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Abstract

Surveillance of swine influenza A virus (IAV) traditionally focuses on respiratory matrices, yet
emerging evidence suggests fecal and environmental routes may play significant roles in viral
dissemination. In this study, we collected and analyzed nasal, rectal, environmental, milk, and
colostrum samples from naturally infected pigs in a commercial farm in Minas Gerais, Brazil. IAV
RNA was detected in 28% of samples, including 42% from asymptomatic animals, with nasal swabs
showing higher detection rates (31%) than rectal swabs (24%), though rectal Ct values were
consistently higher, indicative of lower viral loads. We successfully isolated viable virus from feces
and effluent samples. Whole-genome sequencing revealed co-circulation of enzootic pHIN1 clade #2
(HA) and pN1 clade #4 (NA), alongside human-origin H3N2 sequences clustering within clade
3C.2alb.2a.2a.1, and N2 segments related to pre-3C human lineages from 2001-2002. Phylogenetic
and p-distance analyses support both recent reverse zoonosis and historical transmission events.
Detection of complete HA/NA sequences from rectal swabs and treated effluent further emphasizes
the surveillance value of non-respiratory matrices. The integration of respiratory and
fecal/environmental sampling is essential for more comprehensive IAV monitoring in swine herds,
with significant implications for One Health strategies in Brazil and beyond.

Keywords: influenza A virus; swine; fecal shedding; environmental surveillance; reverse zoonosis;
pHIN1; H3N2; phylogenetics
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1. Introduction

Influenza A viruses (IAV) are segmented, negative-sense, single-stranded RNA viruses of the
Orthomyxoviridae family that affect a broad range of hosts, including birds, humans, and pigs. Pigs
are considered “mixing vessels” due to the presence of both a2,3 and «2,6 sialic acid receptors in their
respiratory tract, facilitating the replication and reassortment of avian and human IAV strains.
Consequently, pigs play a key role in the ecology and evolution of IAVs, with significant implications
for public and animal health [1-3].

The IAV genome comprises eight gene segments encoding at least ten proteins. Genetic
reassortment between different lineages can lead to the emergence of novel strains with pandemic
potential. Since the 2009 pandemic, the pHIN1 virus has become endemic in swine populations
worldwide, co-circulating with other lineages such as classical HIN1, human-like H1 (huH1), and
human-derived H3N2. In Brazil, following multiple introductions of human seasonal IAVs—
including HIN1, HIN2, and H3N2—into swine populations, the pHIN1 virus has not only
established endemic transmission but also undergone reassortment with previously circulating
human-origin strains. These events led to the emergence of genetically diverse lineages and several
reassortant viruses currently co-circulating in Brazilian swine herds, as highlighted in recent
phylogenetic and phylodynamic studies [4,5].

Surveillance of IAV in pigs is typically performed using nasal swabs due to the virus's
respiratory tropism. However, studies have reported the detection of IAV RNA in feces of both
humans and pigs, indicating potential intestinal shedding or environmental contamination. In swine,
experimental infections with avian- and human-origin IAVs have demonstrated the presence of viral
RNA in the intestinal tract and feces. This may be explained by the expression of both a2,3- and a2,6-
linked sialic acid receptors on intestinal epithelial cells, suggesting the potential for local replication
or viral persistence in this tissue [10,11]. In humans, the virus has been detected in feces for extended
periods, even after respiratory shedding has declined, raising questions about similar shedding
patterns in pigs [6-8].

During outbreaks, the presence and viability of swine-origin IAV (swlAV) in environmental
matrices—such as airborne particles, oral fluids, and fomites—have been consistently demonstrated
[12]. Environmental transmission has also been inferred from the early infection of suckling piglets
through contaminated udder skin of lactating sows. In human public health, wastewater surveillance
has emerged as a valuable strategy for monitoring IAV circulation, with viral RNA levels in sewage
correlating with community incidence and supporting early outbreak detection [13]. In swine
production, however, effluent sampling has typically been restricted to the detection of
environmentally stable DNA viruses—such as circoviruses and adenoviruses—routinely excreted in
feces [14]. The use of effluent for RNA virus detection, including IAV, remains underexplored in
swine herds, despite its potential for environmental surveillance and understanding indirect
transmission routes.

Wastewater-based surveillance has emerged as an important tool for monitoring virus
circulation in populations, capable of detecting asymptomatic carriers and identifying emerging viral
subtypes, including IAV and SARS-CoV-2 [13,15]. The adaptation of this approach to swine
production systems could provide valuable insight into the dynamics of IAV circulation, especially
when combined with fecal and environmental sampling.

Although fecal-oral transmission of IAV has not been well documented in mammals, the
detection of viable virus in feces and environmental samples raises concerns about its potential
contribution to viral spread within herds and into the surrounding environment.

Thus, implementing a practical and effective sampling system for feces and environmental
matrices may enhance early detection and surveillance of IAV lineages circulating within swine
herds. Understanding the role of fecal shedding and environmental contamination in IAV ecology is
key to improving biosecurity strategies, mitigating the risk of viral persistence and spread within
farms, and ultimately protecting both animal and public health.
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In this context, the present study aimed to: (i) assess the detection rates and viral loads in nasal,
rectal, and environmental samples; (ii) isolate viable virus from feces and effluents; and (iii) perform
phylogenetic and molecular characterization of the circulating IAV strains.

2. Materials and Methods

2.1. Farm Description

In 2023, a total of 745 samples were collected from a farrow-to-finish commercial swine farm
located in Minas Gerais state, southeastern Brazil. The farm houses approximately 70,000 pigs across
various production phases. Over a four-year period, the farm experienced recurrent respiratory
disease outbreaks, predominantly affecting piglets in the farrowing and nursery phases, with a
mortality rate of approximately 10%. Other categories such as growing and finishing pigs were also
affected intermittently.

To mitigate these outbreaks, the farm initially adopted mass vaccination using a commercial
inactivated pHIN1 vaccine, administered to breeding sows and weaned piglets at four-month
intervals over a ten-month period. Despite this strategy, influenza outbreaks persisted, prompting
the adoption of an autogenous vaccine targeting pH1N1, H3N2, and huH1 viruses, administered to
sows during the final third of gestation.

2.2. Water and Effluent Management System

The farm operates a multi-stage effluent treatment system. Effluent is first homogenized in a
large collection tank, and the liquid fraction proceeds to a biodigester. For reuse purposes, the effluent
from the receiving pond is treated in a biological reactor with aerators and then transferred to a
settler. Settled solids are returned to the reactor, while the supernatant flows into a polishing pond
and then into a settling pond. The latter supplies the Wastewater Treatment Plant for Water Reuse,
which includes a flotation tank, sludge removal tank, treated water receiving tank, and chemical
dosing units. The final treated water is stored in impermeable membrane-lined ponds and is pumped
to distribution tanks used for gravity-fed washing of pig pen floors.

The drinking water supplied to pigs is sourced from an 80-meter-deep underground reservoir
and stored in stainless steel tanks. No treatment is applied prior to distribution, as the groundwater
is considered suitable for direct consumption.

2.3. Sampling Procedures

During the sampling period, piglets in the farrowing and nursery phases exhibited clinical signs
of respiratory disease, including coughing, sneezing, prostration, weight loss, and diarrhea. These
symptomatic animals were selected for sample collection. In other categories such as replacement
gilts, gestating sows, growing, and finishing pigs - where no respiratory signs were observed -
animals were randomly selected for sample collection.

Nasopharyngeal secretions were collected using 15 cm synthetic swabs, while rectal swabs were
obtained by gently introducing the same type of swab into the rectum. Swabs were placed in 3 mL of
phosphate-buffered saline (PBS) supplemented with 100 U/mL penicillin and 100 pg/mL
streptomycin.

Environmental samples included 500 mL of raw waste from the shed outlet, reuse water, and
drinking water, collected in sterile containers, homogenized, stored in duplicates, and kept at -80°C
until analysis.

2.4. Milk and Colostrum Collection

A total of 59 samples were collected, comprising 17 colostrum and 42 milk samples. Samples
were obtained after administering 10 IU of oxytocin intravenously into the auricular vein using a 20-
gauge, 1.5-inch needle, as previously described [16].
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In the first collection phase, 23 samples (7 colostrum and 16 milk) were collected without udder
sanitization. In the second phase, 36 samples (10 colostrum and 26 milk) were collected following a
rigorous udder sanitization protocol involving disposable wipes and 80% alcohol. Approximately 20
mL of each sample was manually collected from a pool of functional teats, homogenized, and stored
in duplicate sterile containers at -80°C.

2.5. Viral Detection and Subtyping

Viral RNA was extracted from nasal and rectal swabs using the QlAamp Viral RNA Mini Kit
(QIAGEN), and from environmental samples using the AllPrep DNA/RNA Micro Kit (QIAGEN),
according to the manufacturer’s instructions. RT-qPCR targeting the Matrix gene was performed for
universal detection of IAV [17]. The detection limit of the IAV screening RT-qPCR assay was
established by extracting RNA from a swine nasal swab positive for pHIN]1, followed by serial 10-
fold dilutions in nuclease-free water. Each dilution was tested in triplicate, and the lowest dilution
with consistent amplification in all replicates was considered the assay's LoD. The determined LoD
had a Ct value of 40, which was then adopted as the positivity threshold for all sample types in the
present study.

Subtyping (H3N2, huH1, and pH1N1) was conducted using conventional RT-PCR as previously
described [18]. Positive samples from nasal, rectal, and environmental sources with lower Ct values
were randomly selected for virus isolation in MDCK (CCL-34) cells.

2.6. Virus Isolation

To assess viral viability, IAV-positive samples from nasal swabs, rectal swabs, and feces were
diluted 1:3 in tenfold-concentrated PBS supplemented with 1% antibiotics (penicillin and
streptomycin), and filtered through 0.22 pum membranes. A volume of 200 puL from each filtered
sample was inoculated into 10- to 11-day-old specific-pathogen-free chicken embryonated eggs,
incubated at 37°C for 72 hours. Allantoic fluid was then harvested [19].

Subsequent passages were conducted in MDCK (CCL-34) cells, which were maintained at 37°C
with 5% CO2 in complete Dulbecco's Modified Eagle Medium (DMEM; SIGMA) containing 1 mM
sodium pyruvate, 4.5 mg/mL L-glucose, 100 U/mL penicillin, 100 pg/mL streptomycin, and 5% fetal
bovine serum [19].

2.7. Sequencing and Phylogenetic Analysis

Positive samples were subjected to full-genome amplification using multi-segment reverse
transcription PCR (MS-RT-PCR), following the protocol described by [18]. Sequencing libraries were
constructed on the Illumina platform in collaboration with Instituto Butantan, according to the
methodology outlined in [21]. Raw reads were assembled using the VIPER pipeline
(https://github.com/alex-ranieri/viper). Resulting segment assemblies were subsequently validated
by read mapping with BBMap and visual inspection using Geneious software. Multiple sequence
alignments were performed with MAFFT v7, and phylogenetic trees were inferred using the
maximum likelihood (ML) method implemented in RAXML v8.2.11 through the MEGA12 platform.
Bootstrap support was estimated using 1,000 replicates. All trees were midpoint-rooted and
visualized in the Interactive Tree of Life (iTOL v6), with nodes arranged in descending order of
bootstrap support.

To contextualize the Brazilian swine IAV sequences, separate phylogenetic trees were
constructed for each gene segment (H1, H3, N1, and N2), incorporating local sequences and
representative references from key clades. Reference panels were selected to ensure coverage of: (1)
Brazilian swine-origin HA and NA sequences, previously classified [4,5], representing major clades
(e.g., pH1 clades #1-4; pN1 clades #1-6; H3 clades 1990.5.1, 1990.5.2, 1990.5.3; N2 clades #1-6); (2)
Human H3N2 clades 3C.2alb.2a.2a.1 and 3C.2alb.2a.2b, circulating in Brazil in 2022-2023, retrieved
from GISAID; (3) Historic human H3 sequences from 1998, retrieved from GenBank, which shared
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the highest nucleotide identity with Brazilian swine H3 sequences based on BLASTn analysis; (4)
Swine H3 sequences from Chile, representative of clade 1990.5.4 and its ancestral clade 1900.5; (5)
Swine H3 clade 2010.1 reference sequences from U.S. swine [23]; (6) Historic human N2 sequences,
retrieved from GenBank, dated from 2001 to 2002, which shared the highest nucleotide identity with
Brazilian swine N2 sequences based on BLASTn analysis;

A reduced set of 2-3 representative sequences per clade was selected based on year, geographic
origin, and sequence completeness to ensure optimal tree resolution and clarity. The complete list of
accession numbers and selection criteria is provided in Supplementary Table S1.

3. Results

3.1. Viral Detection in Nasal and Rectal Swabs

From the total of 532 samples, 28% (149/532) were positive for IAV. Of the positive animals
detected across all categories, 42% (62/149) were from animals that did not show any clinical
respiratory signs, particularly among the categories of incoming gilts, sows at different stages of
gestation, and sows in the maternity phase. Among the maternity piglets, which showed the highest
frequency of respiratory symptoms, we observed 7% (5/66) positivity in piglets only 1 day old, rising
to 31% (21/68) in piglets 20 days of age.

Samples were selected based on both clinical signs and representation across the full range of
production phases. In symptomatic categories (e.g., nursery and farrowing piglets), animals were
chosen according to typical signs of influenza-like illness, whereas in asymptomatic groups (e.g.,
gilts, pregnant sows), sampling was randomized to allow detection of subclinical infections and
provide comprehensive surveillance coverage.

Using nasal swabs, IAV was detected at 31% (83/265), primarily in lactating sows, pregnant
sows, nursery piglets, and maternity piglets. Using rectal swabs, 24% (63/267) of samples tested
positive, especially among nursery piglets and finishing pigs. Of the 149 positive samples, 18% (27)
were positive in both nasal and rectal swabs, particularly in nursery piglets and replacement gilts
(Table 1). In the nasal swab, 36% (30/83) of the positive animals were asymptomatic, while 64% (53/83)
exhibited respiratory symptoms. In the rectal swab, 51% (32/63) of the positive animals were
asymptomatic, while 49% (31/63) exhibited symptoms. We observed distinct shedding patterns
between production categories: older animals in the finishing phase tested positive only in fecal
samples, suggesting potential late-stage fecal excretion, whereas lactating sows and sows at 45 days
of gestation showed positivity exclusively in nasal secretions (Figure 1). These findings suggest a
differential tissue tropism or temporal shedding profile between age groups.

During the different production phases, Ct values obtained from nasal and rectal swabs varied
significantly. Overall, Ct values from rectal swabs were consistently high (typically ranging from 36
to 40), with minimal variation across categories, suggesting either low viral loads or intermittent
shedding in feces. For instance, rectal samples from asymptomatic pigs yielded Ct values of 39 upon
arrival of replacement gilts, 37 at 114 days of gestation, and 38 at 150 days in finishing pigs.

In contrast, nasal swab Ct values demonstrated greater fluctuation between phases. Notably,
marked reductions were observed during the nursery phase (20 to 45 days of age), with Ct values
dropping to 24 in symptomatic piglets at both 20 and 45 days. Conversely, in asymptomatic
categories such as sows in gestation or lactation, nasal Ct values were higher - reaching 37 at 45 days
of gestation and 34 at 114 days and during lactation.

This contrast is particularly evident when comparing paired samples from the same production
stage. For example, in "Nursery (45 days)", the nasal swab presented a Ct value of 24, while the
corresponding rectal swab was 37, indicating a significantly higher viral load in the upper respiratory
tract compared to fecal excretion at this stage (Figure 2). These results highlight the complexity of
IAV dynamics in swine, prompting further investigation into viral subtypes and environmental
detection, as explored in the following sections.
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Table 1. Distribution of influenza A virus—positive samples detected by RT-qPCR in nasal and rectal swabs
across swine production categories. The table shows the number and percentage of positive samples per
category, as well as the number of animals with simultaneous detection in both nasal and rectal swabs. Distinct
shedding patterns were observed between age groups, with nursery piglets and replacement gilts exhibiting

higher rates of dual-route detection.

Positive nasal  Positive rectal

Swine production phases Positive nasal + rectal
swabs swab
Replacement gilts arrival 3/10 (30%) 3/10 (30%) 2/6 (33%)
Replacement gilts flushing 0 (0%) 3/10 (30%) 0(0%)
Pregnant (45 days) 7/10 (70%) 0 (0%) 0(0%)
Pregnant (90 days) 5/10 (50%) 2/10 (20%) 1/7 (14%)
Pregnant (114 days) 4/10 (40%) 2/10 (20%) 1/6 (17%)
Lactating (20 days) 7/9 (77 %) 0(0%) 0(0%)
Farrowing (1day old piglet) 3/33 (9%) 2/33 (6%) 1/5 (20%)
Farrowing (10 days old piglet) 7/33 (21%) 2/33 (6%) 0(0%)
Farrowing (20 days old piglet) 16/34 (47%) 5/34 (15%) 4/21 (19%)
Nursery (23 days old piglet) 5/10 (50%) 6/10 (60%) 3/11 (27%)
Nursery (35 days old piglet) 8/17 (47%) 7/17 (41%) 6/15 (40%)
Nursery (45 days old piglet) 14/26 (54%) 9/26 (35%) 7/23 (30%)
Growing (60 days old piglet) 4/19 (21%) 7/19 (37%) 2/11 (18%)
Finishing (100 days old piglet) 0(0%) 4/10 (40%) 0(0%)
Finishing (130 days old piglet) 0(0%) 4/ 10 (40%) 0(0%)
Finishing(150 days old (finisher piglet) 0(0%) 7/15 (47 %) 0(0%)
Total 83 66 27

Ct Values by Sample Type Across Swine Production Phases

Replacement gilts (arrival)

38
Pregnant (45 days)

Pregnant (90 days) -

36

Pregnant (114 days) - 34
Lactating (20 days) - 34
-34
Farrowing (1 day) - 35
[
@
o Farrowing (10 days) -
S 329
E} Farrowing (20 days) [
8 5
o
2 Nursery (23 days)
a -30
Nursery (35 days)
Nursery (45 days)
-28

Growing (60 days) -

Finishing (100 days) -

26
Finishing (130 days) -

Finishing (150 days) -

Nasal Ct Rectal Ct 24
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Figure 1. Heatmap of Influenza A virus Ct values in nasal and rectal swabs across swine production phases. Ct
values were obtained by RT-qPCR from nasopharyngeal (left column) and rectal (right column) swabs collected
at different production stages. Lower Ct values (indicative of higher viral load) are shown in dark red, while
higher Ct values (suggestive of lower viral load or late infection) are represented in blue. Nasal swabs generally
exhibited lower Ct values, particularly during the nursery phase (20-45 days of age), whereas rectal swabs
showed higher Ct values across most categories, indicating lower viral loads. This visual comparison emphasizes

the differential viral shedding patterns in respiratory versus enteric routes.

Among the nasal and rectal swab samples positive for IAV, a subset underwent subtyping to
determine the circulating viral lineages. Subtyping was successful in 32 nasal swabs, revealing a
predominance of H3 (41%), followed by pHIN1 (19%) and huH1 (16%). In rectal swabs, 34 samples
were subtyped, with lower proportions of H3 (9%) and pHIN1 (18%), and no detection of huHI.
These findings suggest potential differences in viral lineage distribution or detection efficiency
between respiratory and fecal routes (Figure 3). The distribution of subtypes detected by sample type
and production category is summarized in Figure 3. H3 was more prevalent in nursery piglets and
sows, whereas pH1N1 appeared across multiple stages. huH1 was exclusively found in nasal swabs
and milk samples, highlighting its possible association with human-to-swine spillover events. To
better understand subtype distribution by production stage, Table 2 summarizes the number of
samples tested and subtyped by category and sample type.
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Figure 2. Cycle threshold (Ct) values obtained by RT-qPCR for IAV detection in nasal and rectal swabs collected
from pigs at different stages of production. Each bar represents the mean Ct value observed in a specific
production phase. Nasal samples showed lower Ct values during the nursery period (2045 days of age),
particularly in symptomatic piglets, indicating higher viral loads. In contrast, rectal samples exhibited
consistently higher Ct values across all phases, including asymptomatic animals, suggesting lower levels of fecal
viral shedding. These findings highlight differences in viral load dynamics between respiratory and enteric

excretion routes.
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Figure 3. Distribution of Influenza A virus subtypes detected in nasal and rectal swabs from pigs in different production phases. The figure shows the frequency of detection for H3, pH1IN1, and

huH1 across categories, emphasizing the higher detection of H3 in piglets and sows and the absence of huH1 in fecal samples.
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Table 2. Distribution of positive samples for the influenza A virus subtypes pHIN1, H3N2, and huH1 detected
by RT-PCR across different animal categories. The table presents the number of positive samples for each
subtype and the total number of samples tested per category, allowing a comparative analysis of subtype

prevalence in swine production stages.

Swine production phases pHIN1 H3N2 huH1
Replacement gilts arrival 0/4 (0%) 0/4 (0%) 0/4 (0%)
Replacement gilts flushing 0/2(0%) 0/2 (0%) 0/2(0%)
Pregnant (45 days) 0/0 (0%) 0/0 (0%) 0/0(0%)
Pregnant (90 days) 0/4 (0%) 0/4 (0%) 0/4 (0%)
Pregnant (114 days) 2/4 (50%) 0/4 (0%) 0/4 (0%)
Farrowing (2 old days) 1/2 (50%) 0/2(0%) 0/2(0%)
Farrowing (1day old piglet) 0/3 (0%) 0/3 (0%) 0/3 (0%)
Farrowing (10 days old piglet) 0/4 (0%) 1/4 (25%) 1/4(25%)
Farrowing (20 days old piglet) 0/16 (0%) 8/16 (50%) 1/16 (6%)
Nursery (23 days old piglet) 1/6 (17%) 4/6 (67%) 0/6 (0%)
Nursery (35 days old piglet) 1/6 (17%) 1/6 (17%) 0/6 (0%)
Nursery (45 days old piglet) 0/5 (0%) 2/5 (40%) 2/5 (40%)
Growing (60 days old piglet) 0/4 (0%) 2/4 (50%) 0/4 (0%)
Finishing (100 days old piglet) 0/2(0%) 0/2 (0%) 0/2(0%)
Finishing (130 days old piglet) 0/2(0%) 0/2 (0%) 0/2(0%)
Finishing(150 days old (finisher piglet) 1/2(50%) 0/2 (0%) 0/2(0%)
Total 6 18 5

3.2. Environmental Samples

A total of 13 environmental samples were collected, including raw waste from the shed outlet
(n = 5), reclaimed reuse water (n = 6), and water from animal drinking troughs (n = 2). Of these, 4
samples (4/13; 30%) tested positive for IAV by RT-qPCR. Positive detections included two samples of
reclaimed water, one from the finishing phase shed and another from the reservoir lagoon, as well as
one raw waste sample from the maternity unit and one water sample from the drinking trough in the
finishing area. These findings indicate the circulation of IAV genetic material in both effluent and
drinking water systems within the farm environment.

Subtyping was performed on all positive environmental samples. One sample of reclaimed
water from the reservoir lagoon tested positive for pH1N1, while another sample of reclaimed water
used in the gestation barn was positive for huHIN1. Subtyping was not successful for the positive
raw waste and drinking water samples, possibly due to low viral loads or RNA degradation in these
matrices (Table 3).

In addition to viral detection, pH analyses of environmental samples were conducted. The pH
values ranged from 6.5 to 8.0, with reclaimed water samples tending toward a more alkaline profile
compared to raw waste and drinking water (Table 2). The near-neutral to slightly alkaline pH
observed in most samples may provide conditions favorable to the environmental stability of the
IAV, potentially enhancing its persistence in water sources. This physicochemical characteristic,
along with repeated detection of viral RNA, highlights the potential role of water as a vehicle for
indirect transmission within swine farms.

These results underscore the importance of effluent-based surveillance strategies for IAV. The
detection of the huH1 subtype - a lineage of human origin - in reclaimed water also raises concern
about reverse zoonotic events, supporting the hypothesis that human-origin viruses may not only
infect pigs but persist in the shared farm environment. Such environmental persistence creates
opportunities for inter-host transmission and viral reassortment, underscoring the need for
integrated One Health approaches to monitor and mitigate influenza spread in intensive livestock
settings.
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Table 3. Detection of Influenza A virus by RT-qPCR in environmental samples collected from different locations
of a swine farm. The table indicates the sample type, location of collection, cycle threshold (Ct) values for positive
samples, and viral subtype detected by RT-PCR. Among the 13 samples analyzed, 4 tested positive for IAV,
including two from reclaimed water, one from raw effluent, and one from drinking water. The pH values of each
sample are also presented, with mildly alkaline conditions observed in the reclaimed water samples, which may

favor viral persistence.

Sample type Collection site building Cycle t(tl:)eShOId i::;?;g; pH
Reuse Water Ponds serving as reservoirs for reuse 36.758 pHINI 78
water
Reuse Water Gestation building 36.589 huHIN1 7.9
Reuse Water Nursery building undetermined 8
Water Whole-farm storage tank undetermined -
Water Farrowing waterer/watering system undetermined 7.1
Raw Effluent Replacement gilts building undetermined -
Raw Effluent 150-day finishing building 31.17 Not subtyped 7.6
Raw Effluent Post-chemical treatment slaughterhouse =~ undetermined 6.5
Raw Effluent Nursery building undetermined 7.04
Raw Effluent Farrowing building undetermined 7.27
Raw Effluent Farrowing building undetermined 7.34
Raw Effluent Farrowing building 36.467 Not subtyped 7.71
Raw Effluent Farrowing building undetermined 7.69

3.3. Detection Rate of Milk and Colostrum Samples from Lactating Sows

Of the 59 milk and colostrum samples obtained from lactating sows in the maternity unit, 12
samples tested positive for IAV, representing a detection rate of 20%. These positive samples were
distributed among 3 colostrum samples (25%) and 9 milk samples (75%) (Figure 10). Notably, 75%
(9/12) of the positive samples were detected during the first collection—comprising 1 colostrum
sample and 8 milk samples—while 25% (3/12) were identified during the second collection—
comprising 2 colostrum and 1 milk sample.

All TAV-positive milk and colostrum samples originated from sows housed with piglets
exhibiting respiratory symptoms. This association suggests that environmental contamination of the
udder skin may contribute to viral presence in mammary secretions, particularly in the absence of
strict hygiene protocols. Indeed, during the second collection phase, a rigorous udder sanitization
procedure was implemented, coinciding with a noticeable reduction in positive samples. This
supports the hypothesis that indirect contamination, rather than systemic excretion into milk, may
account for the viral RNA detected.

Cycle threshold (Ct) values ranged from 37 to 39, indicating low viral loads consistent with
superficial contamination or non-productive infection. Twelve milk and colostrum samples
underwent subtyping, and among these, only one milk sample tested positive for the huH1 subtype.
Although isolated, the detection of a human-origin IAV lineage in a lactating sow sample reinforces
the need to consider the potential for reverse zoonosis, particularly in maternity sectors where close
contact between humans and animals is frequent.

These findings underscore the importance of implementing and maintaining rigorous hygiene
protocols in the maternity environment—not only to prevent pathogen dissemination to neonates,
but also to mitigate environmental contamination that may result in indirect routes of IAV
transmission within swine herds.

3.4. Isolation of Positive Samples

Five samples were selected for virus isolation based on their lower Ct values: three rectal swabs
(from a sow at 90 days of gestation, a 35-day-old piglet, and a 130-day-old finishing pig), one nasal
swab (from a 60-day-old piglet), and one environmental sample (effluent from the 150-day-old
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finishing barn) (Table 4). Each sample underwent six to seven passages in MDCK (CCL-34) cells to
monitor the appearance of cytopathic effects (CPE), such as cell rounding and detachment.

Table 4. Influenza A virus—positive samples selected for virus isolation. Samples were chosen based on lower
Ct values and included nasal and rectal swabs, environmental water samples, and milk or colostrum from

lactating sows.

Sample type Collection site building Cycle threshold (ct) Subtype Detected
Effluent 150-day finishing 31.17 Not performed
Rectal swab Pregnant 90 days 36.00 Not performed
Rectal swab Piglet 35 days 33.72 Not performed
Rectal swab Finishing 130 days 32.66 pHIN1
Nasal swab Growing 60 days 21.58 H3N2

Among the rectal swab samples, CPE was first observed in the sample from the sow at 90 days
of gestation at the fifth passage, reaching 60% by the seventh passage. In the sample from the 35-day-
old piglet, CPE emerged at the fourth passage and increased to 80% by the sixth passage. The sample
from the 130-day-old finishing pig showed faster progression, with CPE reaching 90% by the sixth
passage (Figure 4).

The effluent sample showed CPE beginning at the fourth passage, reaching 80% by the sixth
passage (Figure 5). The nasal swab sample from the 60-day-old piglet exhibited pronounced CPE by
the fifth passage, reaching 90% by passage six. RT-qPCR confirmed the presence of IAV in all inocula
post-culture.

Among these five successfully isolated samples, two underwent subtyping. The nasal swab
sample from the growing phase (60 days old) was identified as H3N2, and the rectal swab sample
from the 130-day-old pig was identified as pHIN1.

"

Figure 4. Cytopathic effects (CPE) observed in MDCK (CCL-34) cell cultures after inoculation with Influenza A
virus—positive samples from swine rectal swabs. MDCK CCL34 cells (Madin-Darby canine kidney). Black arrows
highlight the cytopathic effects caused by influenza A, observed 72 hours after inoculation. A) Cell control
inoculated with DMEM; B) 7th inoculum of the rectal swab sample from a sow at 90 days of gestation; C) 6th

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.0752.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 July 2025 d0i:10.20944/preprints202507.0752.v1

12 of 23

inoculum of the rectal swab sample from a 35-day-old piglet; D) 6th inoculum of the rectal swab sample from a

130-day-old finishing pig. Magnification: 500x.

L

Figure 5. Cytopathic effects (CPE) observed in MDCK (CCL-34) cell cultures after inoculation with Influenza A
virus—positive samples from swine and environmental sources. Black arrows highlight the cytopathic effects
caused by viral influenza infection. A) Cell control inoculated with DMEM; B) 6th inoculum of the effluent
sample from the 150-day-old finishing barn. Magnification: 500x.

3.5. Sequencing and Phylogenetic Analysis

3.5.1. Sample Selection and Sequencing Yield

For whole-genome sequencing (WGS) of the HA and NA segments of IAV, a total of 75 RT-
qPCR-positive clinical samples were selected based on low Ct values. These included nasal swabs (n
= 54), rectal swabs (n = 16), environmental samples (n = 4), and one inoculum sample obtained from
viral isolation of a nasal swab. The samples originated from sows, piglets in maternity and nursery
phases, and finishing pigs.

Due to the low quality of sequencing reads for internal gene segments, only HA and NA gene
sequences were analyzed. Among the 75 selected samples, 25 yielded paired HA and NA sequences,
5 yielded only HA sequences, and 7 yielded only NA sequences (Table 5).

Table 5. swlAV strains sequenced in this study with corresponding sample type, subtypes, HA and.

HA_GenBank NA_GenBank

Strains Sample type Subtype HA clade NA Clade Accession number Accession number
A/swine/Brazil/10 Nasal swab pHIN1 H142 N1#4 PV876006 PV876028
A/swine/Brazil/11 Nasal swab pHINI1 Hi1#2 N1#4 PV875989 PV876018
A/swine/Brazil/46 Nasal swab pHIN1 H142 N1#4 PV875997 PV876039
A/swine/Brazil/48 Nasal swab pHIN1 H1#2 N1#4 PV875999 PV876045
A/swine/Brazil/50 Nasal swab pHIN1 H1#2 N1#4 PV876000 PV876041
A/swine/Brazil/51 Nasal swab pHIN1 H1#2 N1#4 PV876002 PV876016
A/swine/Brazil/76 Nasal swab pHIN1 H142 N1#4 PV875990 PV876026
A/swine/Brazil/91 Nasal swab pHIN1 Hi1#2 N1#4 PV875991 PV876025
A/swine/Brazil/92 Nasal swab pHIN1 H1#2 N1#4 PV875995 PV876024
A/swine/Brazil/98 Nasal swab pHIN1 H1#2 N1#4 PV875996 PV876019
A/swine/Brazil/99 Nasal swab pHINI1 Hi1#2 N1#4 PV875992 PV876029

A/swine/Brazil/100 Nasal swab pHIN1 H1#2 N1#4 PV875994 PV876022
A/swine/Brazil/101 Nasal swab  pHINI1 H142 N1#4 PV876005 PV876030
A/swine/Brazil/104 Nasal swab pHINI1 H1#2 N1#4 PV876007 PV876031
A/swine/Brazil/106 Nasal swab pHIN1 H1#2 N1#4 PV875993 PV876023
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A/swine/Brazil/136 Nasal swab pHINI1 Hi1#2 N1#4 PV876008 PV876035
A/swine/Brazil/148 Nasal swab pHIN1 H1#2 N1#4 PV875998 PV876040
A/swine/Brazil/149 Nasal swab  pHINI H142 N1#4 PV876004 PV876044
A/swine/Brazil/150 Nasal swab pHINI1 Hi1#2 N1#4 PV876009 PV876046
A/swine/Brazil/152 Nasal swab pHINI1 H1#2 N1#4 PV876001 PV876042
A/swine/Brazil/153 Nasal swab pHIN1 H1#2 N1#4 PV876003 PV876043
A/swine/Brazil/37 Nasal swab  H3N2 H3#2 N2#6 PV876064 PV876066
A/swine/Brazil/139 Nasal swab  H3N2 H3#2 N2#6 PV876065 PV876033
A/swine/Brazil/158 Nasal swab  H3N2 H3#2 N2#6 PV876063 PV876067

A/swine/Brazil/5 Nasal swab  pHINx H1#2 N1#4 PV876010 PV876021
A/swine/Brazil/28 Nasal swab pHINXx H1#2 - PV876013 -
A/swine/Brazil/72 Rectal swab  pHINXx H1#2 - PV876011 -
A/swine/Brazil/118 Nasal swab  pHINXx H1#2 - PV876012 -
A/swine/Brazil/127 Nasal swab pHINXx H1#2 - PV876014 -
A/swine/Brazil/128 Rectal swab  H3Nx H3#2 - PV876062 -
A/swine/Brazil/33 Nasal swab  HxN1 - N1#4 - PV876036
A/swine/Brazil/34 Nasal swab  HxN1 - N1#4 - PV876037
A/swine/Brazil/36 Nasal swab  HxN1 - N1#4 - PV876038
Aswine/Brazil/ss VAT bam -y g - N1#4 - PV876017

effluent

A/swine/Brazil/133 Nasal swab  HxN1 - N1#4 - PV876032
A/swine/Brazil/134 Nasal swab HxN1 - N1#4 - PV876034
A/swine/Brazil/138 Nasal swab  HxNI1 - N1#4 - PV876020

3.5.2. Subtype Classification

Among the 25 subtyped nucleotide sequences, 22 were identified as pHIN1 and three as H3N2.
All 25 sequences were obtained from nasal swab samples. Of the five samples that yielded only HA
sequences, four were classified as pH1Nx and one as H3Nx. Notably, two of the pH1Nx sequences
originated from rectal swabs and three from nasal swabs, while the single H3Nx sequence was
derived from a rectal swab. Among the seven samples that yielded only NA sequences, all were
classified as HxN1; six were obtained from nasal swabs, and one from a maternity barn effluent
sample. Although the huH1 subtype (pre-pandemic human-origin H1) was detected by RT-qPCR
subtyping in some clinical and environmental samples, no corresponding HA or NA sequences were
recovered, likely due to low viral loads or RNA degradation.

3.5.3. Host and Age Distribution

The nucleotide sequences obtained were predominantly recovered from nursery piglets during
stages associated with overt respiratory symptoms. Specifically; among the 22 pH1IN1 samples; all
were nasal swabs collected from piglets aged 10 to 60 days; particularly at 20 and 45 days of age;
when viral loads were highest. Similarly; the three H3N2 samples were derived from nasal swabs of
piglets aged 20 and 35 days

In the HINx group (n = 5), three sequences were obtained from 45-day-old piglets (one nasal
swab and two rectal swabs), and two from 60-day-old piglets (nasal swabs). For the HxN1 group (n
=7), six sequences were recovered from nasal swabs of 45-day-old piglets, and one from a maternity
barn effluent sample (Table 5). No full-length sequences corresponding to huH1 strains were
recovered, despite their detection by RT-qPCR subtyping.

3.5.4. Phylogenetic Characterization

Phylogenetic analyses based on the HA and NA gene segments revealed distinct lineage
clustering of the IAV strains circulating in this study. All H1 sequences were classified within pH1
clade #2, sharing high nucleotide similarity and strong bootstrap support with previously described
Brazilian swine pHINT1 strains from this clade (Figure 6A).
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The three complete H3 sequences (UFMG_37, UFMG_128, and UFMG_139) clustered within the
human-derived clade 3C.2alb.2a.2a.1, which circulated in Brazil between 2021 and 2023. These swine
sequences grouped tightly with recent human seasonal H3N2 strains, showing robust bootstrap
support (295%), suggesting recent reverse zoonotic transmission from humans to pigs (Figure 7A).
No sequences clustered within clade 3C.2alb.2a.2b, reinforcing the specificity of this lineage
association.

This phylogenetic placement was further supported by p-distance analysis, which revealed a
mean pairwise nucleotide divergence of 0.016 between the swine H3 sequences and the human clade
3C.2alb.2a.2a.1 sequences. In contrast, divergence was higher when compared to clade 3C.2alb.2a.2b
(0.037) and swine H3 clade 1990.5.2 (0.081) (Table 6).

Regarding the NA segments, the six N1 sequences were grouped within pN1 clade #1, consistent
with co-circulating pH1 clade #2 viruses, and displayed high similarity to previously characterized
Brazilian pN1 strains (Figure 6B). The three N2 sequences clustered with human seasonal N2 viruses
from 2001-2002, genetically related to pre-3C human strains that circulated globally prior to the
emergence of the modern 3C clades. Notably, these N2 sequences did not group with the enzootic
swine N2 clades #4 or #6 commonly found in Brazil, further supporting the human origin of the
detected H3N2 strains (Figure 7B). One of the Brazilian swine sequences (UFMG_128) grouped with
high confidence alongside human N2 strains from 2002, reinforcing this inference.

p-distance analysis of the N2 segment showed a mean divergence of 0.022 between the swine
N2 sequences and human N2 strains from 2001-2002, while divergence from swine clade #4 and clade
#6 sequences was considerably higher (0.071 and 0.085, respectively), further supporting the
phylogenetic placement.

Together, these findings highlight the continued circulation of endemic pHIN1 lineages in swine
and provide strong molecular evidence for recent human-to-swine transmission events involving
seasonal H3N2 viruses.

Among the sequences included in the phylogenetic analysis, two HA sequences classified as
pHINx and one H3Nx were derived from rectal swabs, and one NA sequence classified as HxN1 was
obtained from maternity barn effluent. These findings reinforce the relevance of non-respiratory
matrices in genomic surveillance and support the detection of phylogenetically informative IAV
genomes from fecal and environmental sources.

Table 6. Distribution of UFMG Influenza A virus samples according to segment and phylogenetic clade. Clade
classification was based on maximum-likelihood analysis of the HA and NA genes using reference sequences

from Brazilian swine, human-origin H3N2 clades circulating in Brazil (2021-2023), and historical human strains.

Segment Clade No. of UFMG samples
H1 pHI1-#2 (swine-like) 26
H3 3C.2alb.2a.2a.1 (human-like) 4
N1 pN1-#4 28
N2 N2-#6 (swine-like) 1
N2 Pre-3C (human-like)
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Figure 6. Phylogenetic analysis of HA and NA genes from pHINT1 strains detected in swine. (A) Maximum-
likelihood phylogenetic tree of H1 hemagglutinin (HA) gene sequences. Red labels indicate sequences obtained
in this study; blue labels represent reference swine pH1 sequences from clades #1-4. All UFMG sequences
clustered within clade pH1-#2 with strong bootstrap support (=70%) and low intra-clade nucleotide diversity
(mean p-distance = 0.010).
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Figure 6. (B) Maximum-likelihood phylogenetic tree of N1 neuraminidase (NA) gene sequences. All N1
sequences from this study (in red) grouped within clade pN1-1, consistent with co-circulating pH1 clade #2
viruses. Reference Brazilian swine N1 sequences from clades #1-6 (in blue) were included. High bootstrap values
(270%) and low intra-clade distance (mean p-distance = 0.009) confirmed close genetic relatedness. All trees were

inferred using RAXML with 1,000 bootstrap replicates, midpoint-rooted, and visualized using MEGA12.
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Figure 7. Phylogenetic analysis of HA and NA genes from H3N2 strains detected in swine. (A) Maximum-

likelihood phylogenetic tree of H3 hemagglutinin (HA) gene sequences. Sequences obtained in this study (in
red), including one from a rectal swab (UFMG_128), clustered within the human-like clade 3C.2alb.2a.2a.1 (in
italic black), showing high similarity to human H3N2 strains circulating in Brazil between 2021 and 2023.

Reference sequences from swine clades 1990.5.1 to 1990.5.4 (in blue), historic human strains from 1998 (in green),

and ancestral clade 1900.5 (dark green) were included for phylogenetic context.
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Figure 7. (B) Maximum-likelihood phylogenetic tree of N2 neuraminidase (NA) gene sequences. Two distinct
clusters were observed among the three sequences from this study (in red): UFMG_158 grouped with Brazilian
swine clade N2-#6, while UFMG_37 and UFMG_139 clustered with human-origin strains from 2001-2002 (pre-
3C clade, in dark green), suggesting historical reverse zoonotic events. Reference sequences included swine N2
clades #1-6 (in blue) and contemporary human clades 3C.2alb.2a.2a.1 and 3C.2alb.2a.2b (in italic and regular
black, respectively). All trees were inferred using RAXML with 1,000 bootstrap replicates, midpoint-rooted, and

visualized using MEGA12. Bootstrap values > 70% are shown at major nodes.

4. Discussion

This study confirms that IAV RNA can be detected in swine feces under natural conditions,
aligning with prior experimental data [4,8]. Notably, 42% of positive animals were asymptomatic,
with multiple categories—including pregnant and lactating sows, and finishing pigs—testing
positive in both nasal and rectal swabs. These findings highlight the relevance of including
asymptomatic individuals in surveillance programs, as they may contribute to sustained viral
circulation on farms.

Although nasal swabs yielded higher detection rates (31%) than rectal swabs (24%), Ct values
were markedly higher in the latter (mean 37), reflecting lower viral loads. This supports the
hypothesis that IAV replicates more efficiently in the respiratory tract. Still, sustained detection of
viral RNA in feces—especially from asymptomatic animals—suggests intermittent or prolonged
shedding via the gastrointestinal route. In humans, respiratory shedding peaks within four days,
whereas viral RNA in feces can persist for over three weeks [24], reinforcing this interpretation.

Ctvalues also varied by production phase and clinical status. Symptomatic piglets in the nursery
phase (20 to 45 days old) exhibited the lowest Ct values (~24), indicating active viral replication. In
contrast, asymptomatic gestating and lactating sows showed higher values (e.g., 37 at 45 days of
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gestation, 34 during lactation), or undetectable levels in some finishing pigs, reinforcing the
correlation between nasal shedding and clinical signs.

The isolation of viable virus from feces reinforces the potential for fecal-oral transmission or
environmental contamination. While replication in enterocytes remains uncertain, the presence of
a2,3- and a2,6-linked sialic acid receptors in the porcine intestinal tract supports the possibility of
local infection [9]. Alternatively, swallowed virus-laden mucus may resist degradation due to
protective mucins [25], allowing viral RNA to persist in feces. The presence of IAV antigens in
immune cells such as monocytes, neutrophils, and macrophages [26-29] may contribute to viral
dissemination and persistence. While productive replication in these cells remains debated [29,30],
circulating monocytes may facilitate systemic dissemination of viral RNA due to their migratory
capacity. In contrast, resident macrophages may support local persistence in tissues, potentially
contributing to prolonged shedding.

Detection of IAV RNA in effluent samples from asymptomatic 150-day-old pigs, with 47%
positivity in feces despite negative nasal swabs, emphasizes the importance of environmental
surveillance. Virus isolation from these samples confirmed viability. In the maternity barn, piglets of
varying ages tested positive in both swab types, and lactating sows exhibited 77% nasal positivity.
These findings indicate that pigs shed IAV through both nasal and fecal routes, contributing to
environmental contamination. Detection of viral RNA in reclaimed water after biological treatment
further supports this risk. Water samples showed neutral to slightly alkaline pH (6.5-8.0), a condition
that may favor viral stability, whereas acidic pH reduces viability [31]. The persistence of viral RNA
in treated effluent suggests incomplete removal by standard biological treatments, a pattern also
observed for SARS-CoV-2 [32,33]. Although viral loads were lower in reclaimed water, their presence
points to residual contamination and reinforces the value of wastewater surveillance.

Detection of IAV RNA in milk and colostrum (20% positivity) from asymptomatic sows raises
concerns about vertical transmission or early-life exposure. Only pH1N1 was identified, consistent
with nasal detection in sows. While mammary shedding is plausible [34], environmental
contamination cannot be ruled out. These findings underscore the dual role of respiratory and fecal
shedding in IAV dissemination and support the incorporation of effluent and fecal testing into
surveillance to improve early detection and inform interventions.

Phylogenetic analysis revealed the co-circulation of distinct IAV lineages within the studied
herd. All H1 sequences were classified within pH1 clade #2, a lineage derived from the 2009 pandemic
H1NT1 virus. This clade was introduced into pigs during 2009-2011 and has since become endemic in
Brazilian swine [5]. The N1 segments belonged to clade pN1 clade #4, a reassortant lineage also of
pandemic origin. Although both clades descend from the same ancestral pHIN1 virus, their
independent evolutionary trajectories and frequent reassortment have been documented in Brazil
[4,5], supporting the genotypic constellation identified in our samples.

In contrast, the H3N2 sequences presented strong molecular evidence of recent reverse zoonosis.
All three H3 sequences clustered within clade 3C.2alb.2a.2a.1, a human seasonal lineage that
circulated widely in Brazil between 2021 and 2023. This clade has been responsible for major human
H3N2 outbreaks in multiple Brazilian states, including Minas Gerais, where the studied farm is
located [21]. The detection of this clade in pigs, with high bootstrap support and low p-distance
values relative to human strains, indicates a recent introduction from humans to swine.

Interestingly, the N2 sequences grouped with H3N2 human seasonal viruses from 2001-2002,
genetically related to strains such as A/Moscow/10/99-like and A/Fujian/411/2002-like, which
circulated globally before the emergence of clade 3C. These N2 genes likely represent historical
introductions of human-origin viruses into pigs, previously unreported in Brazil. One of our swine
sequences (UFMG_128) clustered closely with human N2 strains from 2002, reinforcing this inference.

Similar events involving human-derived H3 and N2 segments have recently been reported in
Mexico and the southern United States [22,35], but to our knowledge, this is the first documented
case in Brazil of reverse zoonotic transmission of clade 3C.2alb.2a.2a.1 into pigs. These findings
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highlight the increasing frequency and global distribution of such events and the critical role of local
surveillance in early detection.

Importantly, phylogenetically informative sequences were also recovered from non-respiratory
samples. Among the HA sequences, two pH1Nx and one H3Nx originated from rectal swabs, while
one NA sequence (HxpN1) was derived from maternity barn effluent. These results reinforce the
value of environmental matrices—often overlooked in surveillance—for recovering complete or
partial viral genomes. The successful detection and sequencing of these samples may be explained
by contamination via respiratory secretions, but also by the expression of both a2,3- and a2,6-linked
sialic acid receptors in the swine intestinal tract, which could support intestinal replication or
persistence of the virus [11].

Importantly, the swine herd investigated in this study experienced a severe respiratory
outbreak, characterized by intense clinical signs and an estimated mortality rate of 10%. Despite the
use of autogenous vaccines, the outbreak persisted, raising concerns regarding vaccine efficacy. The
genomic detection of human-origin H3N2 viruses—specifically from clade 3C.2alb.2a.2a.1—in
affected pigs suggests that the herd was likely immunologically naive to this novel strain. This
mismatch between the vaccine formulation and the circulating viruses may have contributed to the
increased disease severity observed. These findings underscore the potential consequences of reverse
zoonotic events in commercial herds and highlight the urgent need for continuous genomic
surveillance and timely updating of swine vaccine strains.

Together, our results demonstrate the co-circulation of enzootic pHIN1 viruses, human-origin
H3N2 strains, and historically introduced N2 genes in a single herd, reflecting the complex
evolutionary dynamics and reassortment potential of IAVs in swine. These findings underscore the
importance of integrating fecal and environmental sampling into IAV monitoring strategies, as such
approaches enhance detection sensitivity, facilitate early recognition of emerging reassortants, and
provide a broader picture of viral circulation within production systems.

Finally, in light of the emergence of HPAI H5N1 in Brazil, the role of pigs as potential
intermediary hosts must be emphasized. A One Health framework, integrating molecular, clinical,
and environmental surveillance, is essential to detect emerging IAV threats and prevent future
pandemics.

5. Conclusions

This study provides novel evidence that Influenza A virus IAV) RNA, including viable virus,
can be detected in swine feces and effluent under natural conditions. These findings underscore the
relevance of fecal and environmental matrices in IAV surveillance and highlight the potential for
alternative transmission routes beyond the respiratory tract. The identification of IAV RNA in fecal
samples from asymptomatic animals, and the successful isolation of infectious virus, suggest a
possible role for gastrointestinal shedding in the persistence and spread of IAV within pig herds and
into the environment.

Furthermore, the detection of human-origin H3N2 viruses (clade 3C.2alb.2a.2a.1) in Brazilian
pigs—combined with N2 segments related to pre-3C human strains from the early 2000s —provides
strong molecular evidence of reverse zoonotic events and historical reassortments. The co-circulation
of enzootic pH1NT1 strains (clade #2) with reassorted NA segments (pN1 clade #4 and human-derived
N2) within a single herd highlights the ongoing genetic evolution of swine IAVs in Brazil.

These results reinforce the need to integrate respiratory, fecal, and environmental sampling into
routine surveillance programs. Such strategies will enhance early detection, improve our
understanding of IAV ecology in swine populations, and help mitigate the zoonotic risks posed by
emerging strains. A comprehensive One Health approach remains essential for anticipating and
preventing future public and animal health threats.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org.
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