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Swine Influenza Virus: Standardization of a RT-PCR and subtyping of field samples 

circulating in Brazil from 2012-2018 

Abstract 

Influenza A virus (IAV) causes an acute respiratory disease in pigs, characterized by high 
morbidity in the herds. The IAVs have a segmented negative sense genomic RNA, which 
contributes to genetic mutations and virus rearrangements. The surface glycoproteins 
haemagglutinin (HA) and neuraminidase (NA) are the main targets of host immune response, 
and mutations in these glycoproteins contribute to the genetic diversity of the virus. Three 
subtypes of swine influenza virus (SIV) circulate worldwide in the swine population: H1N1, 
H1N2 and H3N2. Rapid identification of viral subtypes is important for virus monitoring, 
assisting the detection of possible outbreaks and viral antigenic variations. The objective of this 
study was to standardize a RT-PCR test for the detection of SIV subtypes present in Brazil, 
analyzing their distribution combined with serological data from 2012-2018. The delineation 
of specific primers for the HA region was carried out from sequences of Brazilian samples, 
previously deposited at GenBank database. Characterized samples of H1N1pdm09, H3N2 and 
H1Delta were used as references. A first (One Step RT-PCR) and a second (Nested PCR) 
reaction was performed to standardize the test. Ninety-two field samples, previously positive 
for IAV, from 2012 to 2018 were used for the test validation. Sensitivity was assessed from the 
detection limit test and specificity from cross primer assays in control samples. The amplified 
PCR products from the field samples were sequenced and phylogenetic analysis was performed, 
as well as the p-distance calculation between samples of the same subtype. Partial HA 
sequences of H1pdm, from samples of the study and from other years, were translated and 
compared. Subtyping the N gene of H1Delta positive samples was performed. Serological 
analyzes were performed on 949 serum samples obtained from 2017-2018, evaluating the 
presence of antibodies against H1N1pdm09 and H3N2 by the Hemagglutination Inhibition (HI) 
test. The Nested test was more sensitive than the One-step reaction. There was no nonspecific 
cross amplification. Seventy-one (71/92-77%) of the field samples were subtyped by the Nested 
RT-PCR, 14 (14/71-20%) collected in 2012-2013, 35 (35/71- 49%) in 2014-2015, and 22 
(22/71-31%) in 2017-2018. In 2012-2015, most of the samples were positive for H1N1pdm09, 
followed by H1Delta and H3N2, with H1N1pdm09 + H3N2 and H1N1pdm09 + H1Delta co-
infection. In 2017-2018, there were more positive samples for H1Delta, followed by H1N1pdm 
and H3N2, and co-infection was also observed. From the H1Delta positive samples, only 57% 
(12/21) were subtyped for the N gene, with the majority positive for N2. A total of 716 serum 
samples were positive for IAV, and in 2017-2018 the occurrence of H3N2 was higher than 
H1N1pdm09 as well as the co-infection between H1N1pdm09+H3N2. By the phylogenetic 
analysis, partial sequences of each analyzed subtype have grouped into similar clusters. The p-
distance analysis identified dissimilarity between samples into the H1Delta cluster and samples 
into H1N1pdm09 group. Amino acid alignment of H1N1pdm partial sequences, from different 
years, showed residual variations, especially at antigenic sites. The Nested RT-PCR technique 
was fast, sensitive and specific, which is recommended for SIV subtyping. Four subtypes of 
SIV circulate in Brazil. In 2012-2015 a higher occurrence of H1N1pdm was evidenced, but 
H3N2 was the most observed in 2017-2018. Analysis of amino acid residues of the H1N1pdm 
sequences demonstrated point substitutions between samples from different years, suggesting 
the evolution of the virus over time. Studies related to the genetic characterization of circulating 
SIVs in Brazil are essential to understand the evolution of viruses and their antigenic 
characteristics. 

Keywords: Brazil, genotyping, Influenza A Virus, serology, swine 



 

 

Resumo  

O vírus influenza A (IAV) causa doença respiratória aguda em suínos, caracterizada por alta 
morbidade nos rebanhos. Os IAVs possuem RNA segmentado de senso negativo, contribuindo 
para mutações e rearranjos genéticos do vírus. As glicoproteínas hemaglutinina (HA) e 
neuraminidase (NA) são os principais alvos da resposta imune do hospedeiro, e mutações nas 
mesmas contribuem para a diversidade genética do IAV. Três subtipos do vírus da influenza 
suína (SIV) circulam mundialmente nos suídeos: H1N1, H1N2 e H3N2. A rápida identificação 
dos subtipos é importante para monitorar o SIV, auxiliando na detecção de possíveis surtos e 
variações antigênicas virais. O objetivo deste estudo foi padronizar um teste de RT-PCR para 
detectar subtipos de SIV presentes no Brasil, analisando suas distribuições combinada a dados 
sorológicos dos anos de 2012-2018. O delineamento de primers específicos para regiões de HA, 
foi realizado a partir de sequências de amostras brasileiras previamente depositadas no 
GenBank. Amostras caracterizadas de H1N1pdm09, H3N2 e H1Delta foram utilizadas como 
referências. Realizou-se uma primeira (One Step RT-PCR) e uma segunda (Nested PCR) reação 
para padronizar o teste. Noventa e duas amostras de campo, positivas para IAV, dos anos de 
2012 a 2018, foram utilizadas para validar o RT-PCR. A sensibilidade foi avaliada a partir do 
teste de limite de detecção e a especificidade a partir de ensaios de primers cruzados nas 
amostras controle. Os produtos de PCR amplificados, a partir das amostras de campo, foram 
sequenciados, realizando-se a análise filogenética, bem como o cálculo do p-distance entre 
amostras de mesmo subtipo. Sequências parciais de HA, das amostras de H1pdm do estudo e 
de amostras de outros anos, foram traduzidas e comparadas. Subtipagem do gene N de amostras 
positivas para H1Delta foi executada. Realizou-se análises sorológicas em 949 amostras de soro 
obtidas nos anos de 2017-2018, avaliando a presença de anticorpos contra H1N1pdm09 e H3N2 
pelo teste de Inibição da Hemaglutinação (HI). O teste Nested foi mais sensível que a reação 
One-step. Não houve amplificação cruzada inespecífica. Setenta e uma (71/92-77%) das 
amostras de campo foram subtipadas pelo Nested RT-PCR, sendo 14 (14/71-20%) coletadas 
em 2012-2013, 35 (35/71-49%) em 2014-2015, e 22 (22/71-31 %) em 2017-2018. Em 2012-
2015, a maioria foram positivas para H1N1pdm09, seguido de H1Delta e H3N2, havendo 
também co-infecção de H1N1pdm09+H3N2 e H1N1pdm09+H1Delta. Em 2017-2018 
observou-se mais amostras positivas para H1Delta, seguido de H1N1pdm e H3N2, sendo co-
infecção também foi observada. Das amostras positivas para H1Delta, apenas 57% (12/21) 
foram subtipadas para o gene N, a maioria positiva para N2. Das amostras de soro analisadas, 
716 foram positivas para IAV, e em 2017 e 2018 a ocorrência de H3N2 foi maior que a de 
H1N1pdm09 bem como a co-infecção por H1N1pdm09 e H3N2. Pela análise filogenética, 
sequências parciais de cada subtipo analisado se agruparam em grupos semelhantes. Na análise 
de p-distance identificou-se dissimilaridade entre as amostras de H1Delta e de H1N1pdm09 
nos períodos analisados. O alinhamento de aminoácidos de sequências parciais de H1N1pdm 
de diferentes anos, mostraram variações residuais, especialmente em sítios antigênicos. A 
técnica de Nested RT-PCR mostrou-se rápida, sensível e específica, sendo recomendada para a 
subtipagem de SIV. Existe a circulação de quatro subtipos de SIV no Brasil. Nos anos de 2012-
2015 uma maior ocorrência de H1N1pdm foi evidenciada, porém o H3N2 foi o mais observado 
em 2017-2018. A análise de resíduos de aminoácidos das sequências de H1N1pdm demonstrou 
substituições pontuais entre amostras de diferentes anos, sugerindo a evolução do vírus ao longo 
do tempo. Estudos relacionados à caracterização genética de SIVs circulantes no Brasil são 
essenciais para entender a evolução dos vírus e suas características antigênicas. 

Palavras-chave: Brasil, genotipagem, Influenza A , sorologia, suínos
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1. Introduction 

Pork is the most consumed animal protein in the world, and Brazil is the fourth largest 

producer, China, the European Union and the United States, accounting for 3.39% of world 

production (Brazilian Association of Protein Animal - ABPA, 2017). The country is currently 

responsible for 8.90% of the pork volume exported worldwide, reaching almost US$ 1 billion/ 

year (ABPA,2017). 

Despite the highly favorable data on pig production, the constant search to improve 

production has also brought several challenges, especially in the area of animal health. The 

breeding systems of pigs have evolved permanently and have led to the adoption of feedlot 

breeding methods, with increasing stocking densities and higher concentration of farms in 

certain geographic areas (Barcellos et al., 2008). These changes have risen the risk of the 

emergence of infectious diseases in swine farming, specifically in relation to respiratory 

diseases, since the economic losses are quite serious and fall on both the producers and the 

industry. These losses are a consequence of drug spending, reduced body development of 

affected animals, investments in prevention and control programs, mortality, as well as industry 

losses, through the condemnation of carcasses (Piffer and Brito, 1993; Maes et al., 2008). 

Among the respiratory diseases that affect swine, swine influenza virus (SIV) is striking. 

SIV is an endemic zoonosis, affecting a wide variety of animal species and causing major 

economic problems affecting public and animal health (Brown, 2000). In swine, the disease is 

characterized by explosive outbreaks of respiratory disease, with high morbidity (reaching 

100% of the herd) and typical symptomatology characterized by fever, respiratory distress, 

cough, nasal discharge and reduction in feed intake (Richt et al., 2003). 

Swine Influenza virus (SIV) belongs to the species Influenza A virus, genus 

Influenzavirus A, family Orthomyxoviridae (ICTV, 2014). It has a single-stranded RNA 

genotype, negative sense, divided into eight segments that encode at least 10 viral proteins. The 

virus has a lipid envelope where the proteins haemagglutinin (HA), neuraminidase (NA) and 

matrix 2 (M2) are inserted, which protrude into the viral surface. The HA and NA surface 

glycoproteins are important for the pathogenesis and cycle of influenza virus multiplication and 

are the main targets of the host immune response (Cox et al., 2004). SIAVs are classified into 

subtypes according to the antigenic characteristics of their HA and NA molecules. 
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Because it has a segmented RNA genome, influenza A virus (IAV) presents a high index 

of genetic variability, generating new viral samples and / or subtypes, which can result in the 

occurrence of epidemics. Antigenic variability occurs through two distinct mechanisms, 

antigenic drift and genetic rearrangements (antigenic shift). The antigenic drift is characterized 

by minor changes in the genome, where point mutations mainly in the HA and NA coding 

segments select viral mutants that escape neutralization by antibodies generated either by 

infections either by previous vaccinations (Carrat and Flahaut, 2007). The antigenic shift occurs 

when two or more viruses infect the same cell and exchange segments of RNA, resulting in 

viral rearrangement. Viruses originating from viral rearrangements, if they are capable of being 

transmitted from individual to individual, have the potential to trigger pandemics, since they 

find a highly susceptible population due to the absence of previous immunity. 

The swine has an important role in the epidemiology of influenza, since it can become 

infected with subtypes originating from different species such as human, avian and swine, 

allowing the emergence of new viruses with pandemic potential after the exchange of genomic 

segments of viruses originating from different species (Van Reeth and Ma, 2012). Due to this 

characteristic, it was then proposed that pigs can serve as a mixing vessel for human and avian 

influenza viruses, resulting in virus rearrangement with new combinations of swine, human and 

avian genes (Ma et al., 2009). 

Three subtypes of swine influenza virus (SIV) are currently circulate worldwide in the 

swine population: H1N1, H1N2 and H3N2. And in Brazil the virus has been threatening the 

pork production since the emergence of 2009 pandemic influenza virus in humans, when several 

outbreaks associated to pandemic H1N1 (H1N1pdm09) virus were described in swine farms 

(Schaefer et al., 2011). Since then, H1N1pdm09 appears to have become endemic in Brazilian 

pig herds, with a high prevalence of positive animals. In addition to the H1N1 pandemic 

influenza virus, other strains and subtypes are present and widespread in Brazil, including 

H3N2, H1N2 and H1N1 subtypes of seasonal human origin (Dias et al., 2015; Ciacci-Zanella 

et al., 2015). 

Vaccination is the most efficient method in the control and prevention of SIV, and the 

genetic and antigenic variation between circulating viruses in different regions and/or countries 

causes a variation in the composition of vaccines. Although vaccination is widely used, a good 

vaccine protection occurs when the HA vaccine protein is similar to the viral HA protein that 
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causes the infection (Van Reeth and Ma, 2012). In affected herds is important that the virus is 

quickly identified and subtyped since there is no cross-protection between heterologous 

subtypes. 

Diagnostic tests should be always improved to have high sensitivity and specificity, be 

quickly performed and inexpensive. The application of the rapid and efficient diagnosis allows 

the monitoring of viral subtypes circulating in the swine population, thus obtaining necessary 

information for field veterinarians to apply efficient control measures in the farms.  

2. Objectives 

• To standardize a PCR technique to subtype H1N1, H1Delta and H3N2 from pig clinical 

samples positive for Influenza A. 

• To compare partial sequences of H1N1pdm09 from 2012-2015 and 2017-2018 to 

Brazilian samples of pandemic SIV already deposited at Genbank. 

• To analyze the distribution of subtypes of Influenza A using serological technique in 

routine diagnostic samples. 

3. Literature Review 

3.1. Etiology 

Influenza viruses belong to the family Orthomixoviridae, which is composed of six 

genera: Influenzavirus A, Influenzavirus B, Influenzavirus C, Influenzavirus D Thogotovirus, 

Quaranjavirus and Isavirus (ICTV, 2014). 

All influenza viruses are pleomorphic, enveloped with a negative-sense single-strand 

RNA with a segmented genome. Influenza A and B viruses contain eight RNA segments, while 

Influenza C and D viruses have only seven RNA segments (Krammer, 2018). The virus genera 

differentiate from each other based on the antigenic differences found in the nucleocapsid and 

matrix proteins (Cox et al., 2004). Influenza type A viruses can infect humans, birds, pigs, 

horses, aquatic animals, and bats, while influenza B and C viruses are found only in humans 

(Tong et al., 2013). Influenza type D was recently characterized and detected in pigs, but some 
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studies suggest that the virus from this genus plays a role in bovine respiratory disease (Flynn 

et al., 2018)  

 The eight RNA segments of IAV encodes 10-11 proteins (Figure 1). Segment 1, 2 and 

3 (with 2341, 2341 and 2233 nucleotides, respectively), encode the PB2 (Basic polymerase 2), 

PB1 (basic polymerase 1) and PA (acid polymerase) proteins, respectively. In some strains of 

IAV segment 2 also encodes PB1-F2, which is associated with a pro-apoptotic activity. The 

PB2, PB1 and PA are part of the RNA polymerase complex, being that PB2 is important for the 

transcription of viral RNA (vRNA) acting in the mRNA cap recognition, and PB1 acts on the 

extension of vRNA. PA is related to vRNA replication (Bouvier and Palese, 2011). Segment 5 

(1565 nucleotides) codes the viral nucleoprotein (NP) which is abundant and multiple copies 

of it conjugate with each genomic segment forming the ribonucleoprotein particle (RNP). The 

RNP is associated with the RNA polymerase complex and is related with transcription, 

replication and packaging of the genome (Portela and Digard, 2002).  Coded by segment 7 

(1027 nucleotides), the matrix protein M1 serves as an ion chanel and is the most abundant viral 

protein located beneath the lipid envelope that comes from the plasma membrane of the host 

cell. M1 plays an important structural role, conferring some rigidity on the structure of the 

virion. Moreover, the matrix protein M2 is also coded by segment 7, locating in the viral 

envelope. The matrix protein M2 is transmembrane protein that forms a proton channels that 

are important for viral cycle, contributing for RNA release into the host cytoplasm (Pielak and 

Chou, 2011). Moreover, segment 8 (890 nucleotides) codes the non-structural protein (NS1) 

and nuclear export (NEP) proteins. The NS1 plays an important role in transporting, assembling 

and translating RNA, whereas NEP (also refered to as non-structural protein 2, or NS2) is 

implicated in mediating the nuclear export of viral ribonucleoprotein (RNP) complexes 

(Webster et al., 1992).  

The segment 4, with approximately 1778 nucleotides, encodes the hemagglutinin (HA) 

glycoprotein which has 550 amino acids, and the segment 7, with approximately 1413 

nucleotides encodes the neuraminidase (NA) glycoprotein which has 454 amino acids. The 

glycoproteins HA and NA are the major surface proteins of influenza virus. The HA has an 

importance in the attachment and penetration of the virus into the host cell, since it binds to 

sialic receptors located in the cells of the respiratory tract, thus favoring the fusion of the viral 

envelope to the cellular membrane (Gambling and Skehel, 2010).  It also has the property of 

agglutinating animal erythrocytes and contains the main epitopes that are targets of neutralizing 
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antibodies. The NA glycoprotein participate in the virions release from the host cell surface 

during viral release (Lamb, 2001) and are also a target of the host immune response. Because 

HA and NA are responsible for the binding to and release from host cell receptors, they are 

crucial in determining host specificity. 

 

Figure 1.  Structure of the Influenza A virus (Gambling and Skehel, 2010) 

The HA and NA glycoproteins are the main targets of the host immune response being 

also highly susceptible to genetic variability (Cox et.al., 2004). Influenza A viruses are divided 

into subtypes based on the surface glycoproteins HA and NA. There are 18 different 

hemagglutinin subtypes (H1 through H18) and 11 different neuraminidase subtypes (N1 

through N11) (Shao et al., 2017). 

Neuraminidase glycoprotein removes sialic acid residues from cell-surface 

glycoproteins releasing progeny virus from the host cell. As a result, the new viruses infect new 

cells, spreading the infection (Bouvier and Palese, 2011). Antibodies against the NA, block the 

receptor-destroying activity, limiting the infection. The glycoprotein is a tetramer of identical 

subunits, and its polypeptide chain comprises 470 amino acid residues (Colman et al., 1993). 

Insertions and deletions can occur in amino acid sequences of different NA glycoprotein which 

varies the NA subtype. The enzyme active site is located at the center of each subunit, 

containing number of conserved charged amino acid residues (Gambling and Skehel, 2010), 

and this active site is a target for neuraminidase inhibitors such as antivirals.   
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SIV presents a high index of genetic variability, generating new viral samples and / or 

subtypes, which can result in the occurrence of epidemics. Antigenic variability occurs through 

two distinct mechanisms, antigenic drift and genetic rearrangements (antigenic shift) (Reid and 

Taubenberger, 1999). 

The antigenic drift is characterized by minor changes in the genome, where point 

mutations mainly in the HA and NA coding segments select viral mutants that escape the 

neutralization by antibodies generated both by infections and by previous vaccinations (Carrat 

and Flahaut, 2007). It is well known that viral influenza RNA-polymerase represents the lack 

of proofreading function, leading to incorrect integration, deletion or insertion nucleotides 

during viral replication process resulting in viral mutation. Mutations at antigenic sites, 

specially at HA and NA glycoproteins contributes to the evolution of the virus, where new IAVs 

subtypes are able to escape from the immune protection of the host, since binding of antibodies 

to the virus do not occur (Shao et al., 2017). Amino acids substitutions in binding sites of HA 

also contribute for the change of host receptors preference (Landolt and Olsen, 2007). These 

changes contribute for cross-species transmission of influenza virus, because a virus that had 

preference for receptors found in a specific host, with the mutation could change the preference 

and infect another host.   

The occurrence of antigenic shift is related to the segmented nature of IAVs genome 

and occurs when two or more viruses infect the same cell and exchange segments of RNA, 

resulting in viral rearrangement and new strains or subtypes. Viruses originating from viral 

rearrangements, if they are capable of being transmitted from individual to individual, have the 

potential to trigger pandemics, since they find a highly susceptible population due to the 

absence of previous immunity (Landolt and Olsen, 2007). The more recent human influenza 

pandemic was in 2009 due to a reassortant H1N1 influenza A virus with a genetic composition 

of genome segments from both North American triple reassortant swine virus origin and also 

Eurasian avian-like swine virus origin (Garten et.al, 2009). Swine have an important role in the 

antigenic shift, since it can be infected by avian and human IAVs (Shao et al., 2017).  

3.2. Epidemiology 

Influenza A virus affect a variable number of species including birds, dogs, horses, bats, 

swine and humans. The natural reservoirs of influenza viruses are the aquatic birds and some 

studies have suggested that bats may also be natural reservoirs of the virus (Tong et al. 2013). 
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In aquatic birds the virus replicates in the intestinal tract and have an HA binding preference 

for α2,3 sialic acid (SA) receptors on the host cell, while in humans the virus has a HA binding 

preference for α2,6 SA receptors, replicating in the respiratory tract (Yoon et al., 2014). Pigs 

are an important host in the influenza virus ecology since they present α2,3 and α2,6  sialic acid 

receptors in the respiratory tract, being  susceptible to infection with both avian and human 

IAVs, acting as an intermediate host or ‘’mixing vessel’’(Brown, 2000), and are involved in 

interspecies transmission, facilitated by regular close contact with humans or birds. A study 

performed by Chothe et, al. (2017) demonstrated the co-expression of both avian and human 

type influenza receptors in the respiratory and gastrointestinal tract of little brown bats, which 

were compatible to avian and human IAV binding. These bats are widely found in North 

America evidencing the importance of the species for influenza epidemiology and emergence 

of zoonotic strains. Receptors for human and avian influenza viruses are also distributed 

throughout the respiratory tract of ferrets. This mammalian specie is highly susceptible to 

influenza viruses and has been used to study the pathogenesis and transmission of IAVs 

(Enkirch and Messling, 2015). Also, when experimental inoculated by intranasal route, these 

animals develop similar clinical signs of seasonal or avian influenza virus infection in humans, 

highlighting its use as animal model for studies (Maher et. al, 2004). The high susceptibility of 

the specie to influenza virus propitiates emergence of new viral strains and since these animals 

are in close contact with humans, there is an importance also for public health and in the 

epidemiology of the disease. 

Swine influenza virus is endemic worldwide and outbreaks are characterized by a rapid 

onset of high fever, loss of appetite, labored abdominal breathing, coughing and weight loss, 

having a high morbidity, reaching almost 100% of the herd, and low mortality. 

The incubation period of the disease in pigs ranges from 1-3 days, and 24 hours after 

infection pigs may excrete viruses and shedding can last for 7-10 days (OIE, 2015; Vincent et 

al., 2008). Recovery typically occurs between four to seven days post-infection (Van Reeth, 

2007). Infected animals shed the virus by nasal secretions, and some studies have identified 

viral RNA and infectious viruses in feces, but the potential that SIV can be transmitted via the 

fecal route needs to be elucidated. Infected aquatic birds shed IAVs by feces, since the virus 

replicates in the epithelium of the intestinal tract. In humans shedding occurs mainly by nasal 

secretions. Gastrointestinal manifestation can occur, and the virus can also shed by feces (Kocer 

et al., 2013). 
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The SIV can be transmitted by contaminated aerosol, large droplets, direct contact with 

secretions of infected animals and indirect transmission between pigs and contaminated objects 

or surfaces. The major transmission route is the direct contact between a non – infected with 

secretions of an infected pig by the nasopharyngeal route (Brown, 2000). Clinical and 

subclinical manifestation contribute to the transmission of SIV in swine herds, highlighting the 

importance of control practices in the farms. The direct contact with contaminated water with 

bird feces has also been implicated as a source of avian origin IAVs, in swine farms (Ma et al., 

2007). SIV is not transmitted by semen and no evidences of transplacental transmission has 

been reported. Indirect transmission occurs between pigs and contaminated objects or surfaces. 

The transmission between humans and pigs also occurs, highlighting the importance for routine 

surveillance of influenza in humans and pigs since contributes for a possible and early 

identification of novel influenza viruses with pandemic potential (Terebuh et al., 2010). 

IAVs can survive for 24-48h on hands and nonporous surfaces, and 8-12h on porous 

surfaces (Bean et al.,1992). In aerosols IAVs can survive for several hours, depending on the 

relative humidity, as well as on ambient air temperature (Weber and Stilianakis, 2008) 

Many risk factors are associated to the introduction and maintenance of SIV in the herds. 

At a farm level, the higher replacement rates and purchase of pigs from different regions, 

inadequate or absence of biosecurity measures, high animal density, large herd size, small 

distances between farms increases the number of contacts and the odds of spreading the disease 

within and between farms (Loeffen et al., 2009). Other animal species nearby or on the same 

farm, especially poultry and wild waterfowl constitutes a risk for the introduction of new 

influenza viruses in the herd. Humans are also source of IAVs, and vaccination of swine 

workers is extremely important to prevent the transmission of human IAVs to swine (Van Reeth 

and Ma, 2012).  

 In terms of seasonality, while in humans the seasonal influenza generally occurs during 

winter months, SIV outbreaks can occur during all seasons, especially in regions without 

temperature variation. Factors such as age of the pig, immune status, infection pressure, climatic 

conditions, herd management, replacement or entry of pigs from other herds and concomitant 

diseases may influence the number of cases of the disease (Van Reeth and Ma, 2012). 

In a swine herd, outbreaks of clinical disease of SIV are more related to seronegative 

animals, which have no immune protection against the virus. And pigs of all ages may be 
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similarly affected by SIV, especially in farrow to finish farms being animals from farrowing, 

weaning and finishing phases frequently affected (Loeffen et al.,2009).   

Sows and piglets play an important role in the epidemiology of SIV within the herd, 

especially in farrow to finish production systems. The sow’s category has the higher number of 

seropositive animals, since it stayes longer periods in the herd having more chances of being 

infected during their life period (Loeffen et al. 2003), and the high rate of gilts replacement may 

contribute for the introduction of new viruses in the farm.  

The sow placenta is epitheliochorial; thus, immunoglobulins are not transferred to the 

fetus during the intra-uterus life, and piglets receive high maternal antibodies titers by the 

colostrum ingestion. If the sow has been previously vaccinated or naturally exposed to SIAV 

infection, the maternal antibodies can prevent clinical disease in piglets, however the immune 

protection is partial, not preventing infection and reduction of the replication and elimination 

of the virus in these animals (Cox, et al., 2004). Therefore, piglets are highly susceptible to SIV 

and can be infected without manifestation of disease until some factors, such as stress or even 

the total decline of maternal antibodies, favors the appearance of clinical disease (Takemae et 

al., 2016). Suckling piglets with no clinical signs, especially in herds with inadequate immunity, 

are reservoirs of the disease contributing for the infection in weaned pigs and also maintenance 

of the virus in the herd (White et.al, 2017). Besides that, maternal antibody levels are variable 

in piglets from the same litter, thus susceptible piglets, with low antibodies titers, may be 

responsible for viral circulation in the farrowing house. Also, non-immune sows can be present 

during lactation, decreasing even more the protection level of antibodies acquired by the piglets 

(Loeffen et al., 2009).  

The maternal antibodies level decrease along piglets age, and the lowest concentration 

was observed at 3-9 weeks and their absence at 9-10 weeks (Dias et al., 2015; Loeffen et al., 

2003). In non-vaccinated and farrow to finishing herds with SIAV, it was demonstrated by Dias 

et al., (2015), that growing and finishing animals were seronegative for different subtypes of 

SIV. As there is a decrease of maternal antibodies, animals at the end of weaning and beginning 

of finishing phases are susceptible to infection. Another study performed in this same 

production system, showed that animals at the beginning of finishing phase were also highly 

associated with susceptibility to infection. However, this pattern was different in finishing 

herds, since the higher incidence of influenza virus infection was observed at the end of 
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finishing period, highlighting the importance of the pig flow in infection dynamic (Loeffen et 

al., 2009).  

The evolution of influenza viruses is highly associated with the genome nature of the 

virus, the antigenic drift and shift associated with the occurrence of interspecies transmission, 

high transmissibility within a population, immune pressure and susceptibility of hosts (Brown, 

2000; Shao et al., 2017). 

The first case of SIV was observed in 1918 in the US when an outbreak of acute 

respiratory disease occurred in pigs (Koen, 1919). In the same year similar and severe outbreaks 

of respiratory disease were observed in humans, killing 20-40 million people worldwide. The 

episode in humans, namely Spanish influenza pandemic, was the first and worst influenza 

pandemic in history (Reid et al.,1999). Lately, studies have identified that the H1N1 influenza 

A virus was related to the outbreaks in humans and swine, and by sequencing analysis it was 

suggested that the virus have spread from humans to pigs, also because the disease in pigs was 

observed after its appearance in humans. (Shope, 1931; Reid et al., 1999) 

SIV has evolved and disseminated worldwide since its first report, and the three 

subtypes H1N1, H3N2, H1N2 have been associated with disease in pig population, thus 

substantial diversity between the virus’s subtypes circulating in different regions of the world 

(Vincent et al. 2014). 

3.2.1. Swine influenza virus in North America 

Following the first virus recognition in 1918, in the Midwestern U.S (Koen, 1919), SIV 

in North American swine population has become an important disease in the swine industry. 

The H1N1 virus derived from the Spanish flu was first isolated in 1930 (Shope,1931) and for 

almost 80 years this classical H1N1 (cH1N1) revealed genetic stability in the US (Easterday 

and Van Reeth, 1999; Vincent et al., 2014). In 1998 severe influenza-like illness outbreaks was 

observed in swine herds in North Carolina, Minnesota, Iowa and Texas. A double H3N2 

reassortant virus containing gene segments (NS, NP, M, PB2 and PA) similar to the cH1N1 

combined to segments (HA, NA, PB1) from a new human virus was isolated from North 

Carolina. This double reassortant virus did not spread efficiently among swine in the following 

years (Ma and Richt, 2010). However, a triple H3N2 reassortant virus containing gene segments 

from the classical swine virus (NS, NP, M), H3N2 human sazonal IAV (HA, NA, PB1) and an 
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avian IAV virus (PB2, PA) was isolated in the other states and widespread in the swine 

population. The genome composition of this new virus refers to a triple-reassortant internal 

gene (TRIG) cassette (Vincent et al., 2008) and in the North America the combination between 

the H3N2 TRIG and cH1N1 led to the emergence of new H1N2 and H1N1 subtypes (Webby 

et al., 2004). Nowadays, the vast majority of swine viruses contain the TRIG cassette combining 

with different subtypes of HA and NA. The subtypes H1N1 and H1N2 with HA and NA derived 

from human seasonal IAV and other genes from TRIG have emerged since 2005 and have 

spread across the U.S. in swine herds (Vincent et al., 2008). The HA from these human-like 

swine H1 viruses are genetically and antigenically distinct from those of classical swine-lineage 

H1 viruses (Vincent et al., 2014). Since the virus has evolved in North America, it was 

established a cluster classification based on the HA gene (Vincent et al., 2014).  Viruses with 

the HA gene of the cH1N1 are classified into α, β and γ clusters and H1 viruses with HA genes 

most similar to human seasonal H1 are classified in δ cluster (Vincent et al., 2014). All H1 

clusters can be found with the neuraminidases of the N1 or N2 subtypes (Vincent et al., 2014). 

Since the HA genes from the δ cluster may have emerged from introductions of human seasonal 

HAs from H1N2 and H1N1 the δ cluster differentiated phylogenetically into distinct sub-

clusters, δ1 and δ2, respectively (Lorusso et al., 2011). The H3N2 SIV has also evolved leading 

to phylogenetic clusters I, II, III and IV and the cluster IV is also subdivided in emergent clusters 

from A to F (Olsen et al., 2006).  

Until 2009 the H1 IAV evolved by drift and reassortment while maintaining the TRIG 

swine constellation. However, in 2009 a new pandemic occurred involving the subtype 

H1N1pdm09 (Lorusso et al., 2011) that was first detected in Canada in human population which 

rapidly spread worldwide being detected lately in swine species (Dawood et al., 2009). The 

internal gene constellation of this lineage is distinct from the H3N2- TRIG as the M gene is 

from Eurasian swine lineage, containing genes also from North American lineages (Garten et 

al., 2009). Since the 2009 pandemic, the level of endemic viral IAVs diversity is enhanced by 

interspecies transmissions events, and spillover events of H1N1pdm09, human seasonal H1 and 

H3 influenza viruses from humans to swine have been identified (Nelson et al., 2012). The 

interspecies introduction has led to reassortment events between H1N1pdm09 and swine IAVs, 

including the H3N2-TRIG increasing the diversity of circulating swine H3N2 genotypes since 

the introduction of H1N1pdm09 viruses in 2009, highlighting the importance of genetic 

surveillance for public and animal health (Ducatez et al., 2011). 
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3.2.2. Swine influenza virus in Europe and Asia 

Swine influenza lineage viruses in Europe are different from the North American 

viruses. The cH1N1 viruses previously circulated in Europe, but it was in 1979 that an avian 

H1N1 started to circulate in swine population and lately a human H3N2 lineage from Asia 

emerged in Europe. These two lineages reassorted between 1983 and 1985 (De Jong et al., 

1999). The H1N2 virus also emerged and spread in Europe and this lineage retained genetic 

characteristics of the reassortant H3N2 virus and HA gene from human H1N1 virus found in 

1979 (Vincent et al.,2014). Studies have demonstrated that the Eurasian avian-like H1N1, 

human-like H3N2 and human-like H1N2 circulate in most of the Europe (Kyriakis et al., 2011). 

Other surveillance studies revealed the presence of H1N1pdm09 in some countries since the 

pandemic in humans (Welsh et al., 2010). Reassortants with the emergence of H1N1pdm09 

have occurred such as a H1N1 virus in UK that acquired internal protein gene constellation of 

the H1N1pdm09, and HA and NA derived from swine endemic H1N2 viruses (Howard et al. 

2011). 

In Asia, since 1974 classical swine H1N1 viruses are enzootic in swine in China and co-

circulated with H1N2 viruses with a N2 human origin. Human like H3N2 viruses were 

transmitted to pigs until the emergence of new human viruses (Peiris et al., 2001). Studies have 

shown that an European H3N2, introduced in 1999, have been circulating in southern China 

evidencing the direct introduction of swine influenza virus from Europe to Asia, very likely via 

pig movement (Zhu et al., 2011). In 1993, avian H1N1 viruses were also reported in China and 

had no Eurasian avian H1N1characteristics which may represent an independent interspecies 

transmission from the avian Asian reservoirs to swine (Guan et al., 1999). H1N1 reassortants 

between cH1N1 and European lineages were also detected in 2001 (Takemae et al., 2008). 

American triple reassortant H1N2 were regulary isolated from pigs since 2002 in China (Zhu 

et al., 2011), and this lineage and the triple reassortant H3N2 were also reported in Korea 

(Pascua et al., 2008). Since the 2009 H1N1 human pandemic, the virus has been repeatedly 

isolated from pigs in many Asian countries (Song et al., 2010) and most of these isolates 

resulted from different direct introductions from humans to pigs (Zhu et al., 2011) 

3.2.3. Swine Influenza virus in Brazil 

Influenza virus in pigs was first detected in Brazil in 1974, and the isolated virus was 

closely related to the classical North American swine virus A/swine/Illinois/1/63/H1N1 (Cunha 
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et al.,1978). Until 2009, few events related to clinical disease in pigs associated with SIAV 

were observed (Rajão et al., 2013a). Serological studies from sera collected between 1996-1999 

revealed the presence of antibodies cross-reactive to swine and human H1N1 and human H3N2 

in Brazilian pig herds (Brentano et al., 2002), evidencing that different subtypes of SIV were 

already circulating in the country. By 2006, a serologic survey performed in the state of São 

Paulo revealed a high prevalence of H1N1 and H3N2 (Mancini et al., 2006). Lately, another 

serological study has shown a prevalence of 20% for H3N2 in farms in the state of Paraná, and 

46% of the analyzed farms were positive for SIAV (Caron et al., 2010). With the 2009 human 

influenza pandemic virus widespread, Brazilian swine population has experienced outbreaks 

with typical respiratory illness, resulting in an increase of surveillance studies that started to 

reveal additional influenza virus diversity in the country. The pandemic 2009 H1N1 virus was 

first isolated in Brazil between the years 2009-2010 in swine farms with respiratory signs, 

located in Santa Catarina and later the presence of the viruses was recognized in many other 

states (Rajão et al., 2013a). Previous to the H1N1 pandemic occurrence, antibodies against 

swine H1N1 and H3N2, and human H1N1 viruses were found in farms from Minas Gerais state, 

and sH1N1 was the most prevalent type (Rajão et al, 2013b). After the pandemic, another study 

performed in this same state has shown that the percentages of seropositive animals for 

H1N1pdm09 and H3N2 were 26.23% and 1.57%, respectively, and the percentages of positive 

herds for both viruses were 96.6% and 13.2%, respectively (Dias et al., 2015). Lately, 

serological studies performed in 2014-2015 in fifty swine herds from the South and Southeast 

of Brazil demonstrated that 94%, 68% and 18% of the herds presented antibodies against 

H1N1pdm09, H3N2 and H1N2 respectively, and co-infection between H1N1pdm09 and H3N2 

was found in 36% of the herds (Fraiha et al., 2017). Most of the serological studies have shown 

that H1N1pdm09 is prevalent in Brazilian swine herds, but H3N2 and H1N2 are also present 

(Rajão et al., 2013a; Ciacci-Zanella et al.,2015).  

 In 2011, a reassortant human-like H1N2 derived from pandemic H1N1 was reported 

and detected during an outbreak of acute respiratory disease in a commercial pig herd and also 

in captive wild boars in Brazil (Biondo et al.,2014; Schaefer et al., 2015). Serological studies 

have shown that pig herds had been exposed to H1N2 influenza virus since 2010 (Ciacci-

Zanella, 2012). Recently, a novel reassortant influenza A (H1N2), was recovered from a pig 

farm worker in southeast Brazil who had influenza-like illness. Genetic characterization has 

shown that the virus had a strong similarity to the H1N2 subtype virus detected in swine in 
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2011. This finding suggested a recent swine to human transmission from an H1N2 variant strain 

(Schaefer et al., 2015b; Resende et al., 2017).  

Between 2009-2012, a phylogenetic study of SIV was conducted using nasal swabs and 

lungs samples collected from pigs showing typical clinical signs of influenza infection in 

different states of Brazil. From the sequenced samples, human seasonal H3N2 and H1N2 virus 

origin were detected and the analysis have shown that these subtypes were related to viruses 

that circulated in humans between 1990-2000. The matrix and some internal gene segments of 

the complete genomes sequences of the viral subtypes were related to H1N1pdm09. These 

findings suggested that human origin H3N2 and H1N1 have circulated for many years in Brazil, 

although not associated with clinical disease. However, after the introduction of H1N1pdm09, 

these subtypes were related to outbreaks of SIV in the country (Nelson et al., 2015). When 

analyzing these evolutionary findings with serological studies, it can be inferred that human 

origin H1N1 and H3N2 were circulating in Brazil before the 2009 pandemic, and the 

introduction of H1N1pdm09 to swine has favored the occurrence of reassortment events in 

swine (Nelson et al., 2015). 

The dynamic epidemiology of Influenza virus in pigs highlight the importance of 

surveillance studies in Brazil not only in swine population but also in humans, since the human-

to-swine transmission plays an important role in the epidemiology of the disease. And more 

studies about genetic characterization of SIAV should be performed, since genetic 

identification of circulating viruses in the country is extremely important to understand the 

evolution of the viruses and also to design effective swine influenza vaccines.  

3.2.4. Human Influenza in Brazil 

Currently, influenza A(H1N1) and A(H3N2) are the circulating seasonal influenza A 

virus subtypes circulating in human population. In addition, there are two distinct lineages of 

type B viruses that are also circulating as seasonal influenza virus. Great efforts are being made 

to monitor circulating viruses. The World Health Organization (WHO) initiated in 1947 the Flu 

Epidemiological Surveillance Network (FluNet) which is a global web-based tool for influenza 

virological surveillance. The networks received data from 140 National Influenza Centers 

(NICs) worldwide. Viruses harvested in various regions of the world are classified according 

to the antigenic type (A, B and C) and the influenza A virus in subtypes (H1N1, H3N2). The 

data is important for tracking the movement of viruses globally. According to the monitoring 
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and virus characterization the WHO recommends the composition of human influenza virus 

vaccine for each hemisphere for the following year. So then, since mutation of the virus is 

common, influenza vaccines are formulated each year in each country, according to the WHO 

recommendations.  In Brazil, the influenza surveillance has been carried out by three national 

influenza laboratories: Instituto Adolfo Lutz (IAL), Oswaldo Cruz Foundation (FIOCRUZ) and 

Instituto Evandro Chagas (IEC).  

 

Figure 2. Percentage of occurrence of circulating Influenza A subtypes in the human population in 

Brazil between 2009-2018.  Source: FluNet (www.who.int/flunet), Global Influenza Surveillance and 

Response System (GISRS). 

According to data obtained by WHO FluNet, from the years 2009-2018 it was observed 

a great variation in serological data of subtypes H1N1pdm09 and H3N2 in the Brazilian human 

population (Figure 2). The predominance of one subtype relative to the other in different years 

and high cyclicity of them is notorious. The changes related to subtypes are closely linked to 

different implementations of vaccine strains in the vaccines each year and to the immune status 

of the population. Between 2011-2016 the recommended vaccines by WHO for the South 

Hemisphere contained in their composition the A/California/7/2009 (H1N1)pdm09-like virus, 

strains of H3N2 and Influenza B that have changed along this period. In 2016, genetic 

monitoring of IAV have demonstrated that the A (H1N1)pdm09 viruses, that were circulating 

in that year, were antigenically different from the vaccine virus A/California/7/2009. Therefore, 

the H1N1pdm09 vaccine strain recommended for 2017 changed for A/Michigan/45/2015 
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(H1N1) pdm09-like virus being also present in the composition a strain of H3N2 and Influenza 

B. In 2018, the population was vaccinated with a tetravalent vaccine containing the same sample 

of H1N1pdm09 and influenza B from 2017, but a different strain of H3N2 and a second and 

different influenza B strain was also added. 

3.3. Pathogenesis 

The natural infection by SIV occurs by inhalation of viral particles present in aerosols 

by direct or indirect contact. In the upper respiratory tract, inhaled particles deposit on the layer 

of mucus, and there are particles that reach the lower airways. Some experimental infections 

studies have demonstrated that SIV has a preference for the lower respiratory tract (Janke, 

2013). The epithelial cells are the first host defense barrier, however, they are the primary target 

for IVs, as the virus strictly replicated in these cells present of both upper and lower respiratory 

tract. When reaching and replicating at the epithelial cells SIV destroys them and releases 

infectious viral particles to infect nearby cells (Flores et al., 2007). After inhalation of particles 

present in aerosols, the virus infects nasal cavity and trachea in the first 24-72h post-infection 

(PI), Epithelial cells in the bronchi and bronchioles are more extensively infected at 48-72h PI, 

while infection of alveolar epithelial cells tends to occur later in the course of infection, at 72-

96h PI (Janke, 2013). It is supposed that depending of the amount of infectious particles that 

reaches the lower respiratory tract and lungs, the severity of the disease will be determined. The 

duration of infection and viral clearance is fast, thus, according to natural and experimental 

studies, it is possible to detect SIV in nasal swabs and lungs in the acute phase of disease, until 

seven days after infection (Brown et al., 1993).  

Differences of severity and replication of different influenza subtypes have been 

observed in some studies. In an experimental infection study, the triple-reassortant H3N2 virus 

demonstrated higher levels of replication in tissues and shedding compared to a wholly human 

H3N2 virus (Landolt et al., 2003). Another study performed in Korea, showed that three groups 

infected with H1N2, H3N2 and H1N1 subtypes each, did not differ in the typically clinical 

manifestation of SIV. However, they differed in their gross lung lesions scores, since H3N2 

infected pigs showed significantly higher lung lesions in the initial stage of infection compared 

to the other subtypes, and H1N1 subtype was associated with pulmonary lesions at a late stage 

of infection (Lyoo et al., 2014). The HA glycoproteins are responsible for the attachment of the 

virus in the sialic acid receptors in the cells, and it is possible that differences in amino acid in 
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the HA protein could let to differences in infectivity and replication of different viruses (Landolt 

et al., 2003). 

SIV is generally considered to infect only the respiratory tract, but some studies have 

suggested that the virus may also reach other organs, since it was detected by direct diagnostic 

methods in mediastinal lymph nodes, spleen, ileum, colon and brainstem (De Vleeschauwer et 

al. 2009). Enterocytes are the main target cell of low pathogenic avian influenza virus (LPAI) 

and can also be infected by highly pathogenic (HPAI) strains in avian species. In these species 

the virus is mainly transmitted by the fecal-oral route and are excreted in feces, and clinical 

signs of diarrhea is common (Martins, 2012).  In humans, the main route of infection by AIV 

is by the respiratory tract, but besides respiratory clinical signs influenza, virus infection can 

also infect the gastrointestinal tract causing severe symptoms such as vomiting, abdominal pain, 

anorexia, diarrhea (de Jong et.al, 2005) 

With the epithelial cells impaired with SIV infection and replication, innate immune 

system starts to combat the infection with mucus and acute phase proteins. The infection in the 

respiratory epithelial cells leads to hyperemia, edema, necrosis, peeling and focal erosions of 

the epithelium (Crisci et al., 2013). Cell death by necrosis stimulates a strong inflammatory 

response through cytokine induction. The cytokines of the innate immune response contribute 

to the injury and destruction of the cells in the respiratory tract. The cytokine levels in the tissues 

are related to the severity of the infection (Janke, 2013). During acute phase, the cytokines such 

as IFN-α, TNF- α, IL-1, IL-6, IL-8 are found at the inflamed site and they also stimulate the 

recruitment of neutrophils, macrophages, dendritic cells and natural killer cells to prevent virus 

replication (Crisci et al., 2013). Cell death by SIV infection also occurs through apoptosis and 

if the virus does not stimulate apoptosis directly in an infected cell, it may do by the recruitment 

of leukocytes (Herold, 2008). Thus, the damage to the cells of the respiratory tract is mediated 

by virus infection and the cytokines produced by the innate immune response. Lately in the 

infection, specific immune response against the virus is modulated by T lymphocytes after the 

recognition of antigens.  

3.4. Clinical signs and lesions 

Clinical signs of SIAV generally starts within 1-3 days post infection in pigs. In the first 

days, pigs develop high fever demonstrated by hyperthermia (40.5 – 41.7°C), lethargy and 

anorexia (Janke, 2013). It may also be observed nasal and ocular discharge and conjunctivitis. 
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Moreover, when pigs are forced to move, dyspnea and tachypnea are also observed. Between 

3-4 days post infection, pigs present a harsh deep barking cough, mainly due to bronchitis and 

bronquiolitis (Olsen et al., 2006). The major consequence of SIV is weight loss, with retarded 

growth and prolonged finishing time, which is related to the anorexia and inappetence 

(Kothalawala et al., 2006). Decreased semen production in boars and abortions in sows may 

also occur due to secondary effects of fever. Infertility, stillbirth and small litters are also 

noticed due to infection (Dee, 2015).  

Animals recover within 5-7 days after disease onset. Typical outbreaks of influenza are 

limited to seronegative animals, without immune protection against the virus (Easterday e Van 

Reeth, 1999). It is important to highlight that subclinical infections occur frequently and are 

observed by elevated seroprevalence for viral subtypes even in the absence of significant 

respiratory disease. Animals with subclinical disease maintain the virus in the herd and, as they 

have sufficient immunity to prevent clinical disease, they can still be infected and eliminate the 

virus in the environment, predisposing the infection of naïve pigs or pigs with low virus 

immunity (Janke, 2013). 

The occurrence of clinical disease in the animals is determined by diverse factors such 

as immune status, age, infection pressure, concomitant infections, climatic conditions and 

housing (Easterday and Van Reeth, 1999).  

Clinical manifestation of SIV infection may vary depending on the immunity status of 

the herd. Acute outbreaks still occur, but infections are more frequently endemic with more 

attenuated clinical expression and co-infections with other respiratory pathogens. When the 

herd does not have adequate immunity against a variant of SIV, the acute clinical expression of 

the disease prevails, with a very rapid spread of the disease that can be found in animals of all 

ages presenting symptoms of high fever, anorexia, exertional expiratory dyspnea, and some 

animals may die. Recovery is rapid and infection is followed by very high levels of specific 

immunity (Janke, 2013). 

When a variant of SIV is endemic in a swine population, clinical signs can be relatively 

predictable in given categories of a production system. Since nursering piglets have maternal 

antibodies against an endemic SIV, severe clinical signs cannot be relevant, but when these 

animals reach weaning age, clinical signs of SIV appear more significantly, since there is a 

decrease in maternal antibodies associated to a stress condition with the moving to a new facility 
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(Van Reeth and Ma, 2012; Janke, 2013). This situation is mainly observed when sow herd 

immunity is uniform, and pigs have roughly equivalent levels of passive protection, so clinical 

signs of SIV are more evident in older pigs when exposed to homologous virus and the maternal 

antibodies are not present (Janke, 2013). In farrow to finish herds, the frequently affected age 

groups are grow-finishing animals. Respiratory signs in sows are infrequent but when present 

it is demonstrated by reduced feed intake and fever (Loeffen et al., 2009).  

Secondary bacterial infections can exacerbate the clinical signs of SIV increasing the 

severity and course of the disease. The SIV is also associated to the porcine respiratory disease 

complex (PRDC), combinated with pathogens, such as the reproductive and respiratory 

syndrome virus (PRRSV), Mycoplasma hyopneumoniae, Haemophilus spp, Pasteurella 

multocida, and Porcine circovirus type 2, producing respiratory disease associated with high 

mortality (Brockmeier et al., 2002). Differences on clinical signs of SIV between different 

subtypes (H1N1, H3N2 and H1N2) have not been observed (Lyoo et al., 2014) 

Since SIV enters the lung via airways, a cranioventral bronchopneumonia that affects a 

variable amount of the lung is a common macroscopic lesion found in infected animals 

(Janke,1998). Foci of consolidation are also evident in the hilar area and more dorsal portions 

of the cranial and middle lung lobes (Janke, 2013). Edema, foci of hemorrhages in the lung, 

mucopurulent exudates in the airways and edematous bronchial and mediastinal lymph nodes 

are also observed (Dee, 2015).  

Histopathological alveolar atelectasis, interstitial pneumonia and emphysema, necrosis 

of bronchial and bronchiolar epithelial cells as well as accumulation of necrotic debris and 

neutrophils in the bronchial and bronchiolar lumina are observed in the acute phase of the 

disease. In a late stage, hyperplastic or nearly normal epithelium characterize the phase of 

repair. Mononuclear cells are also present, and regions of fibrosis may be observed (Janke, 

2013). 

3.5. Immune Response 

Upon IAV infection, innate and adaptive immune response acts to defend the host. The 

innate immune response is the first line of defense against viral infection, which acts preventing 

infection of the respiratory epithelium and control virus replication. When cells are infected by 

IAVs, pathogens associated molecular patterns (PAMPs) are recognized by the host pathogen 
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recognition receptors (PRRs) such as TLR7, TLR3 and RIG-I. With this recognition, pro 

inflammatory cytokines and interferons are produced, such as IL6, IL1, TNF, IFN-α, IFN-β, 

contributing for the recruitment of innate cells, such as NK cells, monocytes, neutrophils, 

dendritic cells and also macrophages. The produced interferons act as antiviral to efficiently 

limit replication and spread of the virus by inhibiting protein synthesis in host cells (Killip et 

al., 2015). Interferon also stimulates dendritic cells enhancing antigen presentation to CD4+ 

and CD8+ T cells, contributing for the beginning of the adaptive immune responses. 

Macrophages are important to phagocyte influenza virus-infected cells, but also are responsible 

to induce influenza virus pathology, since when activated in the lungs, induce the production 

of nitric oxide synthase 2 and tumor necrosis factor α (TNF α), which led to tissue damage. 

Natural killer cells recognize antibodies bound to influenza virus infected cells and lyse these 

cells. The dendritic cells (DCs) contributes to the beginning of the adaptive immune system, 

which is the second line of defense against IAVs infection. DCs present the antigen to T CD8+ 

lymphocytes by the major histocompatibility complex (MHC) class I molecule (Chen, 2018). 

The CD8+ T cells differentiate into cytotoxic T lymphocytes, which produces cytokines to 

eliminate virus-infected cells, preventing the production of progeny viruses. Viral proteins can 

also be presented by the MHC class II for the recognition of CD4+ T helper (Th) cells, which 

differentiates into Th1 and Th2 CD4+ T cells. Th1 cells express antiviral cytokines, such as IL-

2 and IFN-γ and TNF, that regulate CD8+ T cells differentiation and activate alveolar 

macrophages. Th2 cells produces IL-4 and IL-13 that may lead to B cell proliferation and 

maturation to antibody producing plasma cells (Chen, 2018).  

Influenza virus infection induces virus specific antibodies response. Specific antibodies 

against the two surface glycoproteins HA and NA are related to protective immunity (Potter 

and Oxford, 1979). The HA specific antibodies bind to the globular head of the HA, inhibiting 

virus attachment and entry in the host cell. The antibodies against HA are considered to be the 

most important as they can neutralize the virus, preventing the disease. The binding also 

facilitates phagocytosis and destruction by natural killer cells. Although antibodies against the 

neuraminidase are less effective in the prevention of the disease, they also have a protective 

function, as limits virus spreading, facilitates the action of natural killer cells and also 

contributes for the clearance of virus infected cells (Cox et al. 2004; Kreijtz et al., 2011).  

The main antibodies isotypes found in the IAV specific immune response are IgA, IgM 

and IgG (Charley et al., 2006). IgA is the primary antibody detected at the mucosal surface post 
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infection, contributing for mucosal protection removing the agent before it infects the cells. The 

local IgA response stimulated by natural infection lasts for at least 3-5 months (Cox et al., 2004) 

and since is rapidly produced after IAV infection, the presence of IgA can be an indicative for 

a recent influenza virus infection (Voeten et al., 1999). Intranasal vaccine administration 

induces both IgA and IgG production, differently from parenteral administration that induces 

only IgG (Chen, 2012). In serum, the three major Ig classes can be detected within 10-14 days 

post-infection, as IgM levels peak after 2 weeks and IgG at 4-6 weeks. The higher the titers of 

antibodies against HA, the higher the immune protection. Serum anti-HA are the most 

commonly measured correlate of protection against SIV, and a HI titer higher or equal to 40 is 

indicative of protection (Cox et al., 2004). Maternal antibodies, subtype IgG, protects piglets 

from clinical disease, but do not prevent infection and viral transmission. Thus, infected 

suckling piglets play an important role for the maintenance of the disease in the herd, since it 

may have subclinical infection (Loeffen et al., 2003).  

After a primary infection with SIV, it is induced a protection against reinfection with 

the same or a very similar virus strain, however, when animals are re-infected with heterologous 

viruses, partial protection is provided (Vincent et al., 2008). Broad protection for many different 

SIV subtypes is a challenge for vaccine production, since the virus constantly changes through 

mutation or reassortment. The HA glycoprotein is the main target of the humoral response 

mediated by antibodies induced by infection. The antigenic drift, which point mutations occur 

in antigenic regions of the HA, and the antigenic shift, which raises novel subtypes of IAVs, 

alters antigenicity of the viruses limiting the antibodies recognition which contributes for virus 

escape from the humoral immunity (Kreijtz et al., 2011). 

The HA glycoprotein is synthesized in ribosomes, from a homo-trimer precursor protein 

HA0. At the end of the virus replicative cycle, during the transport of the glycoproteins to the 

plasmatic membrane, this molecule is cleaved by cellular proteases into HA1 and HA2. The 

HA1 (327 amino acids) and HA2 (222 amino acids) are disulfide linked and each monomer of 

the HA molecule consists of a globular head domain and a stem domain. At the globular domain 

is located the most part of HA1 and at the stem domain parts of HA1 and HA2 (Bouvier and 

Palese, 2011; Sriwilaijaroen and Suzuki, 2012). Five antigenic sites were identified at the HA 

monomer: Sa, Sb, Ca1, Ca2, Cb which are mostly encountered at the HA1 subunit (Figure 3). 

The antigenic sites Sa (residues 128-129, 156-160, 162-167) and Sb (187-198) are located in 

the upper and back region of the globular head of HA1 subunit, respectively. The Ca antigenic 
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site have subsites denominated Ca1 (residues 169–173, 206–208, 238–240) and Ca2 (residues 

140–145, 224– 225), which are between adjacent HA monomers. The Cb (residues 74–79) 

antigenic site is located at the bottom of the globular head of HA1 (Sriwilaijaroen and Suzuki, 

2012).  

Substitutions of amino acids at these antigenic sites during infection are associated with 

antigenic change being also a mechanism to escape the host immune response (Gambling and 

Skehel, 2010).  Monitoring these changes is important to understand the virus evolution and 

selection of vaccine strains. The HA1 subunit, also carries receptors binding site, (residues 99; 

133-139; 152-154), being responsible for attachment of the virus to specific sialic sugar chains 

on the host cell surface (Sriwilaijaroen and Suzuki, 2012). Depending on the receptor specificity 

the binding will occurs on α2,3 receptors in the intestinal tract of avian, or α2,6 receptor present 

in the respiratory tract cell in humans. There is also binding of both α2,3 and α2,6 receptors in 

the respiratory tract cells in pigs. Changes in the amino acid residues in the receptor binding 

region of HA can cause alteration of influenza binding preference, predisposing the occurrence 

of pandemics (Sriwilaijaroen and Suzuki, 2012). After the binding of HA1 to sialic acid 

receptors, occurs endocytosis of the influenza virus which is taken up into an endosome. The 

low pH at the endosome changes the conformation of HA2 which mediates the fusion of the 

host endosomal membrane with the viral membrane, allowing entry of viral ribonucleoprotein 

into the host cell (Bouvier and Palese, 2011). Other important sites that are found in both HA1 

and HA2, are the glycosylation sites. At the globular domain of the HA1 there are more variable 

glycosylation sites. These sites are important for the stability of the HA structure, especially 

those at the HA2 domain (Mukherjee et al., 2015). They are also important to escape from host 

immune response since it mask regions susceptible to antibody neutralization. When there is 

glycan variability and acquirement of additional glycosylation sites HA became more able to 

escape the host immunity (Mukherjee et al., 2015). 
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Figure 3 - Diagram of an uncleaved hemagglutinin monomer from the 1918 influenza A virus (H1N1). 

The head contains five predicted antigenic sites (Sa, Sb, Ca1, Ca2, and Cb). (Figure adapted from 

Sum,2013.) 

3.6. Diagnostics 

Outbreaks of acute respiratory disease in swine, involving a large number of animals, 

must necessarily be investigated for influenza. The collection of samples, as well as their 

packaging and application of accurate and rapid diagnostic tests are essential for virus detection 

in order to contain outbreaks, perform epidemiological surveillance, control and prevent 

infection.  

The process of influenza diagnosis begins with the correct sampling, and animals that 

are in the acute phase (presenting fever, cough, nasal discharge) have to be preferably selected 

(Janke, 2000). For virologic and molecular diagnostic tests, samples of nasal discharge, lung 

and oral fluid must be collected and kept refrigerated (4oC) if processed until 48 hours post 

collection, otherwise must be conditioned at -80oC in case the samples are stored for a long 

time (OIE, 2015). For histopathological and immunohistochemistry analysis, lung is essential; 

for serological tests, blood serum and oral fluid can be collected and kept refrigerated. Oral 

fluid has been used also for the detection of virus, and some studies have demonstrated that the 

method is sensible (Detmer et al. 2011).  
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Virus and antibodies detection for SIV infection are commonly performed by different 

diagnostic methods such as viral isolation and molecular tests for nucleic acid detection 

(conventional and real-time RT-PCR), hemagglutination inhibition (HI), enzyme-linked 

immunosorbent assay (ELISA), indirect and direct immunofluorescence and serum 

neutralization (SN).  

 Virus isolation can be conducted preferably in Madin-Darby canine kidney (MDCK) 

cells, which is permissible to various subtypes and strains of SIAVs, but swine primary cells 

susceptible to SIV can also be used (OIE, 2015). The inoculated cells are periodically examined 

for characteristic cytopathic effect (CPE). Embryonated SPF (Specific Pathogen Free) eggs are 

also used for isolation and demonstrates better efficient replication of certain virus samples 

inducing higher viral titers (Hussain et al., 2010). 

The use of molecular techniques to directly detect virus in samples from animals, 

facilitates the rapid identification and genetic characterization of influenza A viruses. 

Polymerase Chain Reaction (PCR) is a powerful technique for the identification of influenza 

virus, since it is specific and sensitive, detecting nucleic acids present at very low levels in 

clinical samples. The viral genome of IAVs is a single-stranded RNA, being necessary to 

synthetize a DNA copy (cDNA) prior to the PCR reaction, and for this, a reverse transcriptase 

(RT) polymerase is used (WHO, 2011).  

The choice of primers sequence for the detection of Influenza A is usually based on the 

M protein, which is conserved among the IAVs subtypes. Specific primers pairs for the 

hemagglutinin (HA) gene are designed on known sequences, mainly from currently influenza 

circulating viruses (Zhang and Evans, 1991; OIE, 2015). Amplicons produced in PCR reactions 

can be sequenced determining the subtype of the virus, by comparing with sequences that are 

already deposited in databases such as Genbank. Conventional RT-PCR is used to detect the 

presence or absence of certain genomic fragments, while quantitative RT-PCR uses fluorescent 

probes to measure the PCR products formatted during each cycle of the PCR reaction. The 

fluorescence is recorded during the reaction and the cycle number of detection is proportional 

to the amount of target template in the samples. This contributes for the quantification of the 

viral nucleic acids in the samples (OIE, 2015).  Variants of PCR are also available such as 

multiplex and nested RT-PCR. The multiplex PCR contains more than one primer set to amplify 

more than one fragment of a cDNA sequence, being valuable for influenza virus subtyping in 



 

 

39 

only one reaction (Kowalczy and Markowska-Daniel, 2009). Nested RT-PCR involves the use 

of two primer sets and two successive PCR reactions, and the first set of primers, used in an 

initial reaction, are designed to anneal to sequences upstream from the second set of primers. 

PCR products from the first PCR reaction are used as templates for the second reaction that 

uses the second set of primers, resulting in a second amplification step (Carr, 2010). The 

sensitivity and specificity of the assay is enhanced using nested RT-PCR, however, the risk for 

PCR contamination increases (Mahony, 2008). The multiplex and nested PCR techniques can 

be combined, improving the sensitivity of the reaction and capacity to subtype different 

influenza viruses in only one reaction (Choi et al., 2002). 

Direct or indirect immunofluorescent antibody testing (DFA or IFA) are tests that use 

primary or secondary antibodies linked to a fluorophore. When the antibodies bind to a target 

molecule (antigen or antibody) the fluorophores are detected by fluorescent microscopy. These 

types of tests can only distinguish between influenza A and B, but does not distinguish influenza 

A subtypes (Chauhan et al.,2012). Similarly to the fluorescence antibody test, the 

immunohistochemistry (IHC) also uses antibodies for the detection of antigenic proteins, 

normally the nucleoprotein NP. But the test is applied to sections of formalin-fixed tissue which 

is advantageous since the tissues are fixed, not occurring loss of its integrity and allows the 

association with lung lesions (Janke, 2000; Schaefer et al., 2012).  

The primary serological test for the detection and quantification of swine influenza 

antibodies is the hemagglutination inhibition (HI) test, which is subtype and strain specific. The 

basis of the HI test is the inhibition of hemagglutination with subtype-specific antibodies. The 

viral glycoprotein HA has the ability to agglutinate erythrocytes of various species, however in 

the presence of antibodies specific for the researched hemagglutinin, the HA-erythrocyte 

binding is inhibited (Beard, 1980). The HI assay is rapid and a relatively inexpensive procedure 

being less technical than molecular tests (Pedersen, 2014), however problems related to genetic 

changes and non-specific hemagglutination inhibitors may occur compromising the test result 

and reliability (Wood et al., 1994). The enzyme-linked immunosorbent assay (ELISA) 

identifies antibodies against the NP protein, and only indicates if the animals are infected with 

influenza type A, non-differentiating the SIV viral subtypes, being valuable to determine the 

immune status of the herd (Ciacci-Zanella et al., 2010). Serum neutralization (SN) assay 

measures neutralizing antibodies capable of preventing the influenza virus from infecting cells 

(Leuwerke et al., 2008) 
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3.7. Control and Prevention 

Swine influenza has a negative impact on pig production, either by the direct losses due 

to mortality, or significant decrease in the weight gain of the affected animals, or even by 

increased spending on drugs to treat secondary infections. In addition, influenza is a zoonosis, 

posing risks to human health. Once the disease is established in a swine herd, it is difficult to 

eradicated it without full depopulation, thus biosecurity measures are the most important for 

the control of IAV and for reducing the negative economic impact on pig production (Schaefer 

et al., 2013). Besides biosecurity, the correct nutritional management, animal welfare and 

vaccination are also important. Cleaning, disinfection, proper ventilation of facilities, partial 

depopulation, separation of diseased animals from the healthy, segregation of freshly weaned 

pigs and all-in-all system, are extremely important to prevent the spread of influenza virus 

(Flores et al., 2007; FAO, 2010).  

The constant replacement and supply of swine from several sources in a herd constitute 

a risk, as it keeps the disease circulating in the herd and contributes also to the emergence of a 

new virus by facilitating viral rearrangement in pigs and virus transmission between them 

(Schaefer et al., 2013). Therefore, a correct introduction of animals on farms by means of 

quarantine, control of origin and adoption of downtime are important measures (Dias et al., 

2015). As virus transmission may occurs among different species, biosecurity measures in the 

herd include also limited contact of pigs with other species, especially birds and humans. 

Vaccination of employees of the pig production chain is recommended because of the 

possibility of human transmitting influenza virus to swine and vice versa (Nelson et al., 2012).  

Worldwide, the most widely used method for control and prevention of swine influenza 

is vaccination. Currently, commercial intramuscular inactivated vaccines are the most used 

(Chen et al., 2012). Depending on the region, live-attenuated vaccines are also available, 

existing also autogenous inactivated vaccines (Vincent et al., 2008). There is no formal system 

for recommending SIV vaccine strains, and either updates or strain selection is complicated, 

since prevailing SIV strains vary widely among regions. Additionally, multiple SIV subtypes 

and lineages circulate concurrently within each continent, and new lineages have emerged 

during the last 10–15 years (Van Reeth and Ma, 2012).  

Generally, inactivated vaccines are administered in two doses ranging from 2 to 4 weeks 

between them. For sow herds, gilts are vaccinated twice before the first coverage and the sows 
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are vaccinated 3-6 weeks before farrowing. Piglets are usually vaccinated after 12 to 16 weeks 

of age to avoid maternal antibody (MDA) interference, especially in sow herds with high 

antibody levels to SIV (Kitikoon et al., 2006; Van Reeth and Ma, 2012).  

Inactivated vaccines usually provide humoral and cellular immunity but have limited 

ability to cross-protect against heterologous viruses (Platt et al., 2011). Therefore, good 

protection occurs when the HA of the vaccine strain is similar to the HA of circulating virus 

(Van Reeth et al., 2004; Vincent et al., 2008). The cross protection between heterologous 

subtypes is variable. Some studies have shown that antibodies produced from the contact with 

H1N1pdm09 virus, do not induce enough protection against human H1N1 and no protection 

against H3N2 subtype (Chen et al., 2012).  

In addition to the low cross-protection of vaccines, experimental studies in animals 

immunized with inactivated, monovalent vaccine, and subsequently challenged with an 

antigenically different strain showed an exacerbated clinical disease condition, called Vaccine 

Associated Enhanced Respiratory Disease (VAERD) (Gauger et al., 2011), which can occur 

when vaccinated pigs are challenged with heterologous viruses (Rajão et al., 2014). Piglets 

vaccinated with a delta-1 cluster H1N2 and challenged with H1N1pdm09 virus have 

demonstrated enhanced clinical signs of the disease and higher score of lung lesions compared 

to non-vaccinated/challenged animals (Gauger et al., 2011). It is supposed that IgG antibodies 

induced by the vaccine strain bind the heterologous strain, but fail to neutralize it, not providing 

protection and promoting virus infectivity and fusion, leading to elevated replication 

(Khurana,2013; Sandbulte,2015) 

Currently, in North America and Europe there are commercial vaccines available 

against H1N1, H1N2 and H3N2. In Europe, licensed vaccines contain the subtypes H1N1, 

H3N2 and H1N2 as their antigenic strains. In the United States, vaccines for SIV were 

introduced for the classical virus H1N1 in 1994, and it is estimated that 90% of the American 

herd is vaccinated. The major challenge for vaccines for swine influenza is that circulating SIV 

is under constant evolution. In the U.S. it is currently estimated that 7 antigenic clusters and 

subtypes co-circulate in the swine population as H3N2, αH1, βH1, γH1, δ-1H1, δ-2H1 and 

pH1N1 (Vincent et al., 2014). Because of the SIV genetic variability, commercial vaccines in 

US are mostly multivalent having in their composition different subtypes and clusters 

(Sandbulte, 2015), but monovalent vaccine against H1N1pdm09 is also available (Van Reeth 
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and Ma, 2012).  The use of autogenous vaccines in US has been increasing, because of the 

strain diversity that circulate in the swine population, and also because of the difficulty for 

biological  industries to alter vaccine composition as rapidly as the virus evolves (Vincent et 

al., 2008).  

In Brazil, a monovalent and inactivated vaccine encoding the hemagglutinin protein of 

the 2009 pandemic (A/California/04/2009/(H1N1) was licensed on May 2014 (Brasil, 2014). 

Previous studies have shown that a diverse SIAV lineages (H1N1, H1N2, and H3N2) circulate 

in swine herds, however, studies characterizing the viruses circulating in Brazil are scarce. 

Since the only available vaccine is against H1N1pdm09 and studies have pointed limited 

vaccine cross-protection against heterologous viruses, swine herds in Brazil are frequently 

susceptible to disease, even vaccinated.  

Since the genetic variability of circulating SIV is wide, different geographically and 

constantly evolving, vaccine production is a challenge for the swine industry. Surveillance 

studies are necessary to identify and characterize circulating viruses, especially the HA 

glycoprotein, which is the main target of neutralizing antibodies.  

4. Material and Methods 

4.1. RT-PCR Standardization 

4.1.1. Control samples 

The H1N1pdm09, H3N2 and H1Delta positive control samples used for the PCR 

standardization were previously characterized by RT-PCR and sequencing (Rajão et al., 2013a; 

Costa, et al., 2015). These strains were isolated by passages in Madin-Darby Canine Kidney 

(MDCK) cell culture. All three strains were isolated from lungs fragments of animals with 

respiratory clinical signs, from pig farms in Brazil (Table 1). 

Table 1. H1N1pdm09, H1Delta and H3N2 strains used as control for RT-PCR standardization. 

Strain State origin Species 
Collection 

year 
Reference 

H1N1pdm09 Minas Gerais Swine 2009 Rajão et al., 2013a 

H1Delta Santa Catarina Swine 2013 Costa et al., 2015 

H3N2 Paraná Swine 2013 Costa et al., 2015 



 

 

43 

4.1.2. Clinical samples 

A total of 92 field samples, 71 lung tissues and 21 nasal swabs, positive for influenza A 

matrix gene by RT-PCR (OIE, 2015), from seven Brazilian states (Santa Catarina (SC),Paraná 

(PR), Rio Grande do Sul (RS), São Paulo (SP), Minas Gerais (MG), Mato Grosso do Sul (MS) 

and Goiás (GO)), sampled in the years 2012-2013, 2014-2015 and 2017-2018 were used to 

validate the SIV subtyping Nested RT-PCR. Samples were collected in pig farms with 

respiratory clinical signs and received for routine diagnostic at the Laboratório de Pesquisa em 

Virologia Animal (LPVA), Department of Preventive Veterinary Medicine, School of 

Veterinary Medicine of the Universidade Federal de Minas Gerais (UFMG). Seventeen samples 

were received in the years 2012-2013, forty-nine in 2014-2015, and twenty-six in 2017-2018. 

It was not possible to obtain samples from 2016. All samples from 2014-2015 were kindly 

provided by MICROVET Laboratory, located in the city of Viçosa, state of Minas Gerais, 

Brazil.  

4.1.3. RNA extraction 

For RNA extraction, clinical samples were previously diluted in PBS supplemented with 

penicillin (200 IU/mL), streptomycin (200 ug/mL), and amphotericin B (2.5 ug/mL). Lung 

tissue fragments were macerated using mortar and pestle and were diluted ten-fold in PBS. 

Nasal swabs were diluted five-fold and were homogenized using a vortex. Then, all samples 

were centrifuged for 10 min at 4500g, at 4oC. RNA was extracted from 300 μL of the 

supernatant using Trizol® reagent (Thermo Fisher, USA) according to the manufacturer’s 

instructions.  

4.1.4. Primer design 

Sequences of the HA glycoprotein gene from Brazilian swine influenza viruses were 

obtained from Genbank and aligned with the ClustalW multiple sequence alignment 

(Thompson, Higgins & Gibson, 1994). The sequences were aligned separately by subtype of 

HA (H1 or H3) and conserved regions of H1 and H3 were used to design the external primers. 

From the selected regions, internal conserved regions from H1N1pdm09, H1Delta and H3N2 

were chosen to design the primers for the Nested RT-PCR. Genbank accession number for all 

the Brazilian SIV published sequences, considered for primer design, are shown on 

Supplementary Table 1.   



 

 

44 

One set of primers were designed for the first RT-PCR reaction targeting the H1 (H1F 

and H1R) and another set of primers for H3 (FW1H3 and RV1H3). For the second reaction, 

three different sets of primers were designed, targeting specific internal and conserved regions 

of H1N1pdm (FW2H1PDM and RV2H1PDM), H1Delta (FW2DELTA and RV2DELTA) and 

H3N2 (FW1H3 and RV2H3).  

The information about the primers used for the PCR reactions assays are shown on Table 

2, as well as their positions, amplified base pair fragments and respective melting temperatures. 

Table 2. Sequence, positions, amplified base pair fragments and melting temperature of primers for 

the Nested RT-PCR of H1N1pdm09 and H1Delta subtypes. 

4.1.5. One Step and Nested RT-PCR for SIV subtyping 

For the first reaction, the viral genome was reverse transcribed and amplified using 

Superscript One-Step RT-PCR System with Platinum Taq DNA polymerase (Life technologies, 

Carlsbad, CA, USA). All samples were submitted to a standardized 25µL PCR reaction 

containing 0.4µM of each primer, 200µM of each dNTP, 2.5µL of the extracted RNA, and 

concentration variations of MgSO4 (1.5mM and 2mM) and different volumes of Taq (0.6 µL 

and 1µL) were tested for standardization.  

One microliter of the first RT-PCR reaction was used as template for the nested RT-

PCR internal reaction. The second reaction was carried by 24 µL of master mix containing 

Reaction/ 
Subtype Set of primers Sequence (5’-3’) Reference 

strains Positions 
Produ
ct size 
(bp) 

Tm 
(°C) 

1stReaction/ 

H1 

FW1H1 AGCAAAAGCAGGGGAAAAYA 

JQ666848.1 

781-798 
616bp 50 

RV1H1 CCCCATAGYAYRAGGACTTC 534-553 

2stReaction/ 

H1N1pdm 

FW2H1PDM CCAATCATGACTCGAACAAC 391-410 
159bp 52 

RV2H1PDM ATAGCACGAGGACTTCTTTCT 529-549 

2stReaction/ 

H1Delta 

FW2H1DELTA GCGTTGCCGGATGGATCTTA 
KF680296.1 

233-252 
303bp 55 

RV2H1DELTA ACAGACCATTCTTCCCCGTCA 515-535 

1stReaction/ 

H3N2 

FW1H3 ATATGTTCAAACGTCAGGGAGA 

KM507511.1 

651-672 

544bp 52 
RV1H3 GTCGATTGCTGCTTGAGTGC 

1175-

1194 

2stReaction/ 

H3N2 

FW1H3 ATATGTTCAAACGTCAGGGAGA 651-672 
279bp 52 

RV2H3 TTCCCATTTGGAGTGACGCA 910-929 
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0.5µM of each primer, 1.5mM MgCl2, 200µM of each dNTP and 3U of Taq polymerase 

(Phoneutria Biotecnologia, Brazil). 

The cycling conditions were performed according to the manufacture’s kits and 

annealing temperatures (Ta) for the realization of One Step RT-PCR and Nested RT-PCR 

reactions were calculated from Tm (melting temperature) of the chosen primers. Four different 

temperatures were selected to evaluate the ideal Ta for each primer pair: 58°C, 55°C, 52°C and 

50°C. The PCR amplicons were identified by electrophoresis in a 1% agarose gel and stained 

by ethidium bromide.  

4.1.6. Sensitivity of the assay 

The method of limiting dilution was used to evaluate the analytic sensitivity of the 

Nested and One Step RT-PCRs. The primers sets were tested for the detection of the three 

reference swine influenza viruses. H1N1pdm09 and H3N2 isolates, with titers of 4x105 plaque 

forming units (PFU)/ml, were 10-fold serial diluted (10-1 up to 10-14) and the RNA was extracted 

from 300µL of each dilution.  

It was not possible to titrate the H1Delta, once the material was already extracted. From 

the extracted RNA, a 10-fold serial dilution was performed.  

4.1.7. Specificity of the assay 

In order to test the specificity of the assay, all sets of primers from the second 

amplification of the Nested RT-PCR reaction were tested for each reference sample. In addition, 

the specificity of the test was also evaluated by sequencing the PCR products from the field 

samples. 

4.1.8. RT-PCR to differentiate the N gene in H1Delta positive samples 

To differentiate positive samples of H1Delta into H1N1Delta and H1N2Delta, specific 

primers as well as cycling temperatures for the detection of N1 and N2 were used according to 

Choi et al (2002). 
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4.2. Serological analysis 

For serological analyzes, samples received at the LPVA for routine diagnostic, from 

non-vaccinated farms located in different Brazilian states in 2017 and 2018 (Table 3) were 

tested. A total of 940 samples were analyzed in this period, 263 samples from 2017 and 677 

from 2018 (Table 3). 

Table 3. Location, number of farms and number of samples analyzed for the detection of antibodies 

against SIV in the years 2017 and 2018. 

Year 2017 

State Farms Samples 

MG 6 263 

Year 2018 

State Farms Samples 

MG 4 170 

SC 2 441 

GO 1 46 

MT 1 20 

Total 14 940 

4.2.1. Hemagglutination (HA) 

Reference samples of H1N1pdm09 and H3N2 (Table 1) were submitted to the 

hemagglutination test for the detection of viral titer in hemagglutinating units (UHA) (WHO, 

2002). The viral titer was determined by the reciprocal of the last dilution where complete 

agglutination of the red blood cells occurred. Viruses were used for retro-titration in the 

hemagglutination inhibition (HI) test. 

4.2.2. Hemagglutination inhibition (HI) 

All serum samples were tested by HI, as previously described by WHO (2011). Briefly, 

serum samples were inactivated at 56°C for 30 minutes and treated with turkey red blood cells 

for the removal of non-specific hemagglutination inhibitors and natural serum agglutinins. 

Then, the HI test was performed to detect antibodies against viral suspension of H1N1pdm09 

and H3N2, previously described on Table 1. Negative control containing PBS and red cell 
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suspension and also serum control to detect hemagglutination, containing only serum and red 

cell suspension, were used.  

Sera were initially diluted to 1:20 and 2-fold serial diluted in PBS until the final dilution 

1:640 using 96 well "V" bottom plates. Antibody titers from each sample were determined as 

the reciprocal of the highest dilution in which no hemagglutination was observed. Titers greater 

than or equal to 40 were considered positive. 

4.3. Sequencing analyzes 

The RT-PCR amplicons from subtyped field samples were purified using the DNA 

Clean and Concentrator kit (ZYMO Research, USA). Subsequently, the concentration of the 

purified amplicons were dosed by NanoDrop spectrophotometer (Thermo Fisher, USA) 

selecting those with more than 40ng for sequencing, according to the BigDye Terminator v3.1 

Cycle Sequencing kit (Thermo Fisher, USA). Sequencing reactions were performed by 

capillary electrophoresis in an ABI 3730 equipment (Applied Biosystems, USA). The 

nucleotide sequence data were analyzed and assembled using SegMan Software 7.1.0 

(DNAStar Inc.). The consensus sequences were compared with those reported in the GenBank, 

selecting those with an identity percentage higher than 95%, using BLAST (Basic Local 

Aligment Search Tool) from the NCBI (National Center for Biotechnology). 

4.4. Phylogenetic analyzes and p-distance of sequences from each subtype 

Phylogenetic analyzes were performed with the MEGA 7.0.26 software (Kumar et al., 

2016; Tamura, 1992). Using the MUSCLE alignment method (Tamura, 1992), the consensus 

sequences were aligned with reference strains and sequences of swine and human influenza 

viruses available on Genbank database. Phylogenetic tree was constructed using the Maximum 

Likelihood method based on the Tamura 3‐parameter model (Tamura, 1992) and 1,000 

bootstrap replicates of the partial sequence of the three subtypes positive samples.  

Additionally, the sequences were compared within each subtype to identify the 

similarity between them. Sequences for each subtype were aligned using ClustalW multiple 

sequence alignment (Thompson et al. 1994) on Bioedit version 7.2.5 software (Hall, 1999). The 

pairwise distance were estimated by p-distance method under 1,000 bootstrap replications using 

Mega 7.0.26. software (Kumar et al., 2016). 
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4.5. Amino acid analysis 

Sequences from the first reaction of H1N1pdm09 positive samples in the Nested RT-

PCR were translated into amino acids and aligned, through the Bioedit version 7.2.5 software 

(Hall, 1999), with Brazilian H1N1pdm09 sequences detected in swine from 2009-2010 and HA 

sequences from three H1N1pdm09 vaccine samples used in vaccines against this subtype in 

human [(A/Michigan/45/2015 (H1N1)pdm09 and A/California/07/2009(H1N1)] and swine 

(A/California/04/2009) in Brazil. ClustalW multiple sequence alignment (Thompson et al., 

1994) was used to identify amino acid variations /substitutions among all these partial HA 

sequences. 

5. Results 

5.1. One Step and Nested RT-PCR for SIV subtyping 

The concentration and volume of MgCl2 and Taq selected for the One Step RT-PCR 

reaction were 2mM and 0.6µL, respectively, which minimized the occurrence of nonspecific 

bands. 

Selected annealing temperatures that minimized the occurrence of non-specific bands 

were 50°C or 52°C (for H1 and H3, respectively) for One Step RT-PCR and 52°C, 52°C and 

55°C (for H1N1pdm09, H3N2 and H1Delta respectively) for the Nested RT-PCR. 

Therefore, cycling conditions for the first RT-PCR reaction was an initial reverse 

transcription at 48°C or 50°C (for H1 and H3 respectively) for 30 minutes, followed by a 

denaturation step at 95°C for 2 minutes and then 40 cycles of denaturation at 95°C for 30s and 

annealing at 50°C or 52°C (for H1 and H3, respectively) for 30s, extension at 64°C for 1 minute, 

followed by a final extension step at 68°C for 5 minutes.  

Second round of PCR started with a denaturation temperature of 95°C for 5 minutes 

followed by 40 cycles of a denaturation  step at 95°C for 30 s, annealing at 52°C, 52°C and 

55°C (for H1N1pdm09, H3N2 and H1Delta respectively) for 30s, extension at 68°C for 1 

minute and a final extension step at 68°C for 5 minutes. 
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5.2. Sensitivity and specificity of the nested RT-PCR 

To access the sensitivity of nested RT-PCR, a 15-fold dilution for H1N1pdm09 and 

H3N2 and a 10-fold dilution for H1Delta were performed. The sensitivity results of the assay 

are shown in Figure 4. 

The limit of detection by nested RT-PCR for H1N1pdm09 was 10-11, which was 108 

higher comparing to the one-step RT-PCR, which uses the first set of primers.  For H3N2, the 

limit of detection was 10-9, differently from the first reaction that was only 10-5. The detection 

limit for H1Delta was lower, corresponding to 10-4 near the limit of the first reaction that was 

10-3. 

 

Figure 4. Agarose gel electrophoresis showing the first and nested RT-PCR reaction for the detection 

of H1N1pdm09, H1Delta and H3N2. The H1N1pdm09 and H3N2 control samples were submitted to a 

15-fold dilution and H1Delta a 10-fold dilution. Amplified products for the first reaction of H1 and 

H3N2 correspond to 616bp and 544bp respectively, and for the Nested RT-PCR of H1N1pdm09, 

H1Delta and H3N2 amplified products have a band of 159bp, 303bp and 279bp, respectively.  

To access the specificity of the assay, the three SIV reference samples (H1N1pdm09, 

H1Delta and H3N2) were tested with all three sets of primers used in the nested RT-PCR, 

separately. All the three subtypes yielded the expected base pair fragments, which are 159bp, 

303bp, 279bp for H1N1pdm09, H1Delta and H3N2, respectively. It may be noted that when 
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the H1N1pdm09 sample was tested with the H1Delta primers, a band near 600bp was detected, 

evidencing the amplification of the fragment related to the first RT-PCR reaction (616bp for 

H1), but there was no amplification of the 303bp band that is specific for H1Delta (Figure 5b). 

When cross-tested against non-specific primers for each viral subtype, none of the 

samples yielded any amplification product (Figure 5). 

 

Figure 5. Specificity of the Nested RT-PCR assay for the three subtypes of SIV. A, B and C correspond 

to reactions tested with primers for H1N1pdm09, H1Delta and H3N2, respectively. Lane M contained 

the molecular size standards. Lane 1, 2 and 3 correspond to reference samples for H1N1pdm09, H1Delta 

and H3N2. Lane C- is the negative control of the reactions. Amplified products for H1N1pdm09, 

H1Delta and H3N2 are related to bands of 159bp, 303bp and 279bp, respectively. 

In addition, to confirm the specific amplification of the nested PCR performed with the 

primers designed in this study, the amplicons were sequenced and analyzed by molecular 

phylogeny (Figure 9). The partial genome sequence of field samples indicated the specific 

subtype in accordance with the nested RT-PCR results. 

5.3. Nasal swab and lung tissue field sampling 

From the 92 samples positive for Influenza A matrix gene, 71 (71/92-77%) were 

subtyped by the nested RT-PCR developed in this study. Fourteen samples (14/71-20%) were 

from 2012-2013, 35 (35/71-49%) from 2014-2015 and 22 samples (22/71-31%%) from 2017-

2018. Information about the subtyped and non-subtyped samples are present on Table 4. 
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Relation about subtyped and non-subtyped samples per state is listed on the Supplementary 

Table 2. 

Table 4. Absolut ratio of subtyped and non-subtyped samples from the previously IAV positive samples. 

 
2012/2013 2014/2015 2017/2018 Total 

Subtyped samples 14 35 22 71 

Non subtyped samples 3 14 4 21 

Total of analyzed 

samples 
17 49 26 92 

The percentage of subtypes detected by year are shown in Figure 6. From 2012-2013, 

64% (9/14) of the subtyped samples were positive for H1N1pdm09 and 21% (3/14) were 

positive for H1Delta. Co-infection between H1N1pdm09 and H3N2 was observed in 14% 

(2/14) of the samples. However, in this period it was not observed H3N2 single infection, 

neither co-infection between the three subtypes (Figure 6). Relation of detected subtypes per 

state and years are shown on Supplementary Table 3.  

In 2014-2015, the results of subtyping showed that 77% (27/35) of the samples were 

positive for H1N1pdm09, and only 3% (1/35) and 11% (4/35) were positive for H3N2 and 

H1Delta, respectively. In these years, co-infection was observed only between H1N1pdm09 

and H1Delta, corresponding to 9% (3/35) of the subtyped samples (Figure 6).  

Analyzing SIV subtypes occurrence in the years 2017-2018, the percentage of positive 

samples for H1N1pdm09 was 23% (5/22), which is lower when compared to the other years. 

However, an increase of H3N2 samples to 23% (5/22) was observed. Positive samples for 

H1Delta had a higher percentage compared to H1N1pdm09 and H3N2 corresponding to 27% 

(6/22). Co-infection between the three subtypes was detected in 14% (3/22) of the samples. In 

addition, when analyzing the co-infection between the pairs, H1N1pdm09+H3N2, 

H1N1pdm09+H1Delta and H3N2+H1Delta it was observed an occurrence of 5% (1/22) for 

each combination (Figure 6). 
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Figure 6. Percentage of the subtyped samples in the years 2012-2013, 2014-2015 and 2017-2018. 

The relative occurrence of H1N1pdm09, H3N2 and H1Delta by years, considering the 

total of performed subtyping analyzes and not considering co-infection among subtypes, is 

demonstrated in Figure 7. In 2012-2013 the most detected subtype was H1N1pdm09 (69%-

11/16), followed by H1Delta (19%-3/16) and H3N2 (13%-2/16). In 2014-2015, H1N1pdm09 

remained the subtype with the highest percentage of detection (79%-30/38), followed by 

H1Delta (18%-7/38) and H3N2 (3%-1/38). However, in 2017-2018, the subtypes occurrence 

was equivalent, H1N1pdm09 and H3N2 were detected in 32% (10/31) of the samples and 

H1Delta in 35% (11/31). 
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Figure 7. Percentage of positive samples for H1N1pdm09, H3N2 and H1Delta in relation to the total of 

subtyping analyzes performed, not considering co-infection between subtypes. 

The 21 positive samples for H1Delta by the subtyping Nested RT-PCR were submitted 

to a RT-PCR to differentiate the N gene into N1 or N2, according to Choi et al. (2002) (Table 

5). After confirming the N subtype, positive samples for H1Delta were classified into 

H1N1Delta or H1N2Delta. 

Table 5. Absolut and percentage of H1Delta samples subtyped for the N gene. 

 
N1 N2 Non-subtyped 

2012/2013 1/3 (33%) 2/3 (67%) 0/3 (0%) 

2014/2015 3/7 (43%) 4/7 (57%) 0 (0%) 

2017/2018 1/11 (9%) 1/11 (9%) 9/11 (82%) 

Total 5/21 (24%) 7/21 (33%) 9/21(43%) 

5.4. Serological Analysis 

From the 940 serum samples analyzed by HI test, 707 (75%) were positive for IAV. 

Among the 233 negative samples, 37 (14%) and 196 (29%) were from 2017 and 2018, 

respectively (Figure 8). In 2017, the occurrence of single infection of H1N1pdm09 and H3N2 

were 11% (28/263) and 33% (86/263), respectively. The highest occurrence was observed in 

H1N1pdm09+H3N2 co-infection which was 43% (112/263). In 2018, samples only positive for 
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H3N2 (40%-270/677) were more prevalent than H1N1pdm09 (3%-23/677). A high occurrence 

of H1N1pdm09+H3N2 (28%-188/677) (Figure 8) was observed. 

 

Figure 8. Percentage ratio of samples tested for antibodies against H1N1pdm09, H3N2 and 

H1N1pdm09+H3N2 in the years 2017-2018. 

5.5. Sequencing, phylogenetic analysis and p-distance between sequences from the same 

subtype. 

The amplicons from the first reaction of the 23 positive samples by RT-PCR for 

H1N1pdm09, were sequenced. Because of the small size of nested RT-PCR products, it was 

not possible to sequence the PCR products from the second reaction. PCR products from the 

second reaction of H1Delta and H3N2 were sequenced totalizing thirteen and nine samples for 

each subtype, respectively. Sequences from the first reaction of H1N1pdm09 had a size ranging 

from 320-544bp, and from the second reaction of H1Delta and H3N2, a 150-303bp and 190-

279bp size ranging, respectively. The molecular phylogenetic analysis for H1N1pdm09, 

H1Delta and H3N2 samples is shown on Figure 9. The relation of sequenced samples number 

per state and subtype, and per year and subtype are listed on the Supplementary Table 4 and 5, 

respectively. 

All the H1N1pdm09 sequenced samples (labeled in blue) grouped in the same cluster. 

Same observation was noticed when analyzing the H1Delta sequences (labeled in yellow) and 

H3N2 samples sequences (labeled in orange) (Figure 9). 
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Figure 9. Molecular phylogenetic tree of the partial sequences of H1N1pdm09 (labeled in blue), H1Delta (yellow) and H3N2 (orange) positive samples from this study. Non-labeled sequences refers to published Genbank sequences of the 

three subtypes. Sequences of H1N1pdm09 were distributed in 3 groups (A,B,C). H1Delta in 2 groups (A and B). And H3N2 in one group (A). Molecular phylogenetic tree was constructed using the Maximum Likelihood method based on 

the Tamura 3‐parameter model (Tamura, 1992) and 1,000 bootstrap replicates of the partial sequence of the three subtypes positive samples.
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The similarity between the samples from the same subtype were estimated by p-distance 

method (Kumar et al., 2016). It was observed that H1N1pdm09-like samples presented 88-

100% of similarity, while H1Delta and H3N2 indicated a similarity of 75-100% and 91-100%, 

respectively (Supplementary Table 6, 7 and 8).  

H1N1pdm09 sequences were grouped into 3 different groups (A, B and C), and were 

related to different years. Two sequences (Flu17P and Flu5P), from 2012/2013, have aligned 

separately (Figure 9). Analyzing the p-distance between the samples (Supplementary Table 5), 

in group B most of the samples from 2012/2013 have grouped with 100% of similarity. 

Similarity of this group to the sequences that lined up separately, was 96% -97%. These two 

samples were more similar to the 2009- 2010 samples and also to the swine vaccine strain (98-

99% similarity). Samples of H1N1pdm09 from 2014/2015 were divided into 2 groups (A and 

C) (Figure 9). Within each group, samples had 99-100% of similarity between them and group 

B and C were 12% different. Group A was the one that most resembled the 2009 samples and 

the vaccine (98-99% similarity) and group C had a lower similarity when compared to these 

samples (89-90%). When comparing the sample sequences from 2012-2013 ( Group B)  with 

group A and C (2014/2015), similarity of 96% and 86-88% was found, respectively. 

From the cluster formed with the H1Delta samples, two distinct groups (A and B) and 

a separated sample (Flu11D) were observed (Figure 9). Analyzing the p-distance within this 

cluster (Supplementary Table 6) only the 2012/2013 sample lined up separately and had 17-

25% dissimilarity with all H1Delta samples. Samples of group A were mostly from 2014/2015 

and had 98.5-100% similarity to each other. Group B was composed mostly of samples from 

2017/2018 and the similarity between them ranged from 86-100%, since this group have 

subdivided into subgroup B.1, composed of sequences with 100% similarity between them, and 

B.2 with 96-100%. Group A and B of H1Delta were 85-94% similar to each other. Group A 

had 93-97% similarity with samples of human H1N1 and 89-100%  with H1N1 and H1N2 

isolated from swine and wild boars. Group B had 90-97% similarity between the samples of 

human seasonal H1N1 and 86-97% between swine and wild boar H1N2. 

When analyzing the distribution of H3N2, all samples grouped into a single group 

(Group A) except the Cat2 and SarH3 sample (Figure 9). Sequences of group A had 99.5-100% 

similarity among themselves and with Cat2 partial sequence sample (Supplementary Table 7), 

and the majority of these samples were from 2017/2018. Comparing Group A and Cat2 sample 



 

 

57 

with Genebank sequences it was observed a high similarity (96-100%) with swine H3N2 North 

American sequences and human H3N2 from different countries of the world. Low similarity 

was observed with swine Brazilian H3N2 and SarH3 sequences.  The SarH3 differed in 7-9% 

of all H3N2 sequences, except with swine Brazilian H3N2 which had 96% similarity. 

5.6. Amino acid variation analysis of H1N1pdm09 partial sequences 

The amino acid alignment between partial sequences of H1N1pdm09 of field samples 

from this study (years 2012-2013 and 2014-2015), H1N1pdm09 of SIAV from Brazil in 2009-

2010 (available on Genbank database) and swine and human vaccine strains used in Brazil have 

shown some residual variations (Figure 10). The differences between the amino acid residues 

are indicated in the red marked regions at Figure 10. Since the sequences of samples were 

partial, only a few residues of the antigenic sites Cb (74-79), Sa (128-129) and Ca2 (140-145) 

could be noted. It is important to observe that in six sequences from 2013-2014 there were 

amino acid variations at residues 78 and 144, which belongs to the Cb and Ca2 antigenic sites. 

In other four sequences, from 2011-2012, punctual variation in residue 129, which belongs to 

the antigenic site Sa, were present. Some binding site residues (99, 133-139) and conserved 

glycosilation sites (19-22; 34-36; 95-97), as described in the literature (Sriwilaijaroen and 

Suzuki, 2012), could be detected in our partial sequences, and it was not observed any alteration 

in these regions. 
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Figure 10. Analysis of amino acid residues from partial sequences of HA protein using the alignment between the swine vaccine strains licensed in Brazil (first sequence), sequences of H1N1pdm09 previously deposited in Genbank 2009-

2010, H1N1pdm09 sequences from our study (2012 -2015) and human vaccine strains sequences (last two alignment sequences). Antigenic sites Cb (residue 78), Sa (129), Ca2 (140-145) are identified in the lower part of the figure. Red 

stripes highlight changes in amino acid residues.
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6. Discussion 

Brazil is the fourth largest producer of swine in the world, and responsible for almost 

9% of the pork volume exported worldwide (ABPA, 2017). Despite the highly favorable data 

on pig production, infectious diseases are currently an important issue in swine farming, 

specifically respiratory infections, as SIV (Piffer and Brito, 1993; Maes et al., 2008). A rapid 

and accurate diagnosis is essential for assertive actions to minimize the damage caused by 

infectious diseases in the herds. 

Although the importance of a rapid diagnosis, in Brazil there is no diagnostic test 

commercially available to differentiate swine influenza subtypes in herds. Generally, studies 

for the detection and differentiation of SIV subtypes use the multiplex PCR technique that 

identify only H1 or H3, but they cannot distinguish H1 between H1Delta or H1N1pdm09 (Gava 

et.al, 2011). To characterize and differentiate circulating SIV, studies conducted in Brazil firstly 

identify the positive samples by PCR targeting the matrix gene, then inoculate the positive 

samples in embryonated eggs or MDCK cells to further submit for genome sequencing by Next 

Generation Sequencing (NGS), obtaining complete viral characterization (Schaefer et al., 2015; 

Zanella,2015). Although the method of detection and characterization of SIV used in these 

studies were very efficient to obtain complete sequences of circulating viral strains, the 

diagnosis of viral subtypes of SIV was not feasible, since it is a laborious, expensive and time-

consuming process to be used in routine. Rapid, sensitive and specific diagnostic tests for the 

detection of different SIV subtypes are necessary and essential for monitoring circulating 

viruses in Brazil. 

The Nested RT-PCR test developed in the present study showed satisfactory results, 

since the three subtypes analyzed (H1N1pdm09, H1Delta and H3N2) amplified both reference 

and field samples, without nonspecific amplifications. It is important to emphasize that the test 

was standardized using primers delineated from Brazilian swine influenza sequences, 

increasing the specificity of the test and its importance of use to subtype field samples 

monitoring SIV in Brazil. 

Regarding the sensitivity of the proposed Nested RT-PCR assay, it was possible to 

detect up to 11 ten-fold dilutions of reference strain H1N1pdm09, and up to nine ten-fold 

dilutions of H3N2, that had initial viral titer of 4x105 PFU/ml. The detection of the two subtypes 
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within these limits was interesting because it shows that the Nested RT-PCR method can 

identify low concentrations of genetic material present in clinical samples. This is very 

important when evaluating field samples, since there may be variation of viral load according 

to the moment of sample collection, quantity and quality of the clinical sample. 

The field samples used in this study were received in the LPVA-UFMG for routine 

diagnosis, thus, it was not possible to control some details that may interfere the RT-PCR, such 

as collection and storage of samples prior to arrival at the laboratory. However, it was possible 

to subtype 71 out of 92 samples positive for IAV. It is known that M protein is the most 

abundant in the IAV virion (Lamb et.al, 2001) and due to this it was possible to detect only the 

M gene in the 21 non-subtyped samples, possibly due to low viral load or low concentration of 

RNA extracted from the field samples. In addition, stability studies of IAV viral RNA showed 

that the M gene, due to structural characteristics, is more resistant than the HA gene under 

different storage conditions (Relova et. al, 2018). The high sensitivity of the assay demonstrated 

herein certainly improved the success rate of subtyping. The sensitivity of Nested RT-PCR to 

H1Delta was lower when compared to the sensitivity of the other two subtypes. However, it is 

important to highlight that the H1Delta sensitivity test was performed using extracted RNA 

diluted ten-fold, while the other virus strains were previously diluted and then submitted to 

RNA extraction, which may influence the amount of virus genome present in the analyzed 

dilution. In addition, when comparing the limit of detection between one-step RT-PCR and the 

nested RT-PCR to H1Delta, the difference was not so evident, although the second reaction 

increased the detection of viral RNA in one ten-fold dilution. 

The Nested RT-PCR assay is a very sensitive method when compared to other 

diagnostic techniques and it is considered a rapid test. However, it is associated with a high risk 

of cross-contamination. In our study some precautions were taken to prevent contamination, 

since reagent preparation, sample processing, Nested RT-PCR and run of generated PCR 

products were performed in different rooms. The use of RNA and DNAse free filter tips, as 

well as pipette cleaning between each application of samples were adopted in the experiment, 

minimizing the chances of contamination. 

The specificity of the standardized nested RT-PCR assays was also demonstrated as 

amplified fragments, specific for the reference samples, were only detected when tested with 

the specific primers for each subtype. The high specificity could also be noted by RT-PCR 
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amplicons sequencing, since specific sequences were detected for H1N1pdm09, H1Delta and 

H3N2, demonstrated by distinct clusters formed in phylogenetic analysis with in each reference 

strain (Figure 9).  

The distinction between H1N1pdm09 and H1Delta using nested RT-PCR demonstrated 

to be an interesting tool to SIV diagnosis in Brazil, since the majority of previous studies 

detected only the subtype H1 or H3, not distinguishing H1 from H1N1pdm09 or H1Delta.  

Another favorable aspect of the study was the primers, as they were designed based on 

SIV sequences available on GenBank database of Brazilian strains, which increases the ability 

of the test to detect subtypes circulating in Brazil. 

In addition to the high specificity and sensitive, the nested RT-PCR developed ended as 

a rapid diagnostic method, and in less than 24 hours it is possible to obtain subtyping results 

from clinical samples, helping field veterinarians to quickly establish measures to prevent and 

control the disease. The nested RT-PCR for SIV subtyping is a faster and cheaper technique 

when comparing to genomic sequencing and allows to monitor the prevalence of different 

circulating SIV subtypes in swine herds. In this study, using the standardized technique, it was 

determined the occurrence of the SIV subtypes in field samples from 2012-2013, 2014-2015, 

2017-2018. Between 2012-2013, was observed a higher detection of H1N1pdm09, followed by 

H1Delta and H3N2 + H1N1pdm09 (Figure 7). A seroprevalence study performed in the state 

of Minas Gerais in 2012, showed that 26.2% of the tested animals had antibodies against 

H1N1pdm09 and only 1.57% for H3N2. Additionally, it indicated that 96.6% of the herds were 

positive for H1N1pdm09 and 13.2% for H3N2 (Dias et al., 2015). Another study conducted in 

2011 in the states RS, PR, SC, SP, MG and MS also showed that H1N1pdm09 subtype was 

more prevalent in the herds and animals analyzed, followed by H1N2 and H3N2 (Ciacci-

Zanella et al., 2015). High prevalence of co-infection among different subtypes, with greater 

involvement of H1N1pdm09, was also observed (Ciacci-Zanella et al., 2015). 

As observed in the years 2012-2013, samples collected in 2013-2014 showed also a 

higher occurrence of H1N1pdm09, followed by H1Delta and a low detection of H1Delta + 

H1N1pdm co-infection. The subtype H3N2 was the least detected subtype in these years but, 

unlike the earlier period, H3N2 was not detected in co-infections. A serological study 

performed by our group in 2014-2015, in unvaccinated farms from several Brazilian states, 

showed that 96% of the herds were positive for H1N1pdm09 (Fraiha et al., 2017). This data 
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corroborates the data found by this RT-PCR detection study, since in this period H1N1pdm09 

was the most frequently detected subtype. In the serological study previously performed (Fraiha 

et al., 2017), 68% of the farms were infected with H3N2, and from these, and 36% presented 

co-infected animals with H1N1pdm09. Another study which have evaluated the detection of 

SIV subtypes in Brazilian swine samples, previously positive for IAV in the years 2010-2016, 

showed that the most prevalent subtypes detected were H1N1 (64.9%), H1N2 (29.8% %) and 

H3N2 (5.3%) (Haach et al., 2018). 

The higher occurrence of H1N1pdm09 in the periods 2012-2013 and 2014-2015, 

demonstrated in the present study, indicates that in these periods, H1N1pdm09 was endemic 

with a high prevalence in Brazilian swine population. Co-infections between the subtypes were 

also observed and call attention to the higher probability of occurrence of rearrangements 

between different subtypes, since these events may have been favored by the introduction of 

H1N1pdm09 in the country in 2009 (Nelson et al., 2015). In addition, the high detection of 

H1N2 in these studies reinforces that this human origin subtype circulates in the Brazilian swine 

herds (Nelson et al., 2015; Schaefer et al., 2015b) and seems to have settled in this population, 

since is rare its occurrence in the human population (Resende et al., 2017). Although the 

detection of H3N2 by RT-PCR was low in 2014-2015, it increased when comparing to the 

previous years, which was also demonstrated by previous serological studies (Fraiha et al., 

2017). These findings suggest a trend of virus circulation among the swine population over the 

years. 

In 2017 and 2018, SIV RT-PCR subtyping data showed a significant increase in the 

detection of H3N2 and a decrease in H1N1pdm09, comparing to previous years. Additionally, 

serological data, from unvaccinated farms, indicated that the occurrence of H1N1pdm09 

decreased comparing to the data from previous years, and there was a significant increase in 

H3N2 as well as H1N1pdm09 + H3N2 co-infection, already indicated in 2014-2015 studies 

(Fraiha et al., 2017). The serological results corroborate the RT-PCR findings, showing a 

significant decrease in H1N1pdm09 and an increase of H3N2 detection in clinical samples. 

These results are interesting since our study have demonstrated for the first time a higher 

occurrence of H3N2 in recent years.  Compared to other years, RT-PCR test showed that co-

infection detected in 2017-2018 was more frequent,  reinforcing the fact that since the 

introduction of H1N1pdm09 the possibility of reassortments increased in swine herds, both in 

Brazil and in other countries (Nelson et al., 2015). 
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Analyzing the serological data from 2017-2018, the increasing occurrence of H3N2 may 

also be related to the occurrence of this IAV subtype in human population. In 2017, a greater 

and significant occurrence of H3N2 was observed in Brazilian human population, while the 

occurrence of H1N1pdm09 was not very expressive (WHO, 2018) (Figure 2). Low occurrence 

of H1N1pdm09 may be related to the introduction of a new H1N1pdm09 vaccine strain into the 

human vaccine formulation. It is important to note that in 2017, in swine population, H3N2 was 

also the most prevalent subtype, evidencing a parallel occurrence of H1N1pdm09 and H3N2 in 

both species.  

In 2018, there was an increase of H3N2 in swine population, which may be related to a 

greater contact of humans with these animals, since in the previous year this subtype was the 

most prevalent in human population (WHO, 2018; Figure 2). Events of influenza transmission 

from humans to pigs have been shown to be more frequent than the reverse transmission route 

(Rajão et al., 2017). The most obvious example of IAV interspecies transmission occurred in 

2009 pandemic, when H1N1pdm09 was identified as the causative agent of respiratory disease 

outbreaks in swine, after reports of outbreaks related to the same virus in human population 

(Dawood et al., 2009; Vincent et al., 2014). Biosafety measures on farms such as entry control, 

removal of sick workers and vaccination of workers are important to prevent IAV human to 

swine transmission. In addition, biosecurity measures can also minimize the risks to human 

health, since transmission from pig to man may also occur. Monitoring influenza subtypes 

infection in the human population is a tool that may help foresee possible outbreaks of influenza 

in the swine. 

To differentiate the H1Delta samples between H1N1Delta or H1N2Delta a subtyping 

PCR for NA glycoprotein was performed. It was possible to subtype all samples from 2012-

2015. However, in 2017-2018, 82% of the samples were not subtyped. The positive controls, 

for both N1 and N2 reactions amplified as expected, indicating that the reaction was performed 

correctly. So, the high percentage of non-subtyped samples in 2017-2018 was intriguing and 

may be an indicative of pointed mutations in the primers sites on NA gene that could have 

occurred in the last two years, resulting in failure of RT-PCR detection. The primes used for 

NA subtyping were previously described by Choi et al. (2002) and designed using sequences 

of reference strains of H1N1 and H3N2 from 1976 and 1998, respectively, both isolated in 

United States. The alignment of these primers with sequences of Brazilian SIV from 2009-2013 

demonstrated 77% -100% of similarity, and the lowest value (77%) was related to a primer for 
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the detection of N1. Even with this dissimilarity, many samples were subtyped for N1 gene. 

However, differences between North and South American samples may be present, mostly from 

more recent years (2017-2018). The variability of HA protein has been further studied and 

reports related to antigenic variability of NA are rare. However, changes in this glycoprotein 

are known to occur (Air and Laver, 1986; Shil, 2011). Further studies to analyze the full length 

of NA gene must be done to confirm the differences and designing primers for N detection from 

Brazilian sequences could be a valuable tool to rapidly differentiate H1Delta samples by PCR. 

A large majority of N1-positive samples were co-infected with H1N1pdm09. Since 

there was no sequencing of the RT-PCR products, it is unknown whether N1 gene was related 

to the H1N1Delta or H1N1pdm09 subtype. Co-infected samples may generate a false-positive 

H1Delta subtyping result, especially in samples co-infected with H1N1pdm09 and H3N2, since 

the primers used in the study may detect NAs of different subtypes. In this case the application 

of these primers for N1 subtyping is only possible in samples without co-infection.  

From positive samples for N1, only one, from 2012-2013, was not co-infected with 

H1N1pdm09. Previously studies have detected H1N1Delta in nasal swab of swine from Santa 

Catarina state in 2014 (Schaefer et al., 2017). This highlights the presence of this lineage in 

Brazil over the last years, being necessary more studies related to its detection and 

characterization by complete genome sequencing, in order to generate more data about its 

circulation and presence in Brazilian swine population.  

The phylogenetic analyses within each SIV subtype was performed by pairwise 

distance, estimated by p-distance method. It was observed a similarity of 88-100%, 75-100% 

and 91-100% within sequences of H1N1pdm09, H1Delta and H3N2, respectively 

(Supplementary Table 6, 7 and 8). The p-distance variation within sequences of each subtype 

was due to the differences found between them, mainly related to the period of occurrence. 

The analyses of partial sequences of HA H1N1pdm09 indicated a difference between 

the samples that circulated from 2012-2015 and 2017-2018. Most of the 2012/2013 samples 

have grouped into a single group (Group B) with a high similarity within each other, but lower 

similarity between sequences from 2009-2010 samples, highlighting that samples from Group 

B already differed from previous years. Samples from 2014/2015 divided into 2 groups (Group 

A and C), with a difference of 11% between them, indicating that in the same period, different 

strains may have circulated in the swine population. Among the two groups, Group C was the 
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one that most differed from the 2009-2010 samples, suggesting that drift events may have 

occurred. It is interesting to note that samples from cluster C were the ones that had the highest 

number of changes in amino acid residues (Figure 10), especially in antigenic sites of the HA 

protein. When comparing Group A and C with the 2012-2013 samples (Group B), a similarity 

of 96-98% and 89-90%, respectively, was found. These data demonstrate that 2014-2015 

samples have differed from previous years samples. 

Differences in similarity between H1N1pdm09 partial sequences suggest that this virus 

has been evolving in Brazil since 2009. This evolution may be associated with point mutations 

in the HA sequence, that may have occurred due to immune pressure in swine and even in 

human population, as it was observed a high prevalence of H1N1pdm09 in farms and in human 

population for many years. 

The amino acid sequence alignment between SIV H1N1pdm09 detected in Brazil from 

2009 and 2010, human and swine vaccine strains and the partial HA sequences obtained from 

H1N1pdm09 viruses described in this study allowed the identification of 3 antigenic sites of 

HA: Cb, Sa and Ca2. They are located mainly in the globular region of HA1 and are highly 

subject to variation. Amino acid variation in these regions is due to the high viral replication 

rate and RNA polymerase reading errors during virus replication (Vries, 2013). Antigenic sites 

are subject to antibody neutralization and amino acid substitution in these regions contributes 

for viruses escaping from the immune response induced by an infection or vaccination 

(Sriwilaijaroen and Suzuki, 2012). 

The only vaccine available in Brazil against SIV, licensed in 2014, has the A/CA/4/2009 

(H1N1) strain in its composition. Samples from 2009-2010 presented amino acid differences in 

relation to the vaccine virus. At residue 129, which belongs to an antigenic site, it is noted that 

in the vaccine strain it is present Arg, whereas in four sequences from 2012-2013 it is composed 

by Lys (Figure 10). Still analyzing the vaccine strain, at residues 78, 144 and 145 belonging 

also to antigenic sites, the amino acids Ile, Asp and Ser are present, respectively. However, in 

these three sites, Leu, Glu and Thr, respectively, are present in six sequences from 2014-2015 

(Figure 10). Punctual variations in other residues (53, 71, 86, 88, 99 and 113) could also be 

observed in samples from 2012-2015 (Figure 10). The data suggests that H1N1pdm09 virus 

may have evolved over the years and possible changes in immunologically important epitopes 

may have occurred. 
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At residues 100 and 101, from the analyzed sequences, the amino acids Ser and Asn, 

respectively, could be observed in sequences from 2009-2015, but not in human vaccine strain 

of 2016. However, these amino acids could be found in 2017-2019 human vaccine strains. This 

may indicate that variations observed in SIV and human IAVs can be observed over time in the 

both species and can be important to species, being important the monitoring IAVs in swine 

and humans. The epidemiological surveillance of human influenza in the southern and northern 

hemisphere is vigorously conducted by WHO, in order to recommend vaccine strains to be 

included in human vaccines for the next year. In 2016, A/California/7/2009(H1N1) vaccine 

strain pdm09 was used in human vaccination campaigns. In the same year, from the monitoring 

and genetic characterization of circulating IAVs, it was observed an antigenic variation of 

H1N1pdm09 which was different from the vaccine strain. Thus, in the following year, 

A/California/7/2009(H1N1) pdm09 was replaced by A/Michigan/45/2015(H1N1) pdm09 strain 

which was also recommended for 2018 and 2019 (WHO, 2018). These data show that 

surveillance of SIV is important in Brazil to monitoring variation which could help establish 

updates for swine vaccine production and also to compare genetic characterization data of SIV 

and human IAV. 

Sequenced H1Delta samples were divided into 2 groups (A and B). It is interesting to 

note that group A samples were mostly from 2014/2015 and B from 2017/2018, and these two 

groups had similarity of 85-92%, suggesting that even in a partial sequence of H1Delta, there 

may be differences in samples from different times. However, similarities can also be found, 

since for each group one sample from 2012/2013 was present. Differences between these 

samples in the distinct periods, could be better observed if the sampling number were higher.    

Variations between the two H1Delta groups (A and B) comparing to human seasonal 

H1N1 and swine and wild boar H1N2 samples, highlight the importance of further studies to 

analyze complete sequences of H1Delta samples in Brazil. Previous detection of H1N1Delta, 

from human seasonal origin in swine in Brazil (Schaefer et al., 2017) has been reported, 

however few data about its characterization and occurrence in the country is available.  

It was found that from 2012-2018, H3N2 samples from group A and Cat2 had a high 

similarity with H3N2 swine North American and human sequences from 1998-2018, previously 

deposited at Genbank. Cat2 sample was distant from group A in the phylogenetic tree because 

it showed high similarity also with samples of North American swine H3N2 (99-100%), but by 
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p-distance the sample is also very similar to group A (99-100% ), and therefore cannot consider 

that the sample is dissimilar to group A by analyzing only the tree. All the sequences from 

group A, Cat 2, North American swine and human sequences from 1998-2018 have 

demonstrated 7-10% dissimilarity with SarH3 and Brazilian swine H3N2 sequences from 2011. 

It can be inferred that H3 samples do not vary significantly over time, unlike the H1N1pdm09 

samples. This may be associated with low immune pressure imposed on the subtype, as before 

2017 there was a higher prevalence of H1N1pdm09, and also in Brazil there is no vaccination 

against H3N2.  

There are few studies about genetic characterization of circulating swine influenza virus 

in Brazilian herds. In order to have a more consistent data and a more accurate analyses, further 

studies analyzing the complete HA gene of the subtypes circulating in Brazil from different 

years, previous and after the introduction of vaccination must be performed. The genetic 

characterization of complete HA of swine subtypes could also possibility studies comparing the 

human and swine circulating strains. This analysis would make it possible to assess amino acid 

changes that could lead to alteration of the conformation of viral epitopes, which antibodies 

induced by the vaccine would be incapable of neutralizing, and is essential to better understand 

the evolution of the virus in the country and may be used as a tool in the development of 

vaccines that provide protection to Brazilian herds. 
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7. Conclusion 

• It was possible to standardize the RT-PCR technique, which demonstrated high 

sensitivity and specificity and in addition for being a rapid test, its use is recommended 

for subtyping SIV in field samples. 

• From the analysis of the routine samples, it was possible to observe that there is a 

circulation of 4 strains of SIV in Brazil.  

• The occurrence of different subtypes, demonstrated both by antigen detection and 

serology, varied over time with H3N2 being the most observed in the last two years. It 

is suggested that H1N1pdm09 viruses evolved over time in Brazil, but H3N2 did not 

suffered significant variations.  

• The amino acid residue analysis of the H1N1pdm09 sequences have demonstrated point 

substitutions over the years, suggesting a possible occurrence of changes in 

immunologically important epitopes.  

• Detection studies and genetic characterization of SIV are extremely important for the 

epidemiological monitoring of the virus in Brazil and also for the elaboration of 

effective vaccines. 
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9. Supplementary Information 

Supplementary Table 1. Reference sequences used in this study for the primer design. 

HA 

Subtype 
Strain designation Subtype 

HA gene Genbank accession 

no.  

H1 (A/swine/Brazil/4/2009(H1N1) H1N1pdm09 JQ666848.1 

H1 (A/swine/Brazil/263/2012(H1N1)) H1N1pdm09 KM497003.1 

H1 (A/swine/Brazil/18/2012(H1N1) H1N1pdm09 KM496987.1 

H1 (A/swine/Brazil/66/2011(H1N1) H1N1pdm09 KM496995.1 

H1 (A/swine/Brazil/132/2009(H1N1) H1N1pdm09 KM497008.1 

H1 (A/swine/Brazil/12A/2010(H1N1) H1N1pdm09 JF421756.1 

H1 (A/swine/Brazil/107-3A/2010(H1N1) H1N1pdm09 KF683614.1 

H1 (A/swine/Brazil/20/2010(H1N1) H1N1pdm09 JQ666864.1 

H1 (A/swine/Brazil/19/2010(H1N1) H1N1pdm09 JQ666863.1 

H1 (A/swine/Brazil/18/2010(H1N1) H1N1pdm09 JQ666862.1 

H1 (A/swine/Brazil/17/2009(H1N1) H1N1pdm09 JQ666861.1 

H1 (A/swine/Brazil/16/2009(H1N1) H1N1pdm09 JQ666860.1 

H1 (A/swine/Brazil/15/2009(H1N1) H1N1pdm09 JQ666859.1 

H1 (A/swine/Brazil/14/2009(H1N1) H1N1pdm09 JQ666858.1 

H1 (A/swine/Brazil/13/2009(H1N1) H1N1pdm09 JQ666857.1 

H1 (A/swine/Brazil/12/2009(H1N1) H1N1pdm09 JQ666856.1 

H1 (A/swine/Brazil/11/2009(H1N1) H1N1pdm09 JQ666855.1 

H1 A/swine/Brazil/10/2009(H1N1) H1N1pdm09 JQ666854.1 

H1 (A/swine/Brazil/9/2009(H1N1) H1N1pdm09 JQ666853.1 

H1 (A/swine/Brazil/G3P1/2013(H1N1) H1N1pdm09 KP027601.1 

H1 (A/swine/Brazil/8/2009(H1N1) H1N1pdm09 JQ666852.1 

H1 (A/swine/Brazil/31_11_1/2011(H1N2) H1N2delta KF680296.1 

H1 (A/swine/Brazil/31_11_3/2011(H1N2) H1N2delta KF680291.1 

H1 (A/swine/Brazil/232-11-14/2011(H1N2) H1N2delta KM507532.1 

H1 (A/swine/Brazil/232-11-13/2011(H1N2) H1N2delta KM507530.1 

H1 (A/swine/Brazil/185-11-7/2011(H1N2) H1N2delta KM507519.1 

H1 (A/swine/Brazil/G2P1/2013(H1N2) H1N2delta KP027585.1 

H1 
(A/wild boar/Brazil/214-11-

13D/2011(H1N2) 
H1N2delta KF572616.1 

H3 (A/swine/Brazil/231-11-1/2011(H3N2) H3N2 KM507535.1 

H3 (A/swine/Brazil/355-11-6/2011(H3N2) H3N2 KM507503.1 

H3 (A/swine/Brazil/365-11-7/2011(H3N2) H3N2 KM507511.1 
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Supplementary Table 2. Relation of subtyped and non-subtyped samples per state 

 

Relation of Subtyped and Non-subtyped samples per State 

State 

Subtyped 

samples 

Non-

subtyped 

Total per 

state 

RS 14 1 15 

PR 13 8 21 

SC 8 3 11 

SP 1 1 2 

MG 24 4 28 

MS 1 0 1 

GO 2 0 2 

N/I 8 4 12 

Total 71 21 92 
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Supplementary Table 3. Relation of detected subtypes per state and years. 
 

 

Relation of identified subtypes per state and years 

2012/2013 

State 

H1N1 

pdm09 

H1Delta H3N2 H1N1pdm09+ 

H1Delta 

H1N1pdm09+ 

H3N2 

H1N1pdm09+ 

H1Delta 

H1N1pdm09+ 

H1Delta+H3N2 

RS 6 1 0 0 0 0 0 

PR 1 1 0 0 0 0 0 

SC 0 1 0 0 2 0 0 

SP 0 0 0 0 0 0 0 

MG 2 0 0 0 0 0 0 

MS 0 0 0 0 0 0 0 

GO 0 0 0 0 0 0 0 

N/I 0 0 0 0 0 0 0 

Total 9 3 0 0 2 0 0 

2014/2015 

RS 7 0 0 0 0 0 0 

PR 1 2 1 0 0 0 0 

SC 4 0 0 0 0 0 0 

SP 0 1 0 0 0 0 0 

MG 9 1 0 2 0 0 0 

MS 0 0 0 0 0 0 0 

GO 0 0 0 0 0 0 0 

N/I 6 0 0 1 0 0 0 

Total 27 4 1 3 0 0 0 

2017/2018 

RS 0 0 0 0 0 0 0 

PR 2 1 0 0 1 0 0 

SC 0 1 0 0 0 0 0 

SP 0 0 0 0 0 0 0 

MG 1 2 5 1 0 1 0 

MS 0 1 0 0 0 0 0 

GO 2 0 0 0 0 0 0 

N/I 0 1 0 0 0 0 0 

Total 5 6 5 1 1 1 3 
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Supplementary Table 4. Relation of sequenced samples per region and subtype 

 

Relation of sequenced samples per year and subtype 

State 2012/2013 2014/2015 2017/2018 

H1N1pdm09 4 19 0 

H1Delta 3 4 6 

H3N2 1 1 7 

Total 8 24 13 

 

Supplementary Table 5. Relation of sequenced samples per year and subtype 

 

Relation of sequenced samples per 

region and subtype 

State H1N1pdm09 H1Delta H3N2 

RS 7 1 0 

PR 1 5 4 

SC 3 2 1 

SP 0 1 0 

MG 8 4 4 

MS 0 0 0 

GO 0 0 0 

N/I 4 0 0 

Total 23 13 9 
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Supplementary Table 6. P-distance analysis of partial sequences of H1N1pdm09 subtype 

Partial sequences of H1N1pdm09 were aligned using CluskalW method on Bioedit Program. Number of base differences per site from between sequences were calculated using p-distance method on Mega7 software. 

Sequences in light gray refer to Group A and are from 2014/2015. Sequences in silver refer to group B and are from 2012/2013, Sequences in gray refer to group C and are from 2014/2015. Dark gray sequences are from 

2012/2013. Sample sequence demarcated by black border refers to the licensed vaccine strain for swine in Brazil.  
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 Supplementary Table 7.  P-distance analysis of partial sequences of H1Delta subtype 

 

Partial sequences of H1Delta were aligned using CluskalW method on Bioedit Program. Number of base differences per site from between sequences were calculated using p-distance method on Mega7 software. In mid 

gray there are sequences from group A, mostly from 2013/2014. Sequences in light gray refer to Group B which is subdivided in B.1 and B.2. Sequences from group B are mostly from 2017/2018. Sequence in dark gray 

refers to sample Flu11D. In white there are sequences previously deposited in Genbank.   
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Supplementary Table 8. P-distance analysis of partial sequences of H3N2 subtype  

 

Partial sequences of H3N2 were aligned using CluskalW method on Bioedit Program. Number of base differences per site from between sequences were calculated using p-distance method on Mega7 software. Sequences 

in light gray refer to Group A. Sequence in dark gray refers to the sample SarH3D.  In white are sequences previously deposited in Genbank.  
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