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Abstract
Influenza A virus (IAV) is a highly contagious pathogen in pigs. Swine IAV (swIAV) infection
causes respiratory disease and is thereby a challenge for animal health, animal welfare and
the production economy. In Europe, the most widespread strategy for controlling swIAV is
implementation of sow vaccination programs, to secure delivery of protective maternally
derived antibodies (MDAs) to the newborn piglets. In this study we report a unique case,
where a persistently swIAV (A/sw/Denmark/P5U4/2016(H1N1)) infected herd experienced
an acute outbreak with a new swIAV subtype (A/sw/Denmark/HB4280U1/2017(H1N2)) and
subsequently decided to implement a mass sow vaccination program. Clinical registrations,
nasal swabs and blood samples were collected from four different batches of pigs before
and after vaccination. Virus isolation, sequencing of the virus strain and hemagglutinin inhibition (HI) tests were performed on samples collected before and during the outbreak and
after implementation of mass sow vaccination. After implementation of the sow mass vaccination, the time of infection was delayed and the viral load significantly decreased. An
increased number of pigs, however, tested positive at two consecutive sampling times indicating prolonged shedding. In addition, a significantly smaller proportion of the 10–12 weeks
old pigs were seropositive by the end of the study, indicating an impaired induction of antibodies against swIAV in the presence of MDAs. Sequencing of the herd strains revealed
major differences in the hemagglutinin gene of the strain isolated before- and during the
acute outbreak despite that, the two strains belonged to the same HA lineage. The HI tests
confirmed a limited degree of cross-reaction between the two strains. Furthermore, the
sequencing results of the hemagglutinin gene obtained before and after implementation of
mass sow vaccination revealed an increased substitution rate and an increase in positively
selected sites in the globular head of the hemagglutinin after vaccination.

Data Availability Statement: All sequencing files
are available from the NCBI Genbank database
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data are within the manuscript and its Supporting
Information files.
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Introduction
Influenza A virus (IAV) in swine (swIAV) is an enzootic virus of swine herds globally. SwIAV
infects the cells of the respiratory tract, inducing clinical signs of respiratory disease and fever
[1–3]. Additionally, IAV impairs the immune system, making the infected pig more susceptible to other pathogens [4–6]. During the last 10–20 years, the pig industry has undergone profound structural changes resulting in a significant increase in herd size and a continuous
movement of pigs between production units. These changes has altered the dynamics of
swIAV from an epizootic disease that resolved in a few weeks to a more enzootic situation
with persistent circulation of the virus in same herds for years due to the continuous exposure
of naïve piglets [7–15]. These changes have emphasized that there is a need for effective control
measures at the herd level, and have resulted in a marked increase in the sales of IAV vaccines.
One of the most used vaccines on the European market is Respiporc FLU3, which is an inactivated, adjuvanted, whole virus trivalent vaccine including the subtypes; Bakum/IDT1769/2003
(H3N2), Haselünne/IDT2617/2003 (H1N1) and Bakum/1832/2000 (H1N2) [16]. This vaccine
is currently used in Danish herds to control infections with H1av- like viruses including H1,
which is the most prevalent subtype found in Denmark [17]. In general, the H1av-like viruses
circulating in Denmark share a high level of genetic identity to the H1av-like viruses circulating in the rest of Europe [18].
As pigs have an impermeable epitheliochorial placenta, newborn piglets depend on immunoglobulins from the sow colostrum for protection against infections during the first weeks of
life [19]. Sow vaccination is therefore a widely used strategy for the prevention of many porcine pathogens. However, recent reports indicate that the impact of MDAs may be more
complex than previously perceived [8,20–25]. Described examples of “unwanted" effects of
MDAs include impaired/delayed development of immunity, prolonged shedding periods, an
increased risk of enzootic IAV infection at the herd level and vaccine associated enhanced
respiratory disease (VAERD) [8,20,21,25–28].
The high mutation rate of RNA viruses enable them to rapidly evolve variants with a better
fitness and/or modified antigenicity, capable of evading the immune system [29,30]. The surface protein hemagglutinin (HA) of IAV is more variable than the other viral proteins, consistent with the fact that it is the major target for neutralizing antibodies [31–34]. Especially
mutations in the globular head of the hemagglutinin protein, which includes the receptor
binding site for host cell entry and five specific antigenic sites/epitopes (Sa, Sb, Ca1, Ca2 and
Cb) have been shown to modify the binding of neutralizing antibodies [35–39].
The continuous circulation of a huge variety of antigenically distinct variants of swIAV provides a significant challenge for the control of swIAV, because herd immunity may be compromised by introduction of new strains and/or by emergence of antigenically different variants
within the herd. There is, however, a lack of controlled field studies on the swIAV dynamics in
these herds.
A Danish sow herd that had been persistently infected with a swIAV of the H1avN1 subtype
for years suddenly experienced an acute outbreak involving an H1avN2sw strain. By a co-incidence, this herd was included in another project and therefore we were able to perform a prospective study including observations and samplings both prior to, during, and after the
outbreak. The aim of the study was to examine the clinical impact, the viral dynamics, as well
as the genetic and antigenic variability of circulating strains prior to, during and after the acute
outbreak. Following the acute outbreak, the herd decided to start a mass sow vaccination program, and therefore the study was extended to include exploration of the effects of a mass sow
vaccination initiated during an acute outbreak.
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Materials and methods
Ethical statement
The study was carried out in strict accordance with the guidelines of the Good Experimental
Practices (GEP) standard adopted by the European Union, and all experimental procedures
were performed in accordance with the recommendations provided by the National Veterinary Institute of Denmark. All samples were collected by a trained veterinarian and with the
farmers consent. The Danish authorities do not require a specific license to obtain diagnostic
samples in field settings according to the legislation LBK no. 474 of 15/05/2014.

Herd
The herd was located in the northwestern part of Jutland, Denmark and had 600 sows with a
main production of 30 kilos pigs and a small production of finisher pigs. The herd had a
known health status according to the Danish Specific Pathogen Free program [40] termed
“Blue SPF + AP2 + PRRS Type 1”, indicating that the herd was serologically positive for Actinobacillus pleuropneumoniae type 2 and PRRSv type 1. However, both of these pathogens were
under control. In addition, the health status specified that herd was declared free from Mycoplasma hyopneumoniae, Brachyspira hyodysenteriae, Pasteurella multocida, Haematopinus suis
and Sarcoptes scabiei var. suis. The herd bought all new gilts from an external source, which
had an identical health status. The replacement rate of the sows was approx. 50%/year. All piglets were weaned batch-wise at four weeks of age and placed in empty nursery stables where
they were allocated to pens according to size. The herd had four farrowing stables and ten
nursery stables. All stables were washed with high pressure and disinfected using hydrated
lime between batches. No strict “all in all out” flow of pigs was maintained in any of the
stables.

Study design and sampling
As it was the plan to include the herd in another IAV study [41], it was screened for the presence of swIAV in December 2016. At the screening, 30 nasal swabs were collected which
included five nasal swabs obtained from one-week-old piglets (farrowing unit), five nasal
swabs of three-week-old piglets (farrowing unit), 10 nasal swabs from five-week-old weaners
(nursery) and 10 nasal swabs from 9-week-old weaners (nursery).
In February 2017, the herd veterinarian reported an increase in respiratory problems in the
farrowing unit, and increased secondary bacterial infections in nursery pigs. The 1st round of
sampling was carried out from March to June 2017. The sampling round included four batches
of sows with farrowing dates one-week apart. At farrowing, five piglets born from each sow
were ear-tagged. Nasal swabs were collected from the ear-tagged pigs at week 1, 3, 5 and 10–12
and blood samples were collected at week 3 and at weeks 10–12. The exact same study design
was conducted for the 2nd round of sampling, which was carried out from May to August 2017
after implementation of mass sow vaccination with Respiporc Flu13 (IDT Biologika GmbH,
Dessau-Rosslau, Germany) (Fig 1A and 1B). All sows with farrowing dates from May and
onwards were vaccinated for the first time in the third week of March, and for the second time
three weeks later. To avoid a mix of unvaccinated and vaccinated sows in the farrowing unit
for the 2nd sampling, the first batch of sows included farrowed the last week of May, five weeks
after their 2nd vaccination. The following sow batches were thereby six, seven and eight weeks
post 2nd vaccination. All sows of the 1st and 2nd sampling round were randomly selected. A
timeline showing the different sampling rounds in relation to IAV occurrence and vaccination
is presented in Fig 1A.
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Fig 1. Overview on the timeline of the study in relation to IAV occurrence and vaccination (1A) and the study design (1B).
https://doi.org/10.1371/journal.pone.0224854.g001

Blood samples and nasal swabs were collected from the sows and the piglets at different
time points according to Fig 1B. Between two-five ml of blood were collected, using a vacutainer serum tube (Becton Dickinson, Denmark), from sows and piglets in vena jugularis and
vena cava cranialis respectively. The blood samples were kept at 5˚C for a maximum of 2 days.
Subsequently, the samples were centrifuged at 3000rpm for 10 minutes, and the serum stored
at -20 ˚C until test.
The nasal swabs were collected with a small or large rayon swab (Medical Wire, UK)
according to the size of the animal. The swab was inserted and turned 360 degrees in both nostrils of each pig, and then immersed into the Sigma Virocult media (MWE, England). The
samples were kept at 5˚ C for a maximum of 2 days until pooling and RNA extraction.
Extracted RNA was kept at -80 ˚C until use.

Clinical registrations
The clinical registrations were performed as previously described [41]. Briefly, a coughing
index for the pen including minimum one ear tagged pig was calculated and individual clinical
signs including dyspnea, lacrimation, nasal discharge, conjunctivitis, fecal soiling, body condition, limping and hernia were recorded for ear-tagged pigs.

Pooling of nasal swabs, RNA extraction and quantitative real time RT-PCR
The pooling, RNA extraction and quantitative real time RT-PCR was performed as previously
described [41]. Briefly, the nasal swabs were pooled litter-wise for the piglets and batch-wise
for the sows. RNA was extracted from the pools using the RNeasy mini kit automated on the
QIAcube (QIAGEN) using the large sample protocol version 2. For each extraction swIAV
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positive and negative controls were included. Following extraction, five μL of RNA was used as
a template in a previously published quantitative real time RT-PCR assay targeting the matrix
gene influenza A [42], for determining if a pool was positive for IAV. Samples with a Ct value
<36 was considered positive. If a pool was positive, the RNA was extracted from the individual
samples and then tested by quantitative real time RT-PCR as described above. The positive
individual samples with a Ct value <31 were tested in a previously described multiplex quantitative real time RT-PCR [41], to determine the IAV subtype. Samples with a Ct value <31
was considered positive in the given HA and NA assay included in the multiplex real time
RT-PCR.

Viral isolation and sequencing
At least one positive individual sample of each batch with a Ct value < 31 were chosen for
PCR amplification of the HA and NA genes followed by Sanger sequencing as previously
described [43]. In addition, the sample with the lowest Ct value from the initial screening and
five samples with the lowest Ct value from the 1st and 2nd sampling round were chosen for isolation in Madin-Darby Canine Kidney (MDCK) cells and sequenced on the Illumina Miseq
platform as previously described [43].

Analyses of the viral sequences
The generation of consensus nucleotide and amino acid sequences of the Sanger’s sequencing
data and the Illumina sequence data was performed as previously described [43] using the program CLC Main Workbench version 8 for the Sanger sequencing reads and CLC Genomics
Workbench version 11.0.1 for the Illumina reads. All sequences are available in NCBI Genbank with the following accession numbers: MN410726-MN410785 (Sanger sequences) and
MN410796-MN410883 (Illumina sequences).
The consensus nucleotide- and amino acid-sequence of each gene (HA, NA, M, NP, NS,
PB1, PB2 and PA) derived from the Sanger and Illumina sequencing were aligned using the
MUSCLE algorithm [44] in CLC Main Workbench version 8. The subtype(s) of the IAV
strain circulating in the herd were determined by constructing a phylogenetic tree (using
neighbor joining) that included both contemporary HA and NA sequences, obtained in
the Danish annual swine IAV surveillance, and also the HA and NA sequences from the
present study, aligned using MUSCLE. Thereafter, the location of known antigenic sites
(Sa, Sb, Ca1, Ca2 and Cb) of the H1 gene [35,37,38,45,46] were identified in the HA
amino acid alignment of the present study, and examined manually for differences/mutations. For the remaining genes a BLAST analysis was performed against NCBI Genbank
[47] to determine the closest sequence match and thereby the origin (avian or pandemic).
Finally, the sequences were subjected to pairwise comparison, to reveal the overall sequence
identity among sequences of the different samplings (screening and 1st and 2nd sampling
rounds) and to the HA protein of the vaccine strain representing the lineage circulating in
the herd.
Viral evolution of the HA gene. We used programs from the software package BEAST2
version 2.5.2 [48] to estimate the substitution rate for the HA gene both before vaccination
(during the 1st sampling round) and after mass sow vaccination (during the 2nd sampling
round). Specifically, the substitution model was specified to be HKY with gamma distributed
rates over sites, with a strict clock model, and using tip dates (sampling dates). The following
priors were specified: The tree model was set to “Birth Death Skyline Serial”, which is used
when lineages are sampled sequentially through time. The reproduction number was set to be
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between 0 and 10 with a log normal distrubution. The “BecomeUninfectiousRate” was estimated to be approximately 52 per year (corresponding to an average time being infectious of 1
week) with a log normal distribution and CI95% = [44.4–224]. The clock rate was set as a log
normal distribution with a mean value of 0.001 and, which is estimated to be substitution rate
of RNA viruses, with a CI95% = [3.95 x 10−5–0.005]. The gamma shape prior and the kappa
prior were left at the default values. A gamma distribution of the “origin prior” was chosen
with an alpha value of 0.5 and a beta value of 2. Lastly, the sampling proportion prior was set
to a log normal distribution with a mean value of 0.001 and CI95% = [3.95 x 10−5–0.005]. The
chain length was set to 10.000.000 with a log every 1000, and the MCMC was run twice. The
program BEAUti2 [48] was used to set up the analysis, and Tracer version 1.7.1 [49] was used
to inspect the results and check for convergence of the MCMC runs.
The program CODEML in the program package PAML [50] was used to investigate
whether there were positively selected sites in the two datasets. Specifically, we did this by comparing the fits of CODEML’s Model 1a (M1a) and Model 2a (M2a) (NSsites = 1 and 2). In
these models, selection is quantified using the dN/dS ratio (the ratio between the rate of nonsilent substitutions per non-silent site and the rate of synonymous substitutions per synonymous site). A dN/dS ratio larger than 1 indicates the presence of positive selection (there are
more amino-acid changing substitutions than expected for random reasons). M1a is a twoparameter model, which assumes two classes of codons, one class with negatively selected sites
(dN/dS < 1) and one with neutral sites (dN/dS = 1), whereas M2a is a three-parameter model,
which includes an additional class of positively selected sites (dN/dS > 1) [51]. If M2a fits the
data significantly better than M1a (given the extra parameters in the model), then this is statistical evidence for the presence of positive selection in some codons. The Bayes Empirical Bayes
(BEB) procedure [52] implemented in CODEML, was used to identify which sites that were
positively selected. Model fits were compared using the Akaike Information Criterion (AIC),
and Akaike weights, and also using likelihood ratio tests [53,54]. Moreover, an additional
CODEML analysis, was used to determine the average global dN/dS (ω) value for the HA
genes (NSsites = 0)[51,55].
We also used the program MrBayes [56] to estimate both clock rates and the presence of
positively selected sites simultaneously. Specifically the codon model with gamma distributed
rates was specified as: lset nucmodel = codon omegavar = ny98 rates = gamma, and report
possel = yes site omega = yes. Node Dating was specified using the function “calibrate” to add
a fixed sampling time to each sequence. The following priors were set for each data set: prset
brlenspr = clock:uniform clockratepr = normal treeagepr = truncatednormal nodeagepr = calibrated. The data analysis was performed using two parallel runs for 3.000.000 generations with
a sample frequency of 600. The phylogenetic tree was inferred in a Bayesian framework and
with MCMC sampling of posterior probabilities. Tracer version 1.7.1 [49] was used to inspect
results and check for convergence of the two MCMC runs. Tree visualization was performed
using FigTree version 1.4.4 [57]

Influenza ELISA
All blood samples were tested for antibodies against all Influenza A types using a commercially
available blocking ELISA (IDEXX; Influenza A Ab Test; IDEXX Laboratories, Inc.). This test
targets a conserved epitope in the nucleoprotein (NP) of influenza A virus. The OD values of
the samples were divided by the OD value of the negative control to determine the S/N ratios.
Samples were regarded as positive if they had an S/N ratio <0.6 and negative if it had an S/N
ration �0.6.
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Hemagglutinin inhibition (HI)-test
Following analysis of the full genome sequences obtained from the viral isolates, one viral isolate from each sampling (screening, 1st sampling and 2nd sampling), were selected for the use
in the HI-tests. The HI-tests were performed to determine the specific antibody titers of the
sows included in the 1st and 2nd sampling rounds, against the three different viral strains of the
study: the enzootic IAV strain found at the screening test “P5-U4” (A/sw/Denmark/P5U4/
2016(H1N1): accession no. for HA; MN410806) and two different variants of the epizootic
IAV strain–“HB4” (A/sw/Denmark/HB4280U1/2017(H1N2): accession no. for HA;
MN410800) isolated before and “VB4” (A/sw/Denmark/VB4379U3/2017(H1N2): accession
no. for HA; MN410805) isolated after the implementation of mass sow vaccination. To test if
the vaccinated sows had indeed been vaccinated, an additional HI-test was performed including an H3N2 isolate, similar to the H3N2sw included in the vaccine. Immune sera raised
against Respiporc FLU 3 and against the H1N1 component of the vaccine was used as controls.
First, a hemagglutination (HA) test was performed to determine the HA titer of each viral isolate, and four HA-units (HAU) of the viral isolates were used as antigen for the HI-test. The
sera were inactivated at 56˚C for 30 minutes and then treated with receptor-destroying enzyme
(RDE). Then, the sera were mixed with 50% erythrocytes to remove specific inhibitors of haemagglutination and agglutination factors. Two-fold serum dilutions were tested against the
four isolates, starting at a dilution of 1:20 followed by the addition of 0.6% guinea pig red
blood cells. The titers were expressed as the reciprocal of the highest dilution of serum inhibiting the four HAU, and subjected to log2 transformation for statistical analysis. The average
mean log2 values were subsequently converted back to average HI-titers. An HI-titer <20
were considered negative.

Statistics
For each sampling round, a statistical analysis was performed comparing the prevalence of
IAV-positive and IAV-negative individuals at each sampling time (weeks 1, 3, 5 and 10–12)
with the presence of one of the clinical signs registered at the individual level using a Pearson’s
Chi squared Test. The same test was performed for comparing a difference in prevalence of
seropositive and seronegative pigs at week 3 and week 10–12 between the two sampling
rounds.
For an overall statistical comparison of means from the normally distributed data (CI, HItiter, substitution rate and omega values etc.) a Student’s t-Test was performed comparing
both IAV positive and negative pigs and comparing the results of the 1st and 2nd sampling
round [58].
All statistical analysis and graphs were completed using GraphPad Software [58] and
Microsoft Excel. P-values below 0.05 were considered statistically significant.

Results
The initial plan was to include the herd in another study describing the swIAV dynamics in
enzootic infected herds, and therefore screening samples were obtained in December 2016.
The collection of screening samples provided us with the enzootic H1avN1 strain for comparison to the epizootic H1N2sw strain, which was introduced in the herd around February 2017.
In total, 30 screening samples were collected from two different age groups in the farrowing
and nursery unit, respectively. At the 1st and 2nd sampling round 16 sows and 80 ear-tagged
pigs were included, respectively. The number of ear-tagged pigs varied slightly between samplings due to mortality or ability to locate the ear-tagged pigs (Table 1).
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Table 1. Number of pigs testing positive for IAV in nasal swabs in the different batches at week 1, 3, 5 and 10–12 during the 1st and 2nd sampling.
Batch 1
Sampling:

1st

Batch 2
2nd

1st

Batch 3
2nd

1st

Batch 4

Total

2nd

1st

2nd

1st

2nd

Week 1

16/20

4/19

12/19

0/20

9/18

3/19

19/19

0/17

56/76

7/75

Week 3

0/18

4/18

0/19

15/20

0/17

6/18

1/19

7/15

1/73

32/71

Week 5

0/18

8/18

0/19

4/20

0/18

14/19

0/19

14/17

0/74

40/74

Week 10–12

0/17

1/18

0/18

3/19

0/14

2/19

0/18

5/16

0/67

11/72

The values are given as the number of pigs testing positive of IAV in nasal swabs out of the total number of pigs sampled at the given sampling time.
https://doi.org/10.1371/journal.pone.0224854.t001

IAV at the screening test
At the screening test in December 2016, the three- and five-weeks old pigs tested positive for
IAV in nasal swabs, while the one-week old piglets and nine-week old weaners were negative.

IAV and IAV antibodies– 1st sampling round (before mass sow
vaccination)
Test of serum for antibodies against IAV by ELISA revealed that all of the sows of the four
batches were seropositive two weeks before farrowing (Fig 2A). In total, 81% of the three-week
old piglets were seropositive, whereas the number of seropositive piglets decreased to 31% at
week 10–12 (Fig 2A).
At week 1, 73.7% of all the piglets tested positive for IAV in nasal swabs (Fig 2A). One of
these piglets also tested positive at week 3, but the remaining pigs were negative for IAV at
weeks 3, 5 or 10–12 (Table 1). Detailed results on viral shedding and antibody status of each
individual sow and ear-tagged pig are available in S1 table.

IAV and IAV antibodies—2nd sampling round (after mass sow vaccination)
Test of serum for antibodies against IAV by ELISA revealed that all of the sows in the four
batches were seropositive two weeks before farrowing and that 82.3% of the three-week old
piglets were seropositive. Conversely, a significantly lower (p = 0.006) number of 10–12 weekold-pigs were seropositive in the 2nd sampling round compared the 1st sampling round (31%).
After vaccination, the number of pigs that tested positive for IAV in nasal swabs at week 1 was
significantly reduced (p <0.001) as only 9.3% were positive (Fig 2B). However, compared to
the 1st sampling round, a significant increased (p <0.001) number of IAV positive pigs at the
subsequent three samplings were observed (week 3, 5 and 10–12), since 45.1%, 54% and 15.3%
of the pigs tested positive for IAV in nasal swabs at week 3, 5 and 10–12, respectively (Fig 2B
and Table 1). Detailed results of viral shedding and antibody status of each individual sow and
ear-tagged pig are available in S1 table.

Differences in viral shedding between the 1st and 2nd sampling rounds
The comparisons of the total number of individual pigs that were infected at least once during
the study period, the number of pigs that tested positive at two consecutive sampling times,
which we defined as “prolonged shedders” and the average Ct value at the different sampling
times are shown in Table 2. No statistical significant difference was observed in the total percentage of pigs being infected at least once during the study period between the 1st and 2nd
sampling rounds. However, a statistical significant increased number of “prolonged shedders”
(p <0.001) was observed at the 2nd sampling round after the implementation of mass sow vaccination. Moreover, a marked significant difference (p <0.0001) was identified in the average
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Fig 2. The percentage of seropositive sows and pigs and the summed percentage of the number of pigs testing positive for IAV in nasal
swabs at the 1st (2A) and 2nd (2B) sampling round. The columns shows the percentage of seropositive sow and pigs. The blood samples were
collected 2 weeks before farrowing from the sows and at week 3 and week 10–12 from the pigs born from the sampled sows. The red line show
the summed percentage of pigs at each sampling time (week 1, 3, 5 and 10–12) testing positive for IAV in nasal swabs. “2A” presents the results
of the 1st sampling round (before mass sow vaccination), and “2B” presents the results of the 2nd sampling (after mass sow vaccination).
https://doi.org/10.1371/journal.pone.0224854.g002

Ct values between the two sampling rounds, indicating a significant decrease in viral shedding
after implementation of the mass sow vaccination program.

Clinical signs
The average coughing index (CI) for the IAV positive and negative litters/pens at the different
sampling times and the presence of nasal discharge at the different sampling times compared
to the number of pigs testing positive or negative for IAV are shown for the 1st and 2nd sampling rounds in Tables 3 and 4, respectively. No correlation was observed between the CI and
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Table 2. Prolonged shedders, total number of infected individuals and Ct values of the 1st and 2nd sampling.
1st sampling

2nd sampling

No. of prolonged shedders

1.8% (1/56)

28.3% (17/60)

No. of infected individuals

73.7% (56/76)

80% (60/75)

0.467
0.0014

P-value
<0.001

Average Ct value:
Week 1

16.7–34.2 (25.4)

28.9–34.5 (31.3)

Week 3

20.92�

19.1–35.8 (30.7)

-�

Week 5

-

21.9–35.5 (31.9)

-

Week 10–12

-

23.7–34.4 (32)

Total:

16.7–34.2 (25.11)

19.1–35.8 (31.3)

<0.0001

The percentage of prolonged shedders is calculated based on the total number IAV positive pigs during the study.
The total percentage of infected pigs during the study is calculated compared to the number of pigs at the beginning
of the study. The range of Ct values obtained from the individual pigs is given for each sampling time, and the mean
Ct value for each sampling time is provided in the parentheses.
�

In the 1st sampling round only one pig was positive at week 3 and therefore no range of Ct values are available and

no p-value for the differences between the 1st and 2nd sampling could be estimated.
https://doi.org/10.1371/journal.pone.0224854.t002

the number of pigs with nasal discharge and the presence of IAV at the 1st sampling. Conversely, a significant correlation was seen between the presence of IAV and an increased
coughing index at week 1, week 5 and over all samplings in the 2nd sampling round. Moreover,
a significant correlation between the presence of IAV and nasal discharge was seen at week 1
Table 3. Differences in mean coughing index between the 1st and 2nd sampling round.
Week 1
1st

Sampling round:

Week 3
2nd

1st

Week 5
2nd

�

Week 10–12

1st

Virus positive:

0.14

0.13

1.14

0.37

SD:

0.1

0.11

0

0.19

Virus negative:

0.12

0.07

0.6

0.47

SD

0

0.06

0.38

0.4

p-value

0.77

0.06

n/a

0.50

2nd

-

1st
0.23

Total
2nd

-

0.02

0.2
0.17

0.08
0.05

2nd
0.2

0.23

0.01
0.05

0.1
-

1st

0.03

0.21
0.27

0.09

0.03
-

0.51

0.18
0.49

0.0008

The p-value describes if a significant difference in the average coughing index was observed between virus positive and virus negative litters during the first and second
sampling respectively.
�

only one registration as only one litter was positive and therefore no p-value has been included for this sampling.

https://doi.org/10.1371/journal.pone.0224854.t003

Table 4. Differences in the number of IAV positive and negative animals with nasal discharge between the 1st and 2nd sampling.
Week 1
st

Week 3
nd

Sampling round:

1

Virus positive:

60.7% (34/56)

85.7% (6/7)

Virus negative:

80% (16/20)

39.7% (27/68)

p-value

0.2

0.05

2

Total�

Week 5
2

1

2

1st

2nd

100% (1/1)

71.9% (23/32)

0% (0/0)

85% (34/40)

61.4% (35/57)

79.7% (63/79)

66% (48/72)

74.4% (29/39)

66% (49/74)

67.5% (23/34)

68% (113/166)

56% (79/141)

0.71

0.97

-

0.14

0.45

0.001

1

st

nd

st

nd

The parentages gives the number of pigs with nasal discharge out of the total number of positive or negative pigs.
�

Week 10–12 were not included as nasal discharge was difficult to evaluate when using a nasal wire to restrain the pigs.

https://doi.org/10.1371/journal.pone.0224854.t004
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and over all samplings in the 2nd sampling round. No significant correlations between IAV
and the presence of dyspnea, lacrimation, conjunctivitis, fecal soiling, body condition, limping
and hernia were revealed in any of the sampling rounds.

Subtyping and strain-characterization—Screening test (the enzootic IAV)
The results of the multiplex real time RT-PCR tests revealed that all the samples obtained at
the time of the screening test were the H1avN1 subtype. This was consistent with the phylogenetic analyses of the HA and NA consensus sequences. The BLAST results revealed that all
the internal genes were of avian-like H1Nx origin. The same subtype had been identified in
the herd earlier trough diagnostic samples obtained by the herd veterinarian (personal
communication).

Subtyping and strain-characterization—1st sampling round (before mass
sow vaccination)
The multiplex PCR tests revealed that all the samples obtained during the 1st sampling round,
prior to mass-vaccination, belonged to the H1avN2sw subtype. This was in accordance with
the HA and NA consensus sequences derived from the Illumina and Sanger’s sequencing. The
BLAST analysis of the internal genes revealed that the M, NP, PB1, PB2 and PA gene originated from the H1N1pdm09 subtype, whereas the NS gene were of avian-like H1Nx origin. A
pairwise comparison of all HA sequences (n = 18) obtained from pigs sampled before vaccination revealed a close identity with 0–6 nucleotide differences corresponding to a sequence
identity of 99.62–100%. The comparison also included two HA consensus sequences derived
from the same pigs at two different sampling times (weeks 1 and 3), indicating that the pigs
tested positive for the same strain for minimum two weeks. The full length of the HA protein
was not obtained from all of the HA consensus sequences and therefore 21 nucleotides corresponding to seven amino acids were removed from the 5’end the all of the HA consensus
sequences before further analysis. The HA proteins obtained from the 1st sampling round were
aligned with the avian HA protein of the vaccine strain (Haselünne/IDT2617/2003, accession
number: GQ161124), and the pairwise comparison revealed 91% amino acid identity, with several amino acid differences in antigenic sites (Fig 3).

Subtyping and strain-characterization—2nd sampling round (after mass
sow vaccination)
The multiplex PCR revealed that all the positive samples obtained from the 2nd sampling
round were of the H1avN2sw subtype. This result was consistent with the HA and NA consensus sequences derived from the Illumina and Sanger’s sequencing. Equal to the 1st sampling,
the BLAST analysis of the internal genes revealed that the M, NP, PB1, PB2 and PA gene were
of H1NXpdm09 origin, whereas the NS gene were of avian-like H1Nx origin. A pairwise comparison of all HA sequences (n = 19) from pigs sampled after vaccination revealed a close identity with 0–15 nucleotide differences corresponding to a sequence identity of 99–100%. The
comparison also included seven HA consensus sequences derived from the same three pigs at
two-three different sampling times, revealing that these pigs were positive for the same strain
for two weeks and in some cases (pig 326 and 361) up to seven weeks (S1 table). To ensure an
equal length of the HA sequences 21 nucleotides corresponding to seven amino acids were
trimmed from the 5’end before further analysis.
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Fig 3. Alignment of HA proteins obtained at screening, the 1st and 2nd sampling round and from the vaccine strain (Haselünne/IDT2617/2003
(H1N1)). Dots indicate identical amino acids among the HA proteins, whereas a green background indicates differences between at least one of the four
HA proteins. The colored underlines represent the five antigenic sites Sa (purple), Sb (green), Ca1 (blue), Ca2 (orange) and Cb (red).
https://doi.org/10.1371/journal.pone.0224854.g003

Comparison of HA consensus sequences obtained at the screening test and
during the 1st sampling round
The avian-like HA genes from isolates collected at the screening test and at the 1st sampling
round revealed a sequence identity of 87% at the nucleotide level and 89% at the amino acid
level, which equaled 59–61 amino acid differences. The majority of the differences were present between amino acid Nos. 74–290 (numbering from DTIC), which includes the HA1 part
of the HA gene, that encodes the globular head and contains the receptor binding site for hostcell-entry. Thirteen of the 54 differenes were present in specific antigenic sites (Sa, Sb, Cb, Ca1
and Ca2), including S74N, P124S, D125N, P137S, N142S/R, R155G, R162S, K163R, T164S,
K169Q, G170E, S186R, N195D and E202A (numbering from DTIC). An alignment of HA proteins representing each sampling (screening and 1st and 2nd sampling round) can be visualized
in Fig 3 along with the HA protein of the avian H1N1 vaccine strain (Haselünne/IDT2617/
2003, accession number: GQ161124) covering the H1av component.

Comparison of the HA consensus sequences obtained at the 1st and 2nd
sampling rounds (before and after mass sow vaccination)
Only minor differences were observed between the consensus sequences obtained at the 1st
and 2nd sampling rounds (before and after the implementation of mass sow vaccination). On
the nucleotide level, the HA genes were between 99–100% identical on nucleotide level and
98–100% identical on the amino acid level, corresponding to 0–8 amino acid changes. The
amino acid HA sequences of both the 1st and 2nd sampling round contained a deletion at position 127 and therefore amino acid numbers above 127 would have 1 added to them to correspond to the current H1 numbering, from the DTIC. Some of the amino acid differences
between the sequences obtained from the 1st and 2nd sampling rounds, were in specific antigenic sites (Fig 3) and included S142R (Ca2), which were present in 8/19 sequences from the
2nd sampling, T190A/S/N (Sb) present in 6/19 sequences form the 2nd sampling round and
Q193H (Sb) present in 1/19 sequences from the 2nd sampling round.

Comparisons of NA and the internal genes obtained at the 1st and 2nd
sampling rounds (before and after mass sow vaccination)
The NA gene sequences of the H1avN2sw strain before and after vaccination were between
99–100% identical corresponding to up to 14 nucleotide differences. Amino acid differences
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between isolates from the 1st and 2nd sampling rounds were identified in ten positions, however, the majority of differences were only found in one or two sequences. The similarity of the
remaining genes between the 1st and 2nd sampling rounds varied among genes but was generally high with a maximum of ten nucleotide differences. Only one amino acid difference in the
PB1 gene (V724I) were consistent in all the sequences of the 2nd sampling round compared to
the sequences of the isolates from the 1st sampling round. The number of nucleotide differences and the location of the amino acid differences in the NA- and internal genes are listed in
S2 table.

Viral evolution of the HA gene—1st sampling round (before mass sow
vaccination)
Based on analysis using BEAST, the substitution rate for the HA gene before vaccination was
estimated to be 0.00316 substitutions per site per year (SEM = 0.000032) corresponding to an
average of 5.04 nucleotide substitutions per year for the entire gene (1596 nucleotides long in
this dataset).
CODEML analysis of the 18 HA sequences derived from pigs of the 1st sampling round
(before mass sow vaccination) suggested that positive selection was mostly absent. Thus,
likelihood ratio testing indicated that M2a did not fit the data significantly better than M1a
(p > 0.05). In addition, the Akaike weights for M1a and M2a were 0.63 and 0.37 respectively,
suggesting somewhat higher support for the model without selection. Under model M2a
(which was only weakly supported) there was some evidence for positive selection site at position 203 (probability of being positively selected, Pr+, estimated to be 0.81). The global dN/dS
(ω) value was estimated to be 0.31, i.e., on average the gene is under medium strong negative
selection (the tendency is to conserve the sequence).
The CODEML analysis makes no assumption about the substitution rate being clock-like
(rates are instead free to vary on each branch of the phylogeny). However, since there is evidence that influenza sequences typically do evolve according to a molecular clock, it can be
advantageous to use a model that explicitly makes that assumption (and which will then use
much fewer parameters). We therefore also analyzed the data using MrBayes, and a model
including both a strict clock rate, and a codon-based substitution model for estimating dN/dS
rates (S1 Fig). In agreement with the CODEML analysis, there is weak evidence for positive
selection on position186 (Pr+ = 0.54), with an estimated dN/dS = 1.5. The average dN/dS rates
for the negatively and positively selected sites were estimated to be 0.29 (negatively selected)
and 1.81 (positively selected). Table 5 list estimated dN/dS and Pr+, and also whether the
codon is a known antigenic site, for the codons with most support for being positively selected.

Viral evolution of the HA gene—2nd sampling (after mass sow vaccination)
Using BEAST, the substitution rate for the HA sequences after vaccination was estimated to be
0.00357 substitutions per site per year (SEM = 0.0000176), corresponding to 5.7 nucleotide
substitutions per year for the entire HA gene. This is 12% higher than the rate estimated before
mass sow vaccination (significantly different with p <0.001).
CODEML-based analysis of the 19 HA sequences derived from pigs after vaccination
strongly supported the presence of positive selection. Specifically, the Akaike weight for M1a
and M2a was 0.00035 and 0.9996 respectively, and M2a (which includes a class of positively
selected sites) thus has much higher support than M1a. Under model M2a, positions 159 and
207 showed very strong evidence (>99%) of being positively selected. An additional 9 sites
were identified as being positively selected with a lower probability (<95%) (Table 5). In agreement with these results, the average dN/dS (global ω) value for the entire HA gene was
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Table 5. Identification of positively selected sites of the HA gene by MrBayes and CODEML.
1st sampling round (before vaccination)

2nd sampling round (after vaccination)

Amino acid change:

ω value
Mb/CO

Pr+:
Mb/Co

Antigenic site:

Amino acid change:

ω value
Mb/CO

Pr+
Mb/CO

Antigenic site:

I5V

1.1672

0.3905

-

N-5S

2.1589

0.4676

-

S142R

1.1689

0.3913

Ca2

K-2T

3.2259/7.241

0.7100/0.821

-

R186S

1.4519/4.709

0.5427/0.806

Sb

A-1D

2.5500/4.835

0.5521/0.53

-

A224E

1.1772

0.3952

-

T2A

2.5533/4.99

0.5527/0.548

-

T368P

1.1782

0.3957

-

D84N

2.2352

0.4841

-�

L407M

1.1743

0.3938

-

S142R

4.1941/8.612

0.9715/0.999

Ca2

R186S

3.0122/5.604

0.6562/0.631

Sb

T190N/S/A

4.1222/8.57

0.9431/0.992

Sb

Q193H

2.5254/5.47

0.5469/0.605

Sb

D346N

2.2431

0.4858

-

W348G

2.6210/5.643

0.5674/0.625

-

G360D

2.5860/4.778

0.5600/0.523

-

R403W

2.5194/5.023

0.5456/0.552

-^

R454K

2.4940/4.98

0.5401/0.547

-^

Numbering is based on the HA protein without the signal peptide, thereby initiating the numbering from the amino acids “DTIC”. Due to the deletion at position 144,
values above have been added one. Amino acid positions with a “-”indicates that the change occurred in the sequence prior to “DTIC”. “ω value” gives the dN/dS ratio
for the positive selected sites. “Pr+” gives the probability of the codon being positive selected. “Mb” gives the results of the MrBases analysis. “CO” gives the results of the
CODEML analysis. Antigenic sites were defined as the previously published Sa, Sb, Ca1, Ca2 and Cb sites of H1 [35,36,38,45,46].The codon highlighted in bold are the
codon positions, which were defined as positive selected sites in the both analysis.
�

located in a B-cell epitope identified in H1N1pdm09 [59].
^ located in a T-cell epitope identified in human H1[60].
https://doi.org/10.1371/journal.pone.0224854.t005

estimated to be 0.35, and thereby slightly higher than that of the HA sequences before vaccination (0.31).
Analysis using MrBayes (where the model includes both a constant, clock-like substitution
rate and a codon-based substitution model for estimating dN/dS) supported the conclusions
from the CODEML-based analysis (Table 5 and S2 Fig). Thus, several sites now have support
for being positively selected, with substantially higher estimated dN/dS rates. Specifically, the
estimated dN/dS rates were 0.05 for negatively selected sites and 4.23 for positively selected
sites. The dN/dS value for positive selection was significantly increased (p-value <0.0001)
compared to the dN/dS value identified among the sequences before vaccination. The positively selected sites are presented and compared to the CODEML analysis in Table 5. Six of
the sites were located in previously known antigenic sites or in B-cell or T-cell epitopes, and
included the two codons (159 and 207) which were identified through both analyses, as having
the highest probability of being positively selected.

Hemagglutinin inhibition test (HI-test)
The results of the HI-test of the sow sera from the unvaccinated sows during the 1st sampling
and HI-titers of the vaccinated sows of the 2nd sampling are shown in Fig 4 and S1 table. The
sera was tested against three different virus isolates: P5-U4, which were isolated from one of
the screening samples, HB4 which was isolated from one of the nasal swabs from the 1st sampling, and VB4 isolated from the 2nd sampling round. The VB4 isolate had three amino acid
changes (S159R, T207S and Q210H) compared to the HB4 isolate. For the HB4 isolate, serum
dilutions were only made until 1:640 due to a lack of viral isolate.
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Fig 4. Results of hemagglutination inhibition (HI) test of sow sera collected during the 1st (left) and 2nd (right) sampling round. Each sow sera was tested against
three different virus: P5-U4 (A/sw/Denmark/P5U4/2016(H1N1)) isolated from a pig sampled during the screening; HB4 (A/sw/Denmark/HB4280U1/2017(H1N2))
sampled from a pig during the 1st sampling round and before vaccination and VB4 (A/sw/Denmark/VB4379U3/2017(H1N2)) collected during the 2nd sampling
round after start of mass sow vaccination. Negative samples were samples with a HI titer below 20.
https://doi.org/10.1371/journal.pone.0224854.g004

The results revealed that all of the sows from the 1st sampling round had antibodies that
reacted with the enzootic H1avN1sw strain (P5-U4) (mean log2 = 8.05; mean titer: 266). However, only six of the fifteen sows had antibodies towards the epizootic H1avN2sw strain (HB4)
(mean log2 = 7.98; mean titer: 254) isolated before start of mass vaccination and, similarly,
only four of the fifteen sows had antibodies towards the epizootic H1avN2sw strain (VB4)
(mean log2 = 8.57; mean titer: 381) isolated after mass vaccination. All the vaccinated sows of
the 2nd sampling round reacted with the enzootic H1avN1 (P5-U4) strain, and with a significant (p-value 0.025) higher titer (mean log2 = 9.26/mean titer: 612) than the sows of the 1st
sampling round. Furthermore, an increase in the number of vaccinated sows (11/15) with antibodies reacting against the epizootic strain isolated prior to vaccination (HB2) was observed
along with a higher, but not statistically significant, average titer of 364 (mean log2 = 8.5)
(p = 0.209). Interestingly, only 9 out of 15 of the vaccinated sows reacted against the strain isolated after start of vaccination (VB4) albeit those that reacted had a high mean titer of 275
(mean log2 = 8.1). The sow sera of the vaccinated sows were also tested against an H3N2sw
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strain with high level of genetic similarity to the vaccine strain. The results of this test revealed
that all vaccinated sows reacted against the H3N2 and with very high titers >1280, indicating
that the sows had indeed been vaccinated.

Discussion
In this study, the effect of mass sow vaccination in relation to an outbreak with a new swIAV
strain in a previously persistently infected herd was investigated. A unique dataset was collected before, during and after the outbreak. Samples collected during the acute outbreak
revealed that the infections with IAV solely occurred in the farrowing unit, with the vast
majority of piglets being infected at week 1. This infection pattern clearly changed during the
2nd sampling round, which was conducted after the implementation of mass sow vaccination.
A clear delay in onset of infection was observed, as very few piglets were infected at week 1.
However, at week 3, almost 50% of the piglets were positive for IAV in nasal swabs, resulting
in a high number of IAV positive piglets at weaning. At weaning (week 4), the piglets were
mixed into the nursery, providing new naïve individuals for infection, which was most likely
the reason for the peak of infection observed at week 5. The presence of IAV circulation in the
nursery unit resulted in the presence of IAV positive pigs at the end of the nursery period,
which increased the risk of IAV being transferred into the finisher unit. It should be noted that
as the RNA concentration was not measured prior to performing the real time RT-PCR, and
there was a risk of pigs testing false negative for IAV. However, the marked difference in the
infection pattern between the 1st and 2nd sampling rounds would still be evident. The delayed
infection time and the significantly lower viral load observed in the pigs after mass sow vaccination, suggested that the vaccine provided some level of protection through the transfer of
MDAs to the piglets. However, as previously described, the presence of MDA at the time of
infection can increase the individual shedding time [8,21,61]. Indeed, a marked increase in
numbers of prolonged shedders, after the use of mass sow vaccination, was observed in this
study. This increase in prolonged shedders and the delay in infection time resulted in a higher
number of IAV positive pigs being moved around the production system, consequently
spreading the IAV to all age groups present in the herd. This observation supports the modeling performed by Cador et al. [20] who concluded that the presence of MDA would extend the
IAV persistence within the herd. Another consequence of the presence of MDA at the time of
IAV infection can be a suppressed active immune response, which has been described by several studies both in regards to neutralizing antibodies, IgG, IgA and the T-cell responses
[21,25–27]. In this study, it was observed that significantly fewer pigs were seropositive at
weeks 10–12 from the 2nd sampling (after mass sow vaccination) compared to the 1st sampling
(before mass sow vaccination), suggesting that the presence of MDAs, also in this study,
impaired the development of antibodies. The study did not provide data to elucidate if these
seronegative pigs are protected against subsequent infection with the same IAV strain despite
the lack of measurable antibodies or if they have developed a sufficient memory response. Reinfection with the same subtype after the MDA has declined has only been shown in one study
[21] and needs to be investigated further. It should be noted that the MDAs present during the
2nd sampling round were probably stimulated both by the vaccine and by natural exposure to
the epizootic strain. Thereby, the study mainly highlights the effects of having heterologous
antibodies (1st sampling round) and homologous antibodies (2nd sampling round) towards the
epizootic strain. Moreover, if the sows included in the second sampling had seroconverted
towards the epizootic strain prior to vaccination, interference between pre-existing antibodies
and the vaccine strain could be expected, possibly lowering the effect of the vaccine. However,
mass sow vaccination in swIAV positive herds is extensively practiced in the field, and there is
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a need for further studies investigating the effect of pre-existing immunity on swIAV vaccination efficacy.
The vaccine used in this study is approved for use in sows and pigs older than 56 days. The
specific product characteristics (SPC) recommend a basic immunization of two doses applied
with three weeks interval to obtain between four-six month immunity according to the age of
the pig at the time of vaccination. However, when gestating sows are boosted two weeks before
farrowing, the SPC of the vaccine claims to protect piglets against clinical signs of disease the
first 33 days of life through transfer of MDAs [62]. In this study, mass sow vaccination was performed, meaning that while the sows included in the 2nd sampling all had received two vaccinations, they did not receive a booster two weeks before farrowing. However, this vaccination
strategy is widely used in Denmark, and a protection of the piglets is expected. Clinical registrations were obtained, to reveal a possible clinical protection of the piglets, as a result of mass
sow vaccination. Since different age groups became infected during the 1st (week 1) and 2nd
(weeks 3–12) sampling rounds it is difficult to compare the results. However, a higher coughing index and the presence of nasal discharge was correlated with the presence of IAV in nasal
swabs during the 2nd sampling round, indicating that vaccination of sows did not provide protection against upper respiratory tract infections. Since Denmark is almost free of swIAV of
the H3NX subtypes, antibodies against this subtype can be used as a marker of vaccination
with quite high sensitivity, and therefore we could confirm that the sows of the 2nd sampling
round had indeed been vaccinated.
The results of this study indicated that mass sow vaccination during an acute outbreak
might not be an optimal control strategy if the goal is to protect piglets against infection. However, it should be emphasized that the study was only performed in one herd. Furthermore, it
is also important not to undermine the effect the vaccine might have had on protection of the
sows, both during the gestation and when entering the farrowing unit, were circulation of IAV
thrived [41]. In general, vaccination of naïve herds without IAV circulation is warranted, as an
IAV introduction probably will lead to a major outbreak until the herd immunity has been
built up. On the other hand, before initiating mass sow vaccination it is important to consider
the impacts of the MDAs on the transmission dynamics.
Another important aspect with regard to protection achieved through antibodies was demonstrated in this study, as the herd, which was persistently infected with an H1avN1 strain,
had a massive outbreak by an H1avN2sw strain. These two IAV strains have the same avianlike H1 gene, and thereby some level of cross protection was expected. However, it was clear
from the 1st sampling round that most of the piglets became infected in week 1, despite most
of them likely receiving MDAs from their seropositive mothers. Characterisation of the genetic
differences of the enzootic strain found at the screening test and the epizootic strain found
during the 1st sampling revealed major differences, suggesting that the outbreak strain was
introduced into the herd from an external source. The influx of external gilts into the herd
could be a possible route of novel swIAV introductions. The HA genes, while both being of
avian-like H1 origin, were only approx. 88% identical, with several amino acid differences. A
large proportion of these differences were located in parts of the HA gene encoding the globular head, and in locations corresponding to specific antigenic sites. Furthermore, the HI-results
revealed that there was a weak cross-protection between the two strains, as 100% of the sows of
the 1st sampling round showed a reaction against the enzootic strain H1avN1 as opposed to
only 40% showing a reaction against the epizootic strain H1avN2sw. The results indicated that
some swIAV strains, belonging to the avian-like H1 clade, have undergone antigenic drift to a
degree that almost has abolished serological cross-reaction. The fact that the majority of the
amino acid differences were located in the globular head of the HA protein, suggests that
changes in these sites could increase viral survival by avoiding antibody binding. In addition,
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differences in the other genes might also have an impact on the level of cross-protection
between the two strains. This also raises the question if the avian-like H1 strain included in
commercially available vaccines, provides cross-protection to all the different variants of the
H1 avian-like subtypes. Indeed, a German study has investigated the genetic and antigenic
diversity of the avian-like H1Nx viruses in several European countries, and documented an
extensive diversity within this subtype, revealing an antigenic difference of up to ten antigenic
units (AU) (personal communication Professor Tim Harder, FLI, Germany). In humans, the
seasonal IAV vaccines are updated when the new strain differs four AU from the vaccine
strain. Thus, this clearly suggests that a more regular update of strains in IAV vaccines
intended for use in swine could be beneficial, but unfortunately, the European Medical
Authority (EMA) does not allow for updates of veterinary IAV vaccines without going through
a new licencing. The vaccine strains included in vaccine used in the herd of this study, contains
IAV strains that are 15–19 years old, and from the alignment it is observed that several amino
acid differences are observed between the vaccine strain and the herd strains, including differences in antigenic sites. Genetic differences between herd strain and vaccine strain might
impact the vaccine efficacy. However, antigenic cartography or experiment animal trials are
needed to investigate this further.
Differences in evolutionary dynamics were also observed between the viral sequences
obtained from the 1st sampling round (before vaccination) and the 2nd sampling round (after
mass sow vaccination). The molecular clock-based analysis, which takes sampling dates into
account, revealed a significant increase in the nucleotide substitution rate in sequences
obtained from pigs originating from vaccinated sows, compared to the ones originating from
non-vaccinated sows. Furthermore, analysis using CODEML and MrBayes showed a substantial increase in positive selection (both the number of sites, and the strength of selection) after
vaccination. Interestingly, several of the positively selected sites found in the sequences were
located in the globular head of HA and in known antigenic sites. An isolate containing mutations in three sites (positions 159, 203, and 207) with strong support for being positively
selected, was included in the HI-test. The results of the HI test showed that the number of
sows from both the 1st and 2nd sampling that developed antibodies that recognized this isolate
was decreased compared to the number of sows that reacted with the isolate without these
three mutations. Though not significant, this suggested that the mutations had an impact on
antibody binding. In conclusion, the evolutionary analysis clearly showed that an increase in
the general substitution rate of the HA gene and positive selection in codons encoding antigenic sites occurred between the 1st and 2nd sampling round and that this had a negative
impact on antibody binding. It is known that the global population immunity against human
seasonal IAV strains leads to selection of escape mutants [35,38,63,64], but to our knowledge,
this has not been described for IAV infection in swine under field conditions. One explanation
for the expanded diversity and the positive selection of escape mutants could be that the
increase in the infection time of the individual pig we observed after mass sow vaccination
increased the likelihood of mutations through viral drift. In the present study, it is not possible
to conclude if this change in viral diversity were due to the use of the vaccine or if it was driven
by the immunity raised against the circulating field strain. Further studies are needed to
explore the impact of herd immunity, vaccination and the generation of escape mutants in
swine.

Conclusion
The results of this study provided unique data on a case, where a previously persistently
infected herd experienced an outbreak with a new subtype of IAV and it was thereafter decided
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to start mass sow vaccination. The genetic analysis revealed that differences within the same
IAV subtype can lead to a lack of cross-protection toward a similar strain and consequently to
an acute outbreak. The presence of homologous MDAs in piglets during infection resulted in a
lower viral load, but also in an increased shedding time and an impaired active immune
response to infection. The increased shedding time along with the presence of maternal
derived antibodies could be factors driving the positive selection of the HA gene, which in
time might lead to the generation of escape mutants.
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name of the sequences of the phylogenetic tree corresponds to the specific sequence ID “X” of
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during the 1st and 2nd sampling round. The pigs of the 1st and 2nd sampling round were eartagged with numbers ranging from 200–282 and 300–380 respectively, whereas the sows were
number from one-16. The green color indicates that the sow/pig tested positive in the antibody
ELISA, whereas the red color indicates that the sow/pig tested negative in the antibody ELISA.
“+IAV” indicates the nasal swab of the individual pigs or sows tested positive in the real time
RT-PCR targeting the matrix gene of IAV. If a box is empty it either indicates that the ear
tagged pig is dead or not sampled. The HI-test results of the sow sera is highlighted in yellow,
and represents the HI-titers towards the three different swIAV strain found in the herd; P5-U4
(A/sw/Denmark/P5U4/2016(H1N1)), HB4 (A/sw/Denmark/HB4280U1/2017(H1N2)) and
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S2 Table. Nucleotide and amino acid differences among NA and the internal genes of the
sequences derived from the pigs of the 1st and 2nd sampling. The first columns describes the
different genes. The second column describes the results of the pairwise comparison performed on the nucleotide consensus sequences. The third column describes the differences in
amino acids according to the IUPAC codes. The forth column gives the position according to
numbering from the first Methionine. The fifth column gives the number of sequences which
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Rose N, Hervé S, Eveno E, Barbier N, Eono F, Dorenlor V, et al. Dynamics of influenza A virus infections in permanently infected pig farms: evidence of recurrent infections, circulation of several swine
influenza viruses and reassortment events. Vet Res 2013; 44:72. https://doi.org/10.1186/1297-971644-72 PMID: 24007505

PLOS ONE | https://doi.org/10.1371/journal.pone.0224854 November 14, 2019

20 / 23

Acute Influenza A virus outbreak in an enzootic infected sow herd

9.
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Cador C, Hervé S, Andraud M, Gorin S, Paboeuf F, Barbier N, et al. Maternally-derived antibodies do
not prevent transmission of swine influenza A virus between pigs. Vet Res 2016; 47:86. https://doi.org/
10.1186/s13567-016-0365-6 PMID: 27530456

27.

Renshaw H. Influence of antibody-mediated immune suppression on clinical, viral, and immune
responses to swine influenza infection. Am J Vet Res 1975;36.

PLOS ONE | https://doi.org/10.1371/journal.pone.0224854 November 14, 2019

21 / 23

Acute Influenza A virus outbreak in an enzootic infected sow herd

28.

Rajao DS, Sandbulte MR, Gauger PC, Kitikoon P, Platt R, Roth JA, et al. Heterologous challenge in the
presence of maternally-derived antibodies results in vaccine-associated enhanced respiratory disease
in weaned piglets. Virology 2016; 491:79–88. https://doi.org/10.1016/j.virol.2016.01.015 PMID:
26874588

29.

Holmes EC. What can we predict about viral evolution and emergence? Curr Opin Virol 2013; 3:180–4.
https://doi.org/10.1016/j.coviro.2012.12.003 PMID: 23273851

30.

Webster RG, Laver WG, Air GM, Schild GC. Molecular mechanisms of variation in influenza viruses.
Nature 1982; 296:115–21. https://doi.org/10.1038/296115a0 PMID: 6174870

31.

Vincent AL, Perez DR, Rajao D, Anderson TK, Abente EJ, Walia RR, et al. Influenza A virus vaccines
for swine. Vet Microbiol 2017; 206:35–44. https://doi.org/10.1016/j.vetmic.2016.11.026 PMID:
27923501

32.

Scholtissek C. Molecular evolution of influenza viruses. Virus Genes 1995. https://doi.org/10.1007/
BF01728660 PMID: 8828147

33.

Ferguson NM, Galvani AP, Bush RM. Ecological and immunological determinants of influenza evolution. Nature 2003; 422:428–33. https://doi.org/10.1038/nature01509 PMID: 12660783

34.

Both GW, Sleigh MJ, Cox NJ, Kendal AP. Antigenic drift in influenza virus H3 hemagglutinin from 1968
to 1980: multiple evolutionary pathways and sequential amino acid changes at key antigenic sites. J
Virol 1983.

35.

Matsuzaki Y, Sugawara K, Nakauchi M, Takahashi Y, Onodera T, Tsunetsugu-Yokota Y, et al. Epitope
Mapping of the Hemagglutinin Molecule of A/(H1N1)pdm09 Influenza Virus by Using Monoclonal Antibody Escape Mutants. J Virol 2014; 88:12364–73. https://doi.org/10.1128/JVI.01381-14 PMID:
25122788

36.

Sriwilaijaroen N, Suzuki Y. Molecular basis of the structure and function of H1 hemagglutinin of influenza virus. Proc Japan Acad Ser B 2012; 88:226–49. https://doi.org/10.2183/pjab.88.226 PMID:
22728439

37.

Yang H, Qiao C, Tang X, Chen Y, Xin X, Chen H. Human Infection from Avian-like Influenza A (H1N1)
Viruses in Pigs, China. Emerg Infect Dis 2012; 18:1144–6. https://doi.org/10.3201/eid1807.120009
PMID: 22709385

38.

Rudneva I, Ignatieva A, Timofeeva T, Shilov A, Kushch A, Masalova O, et al. Escape mutants of pandemic influenza A/H1N1 2009 virus: Variations in antigenic specificity and receptor affinity of the hemagglutinin. Virus Res 2012; 166:61–7. https://doi.org/10.1016/j.virusres.2012.03.003 PMID: 22459010

39.

Gerhard W, Yewdell J, Frankel ME, Webster R. Antigenic structure of influenza virus haemagglutinin
defined by hybridoma antibodies. Nature 1981; 290:713–7. https://doi.org/10.1038/290713a0 PMID:
6163993

40.

Svineproduktion S. SPF Sundhedsstyringen a part of Landbrug & Fødevarer n.d. http://spfsus.dk/en
(accessed October 1, 2017).

41.

Ryt-Hansen P, Larsen I, Kristensen CS, Krog JS, Wacheck S, Larsen LE. Longitudinal field studies
reveal early infection and persistence of influenza A virus in piglets despite the presence of maternally derived antibodies. Vet Res 2019; 50:36. https://doi.org/10.1186/s13567-019-0655-x PMID:
31113477

42.

Nagy A, Vostinakova V, Pirchanova Z, Cernikova L, Dirbakova Z, Mojzis M, et al. Development and
evaluation of a one-step real-time RT-PCR assay for universal detection of influenza A viruses from
avian and mammal species. Arch Virol 2010; 155:665–73. https://doi.org/10.1007/s00705-010-0636-x
PMID: 20229116

43.

Ryt-Hansen P, Larsen I, Kristensen CS, Krog JS, Larsen LE. Limited impact of influenza A virus vaccination of piglets in an enzootic infected sow herd. Res Vet Sci 2019.10.015. https://doi.org/10.1016/j.
rvsc.2019.10.015 PMID: 31677416

44.

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput 2013.

45.

Manicassamy B, Medina RA, Hai R, Tsibane T, Stertz S, Nistal-Villán E, et al. Protection of Mice against
Lethal Challenge with 2009 H1N1 Influenza A Virus by 1918-Like and Classical Swine H1N1 Based
Vaccines. PLoS Pathog 2010; 6:e1000745. https://doi.org/10.1371/journal.ppat.1000745 PMID:
20126449

46.

Caton AJ, Brownlee GG, Yewdell JW, Gerhard W. The antigenic structure of the influenza virus A/PR/8/
34 hemagglutinin (H1 subtype). Cell 1982; 31:417–27. https://doi.org/10.1016/0092-8674(82)90135-0
PMID: 6186384

47.

National Center for Biotechnology Information USNL of M. Basic Local Alignment Search Tool (BLAST)
n.d.

48.

Bouckaert R. BEAST 2: A software platform for Bayesian evolutionary analysis 2016.

PLOS ONE | https://doi.org/10.1371/journal.pone.0224854 November 14, 2019

22 / 23

Acute Influenza A virus outbreak in an enzootic infected sow herd

49.

Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. Posterior Summarization in Bayesian Phylogenetics Using Tracer 1.7. Syst Biol 2018; 67:901–4. https://doi.org/10.1093/sysbio/syy032 PMID:
29718447

50.

Yang Z. PAML 4: Phylogenetic Analysis by Maximum Likelihood. Mol Biol Evol 2007; 24:1586–91.
https://doi.org/10.1093/molbev/msm088 PMID: 17483113

51.

Yang Z, Nielsen R. Synonymous and nonsynonymous rate variation in nuclear genes of mammals. J
Mol Evol 1998; 46:409–18. https://doi.org/10.1007/pl00006320 PMID: 9541535

52.

Yang Z. Bayes Empirical Bayes Inference of Amino Acid Sites Under Positive Selection. Mol Biol Evol
2005; 22:1107–18. https://doi.org/10.1093/molbev/msi097 PMID: 15689528

53.

Burnham K. Model Selection and Multimodel Inference. New York, NY: Springer New York; 2004.
https://doi.org/10.1007/b97636

54.

Yang Z. Likelihood ratio tests for detecting positive selection and application to primate lysozyme evolution. Mol Biol Evol 1998; 15:568–73. https://doi.org/10.1093/oxfordjournals.molbev.a025957 PMID:
9580986

55.

Goldman N. Codon-based model of nucleotide substitution for protei-coding DNA-sequences. Mol Biol
Evol 1994;11.

56.

Ronquist F, Huelsenbeck JP. MrBayes 3: Bayesian phylogenetic inference under mixed models. Bioinformatics 2003; 19:1572–4. https://doi.org/10.1093/bioinformatics/btg180 PMID: 12912839

57.

Rambaut A. FigTree 2006. http://tree.bio.ed.ac.uk/software/figtree/ (accessed June 6, 2019).

58.

GraphPad software n.d. https://www.graphpad.com/quickcalcs/ (accessed June 6, 2018).

59.

Deem MW. The epitope regions of H1-subtype influenza A, with application to vaccine efficacy. Protein
Eng 2009;22.

60.

Babon JAB, Cruz J, Orphin L, Pazoles P, Co MDT, Ennis FA, et al. Genome-wide screening of human
T-cell epitopes in influenza A virus reveals a broad spectrum of CD4+ T-cell responses to internal proteins, hemagglutinins, and neuraminidases. Hum Immunol 2009; 70:711–21. https://doi.org/10.1016/j.
humimm.2009.06.004

61.

Cador C, Herv S, Andraud M, Gorin S, Paboeuf F, Barbier N, et al. Maternally-derived antibodies do not
prevent transmission of swine influenza A virus between pigs. Vet Res 2016; 47:86. https://doi.org/10.
1186/s13567-016-0365-6 PMID: 27530456

62.

IDT Biologika GmbH. Annex I—summary of product characteristics—RESPIPORC FLU3 n.d.:1–6.
https://www.ema.europa.eu/en/documents/product-information/respiporc-flu3-epar-productinformation_en.pdf.

63.

Hay AJ, Gregory V, Douglas AR, Lin YP. The evolution of human influenza viruses. Philos Trans R Soc
London Ser B Biol Sci 2001; 356:1861–70. https://doi.org/10.1098/rstb.2001.0999 PMID: 11779385

64.

Shen J, Ma J, Wang Q. Evolutionary Trends of A(H1N1) Influenza Virus Hemagglutinin Since 1918.
PLoS One 2009; 4:e7789. https://doi.org/10.1371/journal.pone.0007789 PMID: 19924230

PLOS ONE | https://doi.org/10.1371/journal.pone.0224854 November 14, 2019

23 / 23

