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Background Despite considerable host species barriers,
interspecies transmissions of influenza A viruses between wild
birds, poultry and pigs have been demonstrated repeatedly. In
particular, viruses of the subtypes H1 and H3 were transmitted
between pigs and poultry, predominantly turkeys, in regions with
a high population density of both species. The recovery of a swine
influenza HIN1 virus from a turkey flock in Germany in 2009
prompted us to investigate molecularly the subtype H1 viruses
recently detected in wild birds, pigs and poultry.

Objectives The goal of this study was to investigate the
relationship between HINT1 viruses originating from wild
and domestic animals of Germany and to identify potential
trans-species transmission or reassortment events.

Methods Hemagglutinin and neuraminidase gene or full-length
genome sequences were generated from selected, current HIN1
viruses from wild birds, pigs and turkeys. Phylogenetic analyses
were combined with genotyping and analyses of the deduced

amino acid sequences with respect to biologically active sites.
Antigenic relationships were assessed by hemagglutination
inhibition reactions.

Results Phylogenetic analysis of the hemagglutinin sequences
showed that viruses from distinct H1 subgroups co-circulate
among domestic animals and wild birds. In addition, these viruses
comprised different genotypes and were distinguishable
antigenically. An HIN1 virus isolated from a turkey farm in
northern Germany in 2009 showed the highest similarity with the
avian-like porcine HIN1 influenza viruses circulating in Europe
since the late 1970s.

Conclusions The data demonstrate the genetic and antigenic
heterogeneity of H1 viruses currently circulating in domestic and
wild animals in Germany and points to turkeys as a possible
bridge between avian and mammalian hosts.
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Introduction

Wild aquatic birds of the orders Amnseriformes and Char-
adriiformes constitute a reservoir in which all subtypes of
influenza A viruses are perpetuated. Because of the genetic
and phenotypic variability of these viruses, incidental trans-
mission of these viruses can cause infections in animal spe-
cies outside the natural reservoir, including domestic
poultry, mammalian animal species and humans. Presum-
ably, most of such transmission events remain unnoticed,
because of hampered viral replication and a lack of clinical
signs. Occasionally, however, the transmitted viruses are
successful at adapting to their new host species, and a new
stable virus lineage, which can then evolve independently
from its progenitor(s) in the previous natural host
reservoir, is established.' Such events have often been

reported in pigs, horses, dogs and humans.” In Europe,
wild bird HINT1 viruses were transmitted to pigs in the late
1970s, establishing a stable lineage, and displacing the ‘clas-
sical’, 1918-descendant swine HIN1 virus. Once viruses of
avian origin have adapted to a mammalian host, inter-
mammalian transmission (e.g. pigs-humans, horses-dogs) is
facilitated.®™® Despite intense research, it remains difficult
to predict which specific polygenetic changes are required
for successful influenza virus interspecies transmission.’
Interspecies transmission of influenza virus is dependent
on both host and viral genetic factors. Several barriers
blocking virus transmission between birds and mammals
function at different levels of the viral replication cycle."
They involve interactions of the viral envelope glycopro-
teins, hemagglutinin (HA) and neuraminidase (NA), with
specific glycan receptors, that differ among individual
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species in both structure and tissue distribution,
as in the recruitment of cellular factors required for effi-
cient replication.'” Finally, the virus has to deal with spe-
cies-specific variations in the innate immune system, as
well as humoral and cellular immunity.>'*"?

Among the 16 different HA subtypes identified to date,
viruses of the H1 and the H3 subtypes, in particular, have
repeatedly overcome species barriers and established several
distinguishable lineages, which are currently co-circulating
in humans, pigs, horses, and poultry,'® and are distinct
from the avian H1 and H3 clades maintained in the natural
host reservoir.

Reverse modes of influenza virus transmission from
mammals to birds have also been reported.'”™*° These are
of particular interest, as these viruses have apparently
acquired a broadened host range, and thus are able (after
adaptation to a mammalian species) to re-infect birds.
Interspecies transmissions of viruses of subtypes H1 and
H3 between pigs and poultry have predominantly involved
turkeys, which appear to be more susceptible to swine
influenza viruses than other species of domestic poultry.*!
The first serological evidence of swine influenza viruses of
subtype HIN1 in turkeys was obtained in 1975.* The
recent introduction of a swine-origin influenza virus (S-
OIV) of subtype HIN1 in Mexico and the USA in humans
and its subsequent pandemic spread are consistent with
this notion of a broadened host range of some H1 viruses.
This virus has undergone multiple reassortant events and
harbours genome segments originating from Eurasian and
American swine influenza virus lineages.”> In addition, the
virus has been repeatedly transmitted by infected patients
to other mammalian and avian species, including pigs, cats,
pet ferrets and turkeys,**® which also has been docu-
mented under experimental conditions.?” >

To investigate the diversity of subtype HI viruses
detected recently in poultry, swine and wild birds in Ger-
many, we performed phylogenetic analyses of sequences
derived from different regions and compared these with
sequence data obtained from GenBank (NCBI Influenza
Virus Research Database; http://www.ncbi.nlm.nih.gov/
genomes/FLU/Database/nph-select.cgi?’go=database). ~ The
results reveal that several clusters of subtype H1 viruses co-
circulate in domestic animals and wild birds, with contin-
ued individual exchange of lineages between different host
species. In support of this, a recent influenza virus isolate of
subtype HINI from a turkey farm in Germany was shown
to be entirely derived from a swine HIN1 virus strain.

Material and methods

Origin of influenza virus samples
Samples from wild birds in Germany (usually combined
oropharyngeal and cloacal swabs) were collected within the

H1N1 interspecies transmission

context of an EU-coordinated wild bird monitoring pro-
gramme. Poultry swab samples were obtained from routine
monitoring or targeted sampling in clinically suspicious
flocks. These also included samples from a farm where
more than 39 000 fattening turkeys were kept in close
proximity to a pig fattening facility. No other poultry spe-
cies were present. No clinical signs, increased mortality or
virological or serological evidence for an influenza infection
were found during the previous routine inspection of the
turkey farm, about 4 weeks before the collection of the H1-
positive samples began. Porcine samples consisted of nasal
swabs or lung tissue from pigs with respiratory disease.

Serological investigations, virus isolation and RT-PCR on
these samples were performed at the OIE and National Ref-
erence Laboratory for Avian Influenza and the Laboratory
for Swine Influenza at the Friedrich-Loeffler-Institut,
according to recommended and standardised protocols (EU
decision 437/2006).

Virus isolation and characterisation

Virus isolation from avian material was attempted using
embryonated hen eggs, as prescribed in the EU Al Diagnos-
tic Manual. Porcine samples were processed for virus isola-
tion in MDCK cells as previously described.”’”

Virus subtyping was accomplished serologically using a
hemagglutination inhibition (HI) assay, by sequence analy-
sis of the HA gene’' and using conventional NA subtype-
specific RT-PCR* or micro array analyses.”

Amplification and sequencing of viral nucleic

acids

RNA extraction, RT-PCR assays and sequence analysis of
full-length genome segments carried out as
described.** Sequences of additional primers required to

were

amplify and sequence the H1 genome segments of recent
European swine influenza viruses (in three overlapping
parts) are given in Table 1.

Phylogenetic analyses

Except those established in this study, sequences for phyloge-
netic analysis were retrieved from the GenBank database,
aligned with MAFFT,”” and trimmed to equal lengths using
BioEdit.”® Alignments then were further analysed using To-
pAli v2.5.7 A General Time Reversible model with rate het-
erogeneity and a proportion of invariant sites was selected
(ModelSelection) for PhyML analysis using 100 bootstrap
runs. Analyses of the H1 HA genes included 242 full-length
sequences and focused mainly on those of avian and pig ori-
gin. Human seasonal influenza sequences have been omitted
from the alignment for clarity. The final maximum likeli-
hood (ML)-tree comprised 175 sequences (Figure 1A). The
clade numbering system used is as described in Liu et al.*®
NA sequences were analysed in a similar manner. The final
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Table 1. Primer pairs used for the overlapping amplification and sequence analysis of swine influenza A virus subtype H1 HA gene segments

Amplicon New primer Sequence (5-3) Established primer Amplicon position
H1-1 pigH1-951R GGATGTAYRTTCTGRAAWGGRAG BmHA-F* nt 1-951

H1-2 pigH1-595F AARGAAGTSCTYGTRMTHTGG PHIPPS-1110R** nt 595-1110

H1-3 pigH1-951F CTYCCWTTYCAGAAYRTACATCC BmNS-890R* Nt 951-17

*Hoffmann et al., (2001); **Phipps et al., 2004.

NA tree contained 141 N1 sequences of human seasonal and
pandemic HIN1, American and Eurasian avian HxN1, por-
cine HIN1 and ‘classical’ porcine HIN1 viruses and H5N1
highly pathogenic avian influenza virus (HPAIV) (Fig-
ure 1B). Topologies established using either a neighbour-
joining or a parsimony approach yield essentially the same
clustering and, therefore, are not shown here.

Results

Detection of influenza A viruses of subtype H1 in
wild birds

Influenza A viruses of subtype H1 which have been isolated
from wild birds in Germany are summarised in Table 2.
Additional H1 viruses were detected by rRT-PCR assays,
including sequencing of a short HA-part for subtyping
(Table 2). No signs of disease have been recorded in wild
birds in which infections with subtype H1 influenza A
viruses were detected. The HA and NA sequences of five of
the isolated wild bird viruses, as well as the complete geno-
mic sequence of one, were established (Table 3). Phyloge-
netic analyses of the HA coding gene group sequences
from wild birds in Germany closely related to other con-
temporary avian isolates from Europe and Asia of sub-
group H1-1.2 (Figure 1A). Sequences of viruses detected
from 2006 to 2008 diverged considerably from those origi-
nating in 2009 and clustered in different sister clades. Even
more pronounced, the NA sequences of wild bird HINI
viruses were found to be widely separated in the large clus-
ter of Eurasian sequences, although the isolates analysed
originated from a restricted geographical region and were
collected over a period of only 4 years (Figure 1B). Analysis
of the antigenic profile of the avian isolates by HI (Table 4)
revealed that they form a common group, recognised by
hyperimmune serum raised against AIV A/ wild duck/
Germany/R30/06, but not by sera raised against swine
influenza viruses or the pandemic (HIN1) 2009 virus.

Detection of influenza viruses of subtype H1 in
pigs

No systematic surveillance of swine influenza A viruses was
conducted in the context of this study. Instead, a cross-

section of several previous isolates, and a selection of more
recent and current isolates from different regions of Ger-
many were included in the analyses. Two isolates from
2009 were fully sequenced, and for eight additional isolates
the HA and NA coding genes were sequenced (Table 3).
The HA coding genes of pig-derived viruses, in contrast to
those of wild bird H1 viruses, formed a group of closely
related sequences in cluster H1-1.3 (Figure 1A). Similarly,
all the N1 gene sequences of pig viruses established in this
study clustered closely together in a group of Eurasian
virus sequences (Figure 1B). Regarding the antigenic profile
of swine influenza viruses, it is interesting to note that sera
from pigs infected with HIN1 isolates from 2009 react with
all swine-derived HINI1 isolates from this period but do
not show cross-reactivity to isolates from 2000/2001 or
pandemic HINI1. However, when using hyperimmune
serum raised against A/swine/Belzig/2/2001 (H1N1), reac-
tivity broadens and includes pandemic HIN1/2009 virus as
well as the historic human isolate A/FM/1/47. In contrast,
serum raised against A/swine/Bakum/1832/2000 (HIN2)
reacts (in addition to the homologous antigen) significantly
only with isolate A/FM/1/47.

Detection of influenza viruses of subtype H1 in
turkeys

Influenza A virus HIN1 in turkeys was detected in routine
sampling material from a commercial farm situated in
northeast of Germany. Real-time PCR yielded Ct values
between 22 and 26 in the majority of oropharyngeal swabs
sampled, indicating substantial virus replication within
individual birds and a high prevalence in the flock.

As shown in Figure 1(A, B), there is a strong phyloge-
netic correlation between sequences from the turkey isolate
R778/09 (purple labelling in Figure 1) derived from this
outbreak, and the porcine sequences SIV-leipz11308/09
and SIV-R1773/09 isolated from swine in Germany in the
same year. In addition, nucleotide sequence analysis of the
remaining six gene segments identified SIV-R1737/09 as
the most homologous virus when compared to the turkey
sequences, and prominent differences with respect to
sequences obtained from wild birds (>98% similarity com-
pared to pig sequences versus <90% similarity compared to
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sequences from the most recent wild bird virus R193/09). available. In contrast, three segments (PB2, PA and NA) of
Furthermore, analysis by genotyping *° revealed identical the HIN1 genomic sequence of the wild mallard isolate
genotypes (F, G, I, 1C, F, 1F, F, 1E) for the turkey virus R193/09 belonged to different genotypes (G, G, D, 1C, F,
(R778/09) and the completely sequenced swine viruses. 1K, F, 1E). Although the remaining five wild bird—derived
However, lineage prediction for the turkey PA must be  genome segments belong to the same genotype as the swine
handled carefully, because only <75% of the sequence is  viruses, they clearly cluster only with avian sequences from

© 2011 Blackwell Publishing Ltd, Influenza and Other Respiratory Viruses, 5, 276-284 279 |



| Starick et al.

FJ231827_A/Baden-Wuerttemberg/3/2006_H1N1
FJ231831_A/Berlin/9/2006_H1N1
FJ231812_A/Berlin/18/2005_H1N1
FJ403557_A/Berlin/1/08_H1N1
AJ518104_A/Bayern/7/95_HIN1

CY026413_A/Albany/8/1979_HIN1
CY019965_A/Arizonal14/1978_H1N1
CY022095_A/Albany/13/1951_HIN1
CY019949_A/Albany/4835/1948_HIN1
CY021711_A/AAHuston/1945_HIN1
CY019957_A/Alaskal1935_H1NT
AF250356_A/Brevig_Mission/1/18_H1N1
AF250364_A/Swine/lowa/30_H1N1
CY026285_A/swine/Wisconsin/1/1957_H1N1
CY039927_AJswine/lndianal1726/1988_HIN1

EUB04690_A/swine/OH/511445/2007_H1N1
CY040546_Alswine/North_Carolina/7571/2003_H1N1
GQ229282_AlswinelHong_Kong/103/1993_HIN1
GQ229362_Alswine/Hong_Kong/9656/2001_H1N1
DQY23508_Alswine/KorealPZ72-1/2006_H3N1
CY039911_AMaryland/12/1991_H1N1
GQ452273_Alswine/Guangdong/2/2009_H1N1
Y040520, HINT

CY022423_Alswine/Wisconsin/11/1980_HIN1
CY025004_Alswine/Arizonal148/1977_HTN1
EU139835_A/swine/Wisconsin/1/1968_HTN1
CY015048_Alfowl/Rostock/45/1934_H7N1
CY005686_A/duck/AUS/749/1980_H1N1

DQ376692_Alchicken/Taiwan/G23/87_HGN1
9 AF250361_A/Duck/Ohio/118C/93_H1N1
CY017767_Afblack_duck/Ohio/194/1986_H11N1
CY004644_A/mallard_duck/ALB/506/1983_HON1
CY048660_A/mallard/Minnesota/Sg-00167/2007_HEN1
GQ411894_A/dunlin/Alaska/44421-660/2008_H1N1
CY042614_Almallard/Minnesota/Sg-00572/2008_H3N1
FJ686716_A/mallard/Ohio/362/2003_H2N1
CY033358_A/American_wigeon/California/HK\WF1174/2007_HEN1
EF655838_A/dunlin/Barrow/65/2005_HEN1_.
CY021183_A/mallard/Ohio/1851/2005_H11N1
CY042056_Algreen-winged_teallLouisiana/Sg-00090/2007_H1N1
CY042092_AJmallard_duck/Minnesota/Sg-00121/2007_HIN1
CY042079_A/mallard_duck/Minnesota/Sg-00109/2007_H10N1
CY042093_A/mallard/Minnesota/Sg-00122/2007_H1N1
L— AB292405_A/duckiHong_Kong/951/1980_H4N1
L GU186634_A/duck/Alberta/35/1976_H1N1
97_ CY005607_Alchicken/Hong_Kong/17/1977_HBN1

L Avzo7s30_AmallaraiSiraisundia -6/81 Han1

100

100|

697877_AMallard/France/D-691/02_H1N1
AB302788_A/duck/Mongolia/47/2001_H7N1_
99| AB451873_Alduck/Hokkaido/143/2003_H7N1

EU429751_A/duck/Eastern_China/152/2003_H1N1
AB472013_Alduck/Chiba/884/2004_H3N1
AB472014_Alduck/Tsukuba/718/2005_H1N1
GQ414904_A/mallard/Korea/L 08-8/2008_HEN1
CY021551_Alchickenlltaly/322/2001_H7NT
| GU052940_Alchicken/ltaly/1067/1999_H7N1
CY015016_Alchicken/ltaly/1285/2000_H7N1
AMwild duck/GermanyWV/30/2006_HiN1
Anwild duck/Germany/R4-2/2008_H1N1
GQ247842_Alduck/ltaly1447/2005_HIN1
FJ432756_A/ducktaly/69238/2007_H1N1

100 [— DQ376717_Alchicken/Taiwan/1203/03_H6N1
100 DQ376713_Alchicken/Taiwan/0208/02_HBN1
| DQ376720_Alchicken/Taiwan/0305/04_HEN1

AF098551_A/Aquatic_Bird/Hong_Kong/m603/98_H11N1

5661_A/Bar-headed_Goose/Qinghai/12/05_H5N1

DQ458993_Almallard/Bavaria/1/2006_HSN1
EU257632_A/Cygnus_cygnus(Krasnodar/329/07_H5N1
AM914000_Alblack-necked_grebe/Germany/R1393/07_HSN1
CY016781_Alcygnus_cygnus/Iran/754/2006_HSN1
GQ184275_Alchicken/Egypti0B69h3-NLQP/2008_H5N1
EF486240_Alchicken/Eqypt/1129N3-HK9/2007_HEN1
CY041923_A/EqyptIN02563/2009_H5N1

100

EF486242_Alchicken/Egypt/12379N3-CLEVB/2006_H5N1
EU124130_A/Chicken/Bandar LP/BPPV111/2006_HSN1
GQ386151_Albean_goose/Tyval10/2009_H5N1
AY747610_Alswine/Fujian/1/2003_H5N1
DQ432038_Alswine/Fujian/2001_H5N1
DQ997385_Alswine/Anhui/cal2004_H5N1
AY059489_A/Goose/Hong_Kong/ww491/2000_H5N1

AM157356_A/mallard/France/2525/2001_H7N1
WLE AMhite-fronted goose/Germany/R482/2009_H1N1

700 [ FN386472_A/Anas crecca/Spain/1384/2007_H1N1
AMallard/Germany/R193/3/2009_H1N1

['EU050091_AquailiShantou/5234/2001_HEN1
EU050100_A/quail )_HEN1
EU050106_A/quail/Shantou/3212/2003_HEN1
EU050120_A/chukkar/Shantou/1201/2004_HEN1
EU050128_A/quail/Shantou/2614/2004_HBN1

AY207538_Alsoftbill/South_Africa/142/92_H7N1

L AJ416629_A/African_starling/England/983/79_H7N1

CY037900_A/swine/Belgium/WVL1/1979_H1N1

AJ416626_Alturkey/France/87075/87_HIN1

AJ410883_swine/Cotes_d_Armor/1482/99_H1N1

CY037931_Alswine/France/WVL13/1995_H1N1

’/ CY037946_A/swine/England/WVL 15/1997_H1N1

100

AM920729_Alswine/Germany/Vi5698/95_HIN1
CY038025_A/swine/Denmark/WVL9/1993_H1N1
EU296606_A/swine/Chonburi/06CB2/2006_H1N1

FJ415611_Alswine/Zhejiang/1/2007_H1N1
GQ229330_Alswine/Hong_Kong/NS1179/2007_H1N1
FJ536780_Alswine/Fujian/58/2008_H1N1
FJ536783_A/swine/Shandong/128/2008_H1N1
GQ229306_Alswine/Hong_Kong/NS29/2009_H1N1
FJB05963_Alswine/Belgium/1/1998_H1N1
EU045393_Alswineltaly/247578/2004_HIN1_.
AM777827_Alswine/Cotes_d_Armor/0136_18/2006_H1N1
AM777828_Alswine/Cotes_d_Armor/0227/2005_H1N1
GQ161158_Alswine/Greven/IDT2889/2004_H1N1
Alswine/Germany/NRW_idt2884/2004_H1N1

FN429081_Alswine/Germany/SIV05/2007_H1N1
5EN429079_Alswine/Germany/SIV0412008_HINT

GQ161140_Alswine/Ennigerloh/IDT5803/2006_H1N1
Alswine/Germany/BB_leipz11308/2009_H1N1
Alswine/Germany/SN_leipz8826/2009_H1N1

5 Alswine/Germany/SN_leipz243/2009_H1N1

| Alswine/Germany/SN_leipz6340/2009_H1N1
Alturkey/Germany/R778/09
Alswine/Germany/SH_R1737/2009_H1N1
GQ161114_Alswine/Haseluenne/IDT2617/2003_H1N1
981GQ161121_Alswine/Haseluenne/IDT2617/2003_H1N1

%

CY053647_Alswine/4/Mexico/2009_H1N1
100_| CY039895_A/New_York/1669/2009_H1N1
GQ166217_AlHamburg/4/2009_H1N1
GQ369404_Alswine/Alberta/OTH-33-1/2009_HIN1
CY053621_A/swinelltaly/290271/2009_H1N1
GQ365676_A/Brandenburg/20/2009_HTN1
CY045497_A/Baden-Wurliemberg/448/2009_H1N1
CY053279_A/Brownsville/39H2009_H1N1
GQB66226_Alturkey/Chile/28317-6504-3/2009_H1N1
AB531445_Alswine/Osaka/1/2009_H1N1
P GU324339_Aswine/Taiwan/TD-4119B2/2009_H1N1
004 'GU189642_AlswinelSingapore-Q/M168/2009_HIN1

Figure 1b. (Continued).
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wild birds and poultry with >95% similarity (data not
shown). As such, the turkey HIN1 isolate, R778/09, repre-
sents a direct interspecies transmission of a virus of purely
porcine origin.

Analysis of individual gene regions presumably
involved in virus transmission

Putative HA antigenic sites

Among the 13 putative antigenic sites identified in the HA
of subtype HI viruses,”’ the turkey HINI virus revealed
swine virus amino acid (aa) signatures at 11 sites. Two of
these antigenic sites were unique for the turkey sequence
and the sequence of SIV-leipz11308/09 (aa 53-58 TSHNGK
and aa 99-102 TSDS; numbering from the start codon M
of the coding region) compared to the other swine
sequences. Sequences from wild bird viruses analysed here
differed at 7 of the 13 sites when compared to the majority
of swine virus sequences, while two of the sites were shared
by SIV-vi5698/95.

Receptor-binding sites

In addition, the putative 11 amino acids involved in form-
ing the receptor-binding site ™ were identical in turkey
R778/09 and SIV-leipz11308/09, whereas the wild bird
virus sequences differed at five positions. Three of these
five positions (aa 151, 169, 239) were again identical in the
five wild bird viruses and SIV-vi5698/95.

Potential N-linked glycosylation sites

Six potential N-linked glycosylation sites were identified in
the deduced HA amino acid sequences for pig (with the
exception of SIV leipz8826/09), turkey and wild bird virus
sequences (NetNGlyc 1.0 Server). All isolates sequenced in
this study shared potential N-glycosylation sites at positions
28 (NST), 40 (NVT), 498 (NGT) and 557 (NGS). Wild
bird virus sequences possess additional potential sites at
positions 104 (NGT) and 304 (NSS), whereas sequences of
viruses from pigs (except SIV-leipz8826/09) and turkey
show two further potential sites at positions 212 (NHT or
NPT) and 291 (NCT). Interestingly, pig SIV-vi5698/95
again clustered with the wild bird viruses instead of show-
ing the swine virus pattern. The most probable glycosyla-
tion sites in vivo are at positions 28, 40, 304 and 557 for
wild bird viruses, and 28, 40 and 557 for pig and turkey
viruses (potential score ++ or http://
www.cbs.dtu.dk/services/NetNGlyc/).

higher; see

Other genome segments

Taking into consideration the sequences of all eight seg-
ments of the turkey and the closest respective pig virus, a
total of 49 exchanges were found at the amino acid level,
unevenly distributed across the segments. A comparatively
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Table 2. Detection of subtype H1 influenza viruses by real-time RT PCR and virus isolation in wild birds in Germany

Year Reference Species Federal State Material Isolate
2006 R30 Wild duck NW Cloacal swab A/wild duck/Germany/R30/06
R1419 Egyptian goose NW Cloacal swab A/Egyptian goose/Germany/R1419/06
2007 R355 Mallard NI Tissues A/mallard duck/Germany/R355/07
R1649 Mallard HE Cloacal swab None
R2067 Tufted duck BY Cloacal swab None
R2068 Mallard BY Cloacal swab None
R2719 Mallard BY Combined swab None
R2897 Mallard BY Cloacal swab None
R3036 Mallard NW Cloacal swab A/mallard duck/Germany/R3036/07
R3038 Mallard BW Cloacal swab None
R3240 Mallard MV Cloacal swab None
2008 R4 Mallard NW Combined swab A/mallard/Germany/R4/08
R120 Mallard ST Cloacal swab None
R234 Mallard BY Combined swab None
R292 Mallard NW Combined swab A/mallard/Germany/R292/08
2009 R193 Mallard RP Combined swab A/mallard/Germany/R193/09
R481 White-fronted goose NI Cloacal swab A/white fronted goose/Germany/R481/09
R482 White-fronted goose NI Cloacal swab A/white fronted goose/Germany/R482/09
R491 Mallard BY Combined swab None

Abbreviations for German Federal States: NW, North Rhine Westfalia; NI, Lower Saxony; HE, Hesse; BY, Bavaria; MV, Mecklenburg-West-Pomera-

nia; ST, Saxony-Anhalt; RP, Rhineland Palatinate.
All viruses belonged to NA subtype N1.

high proportion of amino acid exchanges are present in the
M2 gene (9 aa, 3%), the NS1 gene (5 aa, 2:2%) and the
HA gene (14 aa, 2:5%). Although no information is avail-
able about the biological relevance of these different amino
acids with respect to the whole genome, these exchanges
include sites in proteins responsible for forming ribonu-
cleoprotein complexes and viral polymerases.

Discussion

Wild birds were actively monitored in the context of
different European Union research programmes. Viruses of
the HA subtype H1 have been detected continuously in
wild bird populations in Germany since 2006. HINT1 strains
circulating among pig populations of Europe since the
late 1970s are representatives of the historically avian-
derived lineage of porcine H1 viruses. H1 infections appear
to be widespread in pigs in some central European
countries, including Germany, with up to 80% seropreva-
lence in sow populations.*' However, a few of these viruses
(mainly those originating from France, Italy, Spain and
Germany) have been characterised molecularly. H1 virus
infections in poultry have been reported only sporadically
in European countries (e.g. Italy, France). The reason for
this might be not only underreporting because of mild clin-
ical signs or completely subclinical infections, but also a

lack of H1 subtype-specific serological surveillance. The last
reported cases worldwide originated in Germany in 1990
(turkey),” the USA in 1999 (turkey),”’ Italy in 2003-2007
(duck and goose),44 France in 2005 (turkey) 45 and China
in 2005 (duck) (Liu J, Bi Y, Fu G, Yang J, Feng J, Ma G,
Liu Q, Pu J and Tian F, unpublished data; Accession Num-
ber FJ536843).

Phylogenetic analyses of H1 and N1 sequences of viruses
from wild birds, pigs and poultry revealed a deeply
branched tree for the HA sequences. In the NA tree, three
clusters can be distinguished: (i) seasonal human HINI
isolates, which are linked to a large subcluster of so-called
‘classical’ HIN1 swine viruses still circulating in the United
States and Asia, (ii) American avian isolates and (iii) Eur-
asian avian isolates. The latter also harbours the N1 of the
HPAI H5N1 virus (marked with blue branches in Fig-
ure 1B) and the so-called ‘avian-like’ lineage of swine
HINI viruses. Linked to these viruses are N1 gene seg-
ments also found in the new pandemic human HINI. In
the HI tree, sequences of viruses isolated from several
poultry species, which were located in sub-clusters of swine
virus sequences, are marked (blue), and in the N1 tree, one
turkey sequence from France was found to be clustered
among swine sequences. These phylogenies might point to
direct trans-species transmission or reassortment events.
Wild bird subtype HIN1 viruses detected in Germany in
recent years (for which HA and NA genes have been

© 2011 Blackwell Publishing Ltd, Influenza and Other Respiratory Viruses, 5, 276-284 281 |



| Starick et al.

1
i th the H
in bo !
ether | the 1
ter tog ‘ by
clus | e
d to o o
o " e in these s '
ced) were und to du s EL
o N ces. -
and. 1 trees e i :
. seq any | o
: e N' ird virus o el
28 5 and wild bird  seduen v o
BRoL 2 D Eurasian he HA sequen their year e o
00 < 0 0 < N the . to i ar o . :
8T 3 L 53 = <E clusters,1 e accordmg o mlr; e "
m o N AN o L . al N . . .
~ ™~ box N & aa ~ sters ) ! £ Altho
oS o Q 885 SIS 2009). R ducti . o .Cal
NN < N W rsus - o raphl
[©2lNe)] = NN 008 ve . the n e ' d i
22 _Z ~ 2 indicating e slycop s v
w << < o) g ';r eny; 1 f Surfac prten this e .
2 o - = <t 0 lOg . set O - d fro e Olng
§ %’0 % £ %C_) E new Varlantl Sed Orlglnat; ver Only 4 y t > tis Ong
o m 0 0 < < N o e l s B
mn 5 3 S333 s .= new v o =
55 > god & o ! e o :
i o | : the
8 & g Nl region re coll o - |
% > T~ o ibuted to o reas Y . .
. ttr1 . O u
< <t ~ a K olut i . N .
= g2 9 & daptive ev. ic analyses g of o
5L 9 X N a hylogenetic e e -
<5 o0 = Phy! € A w |
o o 2 XX N N o as w viru e . >
Mm M S N NN = S~ ces, turkeY Codin ny o 20
D~ N~ o o R nEn] ~ uen b the o o f
o o Q ey seq atc o . eplde na
N N < N ce, m, en 4 keys 0
o Z L~ sequen: irus seq oo - .
Ez - R o he circu Lo on
o << 2 T f the sw i s e
= o — > & o sults, were ' cilty, . i
3 % % § These r; t the samples ig fattening ft s w1thou.ruses
00 _ a < | . 1 vi
) - : e us to fite
N N ~ den e e : . Sly
oo AN ituate 2 pi | e -
: e e in o
N W farm . £t e vinu i .
\\ o i e fection
AN < missi - . n & .
NN R Y rans bhe s . .
g ~ oo % % t ssortment. T t a new find r?d Furope. o
AR < rea. o i - 2
% %Q E % to turke)’s lshe United State d <avian_hk;1Nl i H3dI\£4
B} - e > HINI an -l It
FTRTINEN reporte L ' i
. h “clas U . i
- ith bot o o .
NN n wit mo X turkey e f
~ ~ ~ Q the . o ae o
2| < = g ) as well 615 e Vlrusesh s t transmlssm/Ger_
| o ot direc =
~ ?’o (<\jr o me 1n o of s 4 |
0 N a SW; ly tw 1o o :
< (<\jr a W er Ony elate ultry | 43/2
oo W owever, . corr . K el/g
NN Hh 1ogenet1call)’f s ml A/duCk/Het? e
~ . Tro . . i k
NN phy us e 1t ' i -
0 NN\ N ~Q 8y E HIN1 Vlr/90 2 .nd ilg e s A/duck = tranSI :
o qNFNmmoo 482/90, o . ko o
283883 0 Qe 33 many/’ 2009, unp lishec, dar s =
Nngs23 80D D SS88g 5 Liu et al, most cases foder wre o ht
~N S 0 < QJ—ED.._._.'—U In key e | |
'\Bgmmw“gﬁmmmm 43)- e e i
§ a E g"‘ g g % EESS F]5368 turkEYS, theThe preference p0u1try speci iratory
228zz 0o~ sion 3 : :
F b atures | upp the
2|2 I BYI2558 3 roximity to p ks b e oy o
] Soa®=2 088D p iruses for AP in e upp =
el g IR ggw 23 23 2 2 g3 gog enza V'b ted to spe | feature i e o
h ¥ Si a
7 @ Nmﬁogwgvﬁgﬁm&&w“ attri e X =
» “ B Qo K N T NN o o 58 be turkeys' . moun ) wou . tory
2 N g = N o o rej : o : E
kS g o N < £ 85 9 < = 3 : -
gzzs f su rkeys, upp ily spa
c o S S HE& o ce o . i =
= S |« < < o ot o - - |
e ] ~ p . e tra ; o t 0 p h O
% OlxT o § tors 1n t;l wine Vlruse; less. the effec. : pim (bOt "
m | S o nin o
@ o 3 A . 0 evert e o
o 33883 803 o ability e e L
3 o 8 O ;93 L - Q o =0 ot Of n turkey e .
5 - 938 8o SEmE ® t ct of turkeys e i
S o ?@OOE\Om\owE'\ ract .
o Q2 NR Y o~ 2 = ~ t1 e o -
@ om,\ng_Q.—M>m§xam lnks be ~ |
a '-”OoooO_Q-—q,)ﬂl\ mZ\ N hich - :
— O\Noooowﬂ—.u‘—§>,0—0— Wi d e o | g
A @\NNN—.i_E»EM\§>°FEZ. cluded. ¢ seq s ISIXge
)
c N NN > K2 <X >\ = > g > be ex enom < o o 1
9] I\Qm’\w\\mIC>mCoC thg farm G o
£ & =<8 e > > [ g s E& S © Full-leng turkey . ol 39
o wxizam‘{“’.’g%Lgmg@g m a o o -
7] [l 2 { 22z 9] O 5 2 9] d fro . rig . o | :
* A 22z © = c o . : lan
>W. >~ch‘° LDqJ\oOkD 180 i ot : _
o \\>écmm EE\OM\L\ d the e wine 5
IS >E‘Cm®EE§~6¥\U—o“.->w firme e in o
o CmmEE,_‘—q;m@U-oj;wd) con o ide b - :
c s} c £ 30 T @ [ONG] N =2 = O o 2 < Vebe been dior | .
9] EEE o @ [GHU] v o T 85 © S o< ha i turkey c
(o)) meoo\\Emc‘O(_u: 2 2 tYP three > do o ;
2 o] U] < T St 2 E < b e : re
YooY gee £ < . hay e - 2
- \D\\mm_g_g ;gg\\\<< iruses, < b g :
5 228 £55% G 23233 v enotype c med for ance dore o
<L o EEEE PIBIBIR The g b o < o e
e k] I33333 o o 5
| § << r' es which e e
o _ virus "
nted
% docume
£ i |
£ :
A 3 . <
. g :
° 2 :
2 T
©
'—

Z her Respirato -284
i 5,276
Viruses,
ratory
espirat
Other
Ltd, Influenza and
lishing Ltd,
ell Pub
1 Blackw
© 201
| 282



H1N1 interspecies transmission

Table 4. Serological cross-reactivity of various influenza A H1 virus isolates (HI assay)

Antiserum’

HIN1/ HIN1/ HIN1/SW/ H1IN2/SW/ HIN1/SW/ HIN1/SW/

FM/1/ Regensburg/ Belzig/2/ Bakum/ DE-SN/8826/ DE-TH/R2241/ H1N1/duck/
Antigen 47°* 093" 013* 1832/00%* 093" 093™" DE/R30/06%*
A/EM/1/47 8.3 <4.3 6.3 8.3 <4.3 <4.3 <4.3
A/California/7/09 (H1N1) <4.3 93 53 4.3 <4.3 <4.3 4.3
A/Bavaria/74/09 (H1N1) <4.3 83 7.3 <4.3 <4.3 <4.3 53
A/SW/Belzig/2/01 (H1N1) <4.3 <4.3 10.3 4.3 <4.3 <4.3 6.3
A/SW/Bakum/1832/00 /H1N2) 4.3 <4.3 4.3 113 <4.3 <4.3 <4.3
A/SW/DE-SN/8826,/09 (H1N1) <4.3 53 10.3 53 6.3 7.3 53
A/SW/DE-TH/R2241/09 (HIN1) <4.3 4.3 10.3 4.3 53 6.3 4.3
A/SW/DE-BB/11308/09 (HIN1) <4.3 4.3 10.3 4.3 4.3 53 53
A/dk/DE/1/77 (HINT) 53 <4.3 53 4.3 <4.3 <4.3 6.3
A/duck/DE/R30/06 (H1N1) <4.3 <4.3 4.3 <4.3 <4.3 <4.3 53

, homologous antigen/antiserum; *, hyperimmune sera; **, sera from convalescent pigs, 3 weeks p.i.; [J, phylogenetically closely related IVA to

A/tk/DE/R778/09, where no virus isolate is available.

OJRabbit: 1 Hl-titre (log2) of RDE treated sera; 2 serum; 3 pig serum; 4 chicken serum.

IDT2889/2004). Amino acid pattern analysis of the recep-
tor-binding sites of the turkey and swine virus HA sequences
documented no differences between them. In conclusion, no
species-specific adaptation appears to have occurred in the
HA as a consequence of interspecies transmission, although
clear differences exist when comparing receptor binding sites
of porcine versus wild bird H1 viruses.

The results presented in this work provide molecular evi-
dence for direct interspecies transmission of porcine HIN1
influenza A virus to turkeys. Similarly, reports from the
USA have documented frequent exchanges of H3 subtype
viruses between pigs, turkeys and humans. Based on these
findings, it may be hypothesised that, in addition to pigs,
turkeys are involved in the maintenance and evolution of
influenza A viruses with broadened transmission potential.
In the light of natural and experimental infections of tur-
keys with the new pandemic HIN1 virus (presumably of
swine origin), a new and menacing reassortment scenario
emerges in areas such as Egypt or Southeast Asia, where
the pandemic HINI virus and the highly pathogenic avian
H5NI1 influenza virus co-circulate. Lessons from the most
recent pandemic suggest that more attention must be paid
to the detection and characterisation of swine influenza
viruses, even in non-porcine species. An enquiring eye
should also be kept on turkeys as a possible entry port and
mixing vessel for avian and swine influenza viruses.
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