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regions creates additional uncertainty as to the origin of the
pdm/09 virus.

Surveillance of swine influenza will help in understanding
the genesis of the HIN1/2009 pandemic. Recently, hundreds of
swine influenza viruses isolated in Hong Kong were sequenced
and analyzed. The findings revealed extensive reassortment
among CS, TR, and EA viruses (19, 21, 22). Some HINI1
TR-EA (Sw/HK/72/2007-like) reassortants have persisted since
2007, establishing a genetic lineage in the pig population of this
region (19, 21, 22). However, the key events in the reassort-
ment between the TR and EA virus lineages that could have
led to the genesis of the pdm/09 virus have not yet been
defined.

In this study, we infer the evolutionary history of swine
influenza viruses sampled in Hong Kong from 1998 to 2010 and
in Guangdong from 2009 to 2010, together with other complete
influenza A genome sequences taken from GenBank. All
TR-EA reassortant viruses generated in China were identified,
and their evolutionary pathways and reassortment patterns
were analyzed in detail. These TR-EA reassortant viruses,
which include two groups of highly similar viruses, were gen-
erated from independent reassortment events and had differ-
ent evolutionary pathways. Except for the Sw/HK/72/07 sub-
lineage, none of the viruses could be isolated from more than
one sampling occasion, and they are likely transient. Although
TR-EA reassortment events occurred in the swine population
in China before and after the pandemic, direct precursors of
the pdm/09 virus were not recognized.

MATERIALS AND METHODS

Virus isolation and sequencing. Swine influenza surveillance has been con-
ducted since May 1998 in Hong Kong and since December 2009 in Guangdong.
Tracheal or nasal swabs were collected fortnightly and weekly from slaughtered
swine. Swab materials were inoculated into 9- to 10-day-old embryonated
chicken eggs and Madin-Darby canine kidney (MDCK) cells. Virus isolates were
identified and subtyped as previously described (13). The genomes of four iso-
lates from Guangdong and one from Hong Kong were sequenced and verified
following previously described procedures (14, 19, 21).

Sequence preparation and alignment. The nucleotide sequences of all influenza
A viruses with complete genomes were downloaded from GenBank (1) in November
2010. They were aligned, together with the sequences of the influenza virus strains
isolated in this study and from earlier surveys (22, 27) using MUSCLE v3.5 (5).
Sequences with >10 ambiguous nucleotides were excluded from the alignment, and
columns were removed from the alignment if gaps occurred in >90% of the se-
quences. Manual editing and refinement of alignments was done in MEGA4 (20).
Sequences of selected avian, human, and equine influenza viruses were combined
with the complete genome data of all swine influenza viruses (see Table S1 in the
supplemental material), resulting in data sets of eight gene segments that comprise
a total of 20,168 sequences.

Phylogenetic analyses. Maximum-likelihood (ML) phylogenies were inferred
for each of the eight genome segments, using a heuristic tree search algorithm
implemented in PhyML v2.4.5 (8). The GTR + I + I'y (general time-reversible
model with invariant sites and 4 I" distributed heterogeneous substitution rates)
nucleotide substitution model was used in all cases. One thousand pseudorepli-
cates were generated for bootstrapping analyses using the same ML method in
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PhyML. The robustness of the ML topology was further evaluated with the
topologies sampled by the Bayesian Monte Carlo Markov chain (BMCMC)
method as implemented in MrBayes v3.2 (16) using a chain length of 5 X 10°
steps, with sampling every 1,000 steps.

Genotype classification. Individual host-specific lineages were identified from
the phylogenies. Establishment of human- and swine-specific lineages in the
phylogenies of different genome segments indicate their introduction from either
the avian reservoir or established mammalian virus populations and has been
reported previously (2, 11, 24, 26). Sublineages were defined as monophyletic
lineages with >70% bootstrap support and >0.9 posterior probability. A small
number of sublineages in some gene phylogenies (especially those of shorter
genes) have lower support. However, they remain the best groupings identified
from the ML estimates, as well as the bootstrap and Bayesian analyses.

Molecular-clock dating of reassortment events. The time and order of reas-
sortment events giving rise to a particular genotype were inferred from the time
of divergence (tDIV) of the reassorted gene segments within their windows of
uncertainty (10). tDIV was estimated using a uncorrelated log-normal relaxed
molecular clock (3) in a BMCMC joint estimation framework as implemented in
BEAST v1.6.1 (4). A Bayesian skyline demographic model and the GTR + I +
'y nucleotide substitution model with codon partitioning (18) were used. A chain
length of 108 steps, sampled every 10,000 steps, was used. The convergence of the
tDIV estimates was assessed using Tracer v1.4.1 (15).

Nucleotide sequence accession numbers. The nucleotide sequences obtained
in the present study are available from GenBank under accession numbers
JN375282 to IN375321.

RESULTS

Virus data set. All complete influenza A genome sequences
from our surveillance of pigs in Hong Kong (1998 onward) and
in southern China (2009 onward) (19, 21, 22, 27, and this
work), were combined with all complete influenza A genome
sequences from GenBank and subjected to phylogenetic anal-
ysis.

Genotype identification. Swine influenza genotypes were
characterized by the lineage of origin of each of their gene
segments based on phylogenetic analyses (Fig. 1 and 2; see Fig.
S1 to S3 in the supplemental material) (see Materials and
Methods). A total of 36 viruses with genotypes comprised of
TR and EA lineage segments were isolated in China (Table 1).
They formed eight distinct genotype patterns, five of which had
a majority of TR origin segments. Only two of these genotypes
were represented by more than one virus. Four closely related
viruses (Sw/GD/2693/2010-like; isolated on one sampling oc-
casion) and two other distinct viruses (HK78/03 and HK915/
04) had seven TR origin segments and an EA origin M seg-
ment. Twenty-four viruses similar to Sw/HK/72/2007 with
seven EA origin segments and a TR origin NS segment were
isolated on nine occasions. Four of the genotype patterns (nine
viruses) had at least five internal gene segments that were from
the same lineage as those of the pdm/09 virus. To trace the
phylogenetic relationships of the gene segments in these
TR-EA reassortants, the sublineage structure of swine influ-
enza viruses from southern China was analyzed.

FIG. 1. TR and EA phylogenies of the M gene of the influenza A virus. Shown is the ML phylogeny of the M gene, with numbers showing
bootstrap support (left) and posterior probability (right) for selected nodes. The genotypes of these swine influenza viruses are shown on the right
as an array of eight blocks representing each gene segment (numbers 1 to 8 indicate PB2, PB1, PA, HA, NP, NA, M, and NS, respectively), and
the color of a block indicates the lineage in which that segment is located in the gene phylogeny (orange, TR; green, EA; blue, CS; purple,
HuH3N2). The names of the TR-EA reassortant viruses are highlighted in red, and those of representative viruses for the sublineages are in blue.
Only reference viruses relevant to the TR-EA reassortant viruses are included. The phylogenies of the complete data sets are shown in Fig. S1 to

S3 in the supplemental material.

917 HLTV3H J0 LSNI L¥N Ad TT0Z ‘9T Joquwiadaq uo /610 wise IAl/:dny woly papeojumod


http://jvi.asm.org/

10282 LAM ET AL.

PB2 segment

North American
triple reassortant
swine lineage
(TR)

96/1

96/1.00

European avian-like

swine lineage

(EA) 100/1.00

100/1.00

Genotype
234567

Sw/HK/NS1889/09 (H1N2)
Sw/HK/294/09 (H1N2)
Sw/HK/2237/10 (H1N2)

Sw/HK/1110/06 (H1N2)
_I-_3w/GD/1222/06 (H1N2)
Sw/HKINS252/09 (H1N2)

SwiHK/1435/09 (HIN2)
| L sumikrm2oios (HIN2)
SwHKINS623/02 (H1N2)
SwiHK/1562/05 (H1N2)
e w23 14/00 (HIN2) HK/623/02
— Sw/HK/915/04 (H1N2) -like
Sw/GDI2712/10 (H1N2)
0 Sw/GD/2693/10 (H1N2)
- Sw/GD/2676/10 (H1N2)
Sw/GDI2670/10 (H1N2)
Sw/GD/1/10 (HIN1)
Sw/Guangxi/13/06 (H1N2)
Sw/HK/201/10 (H1N1)
SwHK/1111/04 (HIN2)
[rSw/HK/1578/03 (HIN2)
Sw/HKINS30/04 (H1N2)
Sw/Shanghai/1/07 (H1N2)
—— SwiKorea/CY04/07 (H3N2)
Sw/North Carolina/98225/01 (H1N2)
-E

Sw/Heilongjiang/10/07 (H3N2)
w/NorthCarolina/16497/99 (H3N2)
Sw/North Carolina/93523/01 (H1N2)
Russia/178/09 (H1N1)
Prague/196-81511/09 (H1N1)
Taiwan/167/09 (H1N1)
Canada-ON/RV1527/09 (H1N1)
Italy/49/09 (HIN1) pdm/09
Nanjing/3/09 (H1N1)
New York/7480/10 (H1N1)
Mexico/InDRE4487/09 (H1N1)
California/04/09 (H1N1)
Singapore/ON981/09 (H1N1)
Sw/Oklahoma/18089/99 (H3N2)
Sw/Korea/CAS09/06 (H3N2)
Sw/Korea/CAS07/05 (H3N2)
Sw/Korea/CAN04/05 (H3N2)
Sw/Korea/CY10/07 (H3N2)
Sw/Nebraska/02013/08 (H1N1)
Sw/lllinois/21587/99 (H3N2)
Sw/Korea/JNS06/04 (H3N2)
Sw/lowa/HO3HB4/03 (H3N2)
Sw/HK/78/03 (H1N2)
Sw/Indiana/9K035/99 (H1N2)

100/1.00

Genotype
12345678

Sw/GD/1611/10 (H1N1)
SW/HK/NS1054/09 (H1N1)
Sw/HK/1422/09 (H1N1) HK72
Sw/HK/NS186/09 (HIN1) | j07-like
Sw/HK/2481/09 (HIN1)
Sw/HK/1559/08 (H1N1)

Sw/HK/414/09 (H1N1)
Sw/HK/72/07 (H1N1) HK8512
Sw/HK/72/09 (H1N1) 101-like
SW/HK/1716/06 (H1N1)
SwiLiaoning/32/06 (H1N1)
Sw/HK/421/06 (H1N1)
SW/HK/1479/09 (H1N2)

Sw/HK/275/05 (H1N1)
Sw/HK/638/03 (H1N1)
Sw/HK/8512/01 (HIN1) |
Sw/Hungary/19774/06 (H1N1)
Sw/Hungary/13509/07 (H3N2)
Sw/Haseluenne/IDT2617/03 (H1N1)
Sw/Spain/50047/03 (H1N1)
Sw/Spain/54008/04 (H3N2)
Sw/Spain/42386/02 (H3N2)
Sw/Spain/39139/02 (H3N2)
Swi/Bissendorf/IDT1864/03 (H3N2)

Sw/Bakum/IDT1769/03 (H3N2)
Sw/Spain/33601/01 (H3N2)
Sw/HK/5200/99 (H3N2) i

Sw/HK/9296/01 (H3N2) HK5200/99-like

Sw/HK/7982/00 (H3N2)

J. VIROL.

417 HLTv3H 40 LSNI LVYN Ag TT0Z ‘9T Jaquwiadaq uo /Bio wse IAlj/:dny wolj papeojumoq

Sw/Denmark/WVL9/93 (H1N1)

Sw/Udon Thani/NIAH464/04 (H3N2)
- Sw/England/WVL11/94 (H1N1)

100/ Sw/Belgium/WVL5/89 (H1N1)

1.00 Sw/France/WVL3/84 (H1N1)

0.02

FIG. 2. TR and EA phylogenies of the PB2 gene of the influenza A virus. See the legend to Fig. 1 for details. The names of the TR-EA
reassortant viruses are highlighted in red, and those of representative viruses for the sublineages are in blue.


http://jvi.asm.org/

Vor. 85, 2011

REASSORTANT SWINE INFLUENZA VIRUS IN CHINA 10283

TABLE 1. Genotypes of the TR-EA reassortant swine influenza viruses

Lineage assigned to gene segment

Strain name Source
PB2 PB1 PA HA NP NA M NS

CA/04/09 (HIN1) pdm/09 TR TR TR TR TR EA EA TR 6
Sw/HK/78/03 (HIN2) TR HU3¢ TR TR TR TR EA TR 19
Sw/HK/915/04 (HIN2) TR TR TR TR TR TR EA TR 19
Sw/HK/2237/10 (HIN2) This study
Sw/GD/2670/10 (HIN2) This study
Sw/GD/2676/10 (HIN2) This study
Sw/GD/2693/10 (HIN2) This study
Sw/GD/2712/10 (HIN2) This study
Sw/GD/1/10 (HIN1) TR TR TR EA TR EA EA TR 23
Sw/HK/201/10 (HINT) TR TR TR EA TR pdm TR TR 21
Sw/Heilongjiang/10/07 (H3N2) TR TR EA TR EA TR TR TR GenBank
Sw/HK/1479/09 (HIN2) EA EA EA CS EA TR EA TR 21
Sw/Liaoning/32/06 (HINT1) EA EA EA EA EA EA TR EA GenBank
Sw/HK/72/07-like” (HIN1) EA EA EA EA EA EA EA TR 22,27

¢ HU3, H3N2 human lineage.
> Sw/HK/72/07-like represents 24 related isolates.

Phylogenies of different swine influenza virus lineages from
southern China. Major groupings of North American and Eur-
asian avian, human, and CS influenza viruses were identified as
basal lineages throughout the phylogenetic trees, with gener-
ally strong bootstrap support (Fig. 1 and 2; see Fig. S1 to S3 in
the supplemental material). Distinct groups of the more re-
cently emerged swine influenza lineages, EA and TR, could
also be distinguished, as previously observed (2, 11, 24, 26). All
major swine influenza lineages, CS, EA, and TR, were cocir-
culating in the pigs in southern China during our survey period.

Three major sublineages of Chinese swine viruses (HK103/
93-like, HK86/79-like, and HK25/77-like) were identified in the
CS lineage (see Fig. S1 to S3 in the supplemental material). It
is possible there were multiple introductions of CS viruses into
China, because these sublineages are intercalated with North
American CS isolates in polytomic nodes in some gene phy-
logenies (see Fig. S1 to S3 in the supplemental material).
Diversity in the HK103/93-like sublineage might have been
caused by local evolution since the initial introduction of the
parent virus around 1993 (22).

In the EA lineage, two monophyletic groups of swine iso-
lates from Hong Kong and China represent regional viral cir-
culation from 1999 to 2002 (HK5200/99-like; first isolate, Sw/
HK/5200/99) and 2001 to 2010 (HK8512/01-like; first isolate,
Sw/HK/8512/01) (Fig. 1 and 2; see Fig. S1 to S3 in the supple-
mental material). These sublineages indicate two separate in-
troductions from Europe, with the second subsequently replac-
ing the first. The HK5200/99-like sublineage was derived from
an H3N2 reassortant variant (surface genes from human H3N2
virus and internal genes from an EA H1NI1 virus) (Fig. 1). The
HKS8512/01-like sublineage evolved from a purely EA virus.
Through further reassortment with TR viruses, a subgroup of
viruses with TR NS segments emerged in 2007 (the HK72/07-
like subgroup; first isolate, Sw/HK/72/07). The HK72/07-like
subgroup became the first established group of TR-EA reas-
sortant viruses detected in the pigs in southern China.

All TR viruses isolated in Hong Kong and Guangdong form
a single monophyletic sublineage (HK623/02-like; first isolate,
Sw/HK/NS623/02), except for one isolate that was a TR-EA
reassortant, Sw/HK/78/03.

Evolutionary pathways of TR-EA reassortant viruses. De-
tailed evolutionary pathways of the nine TR-EA reassortants
(six distinct virus groups of four genotypes) that had at least
five internal genes of similar lineage origin to the pdm/09 virus
are shown in Fig. 3. Two of these viruses (HK78/03 and
HK915/04) were isolated in Hong Kong before the 2009 pan-
demic outbreak (19). The M segments of both viruses were
from the HK5200/99-like sublineage, while the PB1 segment of
HK?78/03 was derived from a contemporary human H3N2 in-
fluenza virus (closest to A/New York/336/99). All remaining
segments were of TR origin, but those of HK915/04 belonged
to the HK623/02-like sublineage while those of HK78/03 were
more similar to TR viruses from North America and diverged
close to the most recent common ancestor of all TR viruses
(see Fig. S1 to S3 in the supplemental material).

The remaining seven viruses were isolated after the 2009
pandemic outbreak. Four of these viruses are very closely
related to each other (GD2693/10-like). The other three
viruses—GD1/10, HK2237/10, and HK201/10—were isolated
separately. All TR origin segments of these viruses originate
from the HK623/02-like sublineage, with the NS segment of
the GD1/10 and GD2693/10-like viruses coming from the
HK72/07-like subgroup of this sublineage. The EA origin seg-
ments of these viruses were mostly from the HK72/07-like
subgroup of the HK8512/01-like sublineage. The M segment of
HK2237/10 was from the larger HK8512/01-like sublineage, as
was the hemagglutinin (HA) segment of HK201/10. The NA
segment of HK201/10 was from the pdm/09 lineage. None of
these virus groups clustered together in the phylogenies of all
eight segments, indicating they were generated by individual
reassortment events.

All remaining TR-EA reassortant viruses identified here
(HLJ10/07, HK1479/09, LN32/06, and the HK72/07-like vi-
ruses) have fewer internal gene segments of common lineage
origin with the pdm/09 virus. Apart from HLJ10/07, which has
only PA and NP segments of EA origin, the majority of the
segments of these viruses are of EA origin. All of the EA origin
segments in these viruses are from the HK8512/01-like sublin-
eage. LN32/06 has only the M segment of TR origin, and
HK72/07-like viruses have only the NS segment of TR origin.
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FIG. 3. Genotypes and reassortment of TR-EA swine viruses. Each horizontal bar represents a gene segment (from top to bottom, PB2, PB1, PA,

HA, NP, NA, M, and NS), and its color indicates the lineage from which it

originated (see the legend). The arrows indicate the recombination sources

(arrow tails) and the resulting reassortant (arrowheads). The numbers at the arrow tails indicate the segments that were contributed to the reassortant
virus. Only genotypes relevant to the TR-EA reassortant viruses are shown. HulV, AvIV, and SwIV are human, avian, and swine influenza viruses,
respectively. Divergence time estimates (tDIV) are shown for each segment (PB2 to NS, left to right) of each reassortant virus. The sublineages of the
parent viruses are H3N2 HulV (closest to N'Y/336/99), EA-Hu3 (HK5200/99-like sublineage), TR SwIV (HK623/02-like sublineage and North American
isolates), EA SwIV (HKS8512/01-like sublineage and European isolates), and EA-TR SwIV (HK72/07-like subgroup).

Their remaining gene segments are from the EA lineage.
HK1479/09 is a reassortant with the HA segment from the CS
lineage and the NA and NS segments from the TR lineage. All
other segments are from the EA lineage. The TR origin seg-
ments of HLJ10/07 and LN32/06 were derived from North
American lineages, but those of HK1479/09 were from the
HK623/02-like sublineage.

Time of emergence of TR-EA reassortant viruses. The tDIV
from the parent viruses was estimated for each of the segments
of the pdm/09 virus and the nine TR-EA reassortants with at
least five internal genes of similar lineage origin (Fig. 3).
HK?78/03 and the pdm/09 viruses appear to have been gener-
ated at approximately the same time, i.e., 1997 to 2001,
whereas HK915/04, HK2237/10, GD2693/10-like, GD1/10, and
HK201/10 formed subsequently. In HK201/10, the tDIV esti-
mate of its pdm/09 origin NA segment was more recent than
those of its TR and EA origin segments, suggesting a TR-EA
reassortant precursor of HK201/10 was generated prior to the
introduction of the pdm/09 gene segment. The TR origin genes

of the pdm/09 and HK78/03 viruses are located outside the
HK623/02-like TR sublineage, which was established after
their estimated divergence times (1997 to 2001). In the other
reassortant viruses, the TR origin segments are from the
HK623/02-like sublineage.

Both early TR-EA reassortant viruses, HK78/03 and
HK915/04, were estimated to have acquired their EA origin
M segments from the HK5200/99-like viruses around 2000
to 2001 (Fig. 1 and 3), when the HK5200/99-like sublineage
predominated in southern China. EA origin segments of the
other viruses were acquired from the HK8512/01-like and
HK?72/07-like viruses, which have essentially replaced the
HKS5200/99-like sublineage.

DISCUSSION

Previous phylogenetic analyses revealed that the 2009 pan-
demic HIN1 (pdm/09) virus was a reassortant with two or
three parents. It is generally accepted that all these parents
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belong to either the TR HIN2 swine influenza virus lineage
originally present in pigs in North America or the EA HIN1
swine virus lineage circulating in pigs in European countries (6,
7, 19). However, cocirculation of both parent virus lineages in
pigs, which could facilitate the reassortment events leading to
the genesis and emergence of this TR-EA pandemic virus, is
only known, from accessible epidemiological data, to have oc-
curred in China since 2001.

In this study, all TR-EA reassortant viruses isolated in pigs in
this region during the last decade were characterized, and their
genotypes and evolutionary patterns were identified. TR-EA re-
assortants have been repeatedly isolated in China since 2003 and
were also found on recent sampling occasions after the occur-
rence of the 2009 influenza pandemic (Table 1). However, these
TR-EA reassortant viruses arose from independent reassortment
events. The reassortants detected before the pandemic outbreak,
HKO915/04 and HK78/03, have not been isolated again in southern
China, suggesting they were transient infections. Their initial
transmissions might have been confined to a small swine popula-
tion unable to sustain sufficient reinfections for effective adapta-
tion to the host to occur.

Viruses with genotypes identical to that of the pdm/09 virus,
in terms of the lineage origin of the segments, were not found
in this region. Of the eight TR-EA reassortant genotypes de-
tected in pigs in China, none had a TR origin H1 HA gene
combined with an EA origin N1 NA gene (Table 1). Except for
the pdm/09 virus itself, the TR-like H1 may not be naturally
compatible with an EA-like N1. Incomplete compatibility of
the surface genes might also be the reason why the reassortants
identified here, apart from HK72/07-like viruses, could not
become established in pigs. The TR-like NS gene was found in
seven of the eight reassortant genotypes identified here. In
reassortment with an EA virus, this segment contributed to the
only persistent TR-EA genotype observed in pigs (HK72/07-
like viruses) (Table 1).

Repeated emergence of TR-EA reassortant viruses over the
last decade in China appears consistent with the proposal that the
pdm/09 virus might have arisen in southern China and spread
unnoticed to Mexico and the United States. However, the failure
of any of these reassortants, except the mainly EA origin HK72/
07-like viruses, to persist in pigs suggests that they may lack the
characteristics of a pandemic virus or that the combinations of
segments are insufficiently compatible to produce a stable virus.

All major swine influenza virus lineages were cocirculating
in pigs in southern China, and reassortment between different
virus lineages is not a rare event. However, our analyses re-
vealed that none of the gene segments of pdm/09 virus, except
the M segment, fall into the sublineages of the EA and TR
viruses established in southern China. The pdm/09 M segment
is either within or a neighbor of the HK5200/99 sublineage,
which also contributed the M segment to the early TR-EA
reassortants (HK78/03 and HK915/04). Most of the pdm/09
gene segments diverge from the clusters of North American
TR and European EA isolates. Therefore, the probability of
the pdm/09 virus having arisen in China is very low. As our
knowledge of how to identify the pandemic potential of an influ-
enza virus is incomplete, it is still unknown why the TR-EA
reassortants identified here, despite having genotype origins re-
lated to the pdm/09 virus, failed to cause a pandemic outbreak.
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