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Genome sequences of chicken (low pathogenic avian
influenza [LPAI] and highly pathogenic avian influenza
[HPAI]) and human isolates from a 2004 outbreak of H7N3
avian influenza in Canada showed a novel insertion in the
HA0 cleavage site of the human and HPAI isolate. This
insertion likely occurred by recombination between the
hemagglutination and matrix genes in the LPAI virus. 

Highly pathogenic avian influenza (HPAI) viruses
cause systemic disease in poultry, which is associated

with rapid death and a case-fatality ratio approaching
100%. To date, only H5 and H7 subtypes have shown this
virulence, although not all of these subtypes are HPAI.
HPAI viruses are not normally present in wild bird popula-
tions but arise from low pathogenic avian influenza (LPAI)
viruses introduced into poultry flocks from wild birds
(1,2).

The hemagglutinin gene plays a key role in defining
virulence in avian influenza (AI). The hemagglutinin gly-
coprotein is produced as a precursor, HA0, which requires
posttranslational cleavage by host proteases before infec-
tious virus particles can be produced (3). Cleavage of the
HA0 precursor in LPAI viruses is catalyzed only by trypsin
and trypsinlike host proteases restricting virus replication

to locations where these proteases are found, namely, res-
piratory and intestinal tracts. In contrast, HA0 cleavage in
HPAI viruses is mediated by a poorly defined protease(s)
that appears to be a proprotein-processing subtilisin-relat-
ed endoproteases (4). The ubiquitous nature of these pro-
tease(s) enables the HPAI virus to replicate systemically,
damaging vital organs and tissues, leading to disease and
death (3). 

All HPAI viruses encode a HA0 protein having a motif
of multiple basic amino acids (R and K) flanking the cleav-
age site. In contrast, LPAI viruses have two basic amino
acids at positions–1 and –4 from the cleavage site for H5
and at positions –1 and –3 for the H7 subtype. An increase
in basic residues near the cleavage site, either as a result of
nucleotide insertion or substitution, allows the HA0 pre-
cursor to be cleaved by ubiquitous host proteases (5). 

Since 1996, several instances of AI viruses infecting
humans have been reported; some of these cases have been
fatal (6). Here we describe the sequence of avian and
human LPAI and HPAI isolates obtained from the AI out-
break in the Fraser Valley of British Columbia in 2004.
Avian HPAI and human virus isolates contain an insert that
does not conform to the consensus sequence suggested to
be the prerequisite for all HPAI viruses (7), and further
analysis shows the insertion is the result of nonhomolo-
gous recombination between the hemagglutinin and matrix
genes of the virus. Both human isolates have mutated since
the original recombination event, and one of the two is
likely not highly pathogenic in chickens. We also provide
a homology model for HA0 of the HPAI human isolate and
show that in addition to adding basic residues, the H1
insertion likely increases accessibility to the protease
cleavage site.

The Study
All methods and materials, including supplementary

data, are available online in the appendix  (http://www.cdc.
gov/ncidod/EID/vol10no12/04-0743_app.htm). At the
index farm, two flocks were maintained in adjacent barns.
Decrease in appetite and slightly increased death rate were
noted in the older flock, followed by a dramatic increase in
death rate (25% in 48 hours) in the younger flock. Influenza
A virus was isolated from both flocks: A/Chicken/Canada/
AVFV1/04 (AVFV1) from the older and A/Chicken/
Canada/AVFV2/04 (AVFV2) from the younger. All birds
on this farm were culled. However, the virus spread, result-
ing in a Canadian Food Inspection Agency order to kill all
19 million domestic birds in the Fraser Valley.

In two workers involved in the depopulation, symptoms
developed, including conjunctivitis, headache, and coryza,
1–3 days after direct exposure of the eye to poultry tissue
on infected farms. Influenza A (H7N3) was isolated from
both persons (8). The genomes of the viral isolate were
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sequenced to determine whether genetic changes were
associated with increased pathogenicity and to assess
whether the virus had acquired human influenza A genes.
Four isolates were sequenced: two poultry viruses, AVFV1
and AVFV2, and the two human isolates A/Canada/444/04
(human) (Hu444) and A/Canada/504/04 (human) (Hu504). 

Consensus sequences for the eight genomic segments
isolated from each of the four independent viral genomes
are deposited in GenBank. Accession numbers are listed at
Appendix Table (available at http://www.cdc.gov/ncidod/
eid/vol10no12/04-0743_app.htm#table) and ClustalW
lineups of the complete nucleotide and protein sequences
are available (online Appendix Figures 1A and 1B, respec-
tively; available at http://www.cdc.gov/ncidod/eid/
vol10no12/04_0743-appG1.htm). Sequences for all 32
genes (and their encoded proteins) are highly related to
previously determined sequences (BLASTN identities
93%–98% and BLASTP identities 98%–100%) (online
Table) and do not suggest the presence of human influen-
za A genes. However, hemagglutinin (HA) genes in three
of the Fraser Valley isolates (AVFV2, Hu444, and Hu504)
have a 21-nucleotide (nt) (7 amino acid [aa]) insertion in
the HA gene (protein) immediately upstream of the HA0
cleavage site relative to the most closely related H7N3
sequence. AVFV1 lacked this insertion. Although both
human isolates contained the insertion, amino acid
changes within the inserted sequence were observed com-
pared with the avian AVFV2 sequence, indicating that
sequence drift occurred after the initial insertion event.
Figure 1 is an alignment of the HA0 cleavage region of all
four isolates. An examination of the sequences indicates
that the insertion of the 21 nt likely occurred once
(QAYRKRM– AVFV2) and that the sequence has subse-
quently mutated to QAYQKRM and QAYQKQM in
human isolates Hu504 and Hu444, respectively. 

When the sequence of the AVFV2 virus from the FV
outbreak was analyzed, the 21-base insert matched perfect-
ly with a region from the influenza matrix (M) gene. For
the two human isolates, the match is 20/21 nt (Hu504) and
19/21 nt (Hu444), indicating this sequence changed over a
short period, which is consistent with a high rate of muta-
tion in influenza viruses. 

The two avian isolates were tested for pathogenicity by
the National Centre for Foreign Animal Diseases by using

standard in vivo testing in chicks (http://www.inspection.
gc.ca/english/anima/heasan/disemala/avflu/avflufse.shtml).
AVFV1 was not pathogenic, whereas AVFV2 is highly
pathogenic. On the basis of the consensus sequence for
highly pathogenic H7 viruses, we can predict that the
Hu504 isolate is likely highly pathogenic in chickens while
the Hu444 isolate is likely not pathogenic. These tests are
currently under way in another laboratory.

To further characterize the hemagglutinin gene from the
Fraser Valley HPAI isolate, a phylogenetic tree was gener-
ated by using an alignment of 65 full-length H7 HA
sequences obtained from GenBank (Figure A2, available at
http://www.cdc.gov/ncidod/eid/vol10no12/04-0743_
appG2.htm). With the exception of a single isolate,
A/duck/Hong Kong/293/78, the sequences clustered into
two distinct sublineages based on location of origin; North
American or European. Isolates within the North American
sublineage were further divided on a 24-nt deletion (begin-
ning at nt 710) not found in the Fraser Valley isolates. This
deletion, first reported in LPAI H7N2 isolates originating
from American live bird markets (9), lies within the recep-
tor-binding site for influenza viruses and is thought to
compensate for a concurrent NA stalk deletion (10).
Consistent with the absence of this deletion in our isolates,
no deletion was observed in the NA stalk region of the four
Fraser Valley isolates.

The insertion in the HA protein sequence from the
Fraser Valley isolates does not conform to the consensus
motif (R-X-R/K-R*-G-L-F) for an HA1–HA2 connecting
peptide in HPAI viruses because a threonine is at the -2
position. However, the AVFV2 and Hu504 insertions do
conform to a minimum cleavage recognition sequence
associated with HPAI viruses (R-X-X-R*G) (5). Thus, the
insertion sequences for these two Fraser Valley isolates are
expected to be cleaved by furinlike proteases. (They may
also be susceptible to chymotrypsinlike enzymes because
of the introduction of a tyrosine residue at –6 in the HPAI
isolate and at –4 and –6 in the human isolates.) Hu444 is
likely not pathogenic in chickens, which is consistent with
previous observations that a basic amino acid at –4 is
required for cleavage (5).

Since the insertion sequence we observed in the HA
gene is novel, we used molecular modeling to visualize the
effect this insertion has on the HA0 protein. The model for
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Figure 1. Alignment of the hemagglutinin cleavage region from four isolates of Fraser Valley H7N3 virus. A/Chicken/Canada/AVFV1/04
is designated AVFV1; A/Chicken/Canada/AVFV2/04 is designated AVFV2; A/Canada/444/04 (human) is Hu444, and A/Canada/504/04
(human) is Hu504). A 7–amino-acid (aa) insertion associated with the AVFV2 isolate and both human isolates is shown at aa 338.



the H7N3 hemagglutinin precursor is based on the 2.8 Å
human H3 HA0 structure (11). From the structure-base
sequence alignment (Figure 3, available at http://www.
cdc.gov/ncidod/eid/vol10no12/04-0743_appG3.htm) and
resulting homology model (Figure 2) the 7-residue inser-
tion extends out in a loop. This loop formation likely
increases the accessibility of the cleavage site, and the
insertion of critical basic amino acids contributes to these
viruses’ marked increase in pathogenicity. 

Conclusions
Cleavage of the HA0 protein of influenza viruses results

in an essential conformational change in the HA protein,
which enables the envelope of the endocytosed virus to fuse
with the membrane of endosomes, releasing nucleocapsids
into the cytoplasmic compartment (5,13). The 7-aa inser-
tion described here generates an enlarged exposed loop,
which contains multiple basic amino acids in the HA0 pro-
tein. Together these modifications to the HA0 protein like-
ly result in an increased rate of cleavage by furinlike
proteases, which increases pathogenicity. Analysis of the
nucleotide sequences of HA genes from HPAI H5 and H7
isolates has shown that in many cases direct repeats of a
purine-rich sequence (AAGAAA) occur. This sequence
may arise because of the pausing of the transcriptase com-
plex at a region of secondary structure, which results in
slippage of the transcriptase complex and insertion of a
short repeat sequence. Additionally, recombination events
between the HA and NP genes (14) and the HA gene and
host cell 28S ribosomal RNA have been documented (15).
More recently, recombination between the NP and HA
genes resulted in a 30-nt insertion near the HA0 cleavage
site in HPAI viruses isolated in Chile in 2002 (16). The HA
sequences from the Fraser Valley outbreak described here
contain a novel insert derived from the M gene. Thus, in
addition to transcriptase slippage, nonhomologous recom-
bination represents an important mechanism in the acquisi-
tion of virulence in avian influenza viruses. 
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Figure 2. A homology model of the human A/Canada/504/04
(Hu504) hemagglutinin precursor (HA0) trimer based on the crystal
structure of the human strain CV-1 HA0 (PDB: 1HA0) sequence
identity 49.9%. A) Molecule A is shown as a green ribbon diagram;
molecules B and C are shown in blue and yellow molecular sur-
faces, respectively. The 8–amino-acid (aa) sequence 335-342
(NPKQAYQK) is shown in red. B) A close up of this region located
between molecules A (in green ribbon) and molecule C (in yellow
surface). This 8-aa sequence forms a loop, which bumps into the
adjoining molecule before energy minimization (gray). Shown in
red is the loop after energy minimization, which results in the cleav-
age site’s being pushed out slightly. Shown in blue is the correspon-
ding region for the template structure (PDB code 1HA0). The side
chains for arginine 343 and arginine 346 (–1 residue) are shown in
stick form. ( Since the preparation of this manuscript, the structure
of an H7 HA protein has been reported [12])
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