the HA genes of highly
pathogenic and nonpathogenic avian H5 and H7 viruses
evolve from a common ancestor in wild aquatic birds. As
we lack the means to eradicate this virus pool, we can
expect tc see new H5 and H7 viruses in domestic poultry
which are potentially suspect for becoming pathogenic.
Therefore, consideration should be given to eradication
of any H5 or H7 viruses which emerge in domestic
poultry.
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