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Pigs are permissive to both human and aviad influenza virùses and have b€en proposed to b€ en intermediate
host for the genesis of pandemic influ€nzâ viruses through reassortûent or âdaptâtion of avien viruses. Pro-
spective virological suryeillarce cârried out between March 1998 and June 2000 iD Horg Koûg, Special Ad.
ministrâtive Region, People's Republic ofChinâ, on pigs imported from soùtheastern China, provides the frrst
evidence of interspecies tmnsûission of avian H9N2 viruses to pigs and documents their cocirculation with
contempomry human HiN2 (A/'Sydney/5/97-like, Sydre,4TJike) viruses. All geûe s€gmenas of the porcine
H9N2 viruses were closely rrlated to viruses similar to chicken/Beijing/Vg4 (H9N2), ducffiong Kong/Y280/97
(H9N2), and the descendants of th€ latter virus lineage, Phylogenetic analysis suggested that repeated inter-
species tmnsmission events had oc4ùrred from the âviân host to pigs. The Sydney9TJike (H3N2) viruses
isolated from pigs were relâted closely to contemporâry humen HJN2 viruses in all g€n€ segnrents and had not
und€rgoûe g€netic reassortment. Cocirculatio[ of avian H9N2 ând human Il3N2 viruses in pigs proyides an
opportunity lor genetic reassortment leading to the emergence of vimses with pandemic potential.

Human infection and mortality in Hong Kong in 199? asso-
ciated with the avian influenza virùs H5N1 (H5N1/9?) focused
global attention on the role of avian infllrenzâ viuses as a
cause of human disease (7, 34, 37). Subsequently, human dis-
ease associated with H9N2 viruses was documented, suggestiûg
that other avian vr'ruses can also cl()ss fle species barder to
hùmans (20.21, 25). In both instances, therewas little evidence
of human-to-human transmission. each human infection seem-
ingl,v being an indepeldent lransmission event from the avian
host (17,25). The pandemic infuenzaviruses of 1957 and 1968
emerged through genetic reassortment of avian vimses with
the prevailing human viruses (18,27)- It may be speculated that
the poor human-to-humar transmissibility of the H5NI,/97 vi-
ruseswas because these purely avian viruses had not rcassorted
with humaû inflùenza viruses.

It hâs been proposed that pigs can serve as mixing vessels for
the reassortmert of human and avian i[fluenza viruses (28).
Pigs are susceptible to experimental infection with a range of
avian and human influenza viruses (19). However. in nature,
interspecies transmission of avian viruses to pigs is not often
documented. Avian HlN1 viruses havc been transmitted to
pigs in Europe (26) aûd in China (9). Recertly a purely avian,
i.e., nonreassortgd, H4N6 influenza virus caùsed a discase out-
break in pigs in Caûada (16).

Porcine tracheal cells have receptors for both humaû and
avian viruses, and ahis provides a biological basis for the sus-
ceptibility of pigs to both âvian and human influenza viruses
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and facilitates reassortment bet\r'een them. Thete are instaoces
of reasqortment betwecn a\ ' ian and human riruses occurring in
pigs in nature (2, 3,5). However, ditect evidence that genetic
reassortment in pigs played a role in the genesis of a human
paûdemic virus is still lacking.

A nurnber ofinflùerza yiruses have beçn isoJated prevjously
from pigs in the south China region, These include classical (9,
30) and avian-like (9) swine H1Nl viruses and H3N2 viruses
similar to human A,/Hoûg Kong/2/68 (A/HK/8/68) and lJVic-
toria/3/75 viruses (29, 31). Some of these çaù human H3N2
viruses have undergone reassortment with classical swine (H1N1)
influenza viruses in southern China (23, 33) and with avianlike
swine HlNl viruses it Europe (5). More rccently, triple-reas-
sortant viruses with surfâce antigets similar to contemporary
human H3N2 (Sydney971ike) virus but with other gçne seg-
menis fiom avian and classical swire influenza viruses have
been reported iû the United Kingdom (3) and the United States
(38). These rccent Noth American porcine H3N2 viruses have
acquired thejrpolymerase gene segments ftom avian viruses of
the Americâû liûeage, and at least three separate introductiors
of the human ÉI3 hemagglutinin (HA) gene appear to have oc-
cuned (35).

Although the pathogenic H5N1/97 virus has not been d€-
tected since the poultry slaughter in Hong Kong in Decembet
1997, its probable precunors are present in poultry i. soùt}l
China (6, 10, 14), a regior regarded as an epicert€r for the
emergerce of pandemic influenza viruses (32). Furthermore,
different lineages of H9N2 viruses are now widespread in poul-
try io Chinâ (11), central Asia, and Eùrope (4)- It is therefore
important to examine whether these avian viruses infect pigs
afld cæircùlate with human viruses in the hypothetical mi'dng
vessel for influenza virus reassortment. III this paper, we sho$
that avian H9N2 viruses cocirculate with contemDorary human
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TABLE 1. Antigenic charâcterization of H9N2 isolales from pigs

J. VrRoL.

ently healthy pigs fiom southeastem China betrveen March
1998 and June 2000. Most viruses were isolated in both em-
bryonated eggs aûd MDCK cells, but two (swine/Horg I{ong/
2106/98 [Sw,rHIÇ2106/98] and SWHK/3297/98) of the four
HqN2 and all the SydneygT-like H3N2 viruses (see below)
were only isolated in MDCK cells and would have been missed
if egg inoculation by the allantoic route had been the only
method used.

Antig€nic cha.acterizatioû, Prclimiùary àfltjgenic character-
izatior of the virus isolates by HAI and neuraminidase inhibi-
tion tests identifled these viruses to be H9N2 (rl = 4), H3N2
(n = 28), and HlNl. classical swine like (, : 152). The H9N2
viruses were antigenically sirnilar to chicke Hoûg Kong/G9i9?
(Ck/TlK/G9/97), a virus of the duck/+Iong Kong^f280/9? (Dld
HI{,Y280/97) (H9N2) lineâge, and distinct from th€ quail/'
Hong Kong/G1/97 (Qa/HI(G1/97) (H9N2) virus (Table 1). A
feret antiserum to Cki HIarG9/97 (H9N2) virus gave com-
parable HAI titers to the homologous virus and to the por-
cine isolates SWHK/2106/98 and Sw/HIir3297/98, but a four-
to eightfoldlower reactivify with virus isolates Sn'/HIi/9/98
(H9N2) and Sw/HI(/10/98 (H9N2), indicating some antigenic
heterogeneitv among the porcine H9N2 isolates.

Two antigenic groups ol H3N2 viruses were distiûguishable,
with 13 being closely related to contemporary human (Sydney/
5,/97) viruses aod the othcr 15 being related to A,trort Chalm-
ers/1/73 and A/Victoria/3/75 viruses (data not shown). The
antigeûic characterization of three representative Sydûey/5,97-
rclated viruses is shown in Table 2.

The 13 SydneygT-like H3N2 viruses were irlated or eight
sampling æcasions between March 1998 and September 1999.
The four H9N2 viruses *'ere isolated on three sampling occa-
sions during 1998, in March (SWHI(2106/98), April (SWHI(r
9i98 and Sw/HlV10/98), and October (Sw,iHK3297l98).

All four HgNZ isolates and three representative SydneygT-
like H3N2 viruses were reisolatcd from the origirial swab spec-
imen to conflrm their validiq'. These vere used in subsequent
seroepidemiology, genetic characterizatior, and phylogenetic
aûalysis.

Seroepidemiolog/. Antibody to H9N2 vims and Sydney97-
like H3N2 viruses was detectcd in porcire sera by HAI and
neutralization tests. providing indeperdent evidence of the
acti!'ity of thes€ viruses (Table 3). In the ÈIAI test, ântibody to
H9N2 viruses (Dln{lK/Y280/9?, SwÂ{IÇ9/98, and,/or Cli/HK,/

TABLE 2. Antig€nic characterization of representative
HlN2 içolater f iom pies

ResùIÎ of HAI tes! osinS ferrer a.tisera tnl: /VpCt,73

HK'8,'68 PC'f'?3 VjÛ% MAb 121/l
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Result of HAI tcst using ferret antiscra' ro:

QatHK/G1/g7ù Ckrr{Krcglg't' Swr Hr!a/18

Sw/HIç2106198
S&:,/HIçg/98
Stl/TIIç10/98
SùrTIK,/3297/98
Qa,TIK/Gl/97'
ck/HK/G9/9/

<41)
<40
<40

4t)
640

<40

2,560
640
640

5,120
<40

2,564

60
640
32t)
320

644
' Proided by A. Hay. Mlll Hill, ltr)ndon, Unhed Kin8dom.
" Repre-sèntativcs of$ornain lineaÂes of H9\2 virùses. Ck/HK./Ggrg7 is used

d\  d  ,ep ,e ,enr r rnc  o f  ,he  DLHK Y ls0  e?  l ineâge.

H3N2 SydneyJite viruses in pigs ir the southeasten China

region.

MÂTERLILS Â]YO MTTHODS

Sampling of pigs. Tracheal svabs ùere ollecred on { rnonthly bâsis frem pigs
slaughrcrcd at an abaltoir in Hong Kong bc$een March 1998 ând Jure 2000.
Serum specimens verc âlso collected durirg thc visits: lI7 ir 1998. .ltj ir 1999,
aûd 294 bet{æô Januan ând Jùnc 2000. Cùr.eûdy, ùound 25q. oI pigs slaù8}l-
rered in HonS Kons originate fron thc neighboring Guangdong Province. 60%
origirale f.oln p.o'in.cs ir ôouthe.dtem Clina (PledoDirântjy Hùnan. Jiar!:ri.
Hubei, ând Henan ând a fe$ from Fujiân, Zhejiâûg, and CùânsÀi), èûd thc resr
arc raised in Hong Kûng. Those imported fron tbe nainlând oiChini arri!€ in
rho Speciâl AdminisL.ârile Regjon withi. a datr of slÀugbrer- Trâcbeal ssahs
werc @llec!èd into trânxport mediun (9) and tepr ar 4"C uniiL transporred to thè

Vi.us isohtion ànd identificâtior. The saab eluate aas inoculated inlo eî)
bryonared chicken cggs b! rhe âllânroic rûurc €d) ànd into Màdin Darbl' qoire

kidney IMDCK) cell cùltures in Easlc's Ininidùm €ssential mcdirid with rypsin
(2 pgml). Tte cell cùlture tubesùere incubated for up to ? dâys and examincd
tor cFop,ùjc effÊir- Vjrus j,eolzres were pasagcd ând identined usifl8 hemag
glutination inhibit;on (HAl) lests ard oeurar nidâse inhibition tesb usirg a
panel of reference sera (N{tional Institule of Allcrgy ard Infêcrious Diseales
Resources ior lnfluenza Rescnrch, Nadonâl lns!,tùtes oi Health).

S.rclop rests. Scrâ çere treatêd wirh rcccptordestroying enz!îe aûd used
for llAl tests using rurkey crtthroqaes (36). Neurralizxtiod rests sere carried
oui by m'xing 100 50% tissue culrùre infective dos.s of thc viru\ with serial
dilulions ofscrun and incubatin! for 2 h folloçcd by nrocutation oûto MmK
celh gmwn in 96'well microljter plùtes. After adsoption ol the virus-serum
mixlure tor 2 h, the inùulun lâ! æhoved aod tresh snrû,free rissue culture
Dediùtt coDtrjDjrg rrypsjr {2 pshl) wil( ndded. Conplere neutralization of
cyloparhic eûtct (.eàd undcr an invelted microscopc] was consideied cvidence
of neutlalizing antiboô.

Anr\sis olûrql RNÀ \'iralgenc sequencing,tnd anxlysissere curried out âs
described preliouslv (11). ln brief, vjral RNA ùâs direcd) extractcd hom in-
fected allantoic fluids orcell cultùre usilgQlAûnp ViralRNA MiniKir (Qiager.
lnc.. Valenciâ. Calif.)- Relene trmscription fDLlosed by PCR wâs perfomed
using specific prirners for cacÀ gene sÈgrnent (primer seqûcnces are àvrilat tc ûn
reques(). PCR ploducts wero puriti€'l wilh the QlAquick PCR pù.i6cation kn
(Oiascn. Inc.) and seqoenced using srnlhetic olisoDucleoddes. Reactions were
pcrt 'rrred *ilb Big Dte Tclrlrirarû! Clcje Seqùcncing Ready Reaction kits ùsed
snh AmpliTaqDNA Polyîerâse FS (Perkjn tslmerrAppiied Bios)stèms, lnc.).
Samples were elætrophoresed and analyzed on a nodèl 377 DNA squencer
(Pcrkir-Èlner,Applied Biosystems, lnc.).

Sequencc dalâ nere ediied and aniillzed usitg the Wiscoûsin Sequence Anâl
ysis Pack ge (vÊNion i0.0; Geneti6 Codpùter G.oùp. Vadisoû, Wis.). Phylô-

Scncti. anâLvscs trrre arncd out usrng PhyloSenctjc AoaDsis Usiûg Parsimon}
(ve6ior 4.0; David Slv(rffo.d, Ill;nois Ndru.al Historv Su6el, Châmpaigr).

Nucl€otid€ sequence æc€ssion Dubb€rs. The nùcleotide sequcnces obrâined
froir this stùd) âre alaiLabLeftom GenBank ùnder acssion numbels AF222810
thtough AF222825 and AF{0752 throuSh AF400791.

RESULTS

Virus isolation. One hundrcd eighty-foùr influenza Avfuses
were isolated ftom 4.957 tracheal swabs collected ftom appar-

A/S.,!/HIç <40
2422i94

AJSù,'TirV <40
2405,'98

A/SW/HIV <40
2329198

Nsftneyi'ig? 81,

<.+0 5,120 <400

<40 2.560 <400

<40 5,1æ <400

<40 1,280 </100

<40

<40

<40

<40

<40

<40

40
" I he ÀSydney/5/97 dntigeo was an inactivated antigen Forided as pân of the

Wûrld He{lth Organizâtion reâgent kh, wb;le samples of untreated virusin
fectcd egg allânloic tùid otihe pig isolates Nere ùsd as ad.iwns id this test.

ô Abbeliâtions: PC, Pùrr Chalme$: Vic, Victoiar Bli Bàogkok Syd, S)'dney.
' Rcsuft oi HAI test with rnonoclonâl antibody (MAb).
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TABLE 3. Seroprevalence" to inJluenza A subtype H3N2 and H9N2 viruses in pigs

No. of sera (7.) reactive in yf

1998 (n : I l7l lç!9 (n : 46) 20{}02 (tr = 29a)

2 (0.7) 120-401
2 (0.7) [20]

ND"
16 (5) [80-640]
8 (3) [8È320]
8 (3) [8rf160]
0 (0)
0 {0)

43 (ls) [20,>320]
57 (le) [80-1,280]

0 (0)
0 (0)
0( t
2 (4) [160]
I (2) I80l
5 (11) [80-320]
0 (0)
0 (0)
2 (4) [160,320]
2 (1) [320 2,s60]

0 (0)
0 (0)
0 (0)
2 (!) [80]
l (1) [80]
l (1) t l601
0 (0)
0 (1)

34 (29) [20 >320]
18 (1s) [8û 1.2801

NT
NT
NT
u-.tI
IIAJ
I]AI
IIAI
HAI
NT
HAI

Dki HK/Y280/97 (H9N2)
SVHK/9/98 (H9N2)
Qa/HX/Gli97 (H9N2)
DlvTlIç'Y280,/98 {H9N2)
SW,/HK/9/98 (H9N2)
ck'rtK/G9/97 (H9N2)
Qa/HIçG1,0? (H9N2)
DX/HKry439/97 (H9N2)
svHK2422/98 (H3N2)
SwiHKU22l98 (H3N2)

o HAI positilcs ùerè takèr as riters of l/80 or moro. Neutralizrrion positivcs $e.e tâken as riters ôf t/?0 or norÊ.
o NT. neùtralization tesl.
' Values in bfackets shN the range of the anrib<{t Li1e6.

'ND, not dctermined.

G9/97) was present at low prevalence in sera collected in each
year of the study. Some of these sera also had HAI antibod]' to
an H9N7 reassortant virus [CkrHI(G9/97 (H9N2) x .A,,/seal/
Massachusetts/l/80 (H7N7)l (data not shown), confirming that
the observed immunological reactiviry was to the FLA (H9)
rather than the steric efrects resulting ftom aûtibody binding to
the neuraminidase (N2). Three of these serum samples (col-
lected in the year 2000) had neutralizing activitv, olle to Dk/
HKlY2.80l9'1, one to SWHI(/9ÆS, and one to both these vi-
ruses. No serological evidence of ûlfection with Od,'HIÇG1/97
or Dk/HK/439/97 ("Korean") lineage H9N2 viruses was docu-
ûrerfed. Neutrâlizjrg antibody fo fhe porcire Swlll12422l98
(Sydney9TJike) isolate was detected in all 3 years, with prev-
aleflce ranging from 4 to 297a.

Cenotyping of porcine Il3N2 ând H9N2 influenza viruses.
The four H9N2 pig isolates and three repressntative SydneygT-
like H3N2 vjruses were selected for genetic analysis. The gene
segments of the H3N2 and H9N2 viruses were scquenced in
part or completely, and their homologies werc determincd by
comparison with sequences available in GenBant and betweeû
vituses ftom the same group.

Sw/HK/9/98 (H9N2) was closely relâted to H9N2 viruses of
the Dk/HKrY280/97 (H9N2) lineage in all eight gene seg-
ments, with homologies ranging from 97 to 987c (Table 4). The
HA, PB1, and NS genes had greater homologr with viruses
circulating in chicken in 1994 than to more recently isolated
virùses of the Dk/HI1Y280/97 lineage. Thc H3N2 \,iruses
represented by SW,IHIÇ2405/98 were closely related to H3N2
Sydoel4TJike viruses firrentl] circulatiûg in humans. Th€ ho-
mologr was >987o in each of the eight gene segments, strongly
suggesting that the virus is of human origin and was probably
introdùced irto pigs recently. The close homolofo/ ol the PB2,
PB1. and PA genes to H3N2 viruses isolated in 1996 reflects
the lack ofsequence data iû GeriBank for these gene segments
of SydneygT-like viruses. Homologr within the LI3N2 pig virus
isolates was 99 to l00Vo (results ûot shown).

Thus, primary genot)?ing of these isolates confirmed the
antigenic chancterization that avian H9N2 viruses similar to
DbEIKN2E0P7 af.d conternpo.ary hunrar Sydre)û7like H3N2
cocirculated in southeastern China. Rcassortarits of thùse vi-
ruses were not detected.

Phllogenetic relâtio[ships of porcine influeûzâ vimses from
soulheâstenrn Chiûa.'lo charactetjze the genetic rerafionships
of the H9N2 and H3N2 viruses more precisely, phylogenetic
analyses wele carried out of the IlAl region of the fIA arld
part of the M gene sequence of each of the H9N2 and Syd-
neyg7-like H3N2 viluses.

(i) H9 HA tree. The H9 FLA1 tree separated into two distinct
lineages, one includiûg viruses from North America and the
other comprising virùses isoiated in Asia, especially from
China, iû recent years (Fig. 1). A11 four porcine H9N2 viruses
isolâted in the present study clustered into a sublineage lormed
byrecent aviaûviruses from land-based poulfy ill soùtheastein
China. Two H9NZ viruses, SdHIç2106/98 and Sw/HI(3297l
98, isolated in March ard October 1998, respectively, appear
closely related to contemporary viruses of the DklHKll280/97
lineage isolated from chicken. The others (SW,/HIç9/98 and
SwHlç'10/98) isolated in April 1998 were more closely related
to early chicken isolates (ClvTIK,439l94 or Ck/Beijing/1/94

[CkBei/1151]) of the sam€ sutrlineage and exhibit an "out-

group" relationship to contemporary avian Dk/HI(,Y280/97-
like viruses. Sirce these four porcine H9N2 viruses do not form
a direct parent-descendant relationship, the findings imply that

TABLE 4. Eomolos/ of swine influenza viruses
isolated in Hong Kong

SqiHK'20,15r98 (H3N?)'

PB2
PB1

ItA
NP
NA

NS

Dk/Hrary280i 97 91
ck/HIç739191 9'�1
DkiHI( a2{10/97 98
CWBeill l94 97
cK/HId/G23i97 98
Dh/Hr{,Y280/97 98
PgÆJKrY233,'97 98
CklBeiillg4 98

' Ranges of sequcnces (in basc pairt used ro cârry out honology scarch are
asknl(Ns: PB2, 4to2,269; PB1, 286ro2.256:PA, l,442to?,451t I1A, 781o 1,725:
NP, It Io 1,511; NA.725 to 1.,110; M. 125 10 1,0?:.1: NS, 9 to 8!€).

D Rnoges of sequenccs (in bâsc pàjrs) red to carry out honolosy- seârch ùe
as follows: PB2. 1 1(r 2,246; PB1. I ro 2,23?: PA, ,+99 lo 2.1?7; HA, l? to 1,6501
NP, 7 to 1,,182: liA, I to 1,3ô8; M, I 10 993; NS, 1 to 831.

Str'ïK l'98 LHqN2f

Hûnojûgolls vjrus 7. Homolog}' HomoloSous lirus c/, Ilonololy

99
99

99

99
99
98

Fùkushima/'140196
Fukushima/140/96
Fukushimâ,/140i 96
Nagasaki,/93/98
Nagasaki/?6,/98
Shiga45/97
I{ong Kong/498/97
Hong Kong/497,/97
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H9 HA
Ty/CA/1 89/66

Tftlrlvl166

there were at least two independent introductions ftom an
avian host to pigs.

(ii) H3 HAI tree. The H3 HA1 tree (Fig. 2) shows that three
groups oT luûan H3N2 viruses have transmitted to and per-
sisted in pigs for various periods of time. Viruses related to the
initial H3N2 pandemic virus of 1968 (Aichi/2,68) persisted in
pigs (early human like) ùntil 1977- Subsequently, A^/icloda/
3/75like viruses transmitted to pigs (intermçdiate human like)
in China and viruses of this subliûeage continued to be isolated
in China at least until 19?8 (Fig. 2). .d /ictoria/3,/75-like viruses
also ettered pigs ildependeûtly in Europe and have persisted
as avian-like swine H3N2 (European swine) viruses. The H3N2
viruses SI'/HK/2405/99 atd Sw,,TIIç2429l99 were directly de-
rived from recent Sydney9T-like human H3N2 viruses.

(iii) M gene tree. The H9N2 pig isolates were derived from
the avian H9N2 (Y280like) lineage ftom China, but the Sd
HI(9/98 and SW/HIV10/98 (H9N2) viruses retain their out-
group relatioûship with recent H9N2 isolates from poultrJ ard
the other two H9N2 pig virus isolates. The S)'dney,/5/97-related

Gs/lrtù5733/80
Dk/HK,/,t 68t7 7

Ty/PV/40/83
Dk/HK/YIA9/97

H3N2 viruses Sw/HK/24n5199 arxl Sw[ï1K'2429199 are closely
related to contemporary human H3N2 virus isolates (Fig. 3).

Molecular analysis of IL{ and NA genes ol the pig H9N2
isolates. Altnment of the deduced amino acid sequences of
the lIAl region of the four H9N2 isolates with those of other
avian isolates did not reveal commor amino acid cbanges as-
sociated with transmission to pigs. All four pig isolates have
anino acid L atposition 226 (H3 numb€ring) and G at position
228 vithin the recepto{-bindirg pocket (Table 5)- Amino acid
L at posilion 226 is zrlso found in recent H9N2 viruses of the
DIdHK/Y280/97 lineage isolated from poultry but differs from
that {226 Q) in the earliest chicken virus isolates of this lin-
eage, viz., Cktsei/l/94 and Ck/HI(/739/94. Both SWHK/9/98
and SdHI(110/98 H9N2 viruses are uniquely different from
other avian viruses and the o[he. two pig isolat€r (SdHIÇ
2106/98 and SW/HK/3297/98) in containing an amino acid res-
idue H at position 227 within the receptor-binding region.
Furthermore. SW,/HI(/9/98 and Srv/HK/10i98 viruses differ from
SWTIK/2106/98 and Sw,rHI(/3297/98 and manv other recent

J. VrRoL-

American
Avian

Oa/HK/aFr 57,92

cktÉKJ.'r39ts4
Ck Boifi /94

DK'HK/Y28OA7
Sf,,/HK/3297198

Q./HK/ct197
Oa/H ]ûSSP1 lY99
QalHnAlTlltg
CUH K,/NT16/99
Pg/HKFY6/99
Ph/HKrssPlli99

Oa/H lVNT28t99
CUHK/SF,l3/99
scuHKrsF4r'99
sl#lHKt2106t9A

Eurasian
Avian

Group ll

ck/H K./FY2o/SS
PgÀlwY233/97

cuHK,/Gg197
caHflG23tSI

swHK,/t 0/s8
swHK,/9/98

Group lll

CAKotl006l96
Ck/Xorr32196

FIG. 1. Phylogenetic tree for the H9 ll{l gene of influenza A viruses. The nucleotide sequences of the }LAl gene (960 bp from position 55
to 1014) were ânâl)zed $ith the Phylogenetic Analysjs Using Parsimony program ùsing a maximuD-parsimony algorithm. The ItAl pLylogenerjc
tree is rooted to AJDkrAlberta/60t6 (H12N5). The lengrhs of the horizorral lines are proporrional ro rhc minimum number of nucleotide
difierenccs required to join nodes. Vertical linÈs are for spacing branches and labeLs. The bootstrap vatue (*) for 1,000 rcplications was computed
using MEGA software (version 1.0; Pennsylvânia State University, Universiry Park), and the results for k€y bÉnches in the ùee arc depicted.
Abbreviations used in virus designations not used in the text are as followsr Gs, goose; Pg, pigeon; Ph- pheasant; SCk, silkie chicken; Ty, turkey;
Kor, Korea; CA, Californiâ: WI, Wisconsin; AR, Arkansas; MN, Minnesotâ. Viruses isolated in this srudv are underlined. CrouD I. Qa,/HK/G1,97
(H9N2) lineage; group lI, Dk/HI{,Y280ii9? (H9N2) lineage; group III, Ck'Kor,'006i'96 (Hr)N2) lineage.'
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H3 HA
Aichi/2/6s

Udom!307n2
Port Chalmersrl/73

Bangkok/l/79
Slchuann/87
Shanghai/lll87

Harbin/15/92
Alaska/t0/95

Saltama/80196
sw/HK.,2422r98
HKAgI/97
Sydnêy/rug7
HK/387/97
HK/391/97
Sydn€y/6/Sz
sw/H K/2405198
sdHKn42grgô

Dk/H l(940r80
DAHW215177

Dk HK/6,ffr6
lrktHKITnS

FIG. 2. Phylogenetic tlee of the partial H3 HA1 gene (778 bp frorn position 33 to 810) of influenza A viruses. The merhod used and
abbreviations are as given in tbe legend to Fig. 1. Viruses isolated in this stùdy are ùnderlined. The tree is roored at Dk/Czechoslovakia/s6 (H4N6).
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SwrHXr'l3,77
SWIHK!21177
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avian H9N2 isolates in having V at amino acid residue 190. An
early chicken virus (Clçtsei/94) (H9N2) and a contemporary
quail isolate (Qa/HK,NT/298/99) (H9N2) also possess V at this
position- In common with manv other contemporary H9N2
isolat€s of the DkiTI&ry280197 liaeage, the pig H9N2 iso,ates
SwIHI(/2106t98 and SwrHK,/3297/98 have amino acid A at res-
iduo 190. though Dk/HI(Y280197 (H9N2), the probqpe virus
of this phylogeretic lineage, has T at this position. The HA1
geDes of SWTIK,/9/98 and SW/HK10/98 virùses are similar to
eaù chicken H9N2 viruses (CkTIK/739/94; CkÆei,94) and
differ from contemporary H9N2 vimses at a number of other
amino acid residùes unconnected with receptor binding, viz.,
positiots 32, 174, and 205. These flndings suggest that SWHK/
9/98 arld Sw/Hk/10/98 are more related to C]VHIV739/94 and
Cktseii94 thân to contemporary CIç/HK f280/97like H9N2
viruses. The Sw/HI(/329798 virus difrers froû other avian and
porcine HqN2 viruses at residues 274, 279, ard 286 (Table 5).
Compared to orher H9N2 viruses of this lineage, the potential
gl)'cosylatioo sites on the HA1 region in the four pig isolates
remain unaltered.

The amino acid sequence at the HA cleavage site is highly
conseIved in all the H9N2 viruses, including the pig isolates
described here, and no change in the ûultiple basic amino
acids associated with highly pathogenic aviar influenza viruses
was obseûed-

The four pig H9N2 isolates share the same thre€-amino-acid
deletion in the NA stalk regioû found in other Dk/HKry280/
97like vinrses and are distinct from Clctsei/1/94 and CkT{IÇ
G9r'97 in this regard. The potertial glycosylation sites on the
NA are also sirnilar to those found in DT/HKY280,97like
viruses- Alignment of the gen€ sequences of the intemal gene
segments of the four pig H9N2 viruses fail to r€veal coûmon
amino acid changes associated with inte$pecies transmission
of avian viruses into pigs. However, three silent [ucleotide
substitutions at positioûs 1273 (C-.>T), 1323 (C+T) and 1423
(T-C) in tte PA gene were common to the foùr pig H9N2
viruses and were not seen in other avial H9N2 viruses se-
quenced to date. In the other intemal genes, there werc ûu-
cleotide signatures that were shared by Sw/H119,98 and Sw/
HKi 10/98 (H9N2) thar were distincr from rhat of ck/Bei/1/94,
as well as from those of contemporary avian Dk/HIQY280i9?-
likc viruses.

DISCUSSION

Avian H9N2 vinrses cocirculate with cortemporary human
Sydne147-like I{3N2 viruses in pigs in southeasten Chitra, a
hypothetical epicenter lor the genesis of irfluenza pandemics
(32).

The four H9N2 viruses belonged to the Dk/HKry280/97

l 0
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DUHK,/698'9

Ty/Ge./3/91
SWG€f/8533191

SWSchle6wig-H/lrg3

Qa./HK/AFi 57/92
Qa/HltlAl7Ag

QalHKlG1l97
HK./156/97
Sw,Htg10/98

Eurôslan
ck/H K/sF4.#S9
Dk/HK/Y280/97
swHK,/2t06/99
cuBK/739/94

Ck/Berl/94
Dk/H K/Yi|:}grg7
Ck/Kor/323196

swHKr168193
Dkll{aâchand7749192

Sw/Gêrr2l8t
SrYi Neth/l 2/85

EqrKY,2r86- Ty/MN/833/80
wsN33

lineage in all eight gene segments; i-e., they are no1 reassor-
taûts. They were isolated on three separale occasions in 1998
and confirmed by independent reisolation Trom thc original
clinical specimens. The Sw,,TII(3297l98 (H9N2) and SwiHI!
2106/98 (H9N2) viruses wer€ antigeDically and geneticallysim-
ilar to contemporary H9N2 isolates from chicken- h contrast,
Sw/Hl(9/98 (H9N2) and Sw,/HIV10/98 (H9N2) viruses are
clearly distinct aod more closely related to earlier H9N2
virus€s of this lineage, viz., Ck/Bei/l/94 and Ck/HK/739/94.
These aviân vii.lses were not handled in the laboratory during
the period of the studJ', and this argues against SWHK/9/98
(H9N2) ard SW/HK/10/98 (H9N2) being laboratory contami-
nants. Fu hermore, serological data provide independent
evidence of H9N2 virus infection in pigs and indicate that
infection with a similar qrus continued in sùbsequentyears (Ta-
ble 3).

That influenza A viruses can seemingly persist in pigs with
minimal antigenic and genetic change has been shown by pre-
vious studies of human H3N2 viruses isolated from pigs in the
1970s (1, 29, 31). Thus, one explanation for fitding viruscs

Aichl/2i68
udomBo7n2

HK/O066I97
Fukushlma,/l,10196

Shlga/25/97

sùwtn/61
SwfiNn4n7

sw/HK/273/94
WU475rl/94

sdta/t 7672,/88

similar to early avian Ct/Bei/94 (H9N2) viruses in pigs is that
they were introduced to pigs some years ago and were pre-
served antigeflically and geûetically irr the porcine host. In
order to conûrm this h]?othesis, it will be necessary to dem-
onsfrâte thal siDilar viruses contjnue to be isolated from pigs
aod form a distinct evolutionary lineage. An âlternative (and
more likely) explanation is that H9N2 viruses similar to Ck/
Bei/94 continue to circulate in poultry ill regions of China fuom
which sequence data of avian viruses ate presently scarce.
Intd-based poultry sampled in Hong Kong only comes ftom
the immediately adjacent area of Gùangdong, but pigs are
imported from much farther alield and may well acquire in-
fection with H9N2 viruses diferent lrom those cuûently iso-
lated in Hong Kong and Guzrngdong. ln any event, the low rate
of H9N2 virus isolatior, low seroprevalence, and lack of a
direct preqfsor-descendant relationship among these four iso-
lates irdicate that there were at least two separate interspecies
rânsmission events.

All four pig H9N2 vitus isolâtes have amino acid residue L
at position 226 withir the receptor-binding pocket, an amino

Europcan
Av.llk€ Sw

Clâssical
Sw

FlG. 3. Phylogenetic trees for the M gene (residues,fl !o 671) of swine inffuenza viruses from southeastern China. The merhod used and
âbbreviations âre as given ir the iegend to Fig. 1L Viruses isolated in this study are underlined. The tree is rooted ât dlEqùinePrague,/1/56 (H7N7).
Abbreviations used in virus designations not used in the text are as follows: Ger. GemaDy; lA, lowa; KY. KentucLf; Neth, The NetherLands.
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Anino acid residue
relevant m ftceptol

virus for bindi.g

TABLE 5. C.mparison of âmho acid sequences of
pig and avian H9N2 IL{s

sequenced to date, but these presumably have no functional
signilicance.

Côntemporary humaû H3N2viruses antigenically and genet-
ically similar to Sydney9Tlike viruses were isolated repeatedly
from pigs in southeastem China. Virus isolatioo and seroepi-
demiologl suggest that these viruses continued to circulate
throughout the period of the stùù. Unlike the recent reassor-
tant H3N2 vimses isolated from pigs in the Nonh American
continert, viruses isolated in the present study have not un-
dergone reassortment ârd are similar in ail gelre segments to
coûtemporary human H3N2 viruses. Seroprevalence to this
virus appears higher thar would be expected from discrete
irtroductiors of the virus into tbe pig population, and it is
lik€ly that the H3N2 SydneyJike virus in pigs is now being
maintained by transmissior within pigs. While it is known that
human viruses readily infect pigs in an exp€rimental settiûg
(19) and have repeatedly crossed into humans (13), only a few
have established themselves in the pig population irl nature.
The early AJHIV6S-like H3N2 viruses established themselves
in pigs in Asia (29) aûd persisted in this host till at least 1977
(Fig. 2) wirhout reassorlment wilh other avian or qwine r, iruses
(33). VictoriaT5Jike human viruses have been detected in pigs
in Chiûa (31), Europe (24), âIId Canada (1). Iû Eùrope, the
virus acquired internal geûes from avianlike H1N1 viruses
through reassortment and persists to this day, viz., aviemlike
swine H3N2 viruses (Fig. 3). However, other antigenic variants
ofhuman H3N2 viruses have not established themselves in pigs
until recently, when the Sydney9TJike virus was lound to have
contributed its llA gene to rcassonants caùsing disease oùt-
breaks in pigs in the United States (35, 38).

We now report the isolation of unreassorted H3N2 Sydney-
like viruses lrom pigs in southeastern Chira. These findings
appeù to indicate that. lihe Vicloria,/3,/7-5, the H3N2 SydneygT
variant may have a greater propensity to cross the species
barrier and establish itself ir pigs. There are sera with evidence
of antibody to both viruses, providing evideûce of cocirculation
of avian H9N2 and human H3N2 viruses ifl pigs in southeast-
ern China. These human H3N2 viruses have not yet undergone
reassortm€nt with porcine viruses. The H9N2 viruses are still
in the process rapid evolution iû the avian host (11) and now
have crossed to a new hosa-the pig Taking tàese results
together, it may be predicted that both viruses have an in-
creased propensity to reassort.

ln southern China. pigs are reared in abundance and, being
the major source of protein Tor an increasirgly afruent popu-
Iation, are raised in increasing numbers. while some of this pig
husbandry is carried out in large-scale farms, small-holder rais-
ing of animals with close interactior between humairs, poultry,
and pigs continues, providitg the opportunity for interspecies
traNmission of influenza viruses (32). H9N2 viruses are wide-
spread iII poultry in this regiot (11), and interspecies transmis-
sion to pigs is now documented. Repeated introductions of
avian H9N2 viruses into pigs which may be coinfected with
human H3N2 Sydney-like viruses provide the opportunity for
thc emergence of reassortants containing an H9 ÉIA and in-
t€rnal geûes adapted to replication in human cells. Unlike
H5N1/97 viruses. the HA of these H9N2 viruses would be
predicted to already have affinity to bind to the sialyl-oligosac-
charides found on humat cells. In the cofltext of a human

183 190 22ô 27 228 32 t14 205 171 279 2u6
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1 amiÂo acid is conserved .elative to CUBeijing,l/94.

acid rçsidue associated with a preferential bioding of the virus
to "human" 02,6- rather than "avian" û2,3-NeuAccal recep-
tors (8, 15, 22). The importance of this amiro acid residue in
the biûding of IIA to humat d2,6-Neu-Accal receptors has
been conôrmed by recent data on the crystal structure of the
SwrT{IÇ9/98 virus (12). Iû conjunctiofl with amino acid residue
L at 226, position 190 is reported to influence the affinity of the
binding to the û2,6-NeuAccal receptor, the binding afrnity
being highest with V at position 190, internediate with T at
this position, and weakest with A at this position (22). It is
predicted. therefore, that SW/HK,/9/98 (HqN2) aûd SWH}I/
10/98 (H9N2) viruses have high-affinity birding to the û2,6-
NeuAccal receptor found in human cells. E\perimentally, this
has been found to be trùe with the related HqN2 virus Qa,/Hlq
NT28/99. which has a similar amino acid motif at the reccptor
binding site (22). The other t'ro pig H9N2 isolates, SW/HIÇ
2106/98 aûd SWHK,/3297/98, have A at position 190 aûd. while
still showiûg preference for the d2,6-NeuAcGal human recep-
tor. would be predicted to have a lower-affnity interaction with
this receptor. These predictions need to be coûfrrmed b! ex-
perimental studies ofthe receptor specificiry of thesc viruses. I1
is iûteresting that two of thç pig H9N2 viruses \\ere isolat€d in
MDCK cells râther than in the allartoir cavity of ernbryonated
eggs, possibll, a reflection of their afllôity for r2,6-NeuAccal
binding.

It is important to note that the Q+L change at amino acid
position 226 in the fIAl region of H9N2 viruses occurred in
the avian host and preceded their introduction to pigs rathcr
tban being ar adaptive chaûge following the intenpecies traûs-
missiot event. When compared to relat€d H9N2 viruses iso-
lated from avian hosts. the onll, unique amino acid chatges
found in the HA1 of the pig isolates were at residue 227 within
the receptor-binding pocket found in SwlHli/9/g8 (H9N2) and
SW,,TIK/10/98 (H9N2) and in residûes 274,279, ând 286 outside
the receptor-bindirg arca found in Sw,&{K/3297/98 (H9N2).
The sigrificance of these changes remains to be elucidated.

In the gene regions sequenced. there wcre no uniquc amino
acid substitutions common to all four pig H9N2 viruses that
may be markers of interspecies transmissiot. Three sileût nu-
cleotide substitutions in the PA gene were shared by all four
pig viruses and distinguished them from other avian viruses
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population immunologically naive to the H9 antigen, such a
virus would pose a significant pandemic threat.
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