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Abstract: Influenza viruses represent a continuous threat to both animal and human health. The
2009 H1N1 A influenza pandemic highlighted the importance of a swine host in the adaptation of
influenza viruses to humans. Nowadays, one of the most extended strategies used to control swine
influenza viruses (SIVs) is the trivalent vaccine application, whose formulation contains the most
frequently circulating SIV subtypes H1N1, H1N2, and H3N2. These vaccines do not provide full
protection against the virus, allowing its replication, evolution, and adaptation. To better understand
the main mechanisms that shape viral evolution, here, the SIV intra-host diversity was analyzed
in samples collected from both vaccinated and nonvaccinated animals challenged with the H1N1
influenza A virus. Twenty-eight whole SIV genomes were obtained by next-generation sequencing,
and differences in nucleotide variants between groups were established. Substitutions were allocated
along all influenza genetic segments, while the most relevant nonsynonymous substitutions were
allocated in the NS1 protein on samples collected from vaccinated animals, suggesting that SIV is
continuously evolving despite vaccine application. Moreover, new viral variants were found in both
vaccinated and nonvaccinated pigs, showing relevant substitutions in the HA, NA, and NP proteins,
which may increase viral fitness under field conditions.

Keywords: swine influenza virus (SIV); next-generation sequencing; single nucleotide variants
(SNVs); nonstructural protein (NS); hemagglutinin (HA); nucleoprotein (NP); neuraminidase (NA)

1. Introduction

Swine influenza is a widely distributed disease that generates important economic
losses in the pig industry [1]. The aetiological agents, the swine influenza viruses (SIVs)
belong to the Orthomyxoviridae family and represent an important threat to public health
due to the risk of potential zoonotic infections. The SIV genome is characterized by eight
genomic segments of negative-sense, single-stranded RNA, where each segment codes
for at least one protein [2]. The proteins of the polymerase complex (formed by two basic
polymerases (PB1 and PB2) and one acidic polymerase (PA)), the hemagglutinin (HA)
and neuraminidase (NA) surface glycoproteins, and the nucleoprotein (NP) are coded by
the RNA segment of the same name [3]. The matrix (M) and nonstructural (NS) genome
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segment encode each one for two different proteins by splicing mRNA: matrix protein
(M1) and ion channel (M2) [4], and nonstructural protein (NS1) and nuclear export protein
(NEP) [5], respectively. Moreover, the PB1 segment has an alternative codon frame that
codes for the accessory PB1-F2 protein [6].

In the spring of 2009, an outbreak of a new pandemic strain A(H1N1)pdm09 of
swine origin was reported in the USA, and it quickly spread to more than 30 countries by
human-to-human contact [7]. Since then, according to the Centers for Disease Control and
Prevention (CDC), between 151,700 and 575,400 fatal human cases have been recorded [8].
The A(H1N1)pdm09 strain arose from the genomic reassortment of an H1N1 Eurasian
“avian-like” (EA) swine virus NA/M and triple reassortants of H1N2 and H3N2 harboring
the PB2/PA segments of a North-American avian influenza virus, the PB1 segment from a
human H3N2, and the HA/NP/NS segments from a classical swine H1N1 [9].

In a recent published SIV surveillance study, performed on both pigs and farm workers
in China, a new emerging genotype 4 (G4) reassortant Eurasian avian-like H1N1 with some
pdm09 genes (G4 EA H1N1 virus) was detected. The increasing capability to infect humans
and the absence of pre-existing immunity against this strain concerns the possibility of new
pandemic virus generation [10].

The SIV evolution, explained under the quasispecies theory, plays an important role
in the adaptation, host range, virulence, and emergence of new variants mainly due to both
point mutation and genomic reassortment [11]. Although recombination is a mechanism of
change, it does not play an important role on influenza virus (IV) evolution [12]. The viral
polymerase is characterized by the lack of a proof-reading function during the replication
process with a high mutation rate of 10−3 to 10−4 per gene per generation [13]. Taking that
fact into account, the greater accumulation of point mutations on antigenic sites may drive
a new antigenic pattern phenomenon known as antigenic drift. Hence, in addition to the
high prevalence of IV, antigenic drift may trigger the appearance of new influenza variants
able to escape vaccination [14].

Vaccination against SIV is currently the main strategy in order to prevent and control
the disease [15]. Nowadays, the most extended vaccines are based on inactivated or attenu-
ated viruses [16] such as the trivalent vaccines that contain the most common circulating
SIV subtypes in Europe, EA H1N1, human-like swine H1N2, and human-like reassortant
swine H3N2 [17,18]. These vaccines mainly stimulate the IgG production against HA
viral proteins and to NA and NP proteins to a lesser extent. These vaccines reduce both
clinical signs and viral shedding, although they do not prevent viral replication [19]. With
the aim of evaluating the viral evolution and the possible generation of escape mutants,
the evolutionary trends of SIV under selection pressure due to vaccination were studied
through whole-viral-genome deep sequencing in the present work. Two groups of piglets,
vaccinated and nonvaccinated, were infected with the SIV strain of the EA H1N1 subtype.
In total, 27 whole viral genome sequences were obtained, and variants detected from both
experimental groups were characterized.

2. Materials and Methods
2.1. Cells and Virus

Madin–Darby Canine Kidney (MDCK, ATCC CCL-34) cells were used for both viral
titration and production. Dulbecco’s modified Eagle’s medium DMEM (Lonza, Basel,
Switzerland), supplemented with fetal bovine serum (Euroclone, Milan, Italy) (10%),
L-glutamine (Gibco Life Technologies, Madrid, Spain) (1%), and penicillin/streptomycin
(1%) 100 U/mL (Gibco Life Technologies, Madrid, Spain) was used for the cell culture and
cells were further kept at 37 ◦C with 5% CO2 atmosphere.

The A/Swine/Spain/01/2010 H1N1 virus was propagated at a multiplicity of infec-
tion (MOI) of 0.01 in the MDCK monolayer cells in the presence of 10 µg/mL of porcine
trypsin (Sigma-Aldrich, Madrid, Spain) and then harvested 48 h later. Inoculum titration
was performed by serial dilutions in a MDCK cells culture. The 50% tissue culture infection
dose (TCID50) was calculated following the Reed and Muench method [20].
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2.2. Experimental Design

Fifteen 5-weeks-old domestic pigs free from SIV and its antibodies were distributed
in two groups: group A (piglets from 1 to 8) and group B (piglets from 9 to 15). The
numbers of animals used were considered, taking into account similar animal experi-
ments with swine pathogens [21–23]. One week after the acclimation period, pigs from
group A were vaccinated with the first vaccine dose of an inactivated influenza vac-
cine (RESPIPORC FLU3, IDT®, Dessau-Rosslau, Germany). This vaccine includes the
subtypes H1N1 (Haselünne/IDT2617/2003), H3N2 (Bakum/IDT1769/2003), and H1N2
(Bakum/1832/2000). According to the manufacturer’s instructions, 2 mL of vaccine was
intramuscularly administered per pig. After 21 days post-vaccination (dpv), a second
immunization was carried out. In parallel, group B pigs were intramuscularly inoculated
with the same volume of PBS (nonvaccinated group).

Three weeks after the second immunization (42 dpv), animals from both groups
were challenged using two administration routes: intranasal (1 mL per nostril) with a
diffuser device (MAD Nasal, Teleflex, Morrisville, NC, USA) and endotracheal (5 mL), by
intubation of the animal restrained with an immobilizing pig lasso, both with 106 TCID50 of
the A/Swine/Spain/01/2010 (H1N1) [24]. After challenge, pigs were monitored daily for
clinical signs and animal behavior in a blind manner by trained veterinarians. Registered
clinical signs were scored from 0 to 3 as previously described [25]. After challenge, animals
were euthanized at 2, 5, and 10 days post-infection (dpi): 3 animals per group at 2 dpi,
another 3 per group at 5 dpi, and the remaining piglets at 10 dpi. Animal experiments were
performed in AM Animalia facilities (La Vall de Bianya, Girona, Spain). All procedures
were approved by the animal ethics committee from the Generalitat de Catalunya, under the
project number 9657 (24.01.2018), preserving the Spanish and European regulations.

2.3. Sample Collection

Nasal swab samples were collected before the first and the second vaccination, at the
viral challenge day and at 1, 2, 3, 5, 7, and 10 dpi. Blood samples were collected before each
vaccination, at challenge and before necropsy.

Moreover, lung and nasal turbinate (NT) tissues were taken at necropsy and were
homogenized in brain heart infusion medium (10% weight/volume). Broncho alveolar
lavage fluid (BALF) was collected by filling the right lung of each piglet with 150 mL of
PBS, and after lung massage liquid was collected [26]. An extra lung tissue sample was
also collected and stored in formalin.

2.4. Detection of Antibodies against Influenza Nucleoprotein

The presence of antibodies against influenza np was assessed using the ID Screen®—
influenza A Antibody Competition ELISA kit (ID VET, Grabels, France). The ELISA and
the inhibition percentage value calculations were performed following the manufacturer’s
instructions. Inhibition percentage values below 45% were considered positive, whereas
values higher than 50% were negative. Values between 45 and 50% were considered doubtful.

2.5. Pathological Analyses in Lung and Immunohistochemistry to Detect SwIV

Animal necropsies were performed, including a macroscopic examination of the lung
parenchyma. The percentage of the lung-affected area was calculated by image analysis
(IA), as previously described [27], using the software ImageJ® (https://imagej.nih.gov/ij/
(accessed on 10 September 2020)). The T-test was applied to study statistical differences
between both groups.

The lung from each individual was fixed by immersion in 10% buffered formalin, dehy-
drated, and embedded in paraffin wax. For the examination under light microscopy, paraf-
fin blocks were sectioned at 3–5 µm cuts and stained with hematoxylin-eosin (HE) [28,29].

Influenza virus detection by immunohistochemistry (IHC) in the lungs was based on
a two-step polymer method (Envision TM) [30]. For this purpose, monoclonal antibodies
against influenza A virus (IgG2a, Hb65, and ATCC) and system + HRP-labeled polymer

https://imagej.nih.gov/ij/
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Anti-Mouse (K4001, Dako) were used as primary and secondary antibodies, respectively.
To microscopically score lung lesions, a semiquantitative method based on affected airways
and amount of immunoreactivity were used, respectively [31].

2.6. Viral RNA Detection

BALF, nasal swab, lung, and NT supernatants collected throughout the study were
further analyzed to isolate, detect, and quantify SIV. Therefore, viral RNA was extracted
from samples using MagAttract 96 Cador Pathogen kit ® (Qiagen, Düsseldorf, Germany)
according to the manufacturer’s instructions. To quantify the viral RNA of each sample,
the quantitative reverse transcription-PCR (RT-qPCR) assay based on the amplification of
the conserved segment of the matrix (M) gene was performed in the Fast7500 equipment
(Applied Biosystem). The amplification reaction conditions were: 0.4 µM of forward
primer (M+25), 0.4 µM of reverse primer (M-124), 0.3 µM of probe (M+64 FAM-TAMRA),
3 µL of extracted RNA, and 0.8 µL of one-step RT-PCR Master Mix Reagents (Applied
Biosystems, Foster City, CA, USA) [32]. Threshold cycle (Ct) values equal to or lower
than 40 were considered positive. Samples in which fluorescence was undetectable were
considered negative.

2.7. Whole Influenza Genome Sequence by NGS

The A/Swine/Spain/01/2010 (H1N1) inoculum and samples with an RT-qPCR Ct
value lower than 35 were used for whole-genome sequencing, by simultaneous amplifica-
tion of the eight influenza RNA segments [33]. In addition, to enhance the amplification of
the longest segments (PB1, PB2, and PA), a second amplification reaction was performed,
according to a previously described protocol [34]. The amplification reaction conditions
were: 0.2 µM of forward primer (MBTuni-12 or MBTuni12G), 0.2 µM of reverse primer
(MBTuni-13), 2.5 µL of extracted RNA, and 0.5 µL of SuperScript® III One-Step RT-PCR
System with Platinum™ Taq High Fidelity DNA Polymerase (Thermo Fisher Scientific,
Waltham, MA, USA).

Samples with the eight influenza segments amplified [33] were sequenced by Illumina
technology. Multiplexed sequencing libraries were created following the Nextera-XT
DNA Library Prep protocol (Illumina®, San Diego, CA, USA). Libraries were sequenced
using a Miseq Reagment Kit v2 in a 150 cycle paired-end run, on a Miseq Instrument
(Illumina®, San Diego, CA, USA). Finally, Illumina adapters were automatically removed
from FASTQ files. Sequencing data were deposited at the National Center for Biotechnology
Information (NCBI, https://www.ncbi.nlm.nih.gov/ (accessed on 14 September 2021)),
with the accession number (PRJNA763061).

2.8. Mapping and Variant Calling

The reads quality of raw data was verified by FastQC (v 0.11.8) [35]. Low-quality
reads (Phread < 30) were removed with Trimmomatic (v0.39) [36]. Subsequently, the read
alignment tool Bowtie2 (v2.3.5) [37], using the very-sensitive function, was used to align
the A/Swine/Spain/01/2010 (H1N1) inoculum reads against the reference SIV genome
sequences (JX908038-45) [38]. Post-mapping, unmapped reads, and reads with a quality
map lower than 30 were removed with Samtools (v.0.39) [39]. Moreover, PCR duplicates
were removed with the Picard “MArkDuplicatesSpark” command option and reads were
recalibrated with “BaseRecalibrator,” both included in GATK4 (v4.1). Finally, a consensus
sequence was generated with Bcftools (v.1.9) using the consensus option [39].

To study possible single nucleotide polymorphisms, all sequenced samples were
mapped against the previously generated consensus sequence. Subsequently, the mapped
read count per position and per genomic segment of each sample was calculated with the
“-depth” function included on Samtools (v1.9) and plotted with the ggplot2 library [40]
using RStudio software [41].

The variant calling file (VCF) of each sample was generated with LoFreq software
(v2.1.5) using default parameters [42]. To define a single nucleotide variant (SNV), the

https://www.ncbi.nlm.nih.gov/
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following requirements were considered: mapping quality > 30, minimum coverage depth
of 50, alternative base supported by at least 10 reads, and p value per change found <0.01.
The effect on variants was predicted by SnpEff software (v.4.3) [43], where the H1N1 SIV
database was previously built with the “build–gtf22” function. Finally, SNVs with an allele
frequency lower than 1% were excluded from the analysis. Moreover, a chi-squared test
was performed to study statistical differences between the proportion of synonymous and
nonsynonymous SNVs with allele frequencies greater than 1 and 5% in both experimental
groups. p values < 0.05 were considered significant.

2.9. Quasispecies Analysis

The nucleotide diversity (π) of each sample population, including inoculum, was
calculated with SNPGenie software as follows [44,45]:

π = ∑
i<j

dij

(n2 − n)/2

where π of each segment is given by the mean number of changes per site (dij) divided
by all pairs of sequences at that site; thus, n is the coverage depth on site. In addition,
analysis of variance (ANOVA) and the subsequent Kruskal–Wallis post hoc test by rank
were performed to study statistical π differences between groups, segments, and collected
samples per day. All these analyses were performed using RStudio [41]. Kruskal–Wallis
p values < 0.05 were considered significant. Samples with a mean depth per segment lower
than 100 were excluded from this analysis.

3. Results
3.1. Kinetics of RNA Viral Detection and Antibody Induction after Vaccination and SIV Challenge

After the first vaccination, an antibody response to the NP protein was found in
seven out of eight vaccinated animals (group A), all being positive three weeks after the
second immunization (day of viral challenge) (Figure 1). However, at viral challenge,
lower antibody levels near to the cut-off were found in two vaccinated pigs (number 1
and 8). After challenge, similar values were maintained by most immunized pigs until
the euthanasia day, except for pigs 1 and 8, which increased over time. Meanwhile,
nonvaccinated pigs remained negative during the trial, except for pigs 14 and 15, which
resulted to be positive at 5 and 10 dpi, respectively (Figure 1).

After SIV challenge, higher RNA viral loads were detected in the majority of nasal
swab samples collected from nonvaccinated pigs as early as 1 and until 5 dpi. By contrast,
lower RNA loads were detected in pigs from the vaccinated group (Table 1). Nonetheless,
RNA viral shedding was found from day 2 until day 5 in all vaccinated-challenged pigs.
Throughout the days after challenge, a decrease in viral load was observed, until no SIV
RNA detection at 10 dpi. Likewise, in the case of pulmonary tissue and BALF, higher RNA
loads were found in all nonvaccinated pigs from 2 to 5 dpi. Although lower RNA loads
were also found in the lung and BALF from vaccinated-challenge pigs, the RNA levels
were higher than those detected in nasal swabs (Table 1). The viral load was higher in the
lung at 2 dpi with values between 26 and 21, in animals from both groups. In NT, only
three samples were positive, two from 2 dpi and one from 5 dpi (Table 1).

3.2. Lung Lesions Determined in Vaccinated and Nonvaccinated Challenge Pigs

Gross lung lesions were detected in both vaccinated (13.41 ± 9.38 of affected lung)
and nonvaccinated (33.03±15.7 of affected lung) pigs (Table 2), with these differences being
significant (t-test; p = 0.0105). Similar microscopic lesion scorings were found in both
experimental groups (Table 2), with the highest scores being registered at 2 and 5 dpi.
Remarkably, the viral labeling detected by immunohistochemistry in lung sections was
higher in vaccinated animals at 2 dpi. At 5 dpi, low viral immunodetection was found in
nonvaccinated animals, whereas vaccinated ones remained negative.
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IgG antibodies measured as percentage of competition at first vaccination (0 dpv), 21, 42 dpv (day of challenge) and at 2, 5,
and 10 dpi are depicted. Points above the dashed red line (competition > 45%) are considered positive, whereas points
under the dashed grey line (competition < 50%) are considered negative. Values between the two lines are considered
doubtful. Groups of vaccinated and nonvaccinated animals are shown in blue and green, respectively.

Table 1. RT-qPCR Ct value results obtained from viral samples extracted from NS at different time points and from the lung,
BALF, and NT.

Group Pig
ID

Nasal Swab Euthanized
Day

Tissue Samples

1 dpi 2 dpi 3 dpi 5 dpi 7 dpi 10 dpi BALF LUNG NT
1 35.8 38.7 † † † †

2 dpi
30.2 25.7 * 35.2

2 Neg. 39.4 † † † † 30.4 23.3 * Neg.
3 Neg. 37 † † † † 33,9 Neg. Neg.
4 Neg. Neg. 34.14 * Neg. † †

5 dpi
36.7 35.1 Neg.

5 Neg. Neg. 33.8 Neg. † † 35.4 32.31 * Neg.
6 Neg. Neg. 37 36.5 † † Neg. Neg. Neg.
7 38.4 30.7 34 Neg. Neg. Neg. 10 dpi Neg. Neg. Neg.

Vaccinated
Group

8 Neg. 35.72 * 33.2 34.11 * Neg. Neg. Neg. Neg. Neg.
9 34.8 31.3 † † † †

2 dpi
28.4 21.4 28.8

10 36.1 34.79 * † † † † 22.8 24.9 Neg.
11 Neg. 33.42 * † † † † 29 21.8 Neg.
12 30.1 28.9 32.8 33.8 † †

5 dpi
29.8 26.3 39.2

13 26.9 28 29.3 Neg. † † 29.7 30.4 Neg.
14 32.9 29.9 32.8 Neg. † † 28.6 30.2 Neg.

Nonvaccinated
Group

15 39.67 36.7 35.25 35.28 33.18 33.72 10 dpi Neg. Neg. Neg.
Neg.: negative; highlighted in grey: sequenced samples; *: sequenced samples with low coverage; bold: negative whole genome influenza
amplification; †: euthanized animal. Cells shaded in blue and green indicate vaccinated and nonvaccinated animals, respectively.
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Table 2. Pathological results based on microscopic observation and quantitative scoring of HE and IHC staining lung
samples, and percentage of lung-affected area.

Group Pig ID Euthanasia Day Lung-Affected
Area (%)

Histopathological
Scoring

Immunohistochemistry
for SIV

1
2 dpi

3.28 2 ++
2 9.33 3 +++
3 28.64 3 ++
4

5 dpi
13.22 2 -

5 27.23 3 -
6 7.23 0.5 -
7 10 dpi 8.57 1.5 -
8 9.76 0.5 -

Vaccinated Group

mean 13.41
9

2 dpi
29.52 3 +++

10 33.65 1.5 +
11 65.72 3 +
12

5 dpi
24.5 2 +

13 26.43 3 +
14 35.06 3 +
15 10 dpi 16.36 1 -

Nonvaccinated
Group

mean 33.03
Histopathology scoring: absence (0), few isolated (0.5), localized cluster (1), several (1.5–2), severely several (2.5), and many (3) airways
affected. Moreover, minimal (1.5), mild (2) interstitial infiltrate, and plus moderate interstitial and alveolar infiltrates (2.5–3). SIV
immunohistochemical scoring: absence (-), low (+), scattered (++), moderate (+++), and abundant (++++) amount of immunoreactivity.

3.3. Determination of Whole-Genome Sequences from Vaccinated and Nonvaccinated Animals after
A/Swine/Spain/01/2010 (H1N1) Challenge

From a total of 37 samples, 28 influenza genomes were amplified and sequenced,
11 from vaccinated animals and 17 from nonvaccinated ones (Table 1 and Figure 2). In
addition, the complete genome sequence from the A/Swine/Spain/01/2010 (H1N1) strain
used as inoculum was also obtained.

After quality control, as an average, all processed reads had a length of 126.79 (±4.3)
nucleotides and 64,966 reads per sample, reaching a total of 1,948,362 reads for all sam-
ples. After mapping and duplicates removal, we obtained samples between 201,577 and
2227 reads, both from nasal swab samples collected in vaccinated pigs. The highest number
of reads corresponded to animal 7 at 2 dpi and the lowest to pig 8 at 5 dpi. This last sample
was removed for further analysis. Finally, we obtained 1,620,216 reads that were included
in the genetic diversity analysis (Table S1).

The majority of SIV genomic segments were sequenced with a coverage greater than
50 reads per position in all samples, and 309,214 out of 379,204 (81.54%) positions sequenced
were represented with more than 50 reads, reaching 4378 reads as a maximum. In general,
the short segments (NS, M, NA, and NP) had a better read depth per position than the
larger ones did, with the segment of polymerase PA being the segment with the lowest
depth (Figure 2). In total, all the eight genome segments sequenced, with a mean depth
value greater than 100, were obtained for 5 and 15 samples from the vaccinated and
nonvaccinated animals, respectively. By contrast, low coverage in all segments, except in
NS and M, was found in the eight remaining samples from pigs 1, 2, and 5 in the lung,
from pigs 8, 10, and 11 in nasal swabs at 2 dpi, and from pig 4 at 3 dpi also in the nasal
swab (Figure 2a,b).
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Figure 2. Coverage per genomic segment and sample from both experimental groups and the
challenge inoculum. (a) Representation of the coverage of Illumina sequencing reads mapped against
A/Swine/Spain/01/2010(H1N1) used for challenge. (a1) Sequencing profiles of sequenced samples
from vaccinated animals and inoculum plotted in different tones of blue and red, respectively.
(a2) Sequencing profile of sequenced samples from nonvaccinated animals plotted in different tones
of green. (b) Representation of the mean read coverage heat map per segment. The identification
of the animal from which the samples come and the kind of collected sample are specified on the
figures, with the nasal swab collected at the indicated day being the samples with dpi.

3.4. Genetic Variation between SIV Samples Collected from Vaccinated and Nonvaccinated Pigs

The analysis of the mapped reads was performed to study the viral population dynam-
ics in both vaccinated and nonvaccinated animals after viral challenge. A total of 276 SNVs
with an allele frequency greater than 1% were identified from viral populations recovered
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from both experimental groups (Figure 3). Notably, in vaccinated animals, 40 synonymous
and 56 nonsynonymous variants were identified, representing 41.6 and 58.33% of the
total number of SNVs found in this group, respectively. By contrast, the same number of
synonymous and nonsynonymous variants (90 SNVs) were registered in the nonvaccinated
group (Figure 3a).
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In addition, 100 variants with an allele frequency higher than 5% were identified. The
60% of variants found in vaccinated pigs were nonsynonymous, whereas this percentage
decreased to 35.38% in nonvaccinated animals, with this difference in frequencies being
significant (chi-squared; p = 0.03123). Therefore, a total of 44 nonsynonymous substitutions
with an allele frequency greater than 5% were detected (Figure 3b).

In general, amino acid substitutions were identified in all segments along the genome
in both experimental groups (Figure 4). In vaccinated animals, 21 amino acid substitutions
with an allele frequency greater than 5% were identified in PB2 (M567I, T98K, S506P, R310K,
and G586R), PA (Y130C), HA (V521M, V233I, and I513V), NP (D289E, A122E, A232T, and
G281V), NA (S354N), M1 (T113A), M2 (S73N), and NS1 (R81S, E179A, E65G, G161E, and
D67N); by contrast, 23 were found in nonvaccinated animals: PB2 (E31G, P67L, and H445Q),
PB1 (N328S, I322V, M195I, G101R, and T156I), PB1-F2 (E31G and P67L), PA (F646S, G81R,
and V618I), HA (I278V and D200N), NP (K97R and E243G), NA (V379I and S354N), and in
M1 (T48N). For further variant details and variants noted with an allele frequency greater
than 1%, see the supplementary data (Table S2).

3.5. Nucleotide Diversity in the Viral Population at Different Time Points

For the study of the nucleotide diversity on each genetic influenza segment, those
samples with at least one segment with a mean depth value lower than 100 reads were
excluded for the analysis (Figure 2b). The nucleotide diversity was higher in the inoculum,
then it decreased in samples collected at 2 dpi in both experimental groups (Figure 5).
In addition, the π was significantly higher at 2 dpi in vaccinated animals in comparison
with that of the nonvaccinated group. However, at 3 dpi, the nucleotide diversity was
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higher in both groups in comparison with the previous day, and significant differences
were not found in any segment from the viruses recovered from both studied groups. In
addition, at 5 dpi, the π value decreased in nonvaccinated animals, while no sequences
were determined in samples from vaccinated animals (Figure 5).
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4. Discussion

In recent decades, the increase in pork meat production has caused significant global
growth in the swine industry that contributes to the spread and maintenance of swine
pathogens [46]. Swine influenza viruses are highly genetically diverse and distributed
worldwide in pigs. These pathogens cause significant losses to the porcine industry
and pose a continuous threat to both human and animal health due to the difficulty of
formulating a universal effective vaccine to control disease [47]. Nowadays, the most
extended vaccination strategies used against SIV are based on attenuated and inactivated
vaccines that do not provide full protection against infection [19]. Vaccination can modify
viral evolution trends, as the natural selection process could boost the accumulation of
point mutations on antigenic sites, allowing the virus to escape to preexisting immunity, as
previously reported [48,49]. Knowing the biological mechanisms that shape SIV genetic
diversity is crucial to understand the evolution of the virus and its implication in host
range, antigenicity, virulence, antiviral resistance, and pathogenesis [11]. Therefore, in
the present study, differences in evolution trends and genetic diversity between viruses
collected from those previously vaccinated with a trivalent vaccine and nonvaccinated
animals were studied after an inoculation of a SIV H1N1 subtype by NGS.

In the present work, viral replication and pathological findings were observed in both
vaccinated and nonvaccinated pigs, as already reported [50]. However, viral shedding
was lower and pathological findings were milder in vaccinated animals. Therefore, the
vaccine used in the present study demonstrated its efficacy by means of less severe lesions
and lower viral loads in vaccinated animals. This fact had a direct impact on sequencing
results, as more samples could be sequenced from nonvaccinated animals and with greater
coverage per genomic sample in comparison with samples obtained from vaccinated
animals. Nevertheless, full SIV genome sequences from vaccinated animals could also be
obtained, and SNVs were found in all sequenced samples from both experimental groups,
evidencing intra-host variability.

Considering the total number of SNVs found with an allele frequency greater than
1%, the same proportion of synonymous and nonsynonymous variants were detected in
samples from nonvaccinated animals, indicating that, in this scenario, neutral selection
pressure may be involved in driving the SIV evolution. When considering variants with
an allele frequency greater than 5%, the nonsynonymous variant proportion was greater
than synonymous ones. This finding may indicate a purifying selection event where the
deleterious mutations are being eliminated, as previously reported. [51,52]. Thus, no pos-
itive selection pressure was found in nonvaccinated animals. Meanwhile, in vaccinated
animals, the proportion of nonsynonymous variants found was greater than the synony-
mous ones, analyzed by both 1 and 5% of allele frequency. This analysis may support
the viral evolution under positive selection pressure in vaccinated animals [53–55]. Based
on obtained results, SIV could increase its fitness in both vaccinated and nonvaccinated
animals, favoring viral maintenance in the field. Similar findings had been described for
classical swine fever virus affecting pigs [56].

Synonymous and nonsynonymous variants were detected along all segments in se-
quenced samples from both experimental groups (Figure 4). Considering variants with
an allele frequency greater than 5%, which could have a greater impact on virus fitness,
nonsynonymous substitutions were mainly found in the PB2, HA, NP, and NS1 SIV pro-
teins in samples collected from vaccinated animals. On the contrary, in samples from
nonvaccinated animals, most viral changes were found in PB1.

Five nonsynonymous substitutions were detected within the viral NS1 protein re-
covered only in samples from vaccinated animals (Figure 6a). The role of NS1 protein in
the translation of viral mRNAs and interferon regulation has been previously described.
This protein has been associated with the regulation of viral replication and host im-
munity, including the interferon mechanism regulation [57–60]. NS1 has two structural
domains linked by a flexible linker region (LR): the RNA binding domain (RBD) formed
by the 73 first residues and the effector domain (ED) from residue 85 until the end of the
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molecule [61–63] (Figure 6a). Considering that, the substitution E65G located in the RBD,
D67N in the LR, and R81S, G161E, and E179A located in the ED from the NS1 protein may
regulate the SIV replication capacity, the pathogenicity, and the immune response.
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Figure 6. Location of all substitutions (allele frequency > 5%) described in this study in NS1, NP, HA, and NA proteins.
(a) NS1 protein (PDB accession no. 4OPH) [61] RNA Binding (RBD), Linker region, and effector domain (ED) are highlighted
in pink, green, and cyan, respectively. (b) NP trimer protein (PDB accession no. 2IQH) head domain is indicated in cyan,
whereas body domain is highlighted in pink [64]. (c) HA trimer is also represented (PDB accession no. 3LZG); cyan, pink,
and blue domains represent HA1, HA2, and Receptor binding domains, respectively. In orange, the CA antigenic site is
highlighted [65]. I513V and V521M substitutions are not in the limit of the crystallographed structure. (d) NA tetramer
(PDB accession no. 4B7Q) protein [66]. Finally, highlighted substitutions in blue were found in vaccinated animals, those in
green were found in nonvaccinated animals, and those in orange in both. The PyMOL Molecular Graphics System, Version
4.3 was used to visualize the protein structures.

Substitutions E65G and D67N could play roles in the plasticity of the molecule, re-
sulting in a different conformation of the NS1 protein and allowing it to bind to different
host substrates, affecting its activity [67]. Likewise, the R81S substitution is allocated in a
domain that interacts with the host eukaryotic translation initiation factor 4G1 (eIF4G1).
The recruitment of this factor by NS1 promotes viral mRNA translation instead of host
mRNA [68,69]. A previous study demonstrated the relation between this region and
pathogenesis in birds with H5N1 [70]. This substitution was detected with an allele fre-
quency of 18% in a viral sample collected in the lung of animal 2, which had the maximum
histopathological score. Therefore, the variation in NS1 protein could have a contribution
to both mRNA viral translation and pathogenesis. Another substitution found inside the
NS1 protein was the G161E. As previously reported, this position was allocated in the
human leukocyte antigen B7 (HLA-B7) [71] binding motif that could be equivalent to
the swine leukocyte antigen B7 (SLA-B7). Thus, this substitution may affect the antigen
presentation capability by the host. The last substitution found in the NS1 was the E179A.
Notably, a mutation in this position was previously described in the host cleavage and
polyadenylation specificity factor (CPSF) binding domain [72]. The interaction with CPSF
subunit avoids the correct host pre-mRNAs processing, inhibiting the 3′end cleavage and
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the polyadenylation [73]. Substitutions in the same position had also been found in the
equine and canine influenza virus H3N8 subtype. A mutation in this position may have
a great impact on the adaptation ability of avian influenza viruses to the horses [74]. In
addition, this substitution on the canine influenza virus is related to the ability of the
virus to inhibit the host gene expression [72]. Interestingly, this substitution was found
in a viral sample recovered from animal 3, which developed a severe lung lesion despite
being vaccinated. Therefore, this substitution may play a role in disease pathogenesis.
The changes reported in the present study support the high relevance of one or a few
substitutions in the NS1 protein on viral replication and host adaptation, as previously
reported [74–77].

In the case of the NP, it has been associated with the RNA synthesis and trafficking,
and also interacts with viral polymerases and host polypeptides [78,79]. Three substitutions
were simultaneously noted in a viral sample sequenced from vaccinated animal number 7
at 3 dpi: A122E and G281V in polymerase interaction sites of the body domain and
A232T in the head domain [65,80] (Figure 6b). In addition, substitution D289E in the
body domain of the protein was also detected in vaccinated animal 3. On the other
hand, two substitutions were allocated in the head and body domains, E243G and K97R,
respectively (Figure 6b). It should be highlighted that in the inoculum consensus sequence,
other arginine residues were allocated in R292, R421, and R445. Four arginines inside
NP were previously described as interferon (IFN)-inducible tripartite motif 22 (TRIM22)
protein resistance [81]. This resistance avoided the interaction between NP and TRIM22,
preventing viral polyubiquitination and subsequent degradation by proteasome [82]. This
arginine signature was reported in A(H1N1)pdm09; however, the lysine (K) signature at
the four residues was being kept in seasonal influenza until 2009. Besides, the arginine
signature was also described in the IV derived from the 1918 pandemic flu [81]. Therefore,
fixation of the K97R substitution in nature, found in nonvaccinated animal 9, could pose a
risk for both animal and human health due to its similarity to previous flu pandemics.

The HA protein has been associated with the binding to the host acid sialic receptor,
causing membrane fusion within the endosome, allowing virus cell entry [83]. This protein
is an important target to generate neutralizing antibodies during IV infection [84]. Notably,
in this study, five substitutions were found in the HA protein, three in vaccinated animals
and two in nonvaccinated animals (Figure 6c,d). Two substitutions were found in the
receptor binding domain (RBD) of the HA protein, the D200N and V233I, both allocated
close to the Ca antigenic site according to the antigenic structure of CA04 HA from the 2009
H1N1 pandemic virus [65,85]. Substitutions in the RBD were also found in vaccinated and
nonvaccinated pigs in a previous study [86] (highlighting the relevance of this region that
could affect the host range. The substitution V233I was recovered with high allele frequency
(30.4%) from a vaccinated animal (number 5) that, after viral challenge, showed moderate
clinical signs and severe lung lesions. This substitution may be involved in evading the
pre-existing immunity in this animal after vaccination. The other two substitutions, I513V
and V525, both from vaccinated animal samples, are allocated in the transmembrane
region of the stalk domain of the protein. Substitutions in this domain could change its
interaction with surrounding lipids and its structural properties, changing the antigenic
exposure of the HA, allowing the virus to avoid the immune response [87]. Finally, the
I278V substitution was allocated in the esterase subdomain [85].

The NA protein plays an important role at the final stage of IV infection by interaction
with host sialic acid, releasing the virion progeny [88]. This protein has also been described
as one of the main targets to generate neutralizing antibodies during IV infection [84].
Two nonsynonymous substitutions were found in the head domain of the NA, the S354N,
located in the second sialic acid binding site [89] and the V379I (Figure 6d). The substitution
S354N originated from a new N-glycosylation site (NSSS), fulfilling the requesting motif
N-X-S/T-X, where X is any amino acid except proline. Changes in N-glycosylation sites
can affect properties of viral surface antigens and virions by acting in viral incorporation
and replication [90]. This substitution was found in both experimental groups; this could
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indicate two different scenarios: a selective advantage independent of the vaccination or
virus readaptation from MDCK cells to the porcine host.

Our findings suggest, once again, the broad range of adaptation and evolution capacity
of SIV. Herein, the impact of each substitution found is hypothesized according to previous
literature. Further analysis, including viral transmission assays, should be performed
to study deeply the impact of each substitution on viral fitness. Overall, the increasing
pig population in Europe and the continuous persistence of SIV in farms allow SIV to
continuously evolve, affecting its host range, antigenicity, virulence, antiviral resistance,
and pathogenesis. Therefore, the generation of a new pandemic SIV is feasible, as with
what happened in the 2009 H1N1 IV pandemic. Stricter vaccination schedules should be
carried out on farms to avoid maximum SIV circulation, increasing the current percentage
of the swine population vaccinated against SIV in Europe (10–20%) [91].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/v13102087/s1, Supplementary Table S1. Total number of reads obtained in each sequenced
sample. Total number of reads and total number of reads mapped against reference genome after
PCR duplicate removal in each influenza genome segment. Supplementary Table S2. SNVs and
their effect on variants found in viral inoculum and samples collected from previously challenged
vaccinated and nonvaccinated pigs with A/Swine/Spain/01/2010 (H1N1).
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