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ABSTRACT

Respiratory disease is a significant economic issue in pig farming, with a complex aetiology that includes swine influenza
A viruses (swlAV), which are common in European domestic pig populations. The most recent human influenza
pandemic in 2009 showed swlAV'’s zoonotic potential. Monitoring pathogens and disease control are critical from a
preventive standpoint, and are based on quick, sensitive, and specific diagnostic assays capable of detecting and
distinguishing currently circulating swlAV in clinical samples. For passive surveillance, a set of multiplex quantitative
reverse transcription real-time PCRs (mRT-qPCR) and MinlON-directed sequencing was updated and deployed. Several
lineages and genotypes of swlAV were shown to be dynamically developing, including novel reassortants between
human pandemic HIN1 and the avian-derived H1 lineage of swlAV. Despite this, nearly 70% (842/1216) of individual
samples from pigs with respiratory symptoms were swlAV-negative, hinting to different aetiologies. The complex and
synergistic interactions of swlAV infections with other viral and bacterial infectious agents contribute to the
aggravation of pig respiratory diseases. Using a newly developed mRT-gPCR for the combined detection of swlAV
and the recently described porcine respirovirus 1 (PRV1) and swine orthopneumovirus (SOV) widespread co-
circulation of PRV1 (19.6%, 238/1216 samples) and SOV (14.2%, 173/1216 samples) was evident. Because of the high
incidence of PRV1 and SOV infections in pigs with respiratory disease, these viruses may emerge as new allies in the

porcine respiratory disease syndrome.
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Introduction

Respiratory disease is one of the most common
challenges in pig production. The complex aetiology
involves physico-chemical stressors and both viral
and bacterial agents. The associated clinical signs,
characterized by coughing with or without fever
especially in nurseries, do not allow an aetioligical
diagnosis. One of the most common problems in pig
farming is respiratory disease. The multifaceted aetiol-
ogy includes physicochemical stresses as well as viral
and bacterial pathogens. The related clinical indi-
cators, which include coughing with or without
fever, are insufficient to make an aetioligical diagnosis,
particularly in nurseries. Apart from swine influenza A
virus (swIAV), several other negative-stranded RNA
viruses have recently been added to the list of potential
porcine respiratory pathogens. These comprise the
recently discovered porcine respirovirus 1 (PRV1, for-
merly known as porcine parainfluenza virus) and
swine orthopneumovirus (SOV) [1,2]. Their role, if

any, in the porcine respiratory disease complex
(PRDC) remains to be defined.

SwIAVs, in contrast, are well known to play an inte-
gral part in PRDC, pathing ways for further opportu-
nistic agents and aggravating clinical signs of co-
infections [3]. It is described that in sows, sWIAV
infections can lead to reproductive disorders like
return to estrus, abortions and feeble piglets most
likely as a result of short-lived bouts of high fever
[4-6]. Three major influenza A virus (IAV) subtypes
(HIN1, HIN2, and H3N2) with numerous genotypes
and variants have been identified in European pig
populations so far [7-13]. Intensive pig production
in Europe becomes dominated by large compounds
that continuously produce high numbers of piglets
in weekly cycles with up to several thousands of
sows per farm. Along with that transition in swine
population structure, away from small, clustered,
family-owned swine farms the dynamics of swIAV
infections in European pig herds started shifting.
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Instead of short, epizootic, acute, and self-limiting
outbreaks of respiratory disease, a self-perpetuating
state of infection (enzootic infection) of the affected
farms becomes increasingly widespread. The latter is
characterized by smoldering respiratory symptomatol-
ogy in piglets and fattening pigs and persistent fertility
problems in sows lasting for months and even years
[14-16]. As a result, in contrast to purely seasonal
influenza in humans, swIAV can be present in Euro-
pean pig farms all year [9]. This consistently compro-
mises animal wellbeing, causes economic losses, and
increases zoonotic risk. Several genetic building blocks
linked with higher zoonotic potential have been dis-
covered in European swlAV, which could result in
the establishment of a highly zoonotic strain in the
event of forced reassortment [9,17-20]. In today’s
herds, the genetic and antigenic features of circulating
sWIAV are gradually diversifying, and a multitude of
novel reassortant viruses have developed from the
co-circulation of distinct lineages of the main swIAV
subtypes. Sustained swIAV replication in closed,
large farms is associated with accelerated antigenic
drift [16,21]. These developments challenge routine
diagnosis by real time RT-PCR (RT-qPCR) as well
as prevention and control strategies based on licensed
but also autologous vaccines.

Respiroviruses of the Paramyxoviridae family
have historically been linked to respiratory diseases
in humans and other animal species [18,22,23].
They were recently described as a new virus in
pigs that was first detected in 2013 in swab samples
of pigs that died spontaneously at a slaughterhouse
in Hong Kong, China [24]. In the follow-up, PRV1
was detected in the United States in 2016, Chile
(2015-2019), Poland (2019-2020), and, as of 2020,
Hungary, Germany, and the Netherlands [24-29].
Based on limited sequencing data, two separate
clades were discovered, with one European and
one Hong Kong sequence (clade 1) and one Amer-
ican and three Asian sequences (clade 2) [30]. Little
is known about the epidemiology and clinical
impact of PRV1 in the frame of PRDC. Despite
the fact that PRV1 is genetically related to human
respirovirus, its zoonotic potential is unknown
[31,32].

In parallel, an orthopneumovirus (tentatively
referred to as SOV) was discovered in feral pigs in
the United States in 2016 using metagenomic sequen-
cing of nasal swabs [1]. Decades ago, in 1998, anti-
bodies that cross-reacted with the bovine respiratory
syncytial pneumovirus (BRSV) were found in serolo-
gical surveys of pigs in Ireland, despite the fact that
no corresponding virus was found [33]. In response
to the recent discoveries in the United States, a sero-
prevalence research in France revealed the presence
of this virus in pigs, possibly in conjunction with res-
piratory disorders [34]. Further research found SOV

in Spain in 2022 [35]. SOV has not yet been isolated,
and its prevalence and pathogenicity are unclear.
However, several ortho- and metapneumoviruses
have been discovered as significant respiratory infec-
tions of farm animals and humans [36-38]. Monitor-
ing of swIAV is pivotal from an OneHealth preventive
perspective. This is based on rapid, sensitive and
specific multiplexed real-time RT-PCR (mRT-qPCR)
diagnostic assays fitted here to detect and discriminate
currently circulating swIAV in clinical samples. PRV1
and SOV have not yet been included in routine diag-
nostic algorithms of PRDC. Along with a continued
update of swIAV surveillance in pigs in Germany,
we therefore developed, conducted performance
studies and used m RT-qPCRs for the detection of
PRV1 and SOV.

Material and methods
Reference viruses and field samples

Viral RNA of reference swIAV strains from the inven-
tory of the National Reference Laboratory for Avian
Influenza Virus at the Friedrich-Loeffler-Institute
(FLI) were used to characterize test performance of
the modified multiplex swIAV-subtyping RT-qPCRs
(triplicate analyzes). In addition to submissions from
former studies [9], nasal swab samples derived from
pigs with respiratory disease were obtained from Ger-
man pig holdings and from external diagnostic labora-
tories since 2020. Samples were submitted cooled in
viral transport medium (SIGMA VIROCULT®,
MWE) to FLL

Samples received (n= 1,216 from 123 swine hold-
ings; supplemental Table 1) were analyzed with the
use of established and newly developed/adapted RT-
qPCRs assays [39]. For positive samples with cycle of
quantification (cq) values <30, virus isolation in
Madin-Darby-Canine kidney cells (MDCK-II),
MDCK sialytransferase-supplemented cells (SIAT1)
or swine testicle (ST) cell cultures was attempted.
Depending on the cq value, original samples or iso-
lates thereof were subsequently examined by full-
length nucleotide sequence analyzes of the HA gen-
ome segments or the full genome.

Other porcine respiratory pathogens of viral and
bacterial nature were used for assessing analytical
specificity of newly developed assays (supplemental
Table 2).

Viral RNA extraction

Viral RNA was either extracted by using the QIAamp
Viral RNA Mini Kit (Qiagen, Hilden, Germany) from
140 pl volume of each field sample (nasal swab, oral
fluid or lung homogenate supernatant) or by using
100 Wl volume within the NucleoMag®VET Kit



(Macherey-Nagel GmbH & Co. KG, Dueren,
Germany) according to the manufacturer’s instruc-
tions and stored at —20°C until use.

Design of primers and probes

Primers and probes for modifying subtype and/or
lineage-specific detection of fragments of the
swlIAV HA (hemagglutinin) and NA (neuramini-
dase) genome segments by use of mRT-qPCRs
were based on previous assays [39] or manually
selected from HA and NA alignments comprising a
selection of recently circulating swIAV (this study)
as well as current sequences of Eurasian origin (Gen-
Bank at NCBI, EpiFlu, Global Initiative on Sharing
All Influenza Data (GISAID), Influenza Research
database (IRD)). Assays were designed to detect
and discern the main porcine HA subtypes Hlav
(clade 1C), Hlpdm (clade 1A), Hlhu (clade 1B)
and H3. The occurrence of a recent spill-over of a
human seasonal H3-subtype (H3hu 2004/2005-
derived) into the swine population gave need for
the selection of further HA-differentiating primers
and probes [40-42].

Primers and probes for detection of PRV1 were
selected from each the fusion (F), the nucleoprotein
(NP) and the phosphoprotein (P) gene by aligning
available sequences from all databases.

For the characterization of SOV, sets of primers
and probes were designed based on alignments of
NP, G and M gene sequences found in databases.

Using the online tool “Oligocalc,” melting tempera-
tures and basic properties of all oligonucleotides were
approximated [43]. Final sets of primers and probes
for RT-qPCR are listed in supplemental Tables 3-5.

Multiplex RT-qPCRs

Twenty-five uL per reaction (including 5 pL of tem-
plate RNA) were prepared using the AgPath-ID™
One-Step RT-qPCR kit (Thermo Fisher Scientific,
United States) with AmpliTaq Gold DNA Polymerase
and the following temperature profiles on a Biorad
CFX96 Real-Time cycler (Biorad, Germany) and cor-
responding collection of fluorescent signals FAM,
HEX, ROX and/or CY5, respectively, during the
annealing phase:

(i) Multiplex-swIAV-subtyping assays: Reverse tran-
scription at 45°C for 10 min, initial denaturation
at 95°C for 10 min, 42 cycles of PCR amplification
at 95°C for 15 s, 58°C for 30 s, respectively, and
72°C for 30 s in a 20 yl reaction mixture using
optimized concentrations of forward and reverse
primers and probes.

(ii) Triple-pathogen  (swIAV-PRV1-SOV)  assay:
Reverse transcription at 45°C for 10 min, initial
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denaturation at 95°C for 10 min, 42 cycles of
PCR amplification at 95°C for 15 s, 56°C for 20
s, and 72°C for 30 s in a 20 pl reaction mixture
using optimized concentrations of forward and
reverse primers and probes.

Amplification data were analyzed with the Bio-Rad
CFX Manager software.

The specificity of the assays was evaluated with viral
RNA from representative swIAV reference viruses
that had been subtyped based on full-length sequence
analysis (Table 1) or, for the triple-pathogen assay,
from positive and sequenced controls generated
from field samples within this study. In addition,
different IAV subtypes and IAV of other host species
(avian and human influenza viruses) and other por-
cine viral and bacterial respiratory pathogens were
used. By testing 10-fold serial dilutions of viral RNA
extracted from representative viruses, detection limits
(LOD) were determined based on triplicate analyzes
and, for the swIAV-subtyping assays, compared to
the modified IAV generic M gene-specific RT-qPCR
[39]. The threshold distinguishing positive from nega-
tive reactions was set at cq 40, values < 39.9 were con-
sidered as positive.

Conventional one step RT-PCR and sequencing
of swlAV

Sequences of the HA TAV-gene from samples with
cq values ranging from 30 to 34 were generated
by Sanger sequencing after conventional RT-PCR
amplification with Superscript III Reverse Transcrip-
tase One-Step RT-PCR kit with Platinum Taq poly-
merase (Invitrogen™ GmbH, Karlsruhe, Germany)
in a volume reaction of 25 pL, including 5 pl of tem-
plate RNA. Primers for amplification of the full
length HA gene or overlapping fragments thereof
have been described recently [44-46]. Thermocy-
cling conditions on an Analytik Jena Flex Cycler
were optimized by adapting annealing time and
temperature: 50°C 30 min, 94°C 2 min, 10 cycles
each of 94°C 30 s, 50°C 10 s -72°C 20 s, 30 cycles
94°C 30 s, 56°C 1min 72°C - 5min, final
elongation 72°C 5 min. Specific amplicons were pur-
ified from 1.5% agarose gels using a QIAquick gel
extraction kit (Qiagen, Hilden, Germany). The
sequences were analyzed on an ABI310 sequencer,
and assembled using the Geneious software version
2021.0.1. Generated sequences were screened on
IRD or GISAID databases with BLASTN2 to identify
closely related sequences.

Selected field samples with cq values < 30 were sub-
jected with prior amplification to full genome sequen-
cing by nanopore technology as previously described
[47]. Sequences were deposited in the EpiFlu database
(www.gisaid.org).
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Table 1. Analytical performance of primers and probes for detection and differentiation of HA and NA subtypes/lineages of swine

influenza A viruses from European pig holdings.

Lineage RTgPCRs (Cg-values)
Hemagglutinin (HA) Neuraminidase (NA)
Isolate identification HA clade NA M Hipdm® Hihu® H3hu® Hlav® H3sw® Niall© Nipdm®  N2°
A/swine/Germany/AR2013/2015 1C Nlav 1547 Neg neg neg 1640 neg 16.05 neg neg
A/swine/France/AR1123/2015 1C N1av 1457 Neg neg neg 15.75 neg 16.28 neg neg
A/swine/Denmark/AR570/2016 1C N2 15.03 neg neg neg 16.79 neg neg neg 15.98
A/swine/France/SIR3052/2017 1B N2 1530 neg 1549  neg neg neg neg neg 16.88
A/swine/Spain/AR1297/2016 1B N2 20.14  neg 20.63  neg neg neg neg neg 2131
A/swine/Netherlands/AR647/2015 1B Nlav ~ 19.83 neg 19.75  neg neg neg 20.13  neg neg
A/Germany-NDS/14/2007 H1 N1 30.12  neg 3341 neg neg neg 30.58 neg neg
A/Wild duck/Germany/R30/2006 H1 N1 2581 neg neg neg neg neg 2453 2391 neg
A/swine/England/SIR2972/2017 1A Nlpdm 17.20 16.36 neg neg neg neg neg 16.38 neg
A/swine/Republic of Ireland/SIR2389/2017 1A Nlpdm 1457 1541 neg neg neg neg neg 14.31 neg
A/swine/Germany/AR8097/2016 1A N2 1841 18.60 neg neg neg neg neg neg 18.51
A/swine/Denmark/SIR1570/2017 1A N2 1491 16.07 neg neg neg neg neg neg 15.31
A/swine/Serbia/SIR4880/2017 1A Nlav 16.78 16.56 neg neg neg neg 1587 neg neg
A/swine/Germany/SIR5321/2017 H3 N2 1538 neg neg neg neg 16.11 neg neg 16.01
A/swine/Netherlands/AR531/2015 H3 N2 15.28 neg neg neg neg 16.76  neg neg 15.76
A/swine/Denmark/SIR1299/2017 H3hu N2 15.28 neg neg 16.76  neg neg neg neg 15.54
A/swine/Germany/Bak20/2016 H3hu N2 13.15  neg neg 1338  neg neg neg neg 14.39
A/Waterfowl/Germany/2311/2009 H3 N8 24.7 neg neg neg neg neg neg neg neg

No other viral (list) or bacterial agents (list) associated with PRDC gave positive signals in any of these PCRs (supplemental Table 3).

RT-gPCR is compound of triplex HA mRT-qPCR.
bRT—qPCR is compound of duplex HA mRT-gPCR.
‘RT-qPCR is compound of NA triplex mRT-gPCR.

Genotyping and phylogenetic analyzes

Genotyping of the internal genome segments (IGS)
PB2, PB1, PA, NP, M and NS, was achieved by
aligning full length segmental swIAV sequences
obtained by nanopore-directed sequencing of clini-
cal samples and/or virus isolates with reference
sequences of avian-derived (av, clade 1C) and pan-
demic (pdm, clade 1A) HINI1 subtype sequences.
Neighbor-joining distance driven analyzes allowed
a dichotomus designation to either of the lineages.
In a similar approach, the neuraminidase sequences
were assigned to subtypes N1 and N2, and within
the subtypes to lineages Nlav, Nlpdm, N2s and
N2g.

Deduced amino acid HA sequences were subjected
to phylogenetic analyzes. A maximum likelihood
approach (IQ-Tree [48]) was employed utilizing Mod-
elFinder [49] and an ultrafast bootstrap approxi-
mation method [50].

Results

Genetic drift in swlAV sequences required
adaptation of primer and probe sequences of
mRT-qPCRs for swlAV subtype characterization

Extensive in silico analysis showed that significant
sequence variation within the HA and NA of Euro-
pean swlAV subtypes and lineages has accumulated
over the last years (data not shown). This has
caused mismatches in primers and probes in several
positions of five HA and three NA targets that were
composed into two triplex- and one duplex amplifi-
cation assays (supplemental Table 2, red coloured
nucleotides). The triplex HA RT-qPCR differentiated

two HI lineages human pandemic H1 [Hlpdm,
clade 1A, FAM] and human seasonal H1 [Hlhu,
clade 1B, ROX] as well as the human-derived H3
subtype [H3hu, Cy5] (Figure 1). The duplex HA
RT-qPCR detected avian-origin porcine H1 [Hlav,
clade 1C, HEX] as well as the porcine H3 subtype
[H3, Cy5]. Differentiation of N1 and N2 subtypes
was attempted by generating broadly reacting RT-
qPCRs for subtypes N1 [Nlall, FAM], human pan-
demic/2009 N1 [Nlpdm, ROX] and N2 [HEX] in
a triplex RT-qPCR. Thus, N1pdm positive samples
give positive results for both N1 RT-qPCRs (sup-
plemental Table 1). RNA obtained from reference
swIAV was used to evaluate the sets of adapted pri-
mers and probes for their analytical specificity for
the different lineages of European swIAV (Table
1). In addition, pre-selected M-RT-qPCR-positive
samples (clinical samples, field specimens and iso-
lates), derived from German pig populations with
overt respiratory symptoms, were tested in order
to evaluate the diagnostic performance capacity of
the modified mRT-qPCR assays (supplemental
Table 2). IAV of other host species and subtypes
and other porcine viral and bacterial respiratory
pathogens tested were not detected by any of the
specific RT-qPCRs, thus showing 100% analytical
specificity (supplemental Table 3).

As shown in Table 1, the newly designed and
modified oligonucleotide sets sharply discriminate
between the different subtypes and lineages. Highly
lineage- and subtype-specific detection with no
cross-reaction was evident even in samples with very
high virus loads. Except for samples with low viral
loads of cq>34, HA and NA subtypes could be
assigned by subtype-specific mRT-qPCRs to nearly



DIAGNOSTIC ALGORITHM

KX

Hemagglutinin (HA)
3- and 2plex RT-
qPCR

3plex RT-qPCR

Molecular
subtype <
identification

EMERGING MICROBES & INFECTIONS 5

Influenza A Virus (IAV)
+ porcine Respirovirus-1 (PRV1)
+ swine Orthopneumovirus (SOV)
4plex RT-qPCR

.
H3sw
TOOW

N2
w M { =

Neuraminidase (NA)

molecular
sequencing

[

Figure 1. Diagnostic algorithm based on one-step multiplex RT-gPCRs for detection and subtyping of swine influenza A viruses
(swlAV) as well as the detection of porcine respirovirus 1 and swine orthopneumovirus circulating in European pig populations.
Step 1 depicts a tetraplex RT-qPCR, targeting the M-gene segment of (sw)IAV, the F-gene of PRV1 and the NP-gene of SOV; an
internal control (IC2) is essentially included in this tetraplex RT-gPCR (not shown). In step 2, subtyping for IAV RNA-positive
samples is attempted employing the one-step duplex- and triplex HA- and the triplex NA-specific RT-gPCRs developed in this
study. Step 3 is only required in case if HA or NA subtype/lineage cannot be assigned by the shown RT-gPCRs: HA and/or NA
amplicons need to be generated by conventional one-step RT-PCR for Sanger amplicon or minlON sequencing and BLAST searches
or swine H1 clade classification by Anderson, Macken [57] on the Influenza Research Database (IRD) to finalize subtyping of swiAV.

all TAV-positive samples tested. These mRT-qPCRs
did not yield positive signals for any of the analyzed
IAV-negative samples (data not shown). Comparison
of cq values of serial 10-fold RNA dilutions with
results of the generic M-specific RT-qPCR was used
to assess the relative analytical sensitivity of the
mRT-qPCRs. In general, detection limits of the
swIAV mRT-qPCRs were very similar to those of the
corresponding M-specific RT-qPCR (Table 2).

In order to mimic co-infections with different
swIAV lineages/subtypes, the RNA of each two
viruses was mixed in approximately equal amounts
(in 95:5, 50:50 and in 5:95) to mimic an up to 20-
fold difference in RNA content. Cq values of the
M-specific RT-qPCR were used to normalize the
concentration of viral RNA in advance, assuming
that this PCR-amplified viral RNA of the different
subtypes/lineages with similar efficacy. All assays
were able to detect and differentiate both HA and
NA targets in the sample in all mixtures, and no
cross-reactivity to lineages not represented in the
sample mix was evident (supplemental Table 5).

mRT-qPCRs for subtyping of swIAV have been
updated and adapted to guarantee that for each
sample, IAV positive with cq values <34 by generic
M gene-specific RT-qPCR, both HA and NA subtypes
could be determined.

Continuing diversifying evolution and new
reverse zoonotic introductions of human
pandemic H1N1 shaped swlAV populations in
Germany since 2019

Screening for IAV revealed 30.8% of the individual
samples (374/1,216) to be positive and 78.1% of the
farms (96/123) to be infected (Figure 2(A)). Findings
included all three main H1-clades (1A-1C) of swIAV
as well as several reassortants among them (Figure 43).
In line with the study of Henritzi et al. [9], increased
detection of clade 1C (73.4%) and its reassortants con-
tinued, followed by clade 1A (19.1%). Clade 1B (7.6%)
and HA subtypes H3 and H3hu were further declining
in frequencies or (H3) not detected at all (Figure 3
(A)). Concerning the NA segment, the dominating
subtype was Nlav (51.6%), followed by N2 (44.4%)
and N1pdm (1.0%) (Figure 3(A)). In summary, sub-
type HlavNlav was detected most frequently, fol-
lowed by subtype HlavN2 and then HlpdmN2 and
HlpdmN1av, respectively (Figure 3(B)).

Amplicon sequencing based on either the pan-HA
RT-PCRs or Nanopore sequencing technology
described by King et al. (2020) was used to verify sub-
typing results generated by mRT-qPCRs and to provide
sequence data for phylogenetic analyzes. However, some
isolates and clinical samples failed to yield reliable HA
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Table 2. A-C. Relative sensitivity of (A) triplex hemagglutinin,
(B) duplex hemagglutinin and (C) triplex neuraminidase-
specific RT-qPCRs compared with 1AV-generic matrix-specific
amplification.

(A)
3plex HA RT-qPCR (Cg-values)
H1pdm M H1hu M H3hu

RNA dilution M

0 23.29* 2275 2447 23.77 2437 2435
-1 26.36 2591 27.74 27.13 2786  27.52
-2 29.63 29.74 31.06 31.23 3115 3095
-3 3261 33.16 34.47 33.19 3436 33.04
—4 36.25 37.42 37.84 37.45 3769 36.67
-5 Neg neg neg neg neg neg
—6 Neg neg neg neg neg neg
(B)
2plex HA RT-gPCR (Cq-values)
RNA dilution M Hlav M H3(sw)
0 25.04 25.36 25.03 24.02
-1 28.32 28.11 28.40 28.42
-2 31.60 31.01 31.68 30.60
-3 35.02 34.36 35.24 33.65
—4 39.91 37.02 38.48 37.11
=5 Neg neg neg neg
—6 Neg neg neg neg
Q)
3plex NA RT-gPCR (Cg-values)
RNA dilution M N1all M N1pdm M N2
0 25.04 24.85 23.29 21.15 24.02 2490
-1 2832 28.12 26.36 2418 2842 2814
-2 31.60 31.19 29.63 27.77 3060 31.68
-3 35.02 3442 32,61 30.35 33.65 3531
—4 39.91 37.51 36.25 3432 3711 3871
=5 Neg N/A neg neg neg neg
—6 Neg neg neg neg neg neg

*All values represent means of triplicate runs.

sequences (supplemental Table 5, “questionable”).
Finally, a harmonized diagnosis could be made by com-
bining the results of mRT-qPCR and sequencing: In all
cases for which results were available for both methods,
fully concordant subtyping results were obtained for
both HA and NA (supplemental Table 7). However,
in a few HA samples, where the updated pan-HA pri-
mer set and Nanopore technology failed to generate
an amplicon, mRT-qPCRs could assign the subtypes.

Concerning tested field samples, only in few cases
mRT-qPCRs detected the presence of swlAV-mix-
tures/co-infections with subtypes H1 clades 1A-C as
well as N1 and N2 subtypes in the same sample (sup-
plemental Table 2).

Phylogenetic analyzes of currently circulating
German swlAVs reveal novel genotypes

A total of 105 samples (either nasal swabs or cell-cul-
ture-derived virus isolates) were selected for whole
genome sequencing. Separate phylogenetic trees for
the HA segment were built by maximum likelihood
analyzes [48]. All recent German clade 1A sequences
(n=12) generated within our study since 2021 clus-
tered in clade 1A.3.3.2/pdm (II-like) (Figure 4(A)). A
total of three clade 1B (H1lhu) sequences from 2021
to 2022 lined up in clade 1B1.2.1 of the human

seasonal lineage (Figure 4(B)). This lineage holds all
Hlhu sequences from Germany. Phylogenetic ana-
lyzes performed for clade 1C viruses (n=90) ident-
ified four genetic subclades. Most of the German
samples clustered into clade 1C.2.2 (n=50), 1C.2 (n
=22),1C.2.1 (n=13), and clade 1C.2.4 (n =5) (Figure
4(C)). Among the 1C viruses an increase in frequency
of the Danish origin subtype H1avN2, here clustering
with clade 1C.2, was evident since 2020 (Figure 3(B)).

For a total of 64 swlAVs-positive samples full
length genome sequences were obtained and used
for genotype analyzes (Table 3). In combination with
the HA and NA subtype, 62 isolates could conclusively
be assigned to a total of 15 genotypes. 10 genotypes
among these had been already described [9], whereas
five genotypes are novel (AQ, AR, AS, AT and AU
in Table 3). In 46.9% of the genotyped swIAV, exclu-
sively avian-derived internal genome segments (IGSs)
were present, whereas 12.5% revealed IGSs of Hlpdm
origin. All others (40.6%) were constituted reassorants
of various avian and pandemic IGSs.

High incidences of PRV1 and SOV and co-
infections with swilAV infections in pig herds
with acute respiratory disease in Germany

Due to the surprisingly high number (69.2%, 842/
1216) of swIAV-negative individual samples of pigs
despite showing acute respiratory signs, the material
was examined for the putative viral pathogens PRV1
and SOV, that were recently identified in the frame
of respiratory disease in pigs.

On basis of limited sequencing data available in
public databases, we established RT-qPCRs for PRV1
and SOV (Figure 1, supplemental Tables 6 and 7, sup-
plemental Figure 1). In the absence of reference
sequences based on virus isolates, relative sensitivity
of different primer/probe sets covering different viral
genes was tested by using 10-fold serial dilutions of
RNA positive field samples for the corresponding
viruses. Amplificates obtained with the positive field
samples have been Sanger sequenced to confirm the
specificity; due to the very short resulting sequences
these were not deposited in a public database. In com-
parison to oligonucleotides covering the NP and P
gene, the RT-qPCR targeting the F-gene of PRVI
revealed to be most sensitive and were used in the fol-
lowing (data not shown). For SOV, a combination of
primers and probes covering two non-overlapping
regions of the NP gene as well as targets on the M
and G gene were screened. The NP-specific RT-
qPCR revealed greater sensitivity (data not shown).

For simultaneous detection of three pathogens in
the same tube, the IAV generic M-specific RT-qPCR
[39] (FAM) was combined with the PRV1 F- (ROX)
and SOV NP-specific assays (Cy5), together with a
heterologous internal control system IC2, based on a



swiAV 374 842

PRV1 238 978

sov 173 1043

0% 10% 20% 30% 40% S0% 60% 70% 80% 90% 100%

M positive individual samples  ® negative individual samples

Sov 31 92

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

W positive herds ™ negative herds

EMERGING MICROBES & INFECTIONS . 7

mono swlAV 245 El

N
iy

mono PRV1

o

1136

mono SOV

w

1133

SWIAV + PRV1 + SOV 1141

SWIAV + SOV 1199

sSWIAV + PRV1 + SOV 1169

PRV1+SOV 3§ 1180

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

W positive individual samples m negative individual samples

mono swiAv
mono PRV

mono SOV - [ L
SWIAV + PRV
SWIAV +SOV
SWIAV + PRV + SOV

PRV1 + SOV

S

Y

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

M positive herds ~ ® negative herds

Figure 2. (A) Total detection of swlAV, PRV1 and/or SOV infection and (B) stratification of mono-, di- and triple-infections in indi-
vidual clinical samples of domestic pigs with respiratory signs of disease and pig herds in Germany from April 2021 to August

2022.

fragment of a gene encoding EGFP (HEX, see Figure 1
[51]). Results shown in Figure 2 (and supplemental
Tables 2 and 3) prove full analytical specificity exclud-
ing several porcine viral and bacterial respiratory
pathogens. Analytical performance of the individual
PCRs was not affected by combining all three mixes
(data not shown). Relative sensitivity of this mRT-
qPCR was tested by using 10-fold serial dilutions of
RNA extracted from field samples positive for the cor-
responding virus (Table 4), proving very similar
analytical sensitivity to the validated M-specific RT-
qPCR.

The PRV1 screening revealed the presence of 19.6%
positive samples (238/1216) with varying viral loads
(ranging from cq 20-38; supplemental Table 2) and
61.8% of the farms (76/123) to be PRV1 infected
(Figure 2(A)). For SOV, 14.2% (173/1216) of the
samples tested gave positive results (Figure 2) and
25.2% (31/123) of the farms were infected.

A total of 6.6% (80/1216) of PRV1 and 6.8% (83/
1216) of SOV positive samples tested positive only
for PRV1 and SOV, respectively. Looking on co-infec-
tions, 7.2% (75/1216) of the PRV1 positive samples
were associated with swIAV positive results, and 3%
(36/1216) with SOV co-infection (Figure 2(B)). Co-
infections of SOV with swIAV were detected in 1.4%
(17/1216) of the nasal swabs from diseased pens.
Except two samples with high viral loads (cq values:
19-20), all other SOV samples revealed low viral
loads (cq >30; supplemental Table 2). In contrast to
swIAV and PRV1, few SOV positive herds were

found, but within these herds, a larger number of ani-
mals appeared to be SOV positive.

In an additional 3.9% of the samples (47/1216), we
were able to detect triple infections with swIAV, PRV1
and SOV (Figure 2(B), supplemental Table 2).

Altogether, our results show that besides swIAV
PRV1 is widely spread in Germany. PRV1 positive
holdings in contrast to SOV-positive ones were more
frequently associated with swIAV.

Discussion

Despite the fact that the polymicrobial nature of the
porcine respiratory disease complex (PRDC) is a
well-established and widely acknowledged concept,
the participation, contribution, and interaction of
diverse pathogens in that complex is still unknown.
The accentuated role of swIAV has long been estab-
lished, however, these viruses remain highly mobile
targets that are notoriously difficult to diagnose due
to their remarkable genetic flexibility. Recently, two
new putative viral players have been detected in this
field: porcine respiro- (PRV1) and swine orthopneu-
moviruses (SOV) [1,2,23,24,26-28,33-35,52].
Increasing pig herd size and changing infrastruc-
tures were predicted to create new niches fostering
enzootic virus circulation and enforced emergence at
least of swIAV [13]. The most recent human influenza
pandemic in 2009 revealed the potential impact of
swIAV in terms of causing pandemics, emphasizing
the importance of ongoing swIAV surveillance.
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Figure 3. Frequency of detection of swlAV infection in European domestic swine with respiratory symptoms from April 2021 to
August 2022 and stratified by (A) HA and NA subtypes separately, and (B) combined HA and NA subtyping for samples (coloured
bars) in comparison to the results from the study of Henritzi et al., 2020 (grey bars) [9]. Viruses of the H3 subtype were not

detected in the period of investigation (2021-2022).

Despite the fact that swIAV has zoonotic and even
(pre)pandemic potential, there is no ongoing govern-
ment-managed surveillance programme in place to
monitor swIAV in European pig populations.
SWIAV infection can be controlled by biosecurity,
herd management and vaccination. Increased under-
standing of within-herd viral dynamics and evolution
is required to optimize intervention and prevention
approaches that address compromised animal welfare,
ongoing productivity losses, and public health threats.
Within this framework, mRT-qPCRs were developed,
enabling for a time-efficient and cost-effective assess-
ment of three viral porcine respiratory pathogens in
a single, updated approach with the goal of maximiz-
ing inclusiveness and specificity. Analytical specificity
testing of the primers and probes employed in these
mRT-qPCRs validated their swIAV-lineage- and
pathogen-specific reactivity. Thus, co-infections with
various swlIAV-lineages, as well as up to triple

infections with swIAV, PRV1, and SOV in the same
field sample, were detected with high reliability.
Even samples with low swIAV-specific RNA content
(cq values >33) could be subtyped, demonstrating
the mRT-qPCRs’ significant benefits over previously
employed amplicon sequencing technologies. In line
with former studies, increasing diversity of HA/NA
reassortant patterns, especially within the H1 subtype
were found, while no longer representatives of the H3
subtype were detected [11,53-55]. While H1 clade 1C
viruses continue to predominate, our analysis found
an increase in clade 1A viruses as well as a minor
rise in subtype N2 in contrast to Henritzi et al. [9].
Subtypes Hlhu (1B) and H3 are becoming less com-
mon. It’s worth noting that the original 1C NA seg-
ment of human pandemic HIN1 viruses in pigs has
been nearly entirely replaced by 1C N1 or N2. The pre-
viously observed strong reassortment activity between
the 1A and 1C swine lineages has resulted in the
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creation of new genotypes. This produced further
sWIAV strains harbouring IGSs of the pandemic
2009 virus but expressing HA and NA proteins dis-
tinct from this human virus. It remains to be deter-
mined whether and how this affects zoonotic
propensity of these viruses. There is an intimate inter-
face between pigs and men, and swine were associated
with the root of the last human influenza pandemic
[56]. An important future objective of sWIAV investi-
gations therefore should also focus more intensively

on the characterization of the zoonotic propensity of
these viruses.

Despite considering that just a few PRV1 and SOV
whole genome sequences from Europe are available,
we developed laboratory protocols that are shown
here to detect and identify swIAV, PRV1, and SOV
simultaneously. The existence of PRV1 and SOV in
German pig populations has recently been demon-
strated, and this evidence is expanded here [27]. Pre-
vious research found swIAV together with PRV1
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Table 3. Genotyping of full length genome segments of 64 swlAV isolates employing the nomenclature of Henritzi et al. [9].

Genot Segmente N o
Y 'HA NA PB2 PBI PA NP M NS °
A 19 29.7

D 5 7.8

E 4 6.3

G 2 3.1
M 11 17.2
AH 5 7.8
AK 1 1.6

T 4 6.3

R 2 3.1

S 1 1.6
AQ 1 1.6
AR 1 1.6
AS 1 1.6
AT 4 6.3
AU 1 1.6

. 1 1.6
undetermined ) 16

The lettering indicates phylogenetically different lineages for each segment. Internal gene segments PB2 to NS are distinguished by avian (av; green col-
our) or human pandemic 2009 (pdm, blue) origin. N2g and N2s indicate relationship with A/sw/Gent/1/1984-like or N2s — A/sw/Scotland/410440/1994-

like viruses.

and SOV in Spanish pig nurseries [52], and the discov-
ery of PRV1 in Hungary, Poland, and the Netherlands
suggests that the virus is widespread in Europe. How-
ever, no data from other major pig-producing
countries are currently available. Interestingly,
swIAV and PRV1 co-infections were more frequently
detected than swIAV and SOV co-infected samples
and fewer SOV infected premises were identified com-
pared to swlAv and PRVI1. However, the fact that
samples were submitted for diagnosis with limited
clinical information makes it impossible to further
clarify the putative impact of the co-infections with
respect to the clinical outcome. The incentive to
develop and validate PRV1- and SOV-specific RT-
qPCRs was based on reports of swine clinicians
about “typical” swIAV-like disease in herds from
which no evidence of swIAV infection could be
obtained by molecular diagnosis; instead, PRV1 was
detected in the majority of such cases. Apart from
the contributions of additional bacterial and viral
pathogens mentioned as aetiological agents in the
PRDC, the findings on PRV1 and SOV occurrences
do not refute a putative causal function of these

Table 4. Relative sensitivity of the established triple-pathogen

RT-gPCR specific for swine influenza A virus, porcine

respirovirus 1 and swine orthopneumovirus, respectively.
3plex RT-qPCR (Cg-values)

RNA dilution PRV1 SOV M
0 23.56 22.86 23.29
-1 27.62 26.10 26.36
-2 31.00 2931 29.63
-3 34.16 32,68 32,61
-4 37.58 35.27 36.25
-5 neg neg Neg
—6 neg neg Neg

viruses in pig respiratory disease. Studies using a larger
number of samples and pig farms are beneficial in
determining the prevalence and effect of PRV1 and
SOV in Europe. Obtaining cell culture-grown isolates
from clinical samples would be necessary for conduct-
ing challenge experiments to investigate and describe
the potential clinical impact of these viruses according
to the Henle-Koch postulates.

We showed continuing diversifying evolution of
swIAV with new reassortants between human pan-
demic HINT1 of 2009 and the avian-derived swine line-
age. In addition, we detected a high incidence of PRV1
in pig holdings affected with respiratory disease, both
with and without co-infection of swIAV. SOV was
detected at lower incidences. We hypothesize that, in
addition to swIAV, PRV1 may play a role in respirat-
ory illnesses in pigs in Germany.

Our modified mRT-qPCRs provide robust and
updated tools for a rapid and simultaneous detection
of three viral respiratory pathogens in pigs needed to
conduct sustained monitoring programs in Europe.
Further antigenic, in-depth genetic, and biological
characterizations of circulating viral strains will
require additional virus isolation on selected
samples. Given PRV1 and SOV’s potential to induce
respiratory disease in pigs, both viruses should be
evaluated for differential diagnostic testing in pigs
with respiratory disease who are suspected of having
swIAV infections.

Acknowledgements

We thank Sven Sander and Regine Kasper, Friedrich-
Loeffler-Institute, for kindly providing porcine respiratory



pathogens of viral and bacterial origin. We thank all prac-
ticing veterinarians and diagnostic laboratories who keep
on sending in clinical samples for swine influenza A
virus surveillance. We would also like to thank and
acknowledge all submitting laboratories for providing
sequence data in the GISAID database. Conceived: TH,
AG; Funding: TH, MB; Provision of samples: KLJ, MK,
JB, UR, BAS, SZ, JS; data generation: AG, CH; data ana-
lyzes: TH, AG, CH; data evaluation and interpretation:
TH, AG, AP; draft manuscript preparation: AG, TH; edit-
ing: AP, KLJ, JS, JB, CH, BAS. All authors read and
approved the final manuscript.

Software: Figure 1 was created with BioRender.com and
licensed by the company under agreement number
UJ248IN1IM?7.

List of abbreviations

BLAST  Basic local alignment search tool

Cq Cycle of quantification

F Fusion Protein

HA Hemagglutinin

TIAV Influenza A Virus

M Matrix gene

NA Neuraminidase

Nd not defined

Neg Negative

NGS Next generation sequencing

NP Nucleoprotein

PCV-1 Porcine circovirus type 1

PCV-2 Porcine circovirus type 2

PEDV Porcine epidemic diarrhea coronavirus
PRV1 porcine respirovirus-1

PRRSV  Porcine reproductive and respiratory syndrome virus
RNA Ribonucleic acid

RT-qPCR Semi-quantitative real time RT-PCR
mRT-qPCRmultiplex RT-qPCR

Rxn Reaction

swlAV swine influenza A virus

SOV swine orthopneumovirus

TGEV Transmissible gastroenteritis (corona)virus

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This study was funded by the International coordination of
research on infectious animal diseases (ICRAD) project
“PIGIE” [grant number 2821ERA24] and by the Deutsche
Forschungsgemeinschaft [grant number DFG HA 7035/2-1].

Availability of data and materials

The datasets used and/or analyzed during the current
study are available from the corresponding author on
reasonable request.

ORCID
Anne Pohlmann (© http://orcid.org/0000-0002-5318-665X
References

[1] Hause BM, Padmanabhan A, Pedersen K, et al. Feral
swine virome is dominated by single-stranded DNA

(2]

(8]

(10]

(11]

(12]

(13]

(14]

EMERGING MICROBES & INFECTIONS 1

viruses and contains a novel orthopneumovirus
which circulates both in feral and domestic swine. |
Gen Virol. 2016;97:2090-2095. DOI:10.1099/jgv.0.
000554

Palinski RM, Chen ZH, Henningson JN, et al.
Widespread detection and characterization of porcine
parainfluenza virus 1 in pigs in the USA. J Gen Virol.
2016;97:281-286. DOI:10.1099/jgv.0.000343

Olsen CW, Brown IH, Easterday BC, et al. Swine
influenza 9. In: Straw BE, Zimmerman JJ, D’Allaire
S, Taylor DJ, editor. Diseases of swine. Vol. 9.
Oxford: Blackwell Publishing; 2006. p. 469-482.
Madec F, Kaiser C, Gourreau JM, et al. Pathological
consequences of a severe outbreak of swine influenza
(H1nl virus) in the non-immune sow at the beginning
of pregnancy, under natural conditions. Comp
Immunol Microb. 1989;12(1-2):17-27.

Grentvedt CA, Er C, Gjerset B, et al. Clinical impact of
infection with pandemic influenza (HIN1) 2009 virus
in naive nucleus and multiplier Pig herds in Norway.
Influenza Res Treat. 2011;2011:163745.

Gumbert S, Froehlich S, Rieger A, et al. Reproductive
performance of pandemic influenza A virus infected
sow herds before and after implementation of a vac-
cine against the influenza A (HIN1)pdmO09 virus.
Porcine Health Manag. 2020 Jan 23;6:1.

Chastagner A, Herve S, Bonin E, et al. Spatiotemporal
distribution and evolution of the A/HIN1 2009 pan-
demic influenza virus in pigs in France from 2009 to
2017: identification of a potential swine-specific line-
age. ] Virol 2018 Dec;92:24.

Chiapponi C, Ebranati E, Pariani E, et al. Genetic
analysis of human and swine influenza A viruses iso-
lated in Northern Italy during 2010-2015. Zoonoses
Public Hlth. 2018;65(1):114-123. DOI:10.1111/zph.
12378

Henritzi D, Petric PP, Lewis NS, et al. Surveillance of
European domestic pig populations identifies an
emerging reservoir of potentially zoonotic swine
influenza A viruses. Cell Host Microbe. 2020;28
(4):614. DOI:10.1016/j.chom.2020.07.006

Kyriakis CS, Rose N, Foni E, et al. Influenza A virus
infection dynamics in swine farms in Belgium,
France, Italy and Spain, 2006-2008. Vet Microbiol.
2013;162(2-4):543-550. DOI:10.1016/j.vetmic.2012.
11.014

Simon G, Larsen LE, Durrwald R, et al. European sur-
veillance network for influenza in pigs: surveillance
programs, diagnostic tools and swine influenza virus
subtypes identified in 14 European countries from
2010 to 2013. PLoS One. 2014;9:12. DOI:10.1371/
journal.pone.0114445

Portugal SS, Cortey M, Tello M, et al. Diversity of
influenza A viruses retrieved from respiratory disease
outbreaks and subclinically infected herds in Spain
(2017-2019). Transbound Emerg Dis. 2021;68
(2):519-530. DOI:10.1111/tbed.13709

Pitzer VE, Aguas R, Riley S, et al. High turnover drives
prolonged persistence of influenza in managed pig
herds. J R Soc Interface. 2016 Jun 1;13:119. DOI:10.
1098/rsif.2016.0138

Chastagner A, Bonin E, Fablet C, et al. Virus persist-
ence in pig herds led to successive reassortment events
between swine and human influenza A viruses, result-
ing in the emergence of a novel triple-reassortant
swine influenza virus. Vet Res. 2019 Oct 7;50:1.
DOI:10.1186/s13567-019-0699-y


http://orcid.org/0000-0002-5318-665X
https://doi.org/10.1099/jgv.0.000554
https://doi.org/10.1099/jgv.0.000554
https://doi.org/10.1099/jgv.0.000343
https://doi.org/10.1111/zph.12378
https://doi.org/10.1111/zph.12378
https://doi.org/10.1016/j.chom.2020.07.006
https://doi.org/10.1016/j.vetmic.2012.11.014
https://doi.org/10.1016/j.vetmic.2012.11.014
https://doi.org/10.1371/journal.pone.0114445
https://doi.org/10.1371/journal.pone.0114445
https://doi.org/10.1111/tbed.13709
https://doi.org/10.1098/rsif.2016.0138
https://doi.org/10.1098/rsif.2016.0138
https://doi.org/10.1186/s13567-019-0699-y

12 (&) A GRAAF-RAUETAL.

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

(24]

[25]

[26]

(27]

(28]

[29]

[30]

Ryt-Hansen P, Larsen I, Kristensen CS, et al. Limited
impact of influenza A virus vaccination of piglets in
an enzootic infected sow herd. Res Vet Sci.
2019;127:47-56. DOI:10.1016/j.rvsc.2019.10.015
Ryt-Hansen P, Pedersen AG, Larsen I, et al
Substantial antigenic drift in the hemagglutinin
protein of swine influenza A viruses. Viruses. 2020
Feb;12:2. DOI:10.3390/v1020166

Lewis NS, Russell CA, Langat P, et al. The global anti-
genic diversity of swine influenza A viruses. Elife.
2016;5. DOI:10.7554/eLife.12217

Li WL, Hao F, Mao L, et al. Pathogenicity and hori-
zontal transmission studies of caprine parainfluenza
virus type 3 JS2013 strain in goats. Virus Res.
2016;223:80-87. DOI:10.1016/j.virusres.2016.06.021
Li Y, Edwards J, Huang BX, et al. Risk of zoonotic
transmission of swine influenza at the human-pig
interface in Guangdong Province, China. Zoonoses
Public Health. 2020;67(6):607-616. DOI:10.1111/zph.
12723

Rambo-Martin BL, Keller MW, Wilson MM, et al.
Influenza A virus field surveillance at a swine-human
interface. Msphere. 2020 Jan-Feb;5:1. DOI:10.1128/
mSphere.01331-20

Diaz A, Allerson M, Culhane M, et al. Antigenic drift
of HIN1 influenza A virus in pigs with and without
passive immunity. Influenza Other Resp. 2013
Dec;7:52-60. DOI:10.1111/irv.12190

Henrickson KJ. Parainfluenza viruses. Clin Microbiol
Rev. 2003;16(2):242-64. DOI:10.1128/CMR.16.2.242-
264.2003

Park JY, Welch MW, Harmon KM, et al. Detection,
isolation, and in vitro characterization of porcine
parainfluenza virus type 1 isolated from respiratory
diagnostic specimens in swine. Vet Microbiol.
2019;228:219-225. DOI:10.1016/j.vetmic.2018.12.002
Lau SKP, Woo PCY, Wu Y, et al. Identification and
characterization of a novel paramyxovirus, porcine
parainfluenza virus 1, from deceased pigs. ] Gen Virol.
2013;94:2184-2190. DOI:10.1099/vir.0.052985-0
Aguero B, Mena ], Berrios F, et al. First report of por-
cine respirovirus 1 in South America. Vet Microbiol.
2020 Jul: 246. DOI:10.1016/j.vetmic.2020.108726
Denes L, Csagola A, Schonhardt K, et al. First report of
porcine parainfluenza virus 1 (species Porcine respir-
ovirus 1) in Europe. Transbound Emerg Dis. 2021;68
(4):1731-1735. DOI:10.1111/tbed.13869

Schuele L, Lizarazo-Forero E, Cassidy H, et al. First
detection of porcine respirovirus 1 in Germany and
The Netherlands. Transbound Emerg Dis. 2021;68
(6):3120-3125. DOI:10.1111/tbed.14100

Wozniak A, Cybulski P, Denes L, et al. Detection of
porcine respirovirus 1 (PRV1) in Poland: incidence
of co-infections with influenza A virus (IAV) and por-
cine reproductive and respiratory syndrome virus
(PRRSV) in herds with a respiratory disease.
Viruses-Basel. 2022 Jan;14:1. DOI:10.3390/v14010148
Welch M, Park J, Harmon K, et al. Pathogenesis of a
novel porcine parainfluenza virus type 1 isolate in con-
ventional and colostrum deprived/caesarean derived
pigs. Virology. 2021;563:88-97. DOI:10.1016/j.virol.
2021.08.015

Stadejek T, Cybulski P, Gauger PC, et al. European
and American strains of porcine parainfluenza virus
1 (PPIV-1) belong to two distinct genetic lineages.
Pathogens. 2022 Mar;11:3. DOI1:10.3390/
pathogens11030375

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

(43]

(44]

(45]

Thibault PA, Watkinson RE, Moreira-Soto A, et al.
Zoonotic potential of emerging paramyxoviruses:
knowns and unknowns. Adv Virus Res 2017;98:1-55.
DOI:10.1016/bs.aivir.2016.12.001

Zeltina A, Bowden TA, Lee B. Emerging paramyxo-
viruses: receptor tropism and zoonotic potential.
PLoS Pathog 2016 Feb;12:2. DOI:10.1371/journal.
ppat.1005390

Allan GM, McNeilly F, Walker IW, et al. Serological
evidence for pneumovirus infections in pigs. Vet
Rec. 1998;142(1):8-12. DOI:10.1136/vr.142.1.8
Richard CA, Hervet C, Menard D, et al. First demon-
stration of the circulation of a pneumovirus in French
pigs by detection of anti-swine orthopneumovirus
nucleoprotein antibodies. Vet Res. 2018;118. DOI:10.
1186/s13567-018-0615-x

Martin-Valls GE, Li YL, Diaz I, et al. Diversity of res-
piratory viruses present in nasal swabs under influenza
suspicion in respiratory disease cases of weaned pigs.
Front Vet Sci. 2022 Oct 19;1014475. DOI:10.3389/
fvets.2022.1014475

Easton AJ, Domachowske JB, Rosenberg HF. Animal
pneumoviruses: molecular genetics and pathogenesis.
Clin Microbiol Rev. 2004 Apr;17(2):390. DOI:10.
1128/CMR.17.2.390-412.2004

Shi T, McAllister DA, Brien O, et al. Global, regional,
and national disease burden estimates of acute lower
respiratory infections due to respiratory syncytial
virus in young children in 2015: a systematic review
and modelling study. Lancet. 2017;390(10098):946-
958. DOI:10.1016/S0140-6736(17)33031-3

van den Hoogen BG, de Jong J, Groen J, et al. A newly
discovered human pneumovirus isolated from young
children with respiratory tract disease. Nat Med.
2001;7(6):719-724. DOI:10.1038/89098

Henritzi D, Zhao N, Starick E, et al. Rapid detection
and subtyping of European swine influenza viruses
in porcine clinical samples by haemagglutinin- and
neuraminidase-specific tetra- and triplex real-time
RT-PCRs. Influenza Other Resp. 2016;10(6):504-517.
DOI:10.1111/irv.12407

Bowman AS, Walia RR, Nolting JM, et al. Influenza A
(H3N2) virus in swine at agricultural fairs and trans-
mission to humans, Michigan and Ohio, USA, 2016.
Emerg Infect Dis. 2017 Sep;23(9):1551-1555.
DOI:10.3201/eid2309.170847

Duwell MM, Blythe D, Radehaugh MW, et al
Influenza A(H3N2) variant virus outbreak at three
fairs - Maryland, 2017. MMWR Morbid Mortal
WKly. 2018 Oct 26;67(42):1169-1173. DOI:10.15585/
mmwr.mmo6742al

Schicker RS, Rossow J, Eckel S, et al. Outbreak of
influenza A(H3N2) variant virus infections among
persons attending agricultural fairs housing infected
swine - Michigan and Ohio, July-August 2016.
MMWR Morbid Mortal WKkly. 2016;65(42):1157-
1160. DOI:10.15585/mmwr.mm6542al

Kibbe WA. OligoCalc: an online oligonucleotide prop-
erties calculator. Nucleic Acids Res. 2007 Jul;35:W43-
W46. DOI:10.1093/nar/gkm?234

Gall A, Hoffmann B, Harder T, et al. Universal primer
set for amplification and sequencing of HA(0) clea-
vage sites of all influenza A viruses. ] Clin Microbiol
2008;46(8):2561-2567. DOI:10.1128/JCM.00466-08
Gall A, Hoffmann B, Harder T, et al. Rapid and highly
sensitive neuraminidase subtyping of avian influenza
viruses by use of a diagnostic DNA microarray. |


https://doi.org/10.1016/j.rvsc.2019.10.015
https://doi.org/10.3390/v1020166
https://doi.org/10.7554/eLife.12217
https://doi.org/10.1016/j.virusres.2016.06.021
https://doi.org/10.1111/zph.12723
https://doi.org/10.1111/zph.12723
https://doi.org/10.1128/mSphere.01331-20
https://doi.org/10.1128/mSphere.01331-20
https://doi.org/10.1111/irv.12190
https://doi.org/10.1128/CMR.16.2.242-264.2003
https://doi.org/10.1128/CMR.16.2.242-264.2003
https://doi.org/10.1016/j.vetmic.2018.12.002
https://doi.org/10.1099/vir.0.052985-0
https://doi.org/10.1016/j.vetmic.2020.108726
https://doi.org/10.1111/tbed.13869
https://doi.org/10.1111/tbed.14100
https://doi.org/10.3390/v14010148
https://doi.org/10.1016/j.virol.2021.08.015
https://doi.org/10.1016/j.virol.2021.08.015
https://doi.org/10.3390/pathogens11030375
https://doi.org/10.3390/pathogens11030375
https://doi.org/10.1016/bs.aivir.2016.12.001
https://doi.org/10.1371/journal.ppat.1005390
https://doi.org/10.1371/journal.ppat.1005390
https://doi.org/10.1136/vr.142.1.8
https://doi.org/10.1186/s13567-018-0615-x
https://doi.org/10.1186/s13567-018-0615-x
https://doi.org/10.3389/fvets.2022.1014475
https://doi.org/10.3389/fvets.2022.1014475
https://doi.org/10.1128/CMR.17.2.390-412.2004
https://doi.org/10.1128/CMR.17.2.390-412.2004
https://doi.org/10.1016/S0140-6736(17)33031-3
https://doi.org/10.1038/89098
https://doi.org/10.1111/irv.12407
https://doi.org/10.3201/eid2309.170847
https://doi.org/10.15585/mmwr.mm6742a1
https://doi.org/10.15585/mmwr.mm6742a1
https://doi.org/10.15585/mmwr.mm6542a1
https://doi.org/10.1093/nar/gkm234
https://doi.org/10.1128/JCM.00466-08

[46]

(47]

(48]

[49]

(50]

(51]

Clin Microbiol 2009;47(9):2985-2988. DOI:10.1128/
JCM.00599-09

Starick E, Fereidouni SR, Lange E, et al. Analysis of
influenza A viruses of subtype H1 from wild birds, tur-
keys and pigs in Germany reveals interspecies trans-
mission events. Influenza Other Resp. 2011;5(4):276—
284. DOI:10.1111/j.1750-2659.2011.00201.x

King J, Harder T, Beer M, et al. Rapid multiplex
MinION nanopore sequencing workflow for influenza
A viruses. BMC Infect Dis. 2020 Sep 3;20:1. DOI:10.
1186/512879-020-05367-y

Nguyen LT, Schmidt HA, von Haeseler A, et al. 1Q-
TREE: a fast and effective stochastic algorithm for esti-
mating maximum-likelihood phylogenies. Mol Biol
Evol 2015;32(1):268-274. DOI:10.1093/molbev/msu300
Kalyaanamoorthy S, Minh BQ, Wong TKEF, et al.
ModelFinder: fast model selection for accurate phylo-
genetic estimates. Nat Methods. 2017;14(6):587.
DOI:10.1038/nmeth.4285

Minh BQ, Nguyen MAT, von Haeseler A. Ultrafast
approximation for phylogenetic bootstrap. Mol Biol
Evol 2013;30(5):1188-1195. DOI:10.1093/molbev/
mst024

Hoffmann B, Depner K, Schirrmeier H, et al. A univer-
sal heterologous internal control system for duplex
real-time RT-PCR assays used in a detection system
for pestiviruses. ] Virol Methods. 2006;136(1-2):200-
209. DOI:10.1016/j.jviromet.2006.05.020

(52]

(53]

(54]

(55]

(56]

(57]

EMERGING MICROBES & INFECTIONS 13

Martin-Valls GL, Diaz I, Cano E, et al. Detection of
respiratory viruses in cases of porcine respiratory dis-
ease in nurseries. Authorea. 2021;2021. DOI:10.22541/
au.164087639.98636607/v1

Harder TC, Beilage EG, Lange E, et al. Expanded
cocirculation of stable subtypes, emerging lineages,
and new sporadic reassortants of porcine influenza
viruses in swine populations in northwest Germany.
J Virol 2013;87(19):10460-10476. DOI:10.1128/JVI.
00381-13

Lange J, Groth M, Schlegel M, et al. Reassortants of the
pandemic (H1N1) 2009 virus and establishment of a
novel porcine HIN2 influenza virus, lineage in
Germany. Vet Microbiol. 2013;167(3-4):345-356.
DOI:10.1016/j.vetmic.2013.09.024

Watson SJ, Langat P, Reid SM, et al. Molecular epide-
miology and evolution of influenza viruses circulating
within European swine between 2009 and 2013. ] Virol
2015;89(19):9920-9931. DOI:10.1128/JV1.00840-15
Hennig C, Graaf A, Petric PP, et al. Are pigs overesti-
mated as a source of zoonotic influenza viruses?
Porcine Health Manag. 2022;8:1. DOI:10.1186/
s40813-022-00274-x

Anderson TK, Macken CA, Lewis NS, et al. A phylo-
geny-based global nomenclature system and auto-
mated annotation tool for HI hemagglutinin genes
from swine influenza A viruses. Msphere. 2016;1:6.
DOI:10.1128/mSphere.00275-16


https://doi.org/10.1128/JCM.00599-09
https://doi.org/10.1128/JCM.00599-09
https://doi.org/10.1111/j.1750-2659.2011.00201.x
https://doi.org/10.1186/s12879-020-05367-y
https://doi.org/10.1186/s12879-020-05367-y
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/molbev/mst024
https://doi.org/10.1093/molbev/mst024
https://doi.org/10.1016/j.jviromet.2006.05.020
https://doi.org/10.22541/au.164087639.98636607/v1
https://doi.org/10.22541/au.164087639.98636607/v1
https://doi.org/10.1128/JVI.00381-13
https://doi.org/10.1128/JVI.00381-13
https://doi.org/10.1016/j.vetmic.2013.09.024
https://doi.org/10.1128/JVI.00840-15
https://doi.org/10.1186/s40813-022-00274-x
https://doi.org/10.1186/s40813-022-00274-x
https://doi.org/10.1128/mSphere.00275-16

	Abstract
	Introduction
	Material and methods
	Reference viruses and field samples
	Viral RNA extraction
	Design of primers and probes
	Multiplex RT-qPCRs
	Conventional one step RT-PCR and sequencing of swIAV
	Genotyping and phylogenetic analyzes

	Results
	Genetic drift in swIAV sequences required adaptation of primer and probe sequences of mRT-qPCRs for swIAV subtype characterization
	Continuing diversifying evolution and new reverse zoonotic introductions of human pandemic H1N1 shaped swIAV populations in Germany since 2019
	Phylogenetic analyzes of currently circulating German swIAVs reveal novel genotypes
	High incidences of PRV1 and SOV and co-infections with swIAV infections in pig herds with acute respiratory disease in Germany

	Discussion
	Acknowledgements
	Disclosure statement
	Availability of data and materials
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


