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In 1997, 18 cases of influenza in Hong Kong (bird flu) caused by a
novel H5N1 (chicken) virus resulted in the deaths of six individuals
and once again raised the specter of a potentially devastating
influenza pandemic. Slaughter of the poultry in the live bird
markets removed the source of infection and no further human
cases of H5N1 infection have occurred. In March 1999, however, a
new pandemic threat appeared when influenza A H9N2 viruses
infected two children in Hong Kong. These two virus isolates are
similar to an H9N2 virus isolated from a quail in Hong Kong in late
1997. Although differing in their surface hemagglutinin and neur-
aminidase components, a notable feature of these H9N2 viruses is
that the six genes encoding the internal components of the virus
are similar to those of the 1997 H5N1 human and avian isolates.
This common feature emphasizes the apparent propensity of avian
viruses with this genetic complement to infect humans and high-
lights the potential for the emergence of a novel human pathogen.

Recurrent epidemics of influenza are fairly predictable annual
events. In contrast, the future occurrence of a pandemic,

caused by the emergence of a novel influenza A subtype against
which the population has little or no immunity, is unpredictable as
to timing or identity of the prospective agent. Influenza A viruses
of aquatic birds comprise a diverse mix of antigenic subtypes
[including 15 hemagglutinin (HA) and 9 neuraminidase (NA)
subtypes] and represent a large reservoirysource of novel antigens
to which the human population is naı̈ve (1, 2). The high species
specificity of these viruses restricts transmission to mammalian
species to a relatively rare event and only a few subtypes have
circulated in mammalian species for extended periods. The conse-
quences of interspecies transmission can be devastating. For exam-
ple, an epizootic in harbor seals on the east coast of the U.S. in 1980
caused by an H7N7 virus resulted in mortality of some 600 seals (3).
There have been several recent examples of the introduction of
avian viruses into pig populations in different parts of the world,
increasing the genetic diversity of swine viruses (4, 5).

Three pandemics occurred during the 20th century. The
devastating pandemic of 1918–1919, which caused estimated
deaths of some 50 million people worldwide, apparently followed
the introduction of an avian H1N1 virus (6). The pandemics of
1957 and 1968 were the result of genetic reassortment whereby
the circulating human virus acquired novel antigens, H2 and N2
in 1957 and H3 in 1968, from an avian source (7, 8). Subsequent
pandemic threats have been sparked by deaths caused by unusual
influenza infections. In early 1976, infection by a classical swine
H1N1 virus caused the death of an army recruit at Fort Dix (9).
In 1997, a highly pathogenic fowl plague (H5N1) virus claimed
the lives of six of its eighteen victims in Hong Kong before the
source of infection was removed by depopulation of the live
poultry markets at the end of December (10–12). Surveillance of
influenza viruses circulating in poultry during this outbreak in
November and December identified several subtypes in addition

to H5N1, of which H9N2 was the most frequent (13); there was
no evidence of human infection by H9N2 viruses at that time
despite intense surveillance. The isolation of H9N2 viruses from
pigs in Hong Kong in August 1998 (D. Markwell and K.
Shortridge, unpublished results) raised concern about their
possible transmission to humans. Isolation in July and August of
H9N2 viruses from five patients with influenza-like illness in the
Guangdong province of China was reported early in 1999 (14).

In March 1999, two cases of mild influenza in Hong Kong were
shown to be caused by infection with influenza A H9N2 viruses
(15, 16). The two girls, aged 4 years and 13 months, lived in
Kowloon and Hong Kong Island, respectively, and were admitted
to different hospitals in early March; there is no known link
between the two cases. Here, we describe the antigenic and
genetic characteristics of the viruses and show that they are very
closely related to a H9N2 virus isolated from a quail during the
1997 H5N1 outbreak in Hong Kong. Because their six internal
genes are similar to those of the H5N1 viruses, the H9N2 viruses
represent the reappearance of the H5N1 viruses in a different
guise. Circulation of these viruses in domestic birds in southern
China continues to pose a serious public health threat.

Materials and Methods
Viruses. AyHong Kongy1073y99 (AyHKy1073y99) and AyHong
Kongy1074y99 (AyHKy1074y99) were isolated on March 5,
1999 from nasopharyngeal aspirates from a 4-year-old girl and
a 13-month-old girl, respectively, by inoculation onto and sub-
sequent passage in cultures of Madin–Darby canine kidney cells,
in the presence of 2.5 mgyml trypsin.

AyquailyHong KongyG1y97 (QayHKyG1y97), Aychickeny
Hong KongyG9y97 (CkyHKyG9y97), and AyduckyHong Kongy
Y280y97 (DkyHKyY280y97) were isolated in Hong Kong in
December 1997 and AyswineyHong Kongy9y98 (SwyHKy9y98)
is one of two viruses isolated from pigs sampled in April 1998;
they were passaged in the allantoic cavity of 10-day-old fertile
hen eggs (13).

Antisera. Both postinfection chicken sera and ferret sera were
prepared as described (13, 17). Postinfection ferret antisera against

Abbreviations: HA, hemagglutinin; NA, neuraminidase; NP, nucleoprotein; Ck, chicken; Dk,
duck; Qa, quail; HK, Hong Kong; SA, sialic acid.

Data deposition: The sequences reported in this paper have been deposited in the GenBank
database (accession nos. AJ404735, AJ404736, AJ289871–AJ289874, AJ278646–AJ278649,
and AJ404626–AJ404637).

*To whom reprint requests should be addressed. E-mail: lyipu@nimr.mrc.ac.uk.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073ypnas.160270697.
Article and publication date are at www.pnas.orgycgiydoiy10.1073ypnas.160270697

9654–9658 u PNAS u August 15, 2000 u vol. 97 u no. 17



AyHKy1073y99 and AyHKy1074y99 were obtained from J. Wood,
National Institute for Biological Standards, South Mimms, U.K.

Antigenic Analyses. Hemagglutination inhibition and neuramini-
dase inhibition tests were performed as described (17).

Rimantadine Sensitivity. Susceptibility of virus replication to in-
hibition by rimantadine (0.01–1 mgyml) was determined by
ELISA, as described (18), by using appropriate reference ferret
antiserum; drug-resistant control viruses showed no significant
inhibition over this concentration range.

Gene Sequencing and Analyses. Virus RNA was obtained from
samples of infected cell culture fluid or allantoic fluid by
phenol-chloroform extraction and ethanol precipitation. Re-
verse transcription–PCR used primers (sequences are available
on request) specific for each of the eight RNA segments. PCR
products were purified by agarose gel electrophoresis and a
Geneclean II kit (Bio 101) and sequenced by using an ABI Prism
dye terminator cycle sequencing kit and an ABI Model 377 DNA
Sequencer (Perkin-Elmer, Applied Biosystems).

Sequence data were edited and analyzed by using the
WISCONSIN SEQUENCE ANALYSIS PACKAGE Ver. 8 (GCG).
Phylogenetic analyses used PAUP (Phylogenetic Analysis Using
Parsimony, Ver. 4.0, Swafford, Illinois Natural History Survey,
Champaign, IL). The nucleotide sequences determined in this
study are available from GenBank under accession numbers
AJ404735, AJ404736, AJ289871–AJ289874, AJ278646 –
AJ278649, and AJ404626–AJ404637.

Results
Antigenic Characteristics. The two viruses, AyHKy1073y99 and
AyHKy1074y99, were identified initially by hemagglutination

inhibition and neuraminidase inhibition tests by using hyperim-
mune rabbit antisera to HA subtypes 1–14 and NA subtypes 1–9
to be of the H9N2 subtype. Cells in the clinical specimens were
shown by immunofluorescence with antinucleoprotein (anti-NP)
antibody to be positive for influenza A NP. Furthermore, the
demonstration that sera from the 4-year-old girl contained
significant titers of anti-H9-neutralizing antibody provided fur-
ther confirmation of the authenticity of infection by an H9
influenza A virus (W.L., unpublished results).

The antigenic relationships between the HAs of the two
human isolates and H9N2 viruses recently isolated in Hong Kong
from avian and porcine species were investigated by hemagglu-
tination inhibition by using strain-specific postinfection chicken
and ferret antisera. The HAs of the two human viruses were
antigenically indistinguishable (by using ferret antisera to both
viruses) and were closely related to the HA of the quail virus
QayHKyG1y97 (Table 1). These three viruses were clearly
distinguishable from the closely related chicken and swine H9N2
isolates, CkyHKyG9y97 and SwyHKy9y98, respectively; the two
groups of viruses showed very limited crossreactivity in hemag-
glutination inhibition tests with ferret antisera.

Neuraminidase inhibition assays with the strain-specific chicken
and ferret antisera indicated greater crossreactivity between the
N2s of the H9N2 viruses isolated from the different hosts (Table 2),
although potential interference by antibody to the common H9
antigen complicates interpretation of the results. These N2s were
distinguished from the N2s of representative H2N2 and H3N2
viruses circulating in the human population between 1957 and 1968
and since 1968, respectively (Table 2). Enzyme inhibition by the
more broadly crossreactive hyperimmune rabbit antisera to these
human viruses indicated a closer antigenic relationship of the N2s
of the H9N2 human isolates with the N2 of an early H2N2 virus,
AySingaporey1y57, than with the N2 of a recent H3N2 virus,

Table 1. Antigenic relationships between the hemagglutinins of H9N2 viruses

Viruses

Hemagglutination inhibition titer*

Hyperimmune rabbit sera Postinfection chicken sera Postinfection ferret sera

TyyWis
1y66

CkyHK
G9y97

TyyWis
1y66

QayHK
G1y97

CkyHK
G9y97

AyHK
1073y99

QayHK
G1y97

CkyHK
G9y97

SwyHK
9y98

TyyWisconsiny1y66 1280 , 2560 80 80 , , , ,

AyHong Kongy1073y99 320 , 640 1280 640 1280 320 , ,

AyHong Kongy1074y99 320 , 640 2560 640 1280 320 , ,

QayHong KongyG1y97 160 , 320 2560 320 640 640 , ,

CkyHong KongyG9y97 1280 640 80 640 5120 80 40 2560 640
SwyHong Kongy9y98 640 320 160 640 5120 40 , 640 1280

*Homologous titers in bold; , means , 40.

Table 2. Antigenic relationships between the neuraminidases of H9N2, H2N2, and H3N2 viruses

Viruses Subtype

Neuraminidase inhibition titer*

Hyperimmune rabbit sera Postinfection chicken sera Postinfection ferret sera

TyyWis
1y66

AySing
1y57

AyAichi
2y68

AyBeij
32y92

QayHK
G1y97

CkyHK
G9y97

AyHK
1073y99

CkyHK
G9y97

TyyWisconsiny1y66 H9N2 5120 640 , , , , , ,

AySingaporey1y57 H2N2 640 2560 , , , 80 , ,

AyAichiy2y68 H3N2 160 320 5120 640 , 80 , ,

AyBeijingy32y92 H3N2 , , 160 1280 ND ND ND ND
AyHong Kongy1073y99 H9N2 640 320 160 , 320 320 320 160
AyHong Kongy1074y99 H9N2 640 320 160 , 320 320 320 160
QayHong KongyG1y97 H9N2 320 , , , 640 160 80 160
CkyHong KongyG9y97 H9N2 160 640 160 , 640 1280 80 640

*Homologous titers in bold. Rabbit sera, , means , 160; chicken and ferret sera, , means , 80; ND, not done.
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AyBeijingy32y92, which may reflect the closer relationship be-
tween the N2s of the 1957 virus and avian viruses (8).

Genetic Relationships. Comparison of the nucleotide sequences of
all eight genes of the two H9N2 human isolates (99–100%
homologous) with those of H9N2 viruses isolated from different
types of birds in 1997 demonstrated a striking similarity, 99% or
greater homology, between the genomes of the human and quail,
QayHKyG1y97, isolates (Table 3). This contrasts with the
differences (85–96% homology) between the genes of the human
isolates and those of DkyHKyY280y97 and CkyHKyG9y97
(with the exception of the polymerase protein PB1 and PB2
genes) isolates, which were shown to fall into a different lineage
(13). Fig. 1 illustrates the phylogenetic relationships between the
HA genes of H9N2 viruses recently isolated in East Asia and
North America, and differentiates the three phylogenetic lin-
eages of viruses, represented by QayHKyG1y97 (including
AyHKy1073y99 and AyHKy1074y99), CkyHKyG9y97 and Dky
HKyY439y97, respectively, circulating in Hong Kong in 1997.
The phylogenetic relationships between the N2s of these H9N2
viruses are similar (13). The 99% homology between the N2
genes of the human and quail H9N2 isolates contrasts with the
differences between these genes and those of other avian H9N2
viruses (83–94% homology), chicken H5N2 viruses (80% ho-
mology), and human H2N2 and H3N2 viruses (84–81% homol-
ogy), determined with sequences from GenBank.

It is of particular interest that the six ‘‘internal’’ genes of the
two human isolates, like those of QayHKyG1y97 (13), were
similar to the internal genes of the H5N1 viruses which cocir-
culated in poultry late in 1997 and which caused fatal human
infections (Table 3). Thus, the six genes encoding the internal
virus components represent a common feature of the H9N2 and
H5N1 avian viruses which infected humans.

More detailed analyses of the genetic variation between AyHKy
1073y99, AyHKy1074y99, and QayHKyG1y97 showed that the
differences between the corresponding genes of the two human
isolates were comparable to the differences between the genes of
the quail and the human isolates accumulated over some 15 months.
Although we do not know the extent of mutation after human
infection, the data are consistent with different sources of infection
and may reflect the genetic variation among similar viruses circu-
lating in avian (and animal) species at that time. The degree of
heterogeneity among the genes of the three H9N2 viruses, in both
nucleotide and amino acid sequences, was comparable with that
reported by Zhou et al. (19) for the corresponding genes of H5N1
viruses isolated from chickens in Hong Kong in 1997 and H5N2
viruses isolated from chickens in Mexico in 1994–1995. Although

the coding sequences of only three H9N2 viruses were available for
comparison, it was of interest to note the marked variation in the
proportion of nucleotide differences which resulted in differences
in amino acid sequences; the low proportion for M1 (0 of 28) and
NP (2 of 26) contrasted with the high proportion for NS1 (4 of 6),
NS2 (2 of 2), and M2 (6 of 6) proteins, indicating significant
differences in selective pressure. The proportion of coding changes
in the HA genes (32%) was greater than that observed among the
avian H5N1 viruses in 1997 and was closer to that of the human
H5N1 and chicken H5N2 viruses (19).

Amino Acid Sequence Comparisons. Comparisons of the amino acid
sequences of the proteins of the two H9N2 and various H5N1
human isolates indicated no consistent differences between them
for PB1, PB2, NP, M1, or NS1; the greater similarity between the
NP and NS1 proteins of AyHKy481y97 (H5N1) and the two H9
viruses was particularly striking. Comparison with published
data for other H9N2 viruses (13) indicated that a number of
amino acids were characteristic of the protein sequences of the
quail and human H9N2 and human H5N1 viruses and differen-
tiated them from the proteins of other H9N2 viruses. Of
particular note were differences in translation termination of
PB1 and NS1 proteins. The PB1 protein possessed an extra
amino acid at its C terminus, a penultimate Gly-757, and the NS1
protein (230 amino acids) was 12 amino acids longer than the
proteins of certain other H9N2 viruses.

Typically, the M2 proton channel showed greater variability
than the M1 protein (20), reflecting a greater proportion of coding
changes. Notably for the human and quail isolates, all nucleotide

Fig. 1. Phylogenetic relationships between the hemagglutinin genes of
recent H9N2 viruses. Nucleotides 10–1,209 of the coding sequences were
analyzed with PAUP by using a maximum parsimony algorithm; the tree is
rooted to the HA sequence of AyduckyAlbertay60y76 (H12 N5). The lengths of
the horizontal lines are proportional to the number of nucleotide differences
(as indicated). With the exception of the sequences for AyHKy1073y99 and
AyHKy1074y99, the sequences were obtained from GenBank, including those
of AyquailyArkansasy29209y93 (QayAry29203y93); AyturkeyyMinnesotay
38391y95 (TyyMny38391y95); AyturkeyyWisconsiny1y66 (TyyWisy1y66);
AychickenyKoreay96323y96 (CkyKory96323y96); AyduckyHong Kongy
Y439y97 (DkyHKyY439y97); AychickenyHong KongyG23y97 (CkyHKyG23y97);
AypigeonyHong KongyY233y97 (PgyHKyY233y97); AychickenyBeijingy1y94
(CkyBeijy1y94); AychickenyHong Kongy739y94 (CkyHKy739y94); and
AyquailyHong KongyAF157y92 (QayHKyAF157y92).

Table 3. Genetic relationship between H9N2 and H5N1 viruses

Percent homology with AyHKy1073y99*

Gene
AyHKy97
(H5N1)†

QayHKy
G1y97

CkyHKy
G9y97

DkyHKy
Y280y97

PB2 98 99 97 85
PB1 99 99 98 90
PA 98 99 89 90
H9 – 99 92 91
NP 99 99 90 90
N2 – 99 93 94
M 98 99 96 96
NS 98 100 93 93

*Similar relationships were obtained in comparisons with genes of AyHKy
1074y99. Homology between the eight genes of AyHKy1073y99 and AyHKy
1074y99 was 99% or greater.

†Sequences used in these comparisons were PB2 and M of AyHKy485y97, PB1,
PA, and NS of AyHKy156y97, and NP of AyHKy481y97.
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differences in the M2 coding sequence produced changes in amino
acids, whereas none of the nucleotide differences in the M1 coding
sequence altered the amino acid sequence. Two amino acids,
Leu-10 and Asn-82, present in the M2s of the quail and human
H9N2 and human H5N1 viruses were absent from the sequences of
other H9N2 viruses. On the other hand, two amino acids, Glu-16
and Lys-18, of the two human H9N2 viruses differed from those of
the quail H9N2 and the H5N1 proteins and reflected more closely
the amino acid sequences of the proteins of some other H9N2
viruses. Because the sequences in this region of the quail H9N2 and
human H5N1 proteins, containing Gly-16 and Arg-18, correspond
to those of the M2 proteins of H1N1 and H3N2 human viruses,
changes in these amino acids are unlikely to be associated with
adaptation of H9N2 to humans. Replication of the human H9N2
isolates was shown to be sensitive to inhibition by rimantadine; in
this respect, none of the amino acids 26, 27, 30, 31, or 34 of the
M2 proteins of the H9N2 viruses correspond to residues which
confer resistance to the anti-influenza drugs, amantadine and
rimantadine (21).

Hemagglutinin. Features of the hemagglutinin of particular in-
terest with regard to the host range and pathogenicity of the
virus include receptor-binding specificity (22, 23) and suscepti-
bility to proteolytic activation (24, 25). A feature of the hemag-
glutinins of H5N1 viruses known to be responsible for patho-
genicity in chicken and mice, and which may have contributed to
its virulence in humans, is the sequence (in italics) of basic amino
acids, PQRERRRKKR2G, at the site of cleavage to HA1 and
HA2, which renders it susceptible to furin-like enzymes in cells
of a wide variety of tissues (25). The sequence, PARSSR2G
(residues 324–330, H3 numbering), of the H9 hemagglutinin
corresponds to those of other nonpathogenic avian viruses,
consistent with the low pathogenicity of these H9N2 viruses in
experimental infections of chickens (26). Furthermore, there
was no loss of glycosylation of Asn-11 which has been associated
with enhanced intracellular cleavability and pathogenicity (27).
Two additional potential glycosylation sites, Asn-94 and Asn-198
(numbered according to H3), close to the receptor-binding site
at the top of the HAs of the quail and human viruses may
contribute to the difference in antigenicity from the chicken and
pig isolates and may influence receptor-binding characteristics.

The host range of influenza A viruses is associated with
differences in the specificity of HA for attachment to sialic
acid-containing receptors on susceptible cells (22, 23). For
example, HAs of avian and equine viruses exhibit a preference
for sialic acid (SA) linked to the penultimate galactose by an a2,3
glycosidic linkage (SAa2,3Gal), whereas the HAs of human
viruses have a preference for SAa2,6Gal, reflecting the prepon-
derance of these terminal sugar moieties in the different hosts.
Substitution of Leu-226 by Gln in the HA of early human H3N2
viruses was associated with a change in preference for binding to
SAa2,3 Gal rather than to SAa2,6Gal moieties (22). With
regards to their ability to infect humans, the HAs of the human
and quail (as well as the chicken and pig) H9N2 viruses possessed
Leu-226 in contrast to the HAs of several other contemporary
H9N2 avian viruses, which have Gln at this position (Table 4).
A number of amino acids within the receptor-binding site which
are involved directly in binding sialic acid are highly conserved
among the different HA subtypes (28). These include Tyr-98,
Ser-136, Trp-153, Leu-194, and Tyr-195, which are conserved in
the HAs of the various H9N2 viruses. Two other conserved
residues, His-183 and Glu-190, are not maintained among all
H9N2 viruses isolated from ducks, chickens, and pigeons in
Hong Kong (Table 4). In fact, of the H9N2 viruses studied, only
the QayHKyG1y97 and the two human isolates possessed the
combination His-183, Glu-190, and Leu-226 (numbered accord-
ing to H3) which was typical of early human H3N2 viruses
(although not of H1N1 viruses).

Neuraminidase. The most notable difference between the amino acid
sequences of the N2 neuraminidases of the two human H9N2
viruses and the sequences of N2s of other avian H9 and human H3
viruses is a deletion of two amino acids, residues 38 and 39, in the
stalk of the protein. The same deletion in the N2 of QayHKyG1y97
further emphasizes the close relationship between the quail and
human isolates. The patterns of glycosylation sites, at asparagine 61,
69 or 70, 86, 146, 200, 234, and 402, of the various N2s were similar;
the only difference between the avianyhuman H9N2 and human
H3N2 viruses is the presence of an extra potential glycosylation site
at Asn-329 in N2s of the latter viruses. One of the six amino acid
differences between the N2 of QayHKyG1y99 and the N2s of the
two human H9N2 viruses results in the absence of glycosylation at
residue 402 of the quail virus protein which may contribute to
observed differences in antigenicity (Table 2).

Discussion
The two cases of human infection were shown to be caused by
similar H9N2 viruses, closely related to a quail virus QayHKy
G1y97, which represents one of three genetically distinguishable
subgroups of H9N2 viruses which cocirculated with H5N1
viruses in live poultry markets in Hong Kong in late 1997. It is
evident, therefore, that they had not acquired (by genetic
reassortment) any genes from another source including contem-
porary human viruses and that infection most likely resulted
from direct transmission from infected birds, although the actual
source has not been identified. Although QayHKyG1y97 was the
only example of the genetic subgroup, the two human isolates
indicated that similar viruses have continued to circulate, as
subsequently confirmed by studies of avian viruses (K. Short-
ridge, unpublished results). The antigenic differences between
the human and swine H9N2 isolates indicate that those swine
viruses were not intermediates in avian to human transmission.

The most notable feature of these human H9N2 viruses is that
they possess a set of internal genes similar to those of the H5N1
viruses which caused 18 cases of human infection in 1997. From
studies of avian viruses, Guan et al. (13) concluded that the
H5N1 viruses were reassortants which derived their internal
genes from a QayHKyG1y97-like virus, although the origin of
the genes has yet to be identified. Whether the commonality
between the internal genes of the H9N2 and H5N1 viruses is an
important factor in their ability to infect humans, and which, if
any, of the genes are necessary, has yet to be established.

Various studies have shown that internal virus proteins, such
as NP and PB2, are important in determining the host range of
influenza A viruses (29, 30) and comparisons of the sequences
of proteins of human and avian viruses have indicated certain
amino acid residues which are typical of human rather than avian
viruses. With a few exceptions, however, the majority of amino acid

Table 4. Variation of ‘‘conserved’’ residues in the
receptor-binding sites of hemagglutinins of H9N2 viruses

Virus

Amino acid residue*

183 190 226

AyHKy1073y99 H E L
QayHKyG1y97† H E L
CkyHKyG9y97† N A L
DkyHKyY280y97† N T L
CkyBeijy1y94† N V Q
DkyHKyY439y97† H E Q
TyyWisy1y66 H E Q
Human H3N2 H EyD L
Human H1N1 H D (NyV) Q

*Numbering according to H3.
†Different phylogenetic subgroups of H9N2 viruses (13).
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residues characteristic of the proteins of the H9N2 and H5N1
human viruses did not correspond to ‘‘human-like’’ residues and
thus provide few clues as to why this particular complement of genes
might enable these avian viruses to transmit to humans. Of partic-
ular interest is PB1, because the novel subtype viruses which
emerged in 1957 (H2N2) and 1968 (H3N2) each acquired a novel
‘‘avian’’ PB1 in addition to HA and NA (H2N2 only) by reassort-
ment of the preceding human viruses with avian viruses (31). None
of the amino acids characteristic of PB1s of the human H9N2 and
H5N1 viruses, including the extra penultimate Gly at the C termi-
nus, were typical of the PB1 proteins of H1, H2, and H3 human
viruses; neither did Asn-375 correspond to Ser-375 of human
viruses, suggested to be important in influencing host specificity
(31). Although the high proportion of coding changes in M2
sequences is consistent with strong selection for replication in a new
host, it is not evident what advantage the amino acid changes might
have for human infection.

Receptor specificity of the HA is important in determining
host range and changes in preference for SAa2,3Gal to
SAa2,6Gal moieties have been observed to accompany estab-
lishment of avian viruses (or their HAs) in human and porcine
hosts. The H5N1 viruses which transmitted from chickens to
humans in Hong Kong in 1997 were shown to retain specificity
for SAa2,3Gal (32). The presence of an additional carbohydrate
attached to Asn-158, close to the receptor-binding site, of the
HAs of some of those viruses was shown to reduce binding
affinity. It was suggested that this may be important to com-
pensate for low receptor-destroying activity of the neuramini-
dase. It may be that glycosylation of the two sites close to the
receptor-binding site of the HAs of the human and quail H9N2
viruses influences receptor binding and increases host range.
The combination of amino acids, His-183, Glu-190, and Leu-226
distinguishes the human and quail HAs from those of the other
H9N2 viruses and is typical of early human H3 HAs. Which
features of the receptor-binding site affect species specificity and
contribute to human infection have yet to be determined.

An extensive deletion of 19 or 20 amino acids in the stalks of the
NAs of H5N1 and H5N2 viruses, respectively, has been correlated
with the appearance of these viruses in chickens (32). In this respect,

acquisition of the small deletion in the H9N2 neuraminidase may
be related to changes in characteristics of the hemagglutinin and
adaptation of these viruses in domestic poultry after their recent
introduction from ducks (26).

The earlier isolation of H9N2 viruses in southern China (14)
together with the preliminary results of serological studies (16)
suggest that other human infections may have occurred. How-
ever, extensive surveillance in Hong Kong failed to identify other
examples of this subtype among some 2,000 human A and B
influenza viruses isolated during 1999. H9N2 viruses are prev-
alent in avian species in various parts of the world. Whether
circulation of similar viruses in poultry in other Asian and
European countries (ref. 33 and Y.P.L., J. Banks, D. Alexander,
and A.H., unpublished results) has resulted in human infections
is presently unknown and no cases of any severity have been
reported. More extensive studies are required to establish the
extent of human infection, and the source of infection and
mechanism of transmission. It is of particular interest to deter-
mine whether these H9N2 viruses have a greater potential than
the H5N1 viruses for human-to-human spread and the ability to
become established in the human population.

The extent of genetic reassortment involving H9N2 viruses,
their ability to infect humans, and their continued circulation in
domestic poultry and pigs in southern China emphasizes the
potential for the emergence, by adaptation or genetic reassort-
ment (possibly with circulating human H1N1 or H3N2 viruses),
of a virus with the ability to establish itself in the human
population and cause the next pandemic.
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