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Abstract
Background Monitoring of infectious diseases on swine farms requires a high diagnostic sensitivity and specificity 
of the test system. Moreover, particularly in cases of swine influenza A virus (swIAV) it is desirable to include 
characterization of the virus as precisely as possible. This is indispensable for strategies concerning prophylaxis of 
swIAV and furthermore, to meet the requirements of a purposeful monitoring of newly emerging swIAV strains in 
terms of vaccine design and public health. Within the present cross-sectional study, we compared the diagnostic 
value of group samples (wipes of surfaces with direct contact to mouth/nose, dust wipes, udder skin wipes, oral 
fluids) to individual samples (nasal swabs, tracheobronchial swabs) for both swIAV identification and characterization. 
Sampling included different stages of pig production on 25 sow farms with attached nursery considered as 
enzootically infected with swIAV. Firstly, samples were analyzed for IAV genome and subsequently samples with 
Ct-values < 32 were subtyped by multiplex RT-qPCR.

Results Nasal swabs of suckling piglets and nursery pigs resulted in a higher odds to detect swIAV (p < 0.001) and 
to identify swIAV subtypes by RT-qPCR (p < 0.05) compared to nasal swabs of sows. In suckling piglets, significant 
higher rates of swIAV detection could be observed for nasal swabs (p = 0.007) and sow udder skin wipes (p = 0.036) 
compared to contact wipes. In the nursery, group sampling specimens were significantly more often swIAV positive 
compared to individual samples (p < 0.01), with exception of the comparison between contact wipes and nasal 
swabs (p = 0.181). However, in general nasal swabs were more likely to have Ct-value < 32 and thus, to be suitable 
for subtyping by RT-qPCR compared to dust wipes, contact wipes, udder skin wipes and tracheobronchial swabs 
(p < 0.05). Interestingly, different subtypes were found in different age groups as well as in different specimens in the 
same holding.

Conclusion Although population-based specimens are highly effective for swIAV monitoring, nasal swabs are still the 
preferable sampling material for the surveillance of on-farm circulating strains due to significantly higher virus loads. 
Remarkably, sampling strategies should incorporate suckling piglets and different age groups within the nursery to 
cover as many as possible of the on-farm circulating strains.
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Background
Swine influenza A virus (swIAV) is an important patho-
gen in swine causing respiratory disease and repro-
ductive disorders [1–3]. Besides its negative impact 
on animal health, and thus, on the economic benefit of 
affected swine farms, swIAV is a continuous threat to 
public health [4, 5]. The capability of swIAVs to overcome 
the species barrier in combination with genetic shift and 
drift, due to coinfections with different swIAV subtypes 
might lead to the emergence of new virus variants with 
pandemic potential [6–9]. Recent publications indicate 
an increasing prevalence of swIAV infected swine farms 
and an extending virus variability in Europe within the 
last decade [8, 10, 11]. This is particularly caused by the 
emergence of a new human pandemic H1N1 strain in 
2009 and its immediate reverse zoonotic transmission 
into swine populations worldwide where it reassorted 
extensively with circulating endemic swIAVs [11–13] 
with the consequence of needing a more sophisticated 
diagnosis and strain characterization.

The traditional diagnostic approach to identify swIAV 
in pig farms includes indirect (ELISA, hemagglutina-
tion inhibition, [HI]) or direct (RT-qPCR, virus isolation, 
next generation sequencing [NGS]) methods [9, 14–19]. 
Nasal swabs comprise the most common sample mate-
rial for diagnosis by nucleic acid detection or even isola-
tion, whereas blood samples are suitable for the detection 
of specific antibodies against swIAV. However, both 
approaches have their drawbacks. Inherently, serologi-
cal assays are unsuitable to diagnose acute infections but 
might be used for retrospective studies. Here they suffer 
from low specificity as highly varying antigens of dis-
tinct lineages lead to cross reactions (false positives) or 
missing detection (false negatives). Vaccination-induced 
humoral responses further complicate the interpretation 
of the test outcome [16, 20–22]. Concerning the detec-
tion of acute swIAV infections by RT-qPCR in nasal 
swabs, the timeframe for the detection is limited to the 
acute phase which typically lasts between 1 and 7 days 
after infection [1, 23, 24]. Moreover, virus circulation and 
patterns of shedding might vary between age or produc-
tion groups and swIAV strains [23]. Fulminant epidemic 
outbreaks might require different diagnostic approaches 
compared to more insidious enzootic scenarios. Thus, an 
“one size fits all” diagnostic approach is not available to 
reach the different strata of diagnostic aims in terms of 
swIAV.

Concerning swIAV diagnosis, different levels of health 
management should be comprised and accounted for. On 
the one hand, the animal health must be preserved and 

an efficient diagnostic approach is needed to reach a reli-
able diagnosis on farm and individual level, and on the 
other hand, the continuous monitoring of newly emerg-
ing virus strains in livestock is crucial to update vaccine 
design and for public health concerns. In the present 
cross-sectional study, we included individual (nasal 
swabs, tracheobronchial swabs) and group samples (envi-
ronmental samples, oral fluids, udder skin wipes) from 
different stages of production including sows (breeding, 
gestation, farrowing unit) suckling piglets and nursery 
pigs (beginning, mid, end of nursery) on 25 sow farms 
in Germany with attached nursery considered as enzo-
otically infected with swIAV. Our aim was to evaluate the 
feasibility of different specimens within different stages 
of pig production in order to establish optimized sam-
pling strategies for monitoring the population of a hold-
ing, for achieving individual diagnosis of live animals, 
and for virus characterization of swIAV for all age groups 
available on farrow to feeder (30 kg) farms.

Methods
Farm selection and study design
For comparison of sampling materials in different age 
groups a cross-sectional study was performed. Twenty-
five farms suspicious for being enzootically infected with 
swIAV were included. In detail, those farms had to have 
recurrent respiratory problems and prior detection of 
swIAV by RT-qPCR and/or hemagglutination inhibition 
test, which was confirmed by the herd attending vet. Fur-
ther inclusion criteria were (i) housing of nursery pigs in 
on-site nursery units and (ii) housing a minimum of ten 
sows in each production unit (farrowing, breeding, gesta-
tion) and (iii) housing a minimum of three different age 
groups in the nursery.

The sampling protocol and procedures were approved 
by the Ethic commission of the LMU Munich, accession 
number 254-10-02-2021.

The farms were enrolled in the study between March 
2021 and February 2022. In total, 16 farrow-to-feeder up 
to 30  kg, eight farrow-to-finish and one breeding farm 
were involved in the study. The herd size of the farms 
ranged from 100 to 7000 sows with a median herd size of 
475 sows. The farms were spread across different federal 
states of Germany.

The cross-sectional design included sampling of sows 
in different production stages (gestation, breeding and 
farrowing) and parities (gilts, 2nd -4th parity, sows > 4th 
parity), suckling piglets and three different age groups in 
the nursery (beginning, mid and end of nursery period).

Keywords Swine influenza a virus, Enzootic infection, Sampling material, Subtyping, Multiplex RT-qPCR, Cross-
sectional
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For individual sampling nasal swabs (NS) in all age 
groups and tracheobronchial swabs (TBS) in the nursery 
were selected. Group sampling materials incorporated 
surface samples, udder skin wipes (USW) and oral fluids 
(OF). The surface samples consisted of one sample with 
direct contact to mouth and nose of the pigs (thereafter 
designated as contact wipe [CW]) and one dust sample 
(DW). The calculated sample size for individual sam-
ples allows the detection of at least one positive sample 
assuming a within farm prevalence of 15% with a 95% 
level of confidence, and assuming a 90% sensitivity, 100% 
specificity of the RT-qPCR. The sample size of group 
samples was calculated to detect a within-farm swIAV 
prevalence of 30% assuming the aforementioned levels 
of sensitivity, specificity and confidence. All sample size 
calculations were carried out using Epitools epidemio-
logical calculator (Sergeant ESG. Epitools epidemiologi-
cal calculators: Ausvet Pty Ltd.;2017. Available at: http://
epitools.ausvet.com). Sampling of sows in the different 
production units was stratified by parity of the sows. In 
the farrowing unit suckling piglets of selected sows were 
randomly sampled. In the nursery animals with respi-
ratory signs were preferably included in the sampling 
procedure.

For individually collected nasal swabs a pool size of 3 
to 5 individual samples was chosen. Thusly, in order to 
assure comparability within age groups we decided to 
collect 10 nasal swab samples from each age group spe-
cific category. For individually collected tracheobronchial 
swabs from nursery piglets, the desired corresponding 
sample size comprised 15 sampling units, which were 
evenly allocated to the respective within nursery age 
group categories. Tracheobronchial swabs were also 
investigated as pools consisting of 5 individual samples. 
For environmental and groups samples, the procedure 

aimed to detect an assumed prevalence of 30% [25], 
thusly requiring a minimum sample size of 7, further 
increased to adjust for a homogeneous representation of 
different production stages and age groups. The detailed 
sampling protocol and required sample size according to 
sampling material and age group is presented in Table 1. 
On each farm 70 nasal swabs, 10 udder skin wipes, 12 
surface samples (6 contact wipes + 6 dust wipes), 12 oral 
fluids, and 15 tracheobronchial swabs were collected 
accounting for a total of 109 samples per farm.

Sample collection
Nasal swabs were collected from individual pigs (Dry-
swab™ MW113, Check Diagnostics GmbH, Westerau, 
Germany, for sows and mid/end nursery, Dryswab™ 
MW112, Check Diagnostics GmbH, Westerau, Ger-
many, for suckling piglets and beginning nursery). Sows 
were restrained by a snare, whereas suckling piglets and 
nursery pigs were manually handled and samples were 
collected by inserting the swab 2–4  cm in both nostrils 
of each piglet and turning it 360 degrees (Fig. 1A). Nasal 
swabs of sows and suckling piglets were pooled accord-
ing to the parity of the sows in pools of 4 or 3 samples, 
respectively. Nasal swabs of nursery pigs were pooled 
according to the age group (beginning, mid, end of nurs-
ery) in pools of five samples. Nasal swabs were placed 
into a plastic tube with 2  ml of viral media (Virocult®, 
Check Diagnostics GmbH, Westerau, Germany).

Collection of udder skin wipes was performed as pre-
viously described by Garrido-Mantilla et al. [26]. In 
brief a 5 × 5  cm sterile gauze pad suspended with NaCl 
was used for collection of suckling piglets’ secretion at 
the udder skin (Fig.  1B). After collection samples were 
placed in plastic tubes with 2 ml of viral media (Virocult®, 
Check Diagnostics GmbH, Westerau, Germany). At the 

Table 1 Sample size and specimen collected in the different age groups (* in the farrowing unit contact and dust wipes originated 
from both sows and suckling piglets) on each farm. In sows in each production group 4 gilts, 3 sows of parity 2nd and 3 sows > 4th 
parity were selected. In suckling piglets one piglet per litter from each sow in the farrowing unit was chosen
Individual samples Group samples
Specimen NS TBS CW DW USW OF
Sows
Farrowing 10 - 1* 1* - -
Breeding 10 - 1 1 - -
Gestation
Total: sows

10
30

- 1
3

1
3

-
-

-
-

Suckling piglets
(2.-3. woa)
Total: suckling piglets

10
10

-
-

1*
1*

1*
1*

10
10

-
-

Nursery
Beginning (4.-6.woa) 10 5 1 1 - 4
Mid (7.-8.woa) 10 5 1 1 - 4
End (9.-10.woa)
Total: nursery

10
30

5
15

1
3

1
3

-
-

4
12

Total: farm 70 15 6 6 12

http://epitools.ausvet.com
http://epitools.ausvet.com
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laboratory udder skin wipes were investigated in pools of 
4 or 3 samples according to the parity of the sows.

In each of the six compartments (breeding, gestation, 
farrowing unit, beginning, mid and end of nursery) two 
surface samples were collected. Briefly, a 5 × 5 cm sterile 
gauze pad impregnated with NaCl was used for wiping 
of surfaces that had direct contact with the mouth and 
noses of the pigs (e.g. feeders, drinkers, toys, Fig.  1C). 
Additionally, areas out of the pigs direct range e.g. top 
of pen separations, feed pipelines, water pipelines were 
wiped with a 5 × 5 cm sterile gauze pad impregnated with 
NaCl for collection of dust (Fig. 1D). After collection all 
surface samples were preserved in 2  ml of viral media 
(Virocult®, Check Diagnostics GmbH, Westerau, Ger-
many) and examined individually.

Oral fluid collection was performed pen-wise by using 
the IDEXX Oral Fluid Collection Kit (IDEXX Westbrook, 
USA). Briefly, an undyed-cotton 3-strand twisted rope 
was placed into the pen at the height of the pig`s shoul-
der for 25–30 min, to allow the pig to chew on the rope 
(Fig. 1E). One rope was used for a maximum of 25 pigs. 
For extraction of the sample from the rope the wet end 
was inserted in the supplied plastic bag with the attached 
tube and manually squeezed. The harvested fluid was 

suspended in Virocult® media for 1:1 ratio. Each oral fluid 
sample was investigated individually.

Tracheobronchial swabs were obtained as described 
previously [27]. Briefly, the pigs in the nursery up to 
20 kg were fixed manually by a second person, whereas 
pigs > 20  kg were restrained using a nose snare. Subse-
quently a mouth gag was placed between the upper and 
lower jaw. For TBS collection a sterile catheter (DCT-
Nelaton Katheter 40  cm; servoprax GmbH, Wesel, 
Germany) was used. During inspiration, the catheter 
was inserted deeply into the trachea until reaching the 
tracheobronchial split until coughing was provoked 
(Fig.  1F). Afterwards, the tip of the swab (4–5  cm) was 
cut off with scissors and transferred to a sterile sample 
tube containing 4  ml of PBS (Roti®-Cell PBS, Carl Roth 
GmbH + Co.KG, Karlsruhe, Germany).

Sample tubes were first sent cooled (ice packs) to a 
diagnostic lab for RNA extraction and swIAV-testing, 
and later forwarded to the FAO reference center for ani-
mal influenza at the Friedrich-Loeffler-Institute (FLI) for 
identification of swIAV strains.

Fig. 1 Overview of the different sampling techniques. Collection of A: nasal swabs, B: sow udder skin wipes, C: contact wipes, D: dust wipes, E: oral fluids, 
F: tracheobronchial swabs
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Sample preparation
Influenza a RT-qPCR
Nasal swabs, oral fluid samples, udder skin wipes, tra-
cheobronchial swabs and environmental samples were 
collected in 1.5  ml Safe-Lock Tubes (Cat. 72.706.700, 
Sarstedt, Nümbrecht, Germany) filled with 1  ml of 
PBS and vortexed. 100–200  µl of the supernatant was 
then used for isolation of nucleic acid. RNA extrac-
tion was done according to the manufacturer´s instruc-
tions by using either the IndiMag Pathogen Kit (Cat. 
SP947257) from Indical Bioscience (Leipzig, Germany) 
on an Indimag 48 (Cat. IN943048S) or by using the 
NucleoMag®VET Kit (Macherey-Nagel GmbH & Co. KG, 
Dueren, Germany) on a Biosprint 96 System, enabling 
semi-automated processing.

A modified generic Matrix (M)-gene specific influenza 
A virus RT-qPCR was performed in both laboratories 
according to Spackman [28] on a CFX96 Touch Real-
Time PCR Detection System (Hercules, California, USA), 
using either Quanta qScript XLT One-Step RT qPCR 
ToughMix (Beverly, Massachusetts, USA) or the AgPath-
IDTM One-Step RT-qPCR kit (Thermo Fisher Scientific, 
USA).

Subtyping RT-qPCRs
Influenza A virus positive samples with a Ct-values < 32 
were forwarded to subtyping RT-qPCR. Further charac-
terization of influenza A virus strains was done by detect-
ing the hemagglutinin (HA) and neuraminidase (NA) 
genes by quantitative real time RT-qPCRs, allowing iden-
tification of subtypes/lineages H1av (clade 1 C), H1pdm 
(clade 1  A), H1hu (clade 1B) and H3, N1, N1pdm, and 
N2. Viral RNA was further investigated by using recently 
modified subtype- and lineage-specific HA and NA RT-
qPCRs, allowing subtype specific detection of one further 
human seasonal subtype: H3hu (2004/2005-derived). RT-
qPCR conditions (also for modified primers and probes) 
were used according to Henritzi et al. [19] and Graaf-Rau 
et al. [29].

Statistical analysis
All statistical analyses were performed using Stata 17.0 
(Stata Statistical Software, College Station, TX, USA). 
The significance level was set at 0.05.

A farm was considered positive if at least one of the 
investigated samples regardless of the sampling material 
was tested positive by RT-qPCR.

Cochran Q test was used to evaluate differences in the 
proportion of positive results between the different sam-
pling materials. The level of agreement was calculated 
using Cohen’s kappa coefficient (κ) or if more than two 
groups were compared Fleiss’ Kappa was used. Agree-
ment was considered poor if κ ≤ 0.2, fair if 0.21 ≤ κ ≤ 0.4, 
moderate if 0.41 ≤ κ ≤ 0.6, substantial if 0.61 ≤ κ ≤ 0.8 and 

good if κ > 0.8 (Petrie A, Watson P. Statistics for Veteri-
nary and Animal Science. 3rd ed. Oxford, U.K.: Wiley-
Blackwell, 2013). Whenever a statistically significant 
difference was detected (p < 0.05) all pairwise compari-
sons were evaluated following Bonferroni’s correction 
(pcorrected=0.05/n), where n represents the number of tests 
or comparisons performed. The potential association of 
the occurrence of a positive RT-qPCR result with the 
age-group category (sows, nursing piglets, nursery) from 
which the respective sample was obtained, for each of the 
sample types collected (namely nasal swabs, udder skin 
wipes, contact wipes, dust wipes, oral fluids and tracheo-
bronchial swabs) was investigated in equally numbered 
two-level mixed effect logistic regression models. In all 
models, random effect terms at farm level were incor-
porated to account for the within farm dependence of 
observations.

Multivariable analysis
The investigation of the association of the different types 
of sampling material and the odds of a positive result 
by RT-qPCR and subtyping RT-qPCR, within each age 
group (namely sows, suckling piglets, nursery) was per-
formed with the use of multivariable analysis.. Specifi-
cally, in each age group two-three leveled mixed effect 
logistic regression models were employed using as 
explanatory variables the type of sample material and 
the specific location or intra-age group category origin of 
the collected sample, while the RT-qPCR result and the 
subtyping RT-qPCR result were considered as the two 
respective dependent variables. Random effect terms at 
farm and sample level were incorporated to account for 
the within farm and within sample dependence of results 
of RT-qPCR or subtyping RT-qPCR in observations in 
the same farm and animal or group or pool from different 
collected materials, respectively.

Results
Detection of swIAV by RT-qPCR in the 25 enrolled farms
Detection of influenza A virus by RT-qPCR in at least 
one sample was possible in 20 (80%) out of the 25 
enrolled farms. In the remaining five farms swIAV could 
not be detected by RT-qPCR, however, antibodies against 
swIAV were measurable by hemagglutination inhibition 
test and ELISA in all five farms (data not shown).

Detection of swIAV in different specimen in the 20 RT-qPCR 
positive farms
Subsequently, results are restricted to the 20 RT-qPCR 
positive farms. A total of 26.1% (218/834) of all avail-
able samples, independent of the sampling material, 
revealed positive RT-qPCR results. Details on positive 
sampling materials and age groups in each of the 20 RT-
qPCR positive farms can be found in supplementary 
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Table 1. The detection rate of swIAV RNA in the differ-
ent sampling materials is shown in Fig. 2A for sows and 
suckling piglets and in 2B for nursery pigs. Cochran’s Q 
test revealed significant differences in the detection rate 
between the distinct sampling materials in suckling pig-
lets (p = 0.034) and in nursery pigs (p < 0.001), although 
the post-hoc test suggested no pair-wise differences 
between sampling materials (p > 0.05) in suckling piglets. 
In the nursery, pair-wise comparisons have shown sig-
nificant differences between nasal swabs and dust wipes 
(p = 0.001), nasal swabs and oral fluids (p < 0.001), contact 

wipes and dust wipes (p = 0.047), contact wipes and tra-
cheobronchial swabs (p = 0.028), contact wipes and oral 
fluids (p < 0.001), dust wipes and tracheobronchial swabs 
(p = 0.001) and tracheobronchial swabs and oral fluids 
(p < 0.001), respectively. No statistically significant dif-
ferences were observed between nasal swabs and con-
tact wipes (p = 0.89), nasal swabs and tracheobronchial 
swabs (p = 1.00) and dust wipes and oral fluids (p = 0.23). 
In sows, no significant differences in the detection rate 
between the sampling materials could be shown accord-
ing to Cochran’s Q test, however pairwise comparison 

Fig. 2 Detection of swIAV by IAV-generic RT-qPCR in different sampling materials in sows and suckling piglets (A) and nursery pigs (B) on farm level and 
sample level. A: Percentage of swIAV-RNA positive samples under respect of the used sample material and sampling location. Units apply to environ-
mental samples (contact wipe (CW) + dust wipe (DW)). Sows and suckling piglets apply to animal-based samples (udder skin wipe (USW) + nasal swabs 
(NS)). In brackets the positive samples out of the total number of investigated samples are presented. B: Percentage of swIAV-RNA positive samples under 
respect of the used sample material and age group. Next to environmental samples oral fluids (OF) were used as group samples and tracheobronchial 
swabs (TBS) in addition to NS as individual samples. In brackets the positive samples out of the total number of investigated samples are presented
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revealed significant differences between contact wipes 
and dust wipes (p = 0.043).

Probability of swIAV detection varies with sample matrix
The probability of sample materials testing positive for 
swIAV by RT-qPCR was investigated through a multi-
variable analysis, within each age group, using equally 
numbered three-level mixed effect logistic regression 
models. Differences in RT-qPCR detection rate between 
the different sampling materials are presented in Table 2. 
In suckling piglets, nasal swabs (p = 0.007) and udder 
skin wipes (p = 0.036) showed a significant higher odds 
of detecting swIAV by RT-qPCR compared to contact 
wipes, whereas in the nursery the odds to detect swIAV 
by RT-qPCR were significantly higher in group samples 
(dust wipes vs. nasal swabs (p < 0.001); dust wipes vs. 

tracheobronchial swabs (p < 0.001) contact wipes vs. 
tracheobronchial swabs (p = 0.002); oral fluids vs. nasal 
swabs (p < 0.001) and oral fluids vs. tracheobronchial 
swabs (p < 0.001)) compared to individual samples with 
the exception of the comparison between contact wipes 
and nasal swabs (p = 0.181).

Level of agreement between different specimen
The agreement concerning the detection of swIAV RNA 
between the different sampling materials resulted fair 
for nursery pigs (Scott/Fleiss’ κ = 0.392; p < 0.001) and 
moderate for suckling piglets (Scott/Fleiss’ κ = 0.588; 
p < 0.001) and sows (Scott/Fleiss’ κ = 0.483; p < 0.001). The 
highest agreement in both sows and suckling piglets was 
observed between contact wipes and dust wipes, whereas 
in the nursery nasal swabs and contact wipes showed the 
highest agreement. The agreement between the differ-
ent sampling materials within each age group is shown in 
Table 3.

Likelihood of subtyping swIAV strains by multiplex 
RT-qPCR depends on sample matrix
The distribution of RT-qPCR positive Ct-values for each 
specimen and age group are depicted in Fig. 3.

Based on previous publications and due to lower sen-
sitivity of subtype- and lineage-specific RT-qPCRs 
compared to the generic IAV RT-qPCR used for initial 
diagnosis [19, 29], samples with Ct-values of < 32 were 
selected for subtyping. In total 48.6% (n = 106/218) of the 
positive samples had Ct-values < 32. Of these, subtyping 
was successful in 97.2% (n = 103/106). Referring to the 
sample type, 66.7% (n = 42/63) of the positive nasal swab 
pools, 52% (n = 13/25) of positive contact wipes, 2.8% 
(n = 1/36) of positive dust wipes, 20% (n = 3/15) of positive 
udder skin wipes, 52.9% (n = 36/68) of positive oral fluids 
and 28.6% (n = 4/14) of positive tracheobronchial samples 
had Ct-values< 32, respectively.

According to multivariable analysis, nasal swabs 
showed a significantly higher odds of having Ct-values 
< 32 compared to dust wipes (p < 0.001), contact wipes 

Table 2 Odds ratio (OR) of finding a positive result by sample 
type using a multivariable analysis, accounting for the within 
pooled sample and farm-level dependence of observations 
compared to the respective sampling materials as baseline
Age group Sample 

type
Reference OR with 95%CI p-value

Sows CW NS DW 2.76 (0.85; 8.98) 
2.76 (0.85; 8.98)

p = 0.091 
p = 0.091

NS CW 1.00 (0.29; 3.43) p = 1.000
Suckling 
piglets

NS CW 9.44 (1.86; 48) p = 0.007
USW DW 5.13 (1.12; 23.53) 

2.34 (0.52; 10.51)
p = 0.036 
p = 0.266

DW USW NS 0.25 (0.05; 1.15) 
0.57 (0.13; 2.51)

p = 0.075 
p = 0.461

DW USW 0.43 (0.097; 1.92) p = 0.270
Nursery DW CW 

OF
NS 5.92 (2.67; 13.09) 

1.68 (0.78; 3.59) 
13.52 (5.70; 32.09)

p < 0.001 
p = 0.181 
p < 0.001

TBS 0.48 (0.21; 1.07) p = 0.073
CW TBS 3.50 (1.56; 7.83) p = 0.002
DW 12.32 (5.25; 28.13) p < 0.001
OF 28.17 (11.03; 71.92) p < 0.001
DW CW 3.52 (1.65; 7.55) p = 0.001
OF 8.05 (3.54;18.35) p < 0.001
OF DW 2.28 (1.06; 4.91) p = 0.034

Table 3 Scott/Fleiss’s kappa coefficient (κ) for the agreement of different sampling materials at sample level for the binary variable 
(positive or negative result of diagnosis of influenza A) within age groups. Whenever a statistically significant association was detected 
(p < 0.05) all pairwise comparisons were evaluated following Bonferroni’s correction (pcorrected=0.05/n), where n represents the number 
of tests or comparisons performed

Sows Suckling piglets Nursery
Material CW DW CW DW USW CW DW OF TBS
NS kappa

(p-value)
0.298
(< 0.001)

0.377
(< 0.001)

0.330
(0.003)

0.504
(< 0.001)

0.744
(< 0.001)

0.647
(< 0.001)

0.391
(< 0.001)

0.360
(< 0.001)

0.434
(< 0.001)

CW kappa
(p-value)

- 0.733
(< 0.001)

- 0.827
(< 0.001)

0.487
(< 0.001)

- 0.438
(< 0.001)

0.423
(< 0.001)

0.533
(< 0.001)

DW kappa
(p-value)

- - - - 0.666
(< 0.001)

- - 0.457
(< 0.001)

0.181
(0.008)

OF kappa
(p-value)

- - - - - - - - 0.128
(0.023)
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(p = 0.026), udder skin wipes (p = 0.001) and tracheobron-
chial swabs (p < 0.001) (Table 4). Interestingly, dust sam-
ples showed the lowest probability of detecting samples 
with Ct-value results < 32.

In all 20 swIAV positive farms, one or more subtypes 
could be identified. The subtypes detected in this study 
were H1avN1, H1avN2, H1pdmN1, H1pdmN2, H1huN1 
and H1huN2. The lineage differentiation in the H1 sub-
type indicates the original sources of the hemaggluti-
nin (HA) as avian (av), human (hu) or human pandemic 
(pdm). They correspond to the phylogenetically defined 
clades 1 C (av), 1B (hu) and 1 A (pdm) [30]. A stratified 
overview of the detection of distinct subtypes in the dif-
ferent specimen is shown in Table 5.

In 70% (n = 14/20) of the swIAV RT-qPCR positive 
farms only a single subtype and in 30% (n = 6/20) two or 
more different subtypes could be detected, respectively. 
In 4 out of the 6 farms with multiple subtypes, distinct 
subtypes were found in different age groups. In addition, 

Table 4 Odds ratios (OR) of finding a sample with Ct-value <
32 by sample type using a multivariable analysis, accounting for 
sample type, age group and within farm-level dependence of 
observations compared to the respective sampling materials as 
baseline
Sample type Reference OR with 95%CI p-value
NS
CW

DW 144.03 (26.93; 770.23)
53.77 (10.71; 269.85)

p < 0.001
p < 0.001

OF 71.41 (13.27; 384.36) p < 0.001
TBS 13.42 (2.38; 75.58) p = 0.003
NS
CW

USW 18.73 (3.27; 107.34)
7 (1.22; 40.18)

p = 0.001
p = 0.029

OF DW TBS 9.28 (1.42; 60.52) 0.13 (0.02 
1.09) 1.74 (0.25; 12.34)

p = 0.020 
p = 0.060 
p = 0.577

NS
OF
CW

TBS 10.73 (3.05; 37.70)
5.32 (1.57; 17.97)
4 (1.26; 12.73)

p < 0.001
p = 0.007
p = 0.019

CW OF NS 0.05 (0.01; 0.03) 0.49 
(0.21;1.20)

p = 0.026 
p = 0.119

OF CW 1.33 (0.57;3.10) p = 0.512

Table 5 Number of samples detected for each subtype and specimen type
H1avN1 H1avN2 H1pdmN1 H1pdmN2 H1huN1 H1huN2 Total

NS 26 7 5 4 4 1 47
CW 10 1 0 0 1 0 12
DW 0 0 0 1 0 0 1
USW 2 0 1 0 0 0 3
OF 26 4 0 6 0 0 36
TBS 4 0 0 0 0 0 4
Total 68 12 6 11 5 1 103

Fig. 3 Whisker plots of influenza A virus RT-qPCR cycle threshold (Ct) positive values by age group and sample type
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in 3 out of the 6 farms, different subtypes were detected 
in different sampling materials (supplementary Table 2).

Likelihood of detection of swIAV and swIAV subtype 
characterization varies with age group
Suckling piglets were 7.9 times (95% CI: 3.24; 19.28, 
p < 0.001) more likely to have a positive result in nasal 
swabs compared to sows. Nasal swabs from nursery 
pigs were almost 9 times (95% CI: 4.07; 19.77, p < 0.001) 
more likely to have a positive result compared to sows. 
No difference was observed in the odds of positive results 
from nasal swabs between suckling and nursery piglets 
(p = 0.724). Accounting for all sampling materials, pig-
lets at the beginning and at the mid of the nursery were 
more likely to have a positive RT-qPCR result compared 
to piglets at the end of the nursery, by 4.45 times (95%CI: 
1.58; 4.50, p < 0.001) and 2.67 times (95% CI: 1.36; 7.32, 
p < 0.001), respectively. Suckling piglets were 152.87 times 
(95% CI: 6.16; 3792.21, p = 0.002) and nursery pigs 19.12 
times (95%CI: 1.61; 226.85, p = 0.019) more likely to yield 
nasal swabs with Ct-values < 32 compared to sows. How-
ever, no statistically significant difference was observed 
in the odds of a Ct-value results < 32 between suckling 
piglets and nursery pigs (95% CI: 0.014; 1.13, p = 0.065). 
In addition, no significant difference in the odds of a 
subtypeable RT-qPCR result was found between begin-
ning and mid nursery piglets (p = 0.287), beginning and 
end nursery piglets (p = 0.897) and between mid and end 
nursery piglets (p = 0.406).

Discussion
Due to (i) its zoonotic character, (ii) the potential to cause 
severe respiratory disease in swine and (iii) subsequent 
economic losses, swIAV represents a pathogen of major 
importance for public health, animal welfare and for the 
economy of the swine producing industry [3, 11]. Thus, 
monitoring and surveillance of swIAV is a major task in 
controlling herd health in pig production. This requires 
reliable sampling and test procedures of swIAV diagnos-
tic approaches on herd and individual level. In the past, 
individual nasal swabs investigated by RT-qPCR have 
been considered as the gold standard for swIAV detec-
tion from live pigs [31, 32]. However, particularly in 
enzootically infected farms with low prevalence scenar-
ios, a high sample size of nasal swabs is required to reli-
ably detect viral RNA [33]. Thus, more cost-efficient and 
convenient sampling methods with comparable sensitiv-
ity have been sought during the last decade. The group-
based approach of oral fluid sampling has become very 
popular because it is less time-consuming and does not 
require restriction of individual pigs, hence, it is consid-
ered a cost-effective and animal friendly diagnostic tool 
for swIAV detection [34–39]. However, although the 
diagnostic sensitivity of oral fluids for qualitative swIAV 

detection was comparable and the duration of viral RNA 
shedding was longer in group-based oral fluids compared 
to individual nasal swabs, the difficulty to isolate swIAV 
from oral fluids displayed a major drawback for surveil-
lance purposes related to strain characterization [34, 37, 
40–42]. Moreover, alternative group sampling techniques 
such as udder skin wipes offer an additional convenient 
and cheap sample specimen to monitor swIAV in sow 
populations with the potential to isolate the virus [26]. 
Also, surface samples can be regarded as a non-invasive 
sampling system for swIAV detection by RT-qPCR, but 
its shortcomings in isolation of swIAV have to be con-
sidered [25, 43, 44]. In addition to choosing the most 
appropriate sample type, the time of sampling within the 
production process displays a relevant critical point for 
diagnosis. From an epidemiological point of view, differ-
ent age groups should be incorporated in the sampling 
strategy, as the dynamic of infection depends on the sus-
ceptibility of the population strata at risk.

Therefore, in the present study, pigs from different 
age groups of enzootically infected farms in Germany 
were included to assess which specimen and age group 
maximizes the likelihood of (i) retrieving swIAV posi-
tive samples by RT-qPCR and (ii) enabling subtyping by 
RT-qPCR. A cross-sectional design was chosen to reflect 
the diagnostic approach of veterinarians in the field. The 
five RT-qPCR negative farms, given the selection criteria 
for the enrolled farms, a history of swIAV infection and 
the detection of swIAV by RT-qPCR and/or hemagglu-
tination inhibition test prior to the start of the study as 
well as the results of the hemagglutination inhibition test 
(data not shown), highlight the challenges of direct virus 
detection in enzootically infected farms. The dynamic 
of swIAV infections in swine populations is a subject to 
variation [45]. Thus, although the farms matched the 
inclusion criteria prior the start of the study the in-herd 
prevalence in those farms might have been lower than 
the 15% underlying our sample size calculation with the 
consequence of a false negative outcome for the farm`s 
swIAV status. Therefore, in line with results from Lillie-
Jaschniski et al. [46] a high sample size or repeated sam-
pling should be considered in enzootically infected herds 
in order to increase the probability of swIAV detection 
on farm level. The examinations of the present study 
revealed significant variations in the swIAV detection 
and the subtyping rate between the different specimens. 
Concerning the farrowing unit, contact wipes had sig-
nificantly lower odds for swIAV detection compared to 
pooled nasal swabs of suckling piglets and udder skin 
wipes of the lactating sows. Based on the assumption that 
positive udders skin wipes are the result of a contamina-
tion from suckling piglets during suckling, a longer and 
more intense interaction of piglets with the udder com-
pared to the environment and enrichment material might 
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explain these differences. Thus, as udder skin wipes are 
non-invasive and not burdensome for the suckling pig-
lets, udder skin wipes might represent a suitable sam-
pling material for the detection of swIAV but not for 
further subtyping purposes in the farrowing unit. Com-
parable results were also obtained by Garrido-Mantilla et 
al. [26] within a similar smaller scale study in the USA. 
However, in our investigations the odds to gain a sub-
typeable result was significant lower for udder skin wipes 
(20% typeable RT-qPCR results) compared to nasal swabs 
(94% typeable RT-qPCR results), thusly nasal swabs rep-
resented the most suitable specimen for surveillance 
of swIAV in the farrowing unit. In contrary, a previous 
study demonstrated the suitability of udder skin wipes for 
virus isolation [26]. These differences might be attributed 
to the divergent subtyping methods, stabilizing media, 
epidemiological situations on farms or the investigation 
of udder skin wipes in pools as conducted in our exami-
nations. However according to de Lara et al. [47] pooling 
of up to 3 udder skin wipes for virus isolation does not 
result in a decrease of sensitivity. Of note, pooling may 
yield false reassortment results during further virus isola-
tion and thus it is preferable to use individual samples for 
isolation purposes and sequencing.

Referring to the nursery, oral fluids were the most 
appropriate specimen for detection of swIAV RNA fol-
lowed by dust wipes, contact wipes, nasal swabs and the 
least suitable specimen, tracheobronchial swabs. The 
suitability of oral fluids for the monitoring of swIAV, par-
ticularly in comparison to nasal swabs, has already been 
reported elsewhere [34, 48]. However, in line with previ-
ous studies the collection of oral fluids at the beginning 
of the nursery was hampered by the lack of interaction 
of the weaned piglets with the sampling ropes [26, 40]. 
This might be overcome by previous training of the pigs 
or the use of attractants [49–52]. Interestingly, and con-
trary to earlier reports showing shortcomings of oral 
fluids in identification of swIAV strains, in our investiga-
tions the subtyping rate of oral fluids was comparable to 
those of nasal swabs [26, 34, 42]. This observation might 
be explained by the different diagnostic approaches as 
RT-qPCR analysis directly from clinical specimens was 
applied in our investigations in contrast to other studies 
using virus isolation. Moreover, we tried to increase the 
diagnostic sensitivity by adding Virocult® (Check Diag-
nostics GmbH, Westerau, Germany) as stabilizing media 
to the collected oral fluid to preserve the samples during 
transportation. Interestingly, dust wipes showed a high 
detection rate, only exceeded by oral fluids in our exami-
nations. However, it should be recognized that the results 
of oral fluids were more consistent over the different 
investigated age groups in the nursery compared to dust 
wipes, which is underlined by the higher odds to detect 
swIAV RNA in oral fluids (please refer to Fig. 1; Table 2) 

and an only moderate Cohen´s kappa of oral fluids and 
dust wipes (Table 3) over the whole nursery period. Fur-
thermore, dust samples demonstrated the lowest sub-
typing rate among all specimen (2.8%), thus making this 
kind of specimen unsuitable for surveillance of swIAV 
under the present conditions. Also, previous studies 
[25] reported the failure to culture swIAV from surface 
samples of pen railings and door handles resulting either 
from non-viable virus or low viral loads. In contrast, 
the subtyping rate of contact wipes resulting from areas 
exposed to direct contact of pigs, was significantly higher 
than those of dust samples and comparable to oral flu-
ids. However, the odds for the initial detection of swIAV 
was lower in contact wipes compared to dust wipes and 
oral fluids in the nursery. Referring to tracheobronchial 
swabs, the burdensome sample procedure for animals 
and human as well as the low swIAV detection rate [53] 
disqualifies this type of sample as a tool for the detection 
of enzootically infected herds. However, tracheobron-
chial swabs might be suitable for detecting acutely dis-
eased pigs as all tracheobronchial swabs positive samples 
in the nursery originated from pigs with clinical signs 
(data presented in [54]). This is also supported by a pre-
vious study where tracheobronchial swabs showed the 
highest correlation in terms of Ct-values with lung sam-
ples after a controlled challenge [55].

In line with recent German and European reports 
H1 clade 1  C was predominantly found, whereas H3N2 
could not be detected in any of the samples [10, 29, 56, 
57]. Interestingly, in farms with co-circulation of multiple 
strains, pandemic strains could only be detected in nasal 
swabs. However due to the small number of observations 
this has to be elucidated in further studies.

In accordance with previous studies sows were the least 
suitable population for direct detection of swIAV RNA 
[33, 58]. In our study, no significant difference in swIAV 
detection and subtyping rate was observed between suck-
ling piglets and nursery pigs but within the nursery, the 
chance to detect swIAV RNA in the sample materials was 
higher at the beginning and the mid of the nursery com-
pared to the end of the nursery. Also previous investiga-
tions have shown that sampling of weaners increases the 
likelihood to identify positive animals compared to suck-
ling piglets and older growing pigs (7–9 weeks of age) 
[46]. Interestingly, the highest percentage of subtype-
able samples was found in suckling piglets. However, the 
detection of dissimilar subtypes in different age groups 
which is in line with Lillie-Jaschniski et al. [46] empha-
sizes the need for incorporating different age groups in 
the sampling strategy.
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Conclusion
The results of our study highlight that veterinarians 
should focus on nurserypigs and suckling piglets to detect 
swIAV RNA and characterize swIAV subtypes in herds 
with an assumed enzootic infection. Group samples, in 
particular dust samples and oral fluids have proven to be 
highly effective for an initial screening of swine herds for 
swIAV. However, dust samples have major drawbacks in 
characterization of swIAV subtypes. Interestingly, oral 
fluids and contact wipes showed high subtyping rates by 
multiplex RT-qPCR. Nevertheless, nasal swabs are still 
the most reliable specimen for identification of all on-
farm circulating strains. Particularly in farms with recur-
rent influenza A infections veterinarians should integrate 
suckling piglets as well as several age groups in the nurs-
ery in their sampling approach to gather a detailed over-
view on the circulating strains.

Abbreviations
Av  avian
Ct  Cycle threshold
CW  contact wipe
DW  dust wipe
ELISA  Enzym linked immunosorbent Assay
FAO  Food and Agriculture Organization
FLI  Friedrich-Loeffler-Institute
HA  hemagglutinin
HI  hemagglutinin inhibition
Hu  human
LMU  Ludwig-Maximilians-Universität
NaCl  sodium chloride
NGS  next generation sequencing
NS  nasal swab
OF  oral fluid(s)
OR  Odds ratio
PBS  Phosphate buffered saline
Pdm  human pandemic
RNA  ribonucleic acid
RT-qPCR  real-time quantitative PCR
swIAV  swine influenza A virus
TBS  tracheobronchial swabs
USW  Udder skin wipes
Woa  weeks of age

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s40813-024-00367-9.

Supplementary Material 1

Acknowledgements
We gratefully thank the participating farmers and veterinarians for their 
valuable support.

Author contributions
Conceptualization: JS, TH, KLJ, MR. Data curation: JS, VS, ME, SZ. Formal 
analysis: JS, SG, SZ, ME. Funding acquisition: JS, KLJ. Investigation: SZ, SG, 
AGR. Methodology: SZ, TH, AGR. Project administration: JS, TH, MR. Resources: 
KLJ. Software: JS, SZ, VS. Supervision: JS, TH, MR. Validation: TH, AGR, ME, VS. 
Visualization: JS, VS, ME. Writing– original draft: JS, SG, ME, VS. All authors read 
and approved the final manuscript.

Funding
This study was financially supported by Ceva Tiergesundheit GmbH, Germany. 
The funding body had no role in data collection and analysis, decision to 
publish, or preparation of the manuscript.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
The sampling protocol and procedures were approved by the Ethic 
commission of the LMU Munich, accession number 254-10-02-2021. 
Participation in the study was voluntary, and consent was given by the farm 
owners to use both the study samples and the data for the study. Farm 
owners were not reimbursed but received the results of the laboratory tests 
obtained for their farm free of charge.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Clinic for Swine, Centre for Clinical Veterinary Medicine, Ludwig-
Maximilians-Universität München, Oberschleißheim, Germany
2CEVA Tiergesundheit, Duesseldorf,, Germany
3Institute of Diagnostic Virology, Friedrich-Loeffler-Institut, Greifswald-
Insel Riems, Germany
4Department of Epidemiology, Biostatistics and Economics of Animal 
Production, School of Veterinary Medicine, University of Thessaly,  
43132 Karditsa, Greece

Received: 17 January 2024 / Accepted: 28 March 2024

References
1. Brookes SM, Nunez A, Choudhury B, Matrosovich M, Essen SC, Clifford D, 

Slomka MJ, Kuntz-Simon G, Garcon F, Nash B, Hanna A, Heegaard PMH, 
Queguiner S, Chiapponi C, Bublot M, Garcia JM, Gardner R, Foni E, Loeffen W, 
Larsen L, Van Reeth K, Banks J, Irvine RM, Brown IH. Replication, pathogenesis 
and transmission of pandemic (H1N1) 2009 virus in non-immune pigs. PLoS 
ONE. 2010;5(2):1–9. https://doi.org/10.1371/journal.pone.0009068.

2. Grøntvedt CA, Er C, Gjerset B, Germundsson A, Framstad T, Brun E, Jorgensen 
A, Lium B. Clinical impact of infection with pandemic influenza (H1N1) 2009 
virus in naive nucleus and multiplier pig herds in Norway. Influenza Res Treat. 
2011;2011:1–6. https://doi.org/10.1155/2011/163745.

3. Gumbert S, Froehlich S, Rieger A, Stadler J, Ritzmann M, Zoels S. Reproductive 
performance of pandemic influenza a virus infected sow herds before and 
after implementation of a vaccine against the influenza A (H1N1) pdm09 
virus. Porcine Health Manag. 2020;6(1):1–9.

4. Freidl GS, Meijer A, de Bruin E, de Nardi M, Munoz O, Capua I, Breed AC, Harris 
K, Hill A, Kosmider R. Influenza at the animal–human interface: a review of 
the literature for virological evidence of human infection with swine or avian 
influenza viruses other than a (H5N1). Eurosurveillance. 2014;19(18).

5. Er C, Lium B, Tavornpanich S, Hofmo PO, Forberg H, Hauge AG, Grøntvedt 
CA, Framstad T, Brun E. Adverse effects of Influenza A(H1N1)pdm09 virus 
infection on growth performance of Norwegian pigs - a longitudinal study at 
a boar testing station. BMC Vet Res. 2014;10(1):284. https://doi.org/10.1186/
s12917-014-0284-6.

6. Ma W. Swine influenza virus: current status and challenge. Virus Res. 
2020;288:198118. https://doi.org/10.1016/j.virusres.2020.198118.

7. Hennig C, Graaf A, Petric PP, Graf L, Schwemmle M, Beer M, Harder T. Are 
pigs overestimated as a source of zoonotic influenza viruses? Porcine Health 
Manag. 2022;8(1):1–12.

8. Ryt-Hansen P, Krog JS, Breum S, Hjulsager CK, Pedersen AG, Trebbien R, Larsen 
LE. Co-circulation of multiple influenza a reassortants in swine harboring 

https://doi.org/10.1186/s40813-024-00367-9
https://doi.org/10.1186/s40813-024-00367-9
https://doi.org/10.1371/journal.pone.0009068
https://doi.org/10.1155/2011/163745
https://doi.org/10.1186/s12917-014-0284-6
https://doi.org/10.1186/s12917-014-0284-6
https://doi.org/10.1016/j.virusres.2020.198118


Page 12 of 13Stadler et al. Porcine Health Management           (2024) 10:19 

genes from seasonal human and swine influenza viruses. Elife. 2021;10. 
https://doi.org/10.7554/eLife.60940.

9. Bhatta T, Ryt-Hansen P, Nielsen J, Larsen L, Larsen I, Chamings A, Goecke N, 
Alexandersen S. Infection Dynamics of Swine Influenza Virus in a Danish Pig 
Herd reveals recurrent infections with different variants of the H1N2 swine 
influenza a Virus Subtype. Viruses. 2020;12(9):1013. https://doi.org/10.3390/
v12091013.

10. Simon G, Larsen LE, Dürrwald R, Foni E, Harder T, Van Reeth K, Markowska-
Daniel I, Reid SM, Dan A, Maldonado J. European surveillance 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):e115815.

11. Henritzi D, Petric PP, Lewis NS, Graaf A, Pessia A, Starick E, Breithaupt A, Stre-
below G, Luttermann C, Parker LMK. Surveillance of European domestic pig 
populations identifies an emerging reservoir of potentially zoonotic swine 
influenza a viruses. Cell Host Microbe. 2020;28(4):614–27. e6.

12. Zhu J, Jiang Z, Liu J. The matrix gene of pdm/09 H1N1 contributes to 
the pathogenicity and transmissibility of SIV in mammals. Vet Microbiol. 
2021;255:109039. https://doi.org/10.1016/j.vetmic.2021.109039.

13. Zhu H, Zhou B, Fan X, Lam TT, Wang J, Chen A, Chen X, Chen H, Webster RG, 
Webby R, Peiris JS, Smith DK, Guan Y. Novel reassortment of eurasian avian-
like and pandemic/2009 influenza viruses in swine: infectious potential for 
humans. J Virol. 2011;85(20):10432–9. https://doi.org/10.1128/jvi.05352-11.

14. Janke BH, Influenza. A virus infections in swine: Pathogenesis and diagnosis. 
Vet Pathol. 2014;51(2):410–26. https://doi.org/10.1177/0300985813513043.

15. Kubacki J, Fraefel C, Bachofen C. Implementation of next-generation 
sequencing for virus identification in veterinary diagnostic laboratories. J Vet 
Diagn Invest. 2021;33(2):235–47. https://doi.org/10.1177/1040638720982630.

16. Swenson SL, Foni E, Saito T, Brown I. Influenza A virus of swine. In: OiE World 
organisation for animal health, editor. Manual of Diagnostic Tests and Vac-
cines for Terrestrial Animals 2016. 7th ed2015.

17. Ma W, Vincent AL, Lager KM, Janke BH, Henry SC, Rowland RRR, Hesse 
RA, Richt JA. Identification and characterization of a highly virulent triple 
reassortant H1N1 swine influenza virus in the United States. Virus Genes. 
2009;40(1):28–36. https://doi.org/10.1007/s11262-009-0413-7.

18. Van Reeth K, Labarque G, Pensaert M. Serological profiles after consecutive 
experimental infections of pigs with European H1N1, H3N2, and H1N2 swine 
influenza viruses. Viral Immunol. 2006;19(3):373–82.

19. Henritzi D, Zhao N, Starick E, Simon G, Krog JS, Larsen LE, Reid SM, Brown 
IH, Chiapponi C, Foni E. Rapid detection and subtyping of European swine 
influenza viruses in porcine clinical samples by haemagglutinin-and neur-
aminidase‐specific tetra‐and triplex real‐time RT‐PCRs. Influenza Other Respir 
Viruses. 2016;10(6):504–17.

20. Detmer S, Gramer M, Goyal S, Torremorell M, Torrison J. Diagnostics and Sur-
veillance for Swine Influenza. In: Richt JA, Webby RJ, editors. Swine Influenza. 
370. Berlin, Heidelberg: Springer Berlin Heidelberg; 2012. pp. 85–112.

21. Reeth KV, Labarque G, Pensaert M. Serological profiles after Consecutive 
Experimental infections of pigs with European H1N1, H3N2, and H1N2 swine 
influenza viruses. Viral Immunol. 2006;19(3):373–82. https://doi.org/10.1089/
vim.2006.19.373.

22. Unterweger C, Debeerst S, Klingler E, Auer A, Redlberger-Fritz M, Stadler J, 
Pesch S, Lillie-Jaschniski K, Ladinig A. Herausforderungen Bei Der Influ-
enzadiagnostik in Einem Schweinebetrieb– Ein Fallbericht. Tierärztliche 
Praxis Ausgabe G: Großtiere / Nutztiere. 2021;49(06):425–31. https://doi.
org/10.1055/a-1580-6938.

23. Deblanc C, Hervé S, Gorin S, Cador C, Andraud M, Quéguiner S, Barbier N, 
Paboeuf F, Rose N, Simon G. Maternally-derived antibodies do not inhibit 
swine influenza virus replication in piglets but decrease excreted virus 
infectivity and impair post-infectious immune responses. Vet Microbiol. 
2018;216:142–52. https://doi.org/10.1016/j.vetmic.2018.01.019.

24. Landolt GA, Karasin AI, Phillips L, Olsen CW. Comparison of the pathogenesis 
of two genetically different H3N2 influenza a viruses in pigs. J Clin Microbiol. 
2003;41(5):1936–41.

25. Neira V, Rabinowitz P, Rendahl A, Paccha B, Gibbs SG, Torremorell M. Charac-
terization of viral load, viability and persistence of influenza a virus in air and 
on surfaces of swine production facilities. PLoS ONE. 2016;11(1):e0146616.

26. Garrido-Mantilla J, Alvarez J, Culhane M, Nirmala J, Cano JP, Torremorell M. 
Comparison of individual, group and environmental sampling strategies to 
conduct influenza surveillance in pigs. BMC Vet Res. 2019;15(1):1–10.

27. Deffner P, Maurer R, Cvjetković V, Sipos W, Krejci R, Ritzmann M, Eddicks 
M. Cross-sectional study on the in-herd prevalence of Mycoplasma 

hyopneumoniae at different stages of pig production. Vet Rec. 
2022;191(7):e1317. https://doi.org/10.1002/vetr.1317.

28. Spackman E. Avian influenza virus detection and quantitation by 
real-time RT-PCR. Methods Mol Biol. 2014;1161:105–18. https://doi.
org/10.1007/978-1-4939-0758-8_10.

29. Graaf-Rau A, Hennig C, Lillie-Jaschniski K, Koechling M, Stadler J, Boehmer J, 
Ripp U, Pohlmann A, Schwarz BA, Beer M, Harder T. Emergence of swine influ-
enza a virus, porcine respirovirus 1 and swine orthopneumovirus in porcine 
respiratory disease in Germany. Emerg Microbes Infect. 2023;12(2):2239938. 
https://doi.org/10.1080/22221751.2023.2239938.

30. Anderson TK, Macken CA, Lewis NS, Scheuermann RH, Reeth KV, Brown IH, 
Swenson SL, Simon G, Saito T, Berhane Y, Ciacci-Zanella J, Pereda A, Davis 
CT, Donis RO, Webby RJ, Vincent AL. A phylogeny-based global nomencla-
ture System and Automated Annotation Tool for H1 hemagglutinin genes 
from Swine Influenza A viruses. mSphere. 2016;1(6):e00275–16. https://doi.
org/10.1128/mSphere.00275-16.

31. Swenson SL, Vincent LL, Lute BM, Janke BH, Lechtenberg KF, Landgraf 
JG, Schmitt BJ, Kinker DR, McMillen JK. A comparison of diagnostic 
assays for the detection of type a swine influenza virus from nasal 
swabs and lungs. J Vet Diagn Invest. 2001;13(1):36–42. https://doi.
org/10.1177/104063870101300108.

32. Van Reeth K, Vincent AL. Influenza Viruses. In: Zimmerman JJ, Karriker LA, 
Ramirez A, Schwartz KJ, Stevenson GW, Zhang J, editors. Diseases of Swine. 
11th Edition: John Wiley & Sons, Inc.; 2019. pp. 576– 93.

33. Allerson M, Davies P, Gramer M, Torremorell M. Infection Dynamics of Pan-
demic 2009 H1N1 influenza virus in a two-site swine herd. Transbound Emerg 
Dis. 2014;61(6):490–9.

34. Decorte I, Steensels M, Lambrecht B, Cay AB, De Regge N. Detection 
and isolation of swine influenza a virus in spiked oral fluid and samples 
from individually housed, experimentally infected pigs: potential role of 
porcine oral fluid in active influenza a virus surveillance in swine. PLoS ONE. 
2015;10(10):e0139586.

35. Hernandez-Garcia J, Robben N, Magnée D, Eley T, Dennis I, Kayes SM, Thom-
son JR, Tucker AW. The use of oral fluids to monitor key pathogens in porcine 
respiratory disease complex. Porcine Health Manag. 2017;3(1):1–13.

36. Ciuoderis KA, Perez LS, Cardona A, Hernandez-Ortíz JP, Osorio JE. Use of oral 
fluids for efficient monitoring of influenza viruses in swine herds in Colombia. 
Revista Colombiana De Ciencias Pecuarias. 2022;35(3).

37. Romagosa A, Gramer M, Joo HS, Torremorell M. Sensitivity of oral fluids for 
detecting influenza A virus in populations of vaccinated and non-vaccinated 
pigs. Influenza Other Respir Viruses. 2011;6(2):110–8.

38. Chamba Pardo FO, Alba-Casals A, Nerem J, Morrison RB, Puig P, Torremorell 
M. Influenza herd-level prevalence and seasonality in Breed-to-Wean Pig 
Farms in the Midwestern United States. Front Vet Sci. 2017;4:167. https://doi.
org/10.3389/fvets.2017.00167.

39. Ramirez A, Wang C, Prickett JR, Pogranichniy R, Yoon K-J, Main R, Johnson JK, 
Rademacher C, Hoogland M, Hoffmann P. Efficient surveillance of pig popula-
tions using oral fluids. Prev Vet Med. 2012;104(3–4):292–300.

40. Panyasing Y, Goodell C, Kittawornrat A, Wang C, Levis I, Desfresne L, Rauh R, 
Gauger PC, Zhang J, Lin X, Azeem S, Ghorbani-Nezami S, Yoon KJ, Zimmer-
man J. Influenza a Virus Surveillance based on pre-weaning piglet oral fluid 
samples. Transbound Emerg Dis. 2016;63(5):e328–38. https://doi.org/10.1111/
tbed.12307.

41. Goodell CK, Zhang J, Strait E, Harmon K, Patnayak D, Otterson T, Culhane 
M, Christopher-Hennings J, Clement T, Leslie-Steen P, Hesse R, Anderson J, 
Skarbek K, Vincent A, Kitikoon P, Swenson S, Jenkins-Moore M, McGill J, Rauh 
R, Nelson W, O’Connell C, Shah R, Wang C, Main R, Zimmerman JJ. Ring test 
evaluation of the detection of influenza a virus in swine oral fluids by real-
time reverse-transcription polymerase chain reaction and virus isolation. Can 
J Vet Res. 2016;80(1):12–20.

42. Detmer SE, Patnayak DP, Jiang Y, Gramer MR, Goyal SM. Detection of 
Influenza A virus in porcine oral fluid samples. J Veterinary Diagn Investiga-
tion: Official Publication Am Association Veterinary Lab Diagnosticians Inc. 
2011;23(2):241–7. https://doi.org/10.1177/104063871102300207.

43. Anderson BD, Ma M, Xia Y, Wang T, Shu B, Lednicky JA, Ma MJ, Lu J, Gray GC. 
Bioaerosol Sampling in Modern Agriculture: a Novel Approach for emerg-
ing Pathogen Surveillance? J Infect Dis. 2016;214(4):537–45. https://doi.
org/10.1093/infdis/jiw180.

44. Prost K, Kloeze H, Mukhi S, Bozek K, Poljak Z, Mubareka S. Bioaerosol and sur-
face sampling for the surveillance of influenza a virus in swine. Transbound 
Emerg Dis. 2019;66(3):1210–7. https://doi.org/10.1111/tbed.13139.

https://doi.org/10.7554/eLife.60940
https://doi.org/10.3390/v12091013
https://doi.org/10.3390/v12091013
https://doi.org/10.1016/j.vetmic.2021.109039
https://doi.org/10.1128/jvi.05352-11
https://doi.org/10.1177/0300985813513043
https://doi.org/10.1177/1040638720982630
https://doi.org/10.1007/s11262-009-0413-7
https://doi.org/10.1089/vim.2006.19.373
https://doi.org/10.1089/vim.2006.19.373
https://doi.org/10.1055/a-1580-6938
https://doi.org/10.1055/a-1580-6938
https://doi.org/10.1016/j.vetmic.2018.01.019
https://doi.org/10.1002/vetr.1317
https://doi.org/10.1007/978-1-4939-0758-8_10
https://doi.org/10.1007/978-1-4939-0758-8_10
https://doi.org/10.1080/22221751.2023.2239938
https://doi.org/10.1128/mSphere.00275-16
https://doi.org/10.1128/mSphere.00275-16
https://doi.org/10.1177/104063870101300108
https://doi.org/10.1177/104063870101300108
https://doi.org/10.3389/fvets.2017.00167
https://doi.org/10.3389/fvets.2017.00167
https://doi.org/10.1111/tbed.12307
https://doi.org/10.1111/tbed.12307
https://doi.org/10.1177/104063871102300207
https://doi.org/10.1093/infdis/jiw180
https://doi.org/10.1093/infdis/jiw180
https://doi.org/10.1111/tbed.13139


Page 13 of 13Stadler et al. Porcine Health Management           (2024) 10:19 

45. Ferreira JB, Grgić H, Friendship R, Wideman G, Nagy É, Poljak Z. Longitudi-
nal study of influenza a virus circulation in a nursery swine barn. Vet Res. 
2017;48(1):63. https://doi.org/10.1186/s13567-017-0466-x.

46. Lillie-Jaschniski K, Lisgara M, Pileri E, Jardin A, Velazquez E, Köchling M, Albin 
M, Casanovas C, Skampardonis V, Stadler J. A New Sampling Approach for the 
detection of Swine Influenza a Virus on European Sow farms. Veterinary Sci. 
2022;9(7):338.

47. de Lara AC, Garrido-Mantilla J, Lopez-Moreno G, Yang M, Barcellos DE, Tor-
remorell M. Effect of pooling udder skin wipes on the detection of influenza a 
virus in preweaning pigs. J Vet Diagn Invest. 2022;34(1):133–5.

48. Allerson M, Deen J, Detmer SE, Gramer MR, Joo HS, Romagosa A, Torremorell 
M. The impact of maternally derived immunity on influenza a virus transmis-
sion in neonatal pig populations. Vaccine. 2013;31(3):500–5. https://doi.
org/10.1016/j.vaccine.2012.11.023.

49. Almeida MN, Rotto H, Schneider P, Robb C, Zimmerman JJ, Holtkamp DJ, 
Rademacher CJ, Linhares DCL. Collecting oral fluid samples from due-
to-wean litters. Prev Vet Med. 2020;174:104810. https://doi.org/10.1016/j.
prevetmed.2019.104810.

50. Dawson LL, Edwards SA. The effects of flavored rope additives on commercial 
pen-based oral fluid yield in pigs. J Veterinary Behav. 2015;10(3):267–71.

51. Blackie N, de Sousa M. The Use of Garlic Oil for olfactory Enrichment increases 
the Use of ropes in Weaned pigs. Anim (Basel). 2019;9(4). https://doi.
org/10.3390/ani9040148.

52. Henao-Diaz A, Giménez-Lirola L, Magtoto R, Ji J, Zimmerman J. Evaluation 
of three commercial porcine reproductive and respiratory syndrome virus 
(PRRSV) oral fluid antibody ELISAs using samples of known status. Res Vet Sci. 
2019;125:113–8.

53. Zorić JM, Milićević V, Stevančević O, Chiapponi C, Potkonjak A, Stojanac N, 
Kureljušić B, Veljović L, Radosavljević V, Savić B. Phylogenetic analysis of HA 

and na genes of swine influenza viruses in Serbia in 2016–2018. Acta Vet. 
2020;70(1):110–25.

54. Vereecke N, Zwickl S, Gumbert S, Graaf A, Harder T, Ritzmann M, Lillie-Jas-
chniski K, Theuns S, Stadler J. Viral and bacterial profiles in Endemic Influenza 
A Virus Infected Swine herds using Nanopore Metagenomic sequencing on 
Tracheobronchial Swabs. Microbiol Spectr. 2023;11(2):e0009823. https://doi.
org/10.1128/spectrum.00098-23.

55. Smits H, Kiss I, Kovács E, Albert M, Pesch S, Halas M, Lillie-Jaschniski K, editors. 
Comparison of different Influenza sampling methods after a controlled chal-
lenge. 14th European Symposium of Porcine Health Management (ESPHM); 
2023 May 31 - June 2 2023; Thesaloniki, Greece.

56. Harder TC, grosse Beilage E, Lange E, Meiners C, Döhring S, Pesch S, Noé T, 
Grund C, Beer M, Starick E. Expanded cocirculation of stable subtypes, emerg-
ing lineages, and new sporadic reassortants of Porcine Influenza viruses in 
Swine populations in Northwest Germany. J Virol. 2013;87(19):10460–76. 
https://doi.org/10.1128/JVI.00381-13.

57. Lange J, Groth M, Schlegel M, Krumbholz A, Wieczorek K, Ulrich R, Köppen S, 
Schulz K, Appl D, Selbitz HJ, Sauerbrei A, Platzer M, Zell R, Dürrwald R. Reas-
sortants of the pandemic (H1N1) 2009 virus and establishment of a novel 
porcine H1N2 influenza virus, lineage in Germany. Vet Microbiol. 2013;167(3–
4):345–56. https://doi.org/10.1016/j.vetmic.2013.09.024.

58. Corzo CA. Observations regarding influenza A virus shedding in a swine 
breeding farm after mass vaccination. 2012;20(6):283–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1186/s13567-017-0466-x
https://doi.org/10.1016/j.vaccine.2012.11.023
https://doi.org/10.1016/j.vaccine.2012.11.023
https://doi.org/10.1016/j.prevetmed.2019.104810
https://doi.org/10.1016/j.prevetmed.2019.104810
https://doi.org/10.3390/ani9040148
https://doi.org/10.3390/ani9040148
https://doi.org/10.1128/spectrum.00098-23
https://doi.org/10.1128/spectrum.00098-23
https://doi.org/10.1128/JVI.00381-13
https://doi.org/10.1016/j.vetmic.2013.09.024

	Influenza surveillance in pigs: balancing act between broad diagnostic coverage and specific virus characterization
	Abstract
	Background
	Methods
	Farm selection and study design
	Sample collection
	Sample preparation
	Influenza a RT-qPCR
	Subtyping RT-qPCRs


	Statistical analysis
	Multivariable analysis

	Results
	Detection of swIAV by RT-qPCR in the 25 enrolled farms
	Detection of swIAV in different specimen in the 20 RT-qPCR positive farms
	Probability of swIAV detection varies with sample matrix
	Level of agreement between different specimen
	Likelihood of subtyping swIAV strains by multiplex RT-qPCR depends on sample matrix
	Likelihood of detection of swIAV and swIAV subtype characterization varies with age group

	Discussion
	Conclusion
	References


