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ABSTRACT 

DYNAMICS OF INFLUENZA A VIRUS TRANSMISSION IN SWINE HERDS AND 

ANALYSIS OF RISK FACTORS FOR RECURRENT INFECTIONS 

 

Juliana Bonin Ferreira      Advisors: 

University of Guelph, 2016      Dr. Robert Friendship 

         Dr. Zvonimir Poljak 

 

An investigation of the circulation of influenza A virus (IAV) and dynamics of the 

disease in swine populations is described in this thesis. The advent of more complex swine 

production systems can lead to changes in the pattern of disease making it difficult to predict 

IAV outbreaks and develop control programs. Factors such as host immunity, genetic and 

antigenic characteristics of the viruses, and fluctuations of temperature and humidity 

(seasonality), can be associated with the maintenance of the infection in swine populations. A 

longitudinal study evaluated, in two different cohorts, the dynamics of IAV circulation in multi-

source nursery herds and identified risk factors associated with infection in nursery pigs. In 

addition, the circulation of IAVs between weaning and market age was characterized on the basis 

of development of antibody response and molecular epidemiology of detected viruses. Finally, a 

cross-sectional study was used to evaluate the association between environmental measurements 

such as temperature and humidity, and the presence of antibodies for two specific IAV. 

Virological tests showed a high prevalence of swine influenza and that influenza virus 

can circulate during the nursery phase in a cyclical pattern, with pigs becoming infected more 

than once with the same virus within a short time. The recurrent infection with the same virus 

was associated with the presence of maternal antibodies for a heterologous virus. In addition, the 

existence of antibodies titers for IAV other than the isolated virus confirmed that more than one 

viral subtype can circulate in the same population.  Temperature and relative humidity can also 
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be associated with development of influenza infection in swine populations based on cumulative 

exposure to the viruses.  

In conclusion, the research findings described in this thesis demonstrate that IAV 

transmission in complex swine systems can involve multiple virus subtypes and be influenced by 

environment and management factors, making the control of IAV complicated. 
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CHAPTER 1: LITERATURE REVIEW OF SWINE INFLUENZA 

 

Influenza incidence and prevalence 

 

Influenza in pigs was first documented in the United States (US) and Europe in 1918 at the same 

time as the human influenza pandemic (Van Reeth et al., 2012). It is known that influenza A 

viruses are the infectious agents most involved in acute respiratory disease outbreaks in pigs 

(Loeffen et al., 1999), and that all three subtypes found in pigs (H1N1, H3N2, and H1N2) are 

endemic worldwide (Kyriakis et al., 2013). In addition, respiratory diseases are responsible for 

economic losses since they are associated with growth retardation, poor feed conversion, and 

reduced carcass quality (Loeffen et al., 2003). Mortality rates for influenza are generally low 

(less than 1%) while morbidity is high (close to 100%).  

In Mexico, a study conducted in 2014 reported that out of 150 pigs from 15 different sites the 

seroprevalence was 55% for H1N1, 59% for H3N2 and 38% for both subtypes (Lopez-Robles et 

al., 2014). A similar study was conducted in the UK showing that at least 52% of 145 herds were 

positive for either H1N1 or H1N2 antibodies (Mastin et al., 2011). A study conducted between 

2001 and 2003 in Ontario, Canada involving 112 swine operations, reported the true herd 

prevalence for H1N1 to be 83.1% for sows and 40.3% for finishers. Swine influenza H3N2 was 

not detected on these farms until 2005 (Poljak et al., 2008). A cross sectional study carried out on 

32 Dutch breeding herds estimated that the incidence for H1N1 was 16% and for H3N2 was 17% 

for piglets between the age of 4-5 and 8-9 weeks (Loeffen et al., 2003).  

 

Characterization of the virus 
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Influenza viruses belong to the Orthomyxoviridae family and have a diameter of 80-120 nm. 

They are enveloped and single stranded RNA viruses and they are classified in type, subtype and 

genotype.  This family consists of three types of influenza viruses; A, B, and C, but only type A 

is clinically important to swine, however a recent study showed the presence of antibodies to 

influenza B virus in swine (Ran et al., 2015) and isolation of influenza D virus from sows 

(Chiapponi et al. 2016).  Influenza viruses can be characterized by subtypes based on the 

glycoproteins on their surface: hemagglutinin (HA) and neuraminidase (NA) (Van Reeth et al., 

2012; Crisci et al., 2013). Recently new glycoproteins have been discovered from bats, therefore 

18 different forms of HA and 11 different forms of NA are known at this time (Tong et al., 

2013).  

Isolation of swine influenza viruses (SIV) was first reported in 1930. Those viruses are known 

today to be part of the H1N1 lineage of swine Influenza A. Other subtypes like H3N2 and H1N2 

have been also isolated from pigs in different parts of the world (Olsen, 2002). Influenza A virus 

(IAV) H3N2 is a human strain found in China, North America, and Europe, and reassortant 

H1N2 viruses include genes from both swine and human virus strains.  Some strains are known 

as triple reassortants because they have genes from swine, human, and avian viruses 

(MacLachlan and Dubovi, 2011). 

Pigs have receptors for avian type and human type viruses and this can facilitate bidirectional 

transmission and therefore they are presumed to be the perfect “mixing vessel” for influenza 

virus because they can be infected with both avian and human strains of influenza virus at the 

same time  (MacLachlan & Dubovi 2011; Van Reeth et al., 2012; Imai & Kawaoka 2012). This 

is a concern due to the fact that influenza viruses can rapidly change and can exchange genetic 

material between viruses (Ma et al., 2009). Although swine have the ability to harbor reassortant 
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influenza viruses, we cannot confirm that all pandemic human influenza viruses are related to 

swine viruses (MacLachlan and Dubovi, 2011). 

 

Zoonosis and public health 

Humans working with sick pigs might become infected with SIV (MacLachlan and Dubovi, 

2011) and the opposite is true as well. Although humans can acquire respiratory diseases, such as 

flu, from pigs this rarely occurs. It was also reported that the 1918 pandemic may be an example 

of what people most fear, that is the transmission of diseases from pigs to humans. In 1976 the 

first transmission of swine influenza to humans was reported in military recruits at Fort Dix in 

the U.S. Other studies have also reported zoonotic SIV infection (MacLachlan & Dubovi 2011; 

Van Reeth et al., 2012). It is also known that antigenic and genetic changes may play a role on 

the observation of repeated outbreaks and rapid spread of  those viruses which can lead to great 

concern  for swine production and public health (Vincent et al., 2014). In addition, due to the 

bidirectional transmission between swine and humans, difference in the genetics of influenza A 

virus can be seen in swine populations  (Nelson et al., 2012), followed by antigenic drifts and 

shifts. All these changes generate different lineages, which differ genetically and antigenically. 

All this diversity have the potential to create pandemics like the one that occurred in 2009 

(Garten et al., 2009), and outbreaks of new viral infections such as the variant H3N2 virus in the 

United States, where 13 cases in 6 different states were reported (Epperson et al., 2014).  

Pandemic influenza A (H1N1) was found in pigs right after the first human cases emerged in 

2009. There were reports of the infection of pigs with this specific virus in 14 countries. A study 

conducted in the United States showed that pandemic influenza A virus, H1N1, can reassort with 
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endemic SIV. In this study researchers showed that 7 different genotypes were generated 

(Ducatez et al., 2011). 

It is known that classical H1N1 virus was a pathogen of influenza in pigs for at least a century 

with minimal genetic changes; however, in 1990, the triple reassortant H3N2 virus emerged and 

it was the major cause of influenza in North America among pig herds. A study conducted 

between 2005 and 2009 in the United States showed that human who had direct contact or no 

contact with pigs were positive for triple reassortant swine IAV (Shinde et al., 2009).  

A review of cases of swine influenza in humans was published and among 70 articles, 50 were 

reporting human influenza caused by a SIV (Myers et al., 2007). Transmission of pandemic 

influenza A (H1N1) to swine from humans was also reported in Alberta (Forgie et al., 2011; 

Howden et al., 2009). 

 

Pathogenesis, clinical signs and pathogens associated with influenza  

When comparing human and swine influenza, a very comparable pathogenesis can be seen. The 

virus replicates strictly in the epithelial cells of both the upper and lower respiratory tract and the 

route of transmission is solely respiratory (Van Reeth et al., 2012).  

SIV has a preference for the lower respiratory tract as shown in some experimental infections 

where a massive virus titration could be observed. Virus can be isolated one day after inoculation 

but titers can vary according to route of inoculation (De Vleeschauwer et al., 2009). Influenza 

virus has a tropism for tonsils and lymph nodes of the respiratory tract (Van Reeth et al., 2012), 

but it can also replicate in the trachea and lungs. The hemagglutinin, neuraminidase and other 

proteins present on the surface of the virus are responsible for its attachment and internalization 

to the host cell (Janke, 2014).  It is known that the epithelial cells are one of the first obstacles for 
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influenza virus. After that the innate immune system starts to fight the infections with mucus and 

acute phase proteins; to prevent virus replication macrophages, neutrophils, dendritic cells and 

natural killer cells start to work (Crisci et al., 2013).  Alveolar macrophages are stimulated as 

soon as the alveoli are infected; INF-α is generated to prevent virus replication. The leukocytic 

cells can produce different types of cytokines such as IL-1β, IL-6, IL-8 and TNF-α. Natural killer 

cells are also stimulated. The damage to the cells of the respiratory tract is mediated by virus 

infection and the cytokines produced by the innate immune response (Van Reeth et al., 2012; 

Janke 2014; Crisci et al., 2013). 

The gross lesions caused by IAVs are seen in the lungs as pneumonia.  Differences between 

lobes that are affected and those that are not can be easily noticed. The affected lobe will be 

purple and firm, with interlobular edema and sometimes the airways can contain bloody exudate. 

Swelling of lymph nodes can also be seen (Van Reeth et al., 2012). Death of infected cells can be 

induced by necrosis and apoptosis. The necrosis will lead to an inflammatory response through 

cytokine induction.  The apoptosis can be generated by proteins present in the virus, therefore, 

some studies suggest that this process can benefit the viruses (Van Reeth et al., 2012; Janke 

2014). 

The severity of clinical signs of influenza can be influenced by different factors such as immune 

status, age, infection pressure, climatic conditions, management and also infections with other 

pathogens, which can be virus or bacteria (Van Reeth et al., 2012). 

Classical swine infection is described as: high fever (>40.5°C), anorexia and lethargy on day 1 or 

2. Influenza can also present as tachypnea when the pig is forced to move. Pigs develop a 

“barking cough” by day 3 or 4 and they also have nasal discharge (Janke, 2013; Van Reeth et al., 

2012). Pigs from all the different production stages can be similarly affected. Sows can 
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demonstrate reduced feed intake and fever; however, respiratory signs may be negligible. Pigs 

that are still nursing and have maternal antibodies may be protected against severe clinical signs 

(Janke, 2013; Loeffen et al., 2003a; Van Reeth et al., 2012).  Pigs when moved to the nursery, 

besides the stress of weaning and being in a different location, which can lead to a decrease in 

immunity, will also experience a decrease in their maternal antibodies levels, which will make 

them more susceptible to influenza infection (Janke, 2013).  

Clinical signs can also be worsened by concurrent infections with agents like: Mycoplasma 

hyopneumoniae (Deblanc et al., 2012), porcine respiratory coronavirus, porcine reproductive and 

respiratory syndrome virus (PRRSV) and others. Some of these respiratory diseases tend to 

occur around the same age (nursery phase) that influenza reaches its peak, so they should be 

taken into consideration for a differential diagnosis (Van Reeth et al., 2012). 

 

Epidemiology 

SIV can infect pigs and humans; however, infection in other species such as wild duck and 

turkeys has also been reported (Olsen et al., 2003; Olsen et al., 2006). Infection of pigs with 

subtypes of avian influenza viruses has been reported. Isolation of H1N1, H3N2, H4N6, and 

HPAI H5N1viruses in pigs has been reported in Canada and Asia (Karasin et al., 2000; Brown 

2000; CDC, 2015).  

As mentioned previously the importance of SIV around the world is due to the fact that pigs are 

susceptible to avian and human influenza viruses and they can act as a “mixing vessel” for those 

viruses to reassort and generate new strains. When this mixing occurs the virus will receive 

names such as “avian-like” swine or “human-like” swine based on the primary host (Brown, 

2000). Avian influenza viruses can undergo antigenic drift or shift with swine viruses and the 
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new viruses, that result from antigenic shift, can sometimes replicate well in pigs (Van Reeth et 

al., 2012). For example, the avian-like swine H1N1 virus (Kyriakis et al., 2011) and the human 

H3N2 virus have been isolated from pigs (Brown, 2000).  

The H3N2 IAVs present in Europe and North America are viruses that suffered antigenic shifts 

in human and swine-adapted genes(Van Reeth et al., 2012). These viruses are endemic in swine 

populations around the globe and responsible for maintaining the prevalence of swine influenza 

(Brown, 2000).    

As previously mentioned, SIVs are commonly present in herds all over the world. A cross 

sectional study conducted in Spain to estimate the seroprevalence of different SIV subtypes 

showed that 62.3% of pigs were seropositive. Samples were submitted for hemagglutination 

inhibition (HI) assay and 92.9% of farms tested positive for H1N1, 64.3% for H1N2, and 92.9 

for H3N2. Overall seroprevalence for sow herds was 89.9% (Simon-Grife et al., 2011). This 

finding is similar to another study which showed that seroprevalence for influenza in swine herds 

is 79.2%, 85.2%, and 94% in  Spain, Germany, and Belgium, respectively (Van Reeth et al., 

2008).  

Once SIV is introduced to a naïve population, pigs will be infected and will start to shed the 

virus via nasal secretions (Van Reeth et al., 2012). Several experimental studies showed different 

duration of shedding based on the route of inoculation. De Vleeschauwer et al. (2009) showed 

that inoculated pigs can start shedding the virus 3 to 5 days post-inoculation (dpi). Shedding of 

viruses was lower after intra tracheal inoculation when compared to intranasal inoculation. 

Khatri et al. (2010) showed that pigs can shed the virus up to 6 dpi, with the highest titration, at 

the caudal lobe, at day 3 and 6 after inoculation. In a study conducted by Kitikoon et al. (2012) 

pigs shed virus from 3 to 5 dpi based on strain of virus inoculated. Other factors such as age, 
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maternally-derived antibodies (MDA), and vaccination status can affect the time of shedding 

(Larsen & Olsen 2002; Wesley et al., 2004; Rose et al., 2013). Some other studies report nasal 

virus shedding for 1 to 5 dpi (Vincent et al., 2009, 2006) and eventually for 7 dpi (Ma et al., 

2010). 

Transmission of the virus is through direct contact and by aerosol. Indirect contact has also been 

reported as a route of transmission. This subject will be further discussed in the Dynamics and 

circulation of influenza virus within herd section of this thesis. However, it is still not well 

understood how and where virus continues to exist between outbreaks. Since it is believed pigs 

eliminate the infection within 2 weeks of infection, it is unknown if certain pigs can become long 

term carriers or if there are other means by which the virus can persist in a population. Vaccine 

studies have indicated that immunity is not 100% for SIV infection and, thus pigs that have some 

immunity preventing them from being sick may still become infected and shed the virus (Van 

Reeth et al., 2001; Richt et al., 2006; Loeffen et al., 2009). 

Different risk factors are involved in the transmission and persistence of swine influenza virus. 

Analyzing those risks at the virus level, strain type and under various environmental conditions 

should be considered. With regard to the former, antigenic drift and shift are responsible for the 

high number of strains circulating worldwide. Looking at the situation of SIV in Europe in 1979 

a new H1N1 virus emerged (Pensaert et al., 1981) that is related to avian influenza virus and 

spread all over the continent. This virus had not considerably changed based on nucleotides 

analysis,  over the last 30 years and it remains endemic in Europe (Van Reeth et al., 2012; Zell et 

al., 2013). The human-like swine H3N2 appeared in Germany in 1982 (Schrader and Suss, 2003) 

and spread rapidly through Europe, with a lower prevalence than H1N1. The human-like swine 

H1N2 resulted from an assortment of H1N1 and H3N2 and it remains prevalent in Europe (Zell 
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et al., 2013). A study conducted by Kuntz‐Simon and Madec (2009) summarized the genetic and 

antigenic evolution of SIV in Europe. 

Looking at the situation in North America similar changes have occurred. There were no 

significant reported antigenic and genetic changes in classical swine H1N1 virus for more than 

25 years; however after 1990 numerous changes have been reported (Olsen et al., 2000). A new 

outbreak that occurred in 1998 showed some changes in the epidemiology of influenza where a 

new subtype of influenza virus was circulating among pigs, H3N2. The first isolate was a double 

reassortant that carried genes from human influenza and classical swine influenza viruses. The 

other isolate was a triple reassortant with genes from avian, human, and swine viruses (Karasin 

et al., 2000; Zhou et al., 1999). Results presented by Olsen et al. (2006) showed that H3N2 had 

changed overtime generating 4 distinct phylogenetic clades. Later on, the reassortment of the 

triple reassortant H3N2 with the classical swine H1N1 viruses generated a new subtype H1N2 

(Karasin et al., 2002). These viruses that contain swine/avian/human genes are known as “TRIG” 

(triple reassortant internal gene) gene cassette (Vincent et al., 2008).  

SIVs with H1 HA are now allocated in phylogenetic clusters: α (H1N1), β and γ (triple 

reassortant H1N1 and H1N2 with classical swine genes) and δ (triple reassortant H1N1 and 

H1N2 with human gene) (Vincent et al., 2009, 2009a).  All these viruses are endemic in North 

America.  

The scenario in Asia is not too different; however it is a bit more complicated, especially because 

this continent has the largest human and pig populations (Van Reeth et al., 2012; Zhu et al., 

2013). Classical swine H1N1 virus was first isolated in Asia in 1974 and had not presented 

severe antigenic and genetic changes. However, a reassortant H1N2 virus caused an outbreak in 

Japan. This virus has N2 from the human-like H3N2 and H1 from the classical H1N1 virus. It 
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appears that H3N2 human-like influenza viruses emerged from various transmissions between 

humans and pigs (Zhu et al., 2013). Vijaykrishna et al. (2011) showed that since 2005 H3N2 

virus is no longer detected in the Asian pig population. Zhu et al. (2013) stated that “most 

human-like H3N2 strains appear to be temporary and in general are not maintained in pig 

populations. Also, they do not appear to create a new branch in phylogenetic trees. Other 

surveillance studies show the evolution of influenza viruses in Asia (Vijaykrishna et al., 2011; 

Trevennec et al., 2011).  

As mentioned in the beginning of this section, environmental conditions can influence the course 

of influenza virus spread. Humidity and temperature can contribute to survival and aerosol 

spread of the virus (Janke, 2013). This issue will be further discussed in the Seasonality topic. 

When analyzing risk factors at the host level, age and immunity of the animal should be 

considered. For example, passive immunity or maternally-derived antibodies can interfere with 

active immunity (Loeffen et al., 2003a; Rose et al., 2013). Also vaccination may not protect. i.e. 

decrease clinical signs and shedding, against all subtypes (Kyriakis et al., 2010; Van Reeth et al., 

2001).  

When analyzing risk factors at the farm level, farm size and type of swine system should be 

considered. For example, a large herd and the type of swine system that would increase the 

number of contacts and the odds of spreading the disease within and between herds are more 

likely to be positive. Poljak et al. (2008a) reported that finishing herds were more likely to be 

positive if the sow herd, that supplies the farm with pigs, was positive. Vincent et al. (2014a) and 

Suriya et al. (2008) also reported herd size as a risk factor. Another study conducted by Simon-

Grife et al. (2011) showed that other risk factors at the herd level are important, such as type of 

barn construction and biosecurity. Other studies reported various different risk factors for 
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influenza (Mastin et al., 2011; Stark, 2000). Presence of other diseases in the farm might also 

intensify influenza infection. This finding was reported by Deblanc et al. (2012) in the presence 

of M. hyopneumoniae. 

When analyzing risk factors at the geographical level, pig density and dynamics of the swine 

system should be considered. Pig density has been described as a risk factor by Yus et al. (1992) 

and Maes et al. (2000). High pig density in an area may increase the odds of infection due to 

farm proximity. Based on management style of the swine production (one-site or multi-site 

system), animal replacement, international trade, live-pig import and export, and movement of 

animals might be risk factors for influenza. Other risk factors are other animal species, such as 

poultry on the same farm or in the proximity, as well as wild waterfowl density (Suriya et al., 

2008; Vincent et al., 2014a). 

 

Duration of infectiousness and immunity 

Proteins on the surface of the IAVs are responsible for the boost in the immune system of pigs. 

Nevertheless, only antibodies to HA proteins can prevent virus attachment (Van Reeth et al., 

2012). Cells such as CD4 and CD8 are important for cell mediated response and for killing the 

infected cells, respectively. The pig immune system can eliminate the virus from the respiratory 

tract in 7 days (Van Reeth et al., 2012). In an experimental infection, antibodies titers can, even 

after 8 weeks, be high when detected by HI; antibodies can be detected in lungs and nasal lavage 

fluids (Van Reeth et al., 2006; Heinen et al., 2000).  

According to Van Reeth et al. (2012) immunity to influenza virus in humans can last for several 

years; however in pigs the duration of immunity is not well understood. Another study showed 
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that pigs infected experimentally can become infectious by 24 hours after being infected and that 

they can shed the virus for 5 to 7 days (Janke, 2014).  

Allerson et al. (2013) showed that piglets infected with the same virus present in the sow vaccine 

had a reduced transmission. Another study showed that suckling piglets with maternally-derived 

antibodies were shedding the virus around 3 weeks of life (Simon-Grifé et al., 2012). In this 

study, pigs had positive nasal swabs for influenza viruses even if their sera did not show high 

titers of antibodies. Similar studies showed that pigs with MDA when infected with influenza 

virus did not seroconvert (Rose et al., 2013; Loeffen et al., 2003a). The latter study showed that 

MDA can protect piglets when infected with the same virus strain. It also showed that those 

antibodies can interfere in the development of the active antibody response for a primary 

infection or vaccination. 

Some studies have shown that cross-protection occurs as a result of exposure to viruses from 

different clades (Vincent et al., 2008) and from exposure to antigenically different H1N1 SIV 

from Europe and North America (De Vleeschauwer et al., 2011). When studying two European 

SIV subtypes, more restricted cross-protection was observed (Van Reeth et al., 2003; Heinen et 

al., 2000). As stated by Van Reeth et al. (2012) the degree of cross-protection against H1N2 was 

increased when pigs were infected previously with both H1N1 and H3N2 viruses. 

 

Diagnosis 

It is known that clinical signs for influenza can be confused with other respiratory diseases, such 

as Actinobacillus pleuropneumoniae and M. hyopneumoniae infections, where clinical signs and 

lung lesions can be similar (Van Reeth et al., 2012; MacLachlan & Dubovi 2011). There are no 

pathognomonic lesions for influenza virus infection; therefore different tools for diagnosing 
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influenza in the pigs or in the herd were developed. A definitive diagnosis can be made with 

various techniques such as: isolation of the virus, detection of antibodies, post-mortem analysis 

and detection of viral proteins and/or nucleic acid (Van Reeth et al., 2012; Detmer et al., 2013). 

Due to different strains of influenza virus present in pigs, diagnosis has become more difficult 

(Webby et al., 2004).  

Detection of influenza virus  

The isolation of the virus confirms that the virus is present in the herd. Once the virus is detected, 

characterization is an important tool to understand the epidemiology and dynamics of the disease 

within and among herds, due to the many strains of influenza virus. Isolation can be performed 

using Madin-Darby canine kidney (MDCK) cells culture or embryonated chicken eggs. 

Different material can be used to isolate the virus, however mucus collected with nasal swabs 

from pig would be the preferable choice (MacLachlan & Dubovi 2011; Van Reeth et al., 2012). 

As stated by Swenson (2008) nasal swabs have to be collected in cell culture medium or 

phosphate buffered saline (PBS); lung and trachea material can also be treated for virus isolation. 

All these material should be kept at refrigerator temperature (4°C) for no more than 48 hours. 

After that samples should be frozen at -70°C due to the low stability of the virus at -20°C (Van 

Reeth et al., 2012). Isolated virus can be frozen for years, which will allow classification of the 

virus and its use in development of vaccines (Detmer et al., 2013). 

Detection of influenza virus antigen 

Other techniques can be used to detect influenza virus antigen in frozen or formalin-fixed tissues 

such as immunohistochemistry (IHC) and immunofluorescence (IFA). Trachea and lung tissues 

can be used for these techniques (Swenson, 2008; Van Reeth et al., 2012). Labeled antibodies 

can be used for direct immunostaining; this technique has a high sensitivity, but is complicated to 
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execute (Detmer et al., 2013). There are also some commercial type A antigen-capture enzyme-

linked immunosorbent assay (ELISA) kits that identify virus antigens, however they lack 

sensitivity (Van Reeth et al., 2012; Swenson, 2008; Detmer et al., 2013). Hemagglutination test 

can also be performed to detect influenza virus (Swenson, 2008). 

Detection of influenza virus nucleic acids 

The first polymerase chain reaction (PCR) assay developed in 1985 was able to amplify DNA of 

viruses. Reverse transcription-polymerase chain reaction (RT-PCR) was developed for RNA 

viruses and this assay produces a complimentary DNA (cDNA) from RNA (Detmer et al., 2013).  

Different samples, such as respiratory tract fluids, swabs, oral fluids, lung tissue, can be used for 

recovering RNA. All these samples can be used in RT-PCR assay (real time and traditional) for 

screening and/or subtyping. These techniques have high sensitivity and specificity (Van Reeth et 

al., 2012; Vincent et al., 2014).  

Spackman et al. (2002) developed different protocols of RT-PCR for the detection and 

quantification of influenza A viruses. These techniques were adapted to swine influenza virus for 

diagnosis and hemagglutinin and neuraminidase typing including SIVs. RT-PCR can be 

performed as an alternative to virus isolation, because it is rapid, sensitive and allows analyzing 

large numbers of samples. However, virus isolation remains the gold standard test, because the 

viability of the virus can be proved only by using this technique. Also, the isolated viruses are 

important for genetic analysis (Detmer et al. 2013; MacLachlan & Dubovi 2011; Swenson, 2008; 

Van Reeth et al., 2012).  RT-PCR can also be used for sequencing. According to Detmer et al. 

(2013) “The sequences can be examined and compared to other sequences with molecular 

analysis tools; uncovering the evolutionary; and geographic relationships of influenza viruses”. 

Detection of antibodies 
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Different serological tests can be performed to detect influenza virus specific antibodies. These 

techniques are important to determine the vaccination titers, herd immunity, and also maternal 

antibodies that might still be present in the piglets (Van Reeth et al., 2012).  

The serological test that is most commonly performed, and considered a standard for detecting 

influenza virus antibodies in pigs is the HI assay (Van Reeth et al., 2012; Detmer et al., 2013). 

The HI assay can also be performed to type swine influenza virus isolates (Swenson, 2008). It is 

a rapid and inexpensive test and can be performed relatively easily. However, as many other 

assays, it can have some disadvantages. The most important of them is that it is a highly subtype 

specific assay, so it may not be able to detect subclusters within a subtype due to cross-reactivity. 

Another issue is that novel HA subtypes cannot be detected, leading to a false-negative result. 

Other components of the sera can also cause agglutination activity of IAV, leading to a false-

positive result, so the sera should be treated before performing the assay. This assay can also be 

used to check vaccine effectiveness (Kitikoon et al., 2014).  

ELISA can be performed to detect swine influenza virus antibodies. Commercial kits are 

available and they can be divided into two groups. One group detects general antibodies and it is 

very sensitive. The second group detects subtype specific antibodies (i.e. can show a specific 

virus subtype), however it is less sensitive when compared to HI (Swenson, 2008; Van Reeth et 

al., 2012). The advantage of commercial assays is that they are standardized; however subtype 

specific ELISA can lack sensitivity if the antigen present in the assay is different from the 

antigen in the circulating virus (Gauger et al., 2014).  

Virus neutralization (VN) are another technique used to detect virus specific neutralizing 

antibodies in the serum (Detmer et al., 2013; Van Reeth et al., 2012). 

 



16 
 

Prevention and control 

SIV can cause considerable economic impact for producers because it reduces the feed intake, 

decreases weight gain, increases days to market, and decreases feed efficiency. Thus, control 

measures can be financially justified. Vaccination is still the most common effective way of 

reducing and controlling circulating virus in a herd. All-in-all-out pig flow within a system is 

also a very useful tool for controlling the dissemination of the virus (MacLachlan and Dubovi, 

2011). 

Vaccination can help producers diminish this economic impact, because it reduces the duration 

and severity of clinical signs and severity and the duration of viral shedding. This reduction can 

also minimize the exposure of veterinarian, farmers, and caretakers to the virus. Biosecurity can 

also prevent introduction of the virus onto new sites (MacLachlan and Dubovi, 2011). 

Vaccination of sows performed 2 to 4 weeks apart is the most common practice. A dose given 

before farrowing can increase the presence of maternal antibodies in piglets during the nursery 

phase (Van Reeth et al., 2012). 

Because of the great genetic and antigenic variation of SIVs and for commercial reasons, each 

continent takes the responsibility for producing their own vaccines, however this is not 

mandatory. The first licensed commercial vaccines in Europe date back to the 1980’s and have 

not been updated. In the US vaccines date back to the 1990’s, however the antigens present in 

these vaccines have been periodically updated. Vaccines distributed in both continents may have 

two to three different antigens (Van Reeth et al., 2012). 

SIV vaccines can be autogenous, inactivated, whole-virus vaccine, DNA vaccine, subunit 

vaccine, vectored vaccine, and live attenuated vaccine (Chen et al., 2012). In general, these 
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vaccines lead to titers of IgG which promote protection.  It is known that virus multiplication and 

shedding decrease, however protection against infection is not complete (Thacker et al., 2008). 

Use of autogenous vaccines, prepared from field virus strain of the region, has been reported. 

These vaccines do not need to be submitted for efficacy testing, but they are tested for safety 

(Van Reeth et al., 2012).  

A study conducted  by Romagosa et al. (2011) observed that improved protection was provided 

by an autogenous vaccine (homologous) when compared to a commercial vaccine 

(heterologous). The commercial vaccine provided only partial protection. It was also observed 

that when performing HI assays, antibodies titers were higher in animals vaccinated with the 

autogenous vaccine. 

Other studies showed the efficacy of vaccines in controlling the disease. Most of the studies were 

performed experimentally; however it is not safe to assume that the protection will also occur in 

the field. Heinen et al. (2001) showed that three groups of pigs (2 vaccinated and 1 control) when 

exposed to virus developed some type of immunity.  The group of pigs vaccinated with an 

aerosol vaccine with a homologous virus used in the challenge showed higher HI and VN titers 

than pigs vaccinated intramuscularly with a commercial vaccine with a heterologous strain. In 

addition, the authors stated that the commercial vaccine induced IgG which may have reduced 

clinical signs and shedding of virus; however it induced a lower level of IgA which may not be 

enough to protect against first infection.  Another study conducted in Belgium showed that four 

different groups of pigs, vaccinated with four distinct commercial vaccines, when exposed to the 

same SIV (a virus isolated from an outbreak in Belgium) developed different immunity. Pigs 

were separated in four groups and vaccinated twice with four distinct commercial vaccines and 

after three weeks of the second dose were challenged with the field virus. The results showed 
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that pigs vaccinated with a homologous strain to the virus that they were challenged to developed 

less protection when compared to two other vaccines that had antigenically distant strains 

(Kyriakis et al., 2010). A similar study also conducted in Belgium demonstrated that 3 groups of 

influenza virus sero-negative pigs when vaccinated with three different vaccines and inoculated 

with an isolated virus from an outbreak developed antibodies for the homologous H1N1 strain in 

the vaccine. On the other hand, heterologous antibodies titers were undetectable. Pigs vaccinated 

with the standard commercial vaccine were more protected when compared to the other 

experimental vaccines. Isolation of the virus from those vaccinated pigs was also reduced (Van 

Reeth et al., 2001). Vincent et al. (2010) performed a study using inactivated swine influenza 

virus vaccine. The results showed that homologous vaccine reduced viral shedding and severity 

of clinical signs. 

It is important to know that SIVs have a slower antigenic drift than human influenza viruses, but 

some studies showed that antigenic drift can occur (de Jong et al., 2007; de Jong et al., 1999). 

Van Reeth et al. (2001) and Kyriakis et al. (2010) showed that antigenic drift can alter vaccine 

efficacy lowering antibodies titers. In contrast, results from another study showed that 

serological cross-reaction and cross-protection against the 2009 pH1N1 was seen when using 

preexisting North American and European vaccines (Kyriakis et al., 2010a). However, results 

from several studies showed the need of developing new vaccines since the current vaccines that 

are commercially available do not offer protection against the viruses present in the pig 

population (Kitikoon et al., 2013; Heinen et al., 2001; de Jong et al., 1999). Based on these 

findings it appears that antigenic drift may be responsible for the low effectiveness of available 

commercial vaccines.  
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New DNA vaccines for swine influenza virus have been tested experimentally; however the 

results have not been as expected. Heinen et al. (2002) showed that pigs vaccinated with DNA 

vaccines expressed low or no protection against viral infection. Larsen and Olsen, (2002) showed 

that DNA vaccine did not promote protection after administration. Antibodies were only detected 

after pigs were exposed to field virus. In this study they also evaluated response based on route 

of administration.  

According to  Vincent et al. (2008) there are three most important topics when attempting to 

control and prevent swine influenza. Firstly, IAVs keep changing and commercial vaccines are 

not being developed as fast as needed. Secondly, commercial vaccines are not at the level of 

efficacy that they can guarantee cross-protection among IAVs. Finally, the presence of MDA is 

known to interfere with vaccine efficacy. Based on these 3 points influenza viruses can circulate 

in swine herds constantly, due to the introduction of naive animals into the herd. 

The development of a surveillance program for SIV is a challenge. Many economically 

important livestock diseases such as brucellosis and foot-and-mouth disease have surveillance 

programs; swine influenza is not a reportable disease and does not have high mortality but can be 

associated with other significant impacts and also when associated with other respiratory 

diseases (Detmer et al., 2013). 

A surveillance system has to have the following attributes: simplicity, flexibility, acceptability, 

timeliness, completeness, affordability, reliability, and representativeness. Those attributes 

should be considered for detecting diseases that are a concern for public health (Detmer et al., 

2013). 

The reason for developing a surveillance program for influenza is due to the fact of its zoonotic 

potential and threat to public health (Patriarca et al., 1997). The rationale for a swine influenza 
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program according to USDA/APHIS (2010) is that antigenic drift and shift are occurring 

constantly and this can be a risk to animal health and also its zoonotic potential based on human 

infections. Also, the awareness of all these changes that are occurring can help to encourage 

updating of diagnostics and vaccines.  

According to Detmer et al. (2013) the surveillance programs for swine influenza are trying to 

best manage efforts with government agencies and also with swine producers. It is believed that 

if more attention could be given to the effect that IAVs can have on human population and public 

health, more effort will be given to understanding swine influenza and its zoonotic potential.  

The program might not be so important for swine producers due to the fact that influenza is not a 

disease that causes heavy losses and that all this “alarm” may decrease their profit.  

There are a few influenza surveillance programs around the globe that include detection of the 

virus in pigs and humans, especially in areas where the population of pigs, poultry, and humans 

is high (Detmer et al., 2013).  

Surveillance of pigs in North America – Pigs, from all over the U.S., are being tested for 

influenza viruses. Serological assays are being performed in samples collected at the slaughter 

site. It is known that serological surveillance, at the present time, cannot be consistent because 

tests do not discriminate vaccine antibodies and subtypes of the viruses. In Ontario, samples are 

submitted to the Animal Health Laboratory where sequencing of HA is performed. After that, 

samples are sent to the National Center for further analysis (personal information). 

Surveillance provided by U.S. veterinary diagnostic laboratories – State and private laboratories 

are performing isolation of influenza viruses and RT-PCR of samples submitted by veterinarians 

and producers. Samples are from all over the U.S., Canada, Central, and Latin America. 
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However all data are only reported to veterinarians and owners and do not go to a surveillance 

database.  

Passive/Syndromic surveillance programs – After the 2009 pandemic the United States 

Department of Agriculture (USDA) and Center for Disease Control and Prevention (CDC) 

started a surveillance program in pigs. This program is voluntary and the number of samples 

submitted by veterinarians and pork producers has increased. This program also has the objective 

to determine the prevalence and subtypes of viruses circulating. 

Hong Kong surveillance program for slaughtered swine – Nasal or tracheal swabs are collected 

from pigs in a specific slaughterhouse. Pigs sent to this abattoir come from mainland China. 

Samples are submitted for isolation of the virus in MDCK cells, serology by HI, and sequencing.  

Research-based surveillance – Because of the fact that swine influenza can be present in the 

majority of the swine population and the epidemiology of the virus on swine farms is not well 

understood, a program of active surveillance would be relevant. The United States National 

Institutes of Health funded Centers of Excellence for Influenza Research and Surveillance 

(CEIRS) developed a program in which nasal swab samples are collected monthly in a 12-month 

period. Samples are submitted for isolation of the virus and PCR.  A survey with information of 

pigs and herd characteristic is performed to determine risk factors. 

These programs are providing significant information, however there are still some missing data 

that would be crucial for the building of a surveillance program (Detmer et al., 2013), also it is 

important to mention that some of those programs are no longer in effect. 

 

Seasonality  
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Swine influenza, especially in temperate climates, peaks in the fall and winter months, generally. 

A few peaks can also be seen in early spring (Janke, 2013; Van Reeth et al., 2012). However, 

SIV can be found in herds all year round. Olsen et al. (2000) found antibodies in pig sera by HI 

all year round. Kyriakis et al. (2011) found similar results, however, based on isolation of the 

virus, which was performed in each month of the year. In addition, another study, conducted in 

four European countries from 2006 to 2008, showed that there was no difference between winter 

and summer seasons, with regard to the proportion of positive pigs (Kyriakis et al., 2013). 

Seasonality of influenza has also been assessed using samples submitted to a diagnostic 

laboratory in Ontario for five years. The results showed that clear indication of seasonality could 

not be found for positive virological submission; however, seasonality of submissions for 

virological testing was observed, as well as seasonality of positive serological submissions 

(Poljak et al., 2014). Based on different studies it is possible to observe that seasonality of SIV is 

not well understood and that humidity and temperature may play an important role.  

In general, in humans, seasonal influenza occurs in the winter months.  Tamerius et al. (2013) 

showed that in different regions, influenza outbreaks are more common in months with lower 

temperature and humidity. Lowen et al. (2007) showed similar results in an experimental study 

performed with guinea pigs. They showed that aerosol transmission occurs more frequently in 

low temperature and low humidity. They also reported that even if relative humidity does not 

play an important role on viral shedding, temperature did. Another study conducted by Lowen et 

al. (2008) reported that in the tropics, the pattern of transmission can be different from temperate 

regions. They presented findings stating that aerosol transmission in high temperatures can be 

low, however if animals are kept in close contact transmission can occur. Thus, aerosol 

transmission is important in temperate climates while contact spread plays an important role in 
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tropical regions. Two other studies demonstrated that absolute humidity is important on 

transmissibility of influenza virus (Shaman & Kohn 2009; Shaman et al., 2010).  Also, the 

viability of the virus and relative humidity have been shown to influence the predominant types 

of droplets in the environment. It has been showed that the size of droplets is important since 

large droplets that occur in areas with high relative humidity (~100%) do not shrink easily and 

are more likely to fall to the ground (Yang et al., 2012). 

Van Reeth et al. (2012) showed that changes in the production system have contributed to 

decrease disease seasonality. However, as seen above, humidity and temperature can be relevant 

in the spread of influenza, thus those factors should be studied in detail. 

 

Dynamics and circulation of swine influenza virus within herd  

Circulation of swine influenza virus is not well studied. According to Janke (2013) no 

explanation on how to predict the survival of the viruses between outbreaks was proposed. In 

general, it is stated that pigs are likely to eliminate the viruses in a period of two weeks.  

Different reasons can keep the virus circulating in the population such as introducing new 

animals to the herd, immunity of the pigs, and different routes of transmission. Also pigs that are 

sick or sub-clinically infected can be very important in spread of the disease within herd and 

between herds (Torremorell, 2014). Some studies reported the presence of the virus in the air of 

barns housing experimentally infected pigs (Corzo et al., 2014; Corzo et al., 2013). Indirect 

transmission of influenza virus, via fomites, was reported by Allerson et al. (2013a). 

Torremorell (2014) stated that with the advent of complex swine production systems during the 

last 20 years, where pigs are confined and kept in restricted populations, it has become harder to 

predict dynamics of infection and transmission in large populations.   
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Simon-Grifé et al. (2012) showed that pigs ready to be weaned have influenza virus circulating 

among them. In this study they also reported that different H1N1 variants were present, showing 

the possibility of simultaneous circulation of two strains of virus. They also stated that infection 

with one viral strain may not protect against a second infection with the same subtype or a 

strongly related subtype with a possibility of recurrent infection. They isolated a very similar 

virus from the same clade from two pigs. Two other studies stated that pigs with maternal 

antibodies did not develop antibodies when exposed to the virus (Rose et al., 2013; Loeffen et 

al., 2003a). Rose et al. (2013) showed the possibility of simultaneous circulation of two virus 

strains in pigs with MDA and reported influenza outbreaks in batches at least once. The animals 

with maternal antibodies did not seroconvert and did not have full protection against infection 

and shed the virus for a longer time. Loeffen et al. (2003a) in an experimental study stated that 

pigs with MDA had a weaker active immunity and were shedding the virus for a longer time. 

Another study showed that the presence of maternal antibodies may cause an impact on 

circulation of the virus, due to the fact that these antibodies may remain present for 8-9 weeks 

(Loeffen et al., 2003).  

A study conducted in the Netherlands on a farrow-to-finish and specialized finishing herd stated 

that the pattern for the dynamics of SIV is different for each production system. Finishing pigs 

from a farrow-to-finish herd had a high incidence of infection in the early finishing stage, while 

pigs in the specialized finishing herds showed this peak at the end of finishing stage (Loeffen et 

al., 2009). Loeffen et al. (2003) stated that sows and weaned pigs can act as a reservoir for the 

virus and maintain its circulation in a farrow-to-finish system. All these findings are important 

for understanding the dynamics of influenza and why the large production systems (farrow-to-

finish) still have SIV circulating (Poljak, 2014). Also, according to Poljak (2014), the answer for 
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some of these uncertainties can be found when looking further to large sow herds where the 

introduction of naïve animals may allow the maintenance of the virus. Also, a common practice 

of mixing pigs from different sow herds, which is seen frequently in the current swine production 

system, may play a role in the maintenance of the virus in pig populations. Finally, the practice 

of mixing pigs in nursery or finisher barns with different age groups can also cause endemic 

circulation of influenza virus. Different studies have reported that transport of weaned pigs can 

contribute to the dissemination of IAV among farms and that influenza transmission can stop or 

cannot be detected because circulation of the virus is bellow the detection limit and also that sow 

herds and neonatal pigs might be important to the maintenance of the virus (Allerson et al 2014; 

Diaz et al. 2015). 

Based on all these findings and assumptions further understanding of transmission and dynamics 

within herds and between them is necessary for an effective infection control program (Poljak, 

2014). 

 

Thesis overview and research objectives 

This doctoral thesis is subdivided into 5 chapters. This paragraph closes the first chapter, which 

included a thorough description of swine influenza, emphasizing significant areas of challenges 

in the disease and our understanding of it. The last chapter presents a summary of the results 

achieved during this doctoral program, limitations, and future directions. Chapters 2 to 4 include 

the research portion of this thesis with the following objectives: 

1) to describe patterns of IAV infection in pigs after weaning in multi-source nursery herds and 

to determine factors that contribute to infection with IAV. 
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2) to characterize the circulation of IAV in pigs between weaning and market age on the basis of 

the development of antibody response and molecular epidemiology of detected viruses. 

3) to investigate the association between environmental temperature and humidity and the 

presence of antibodies for two specific strains of influenza viruses during the nursery phase of 

pig production. 
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Abstract 

Circulation of influenza A virus in swine populations is changing with the evolving nature of 

swine production; yet virus circulation in large multi-site swine production systems has not been 

well studied. Thus, the objectives of this study were to describe the dynamics of IAV circulation 

in multi-source nursery herds and identify factors associated with infection in nursery pigs. 

Two studies were performed between November 2013 and May 2014 in a nursery barn operated 

on an all-in/all-out basis. Pigs from five sow herds were mixed in one nursery barn, with 81 and 

75 pigs included in Study 1 and 2, respectively. Virus isolation was performed in Madin-Darby 

canine kidney cells and serology by hemagglutination inhibition assay. Risk factor analysis for 

virological positivity was conducted using logistic regression and survival analysis. In Study 1, 

at 30 days post-weaning, 100% of pigs were positive, with 43.2% of pigs being positive 

recurrently over the entire study period. In Study 2, 48% of pigs were positive at the peak of the 

outbreak, and 10.7% were positive recurrently over the entire study period. Results suggests that 

influenza virus can circulate during the nursery phase in a cyclical pattern and that the likelihood 

of recurrent infections was associated in a non-linear way with higher level of heterologous 

(within-subtype) maternal immunity (p<0.05). High within-pen intracluster correlation 

coefficient (>0.75) was also observed for the majority of sampling times suggesting that pen-

level factors played a role in infection dynamics in this study.  

 

Introduction 

Influenza A virus (IAV), an enveloped negative-stranded RNA virus, belongs to the family 

Orthomyxoviridae and is subtyped based on two surface glycoproteins: hemagglutinin (HA) and 

neuraminidase (NA) (Vincent et al., 2014).  Influenza A viruses are the infectious agents 
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frequently involved in acute respiratory disease outbreaks in pigs (Loeffen et al., 1999), with 

three subtypes (H1N1, H3N2, and H1N2) endemic worldwide (Schultz-Cherry et al., 2013). 

Respiratory diseases in pigs can occasionally result in severe outcomes such as mortality and is 

commonly linked with reduction in the efficiency of feed conversion, growth retardation, and 

reduction in carcass quality (Loeffen et al., 2003).  

As in many other species, infection in individual pigs is considered to be relatively simple with 

short duration of infectiousness and quick development of active immunity (Janke, 2013; Van 

Reeth et al., 2012). Clinical signs and pathological lesions can exist for some time after the  

infection has been resolved (Janke, 2014). At the population level, outbreaks of influenza in pigs 

are usually recognized by high morbidity and low mortality with sudden appearance of 

respiratory signs and also by quick recovery of sick animals (Van Reeth et al., 2012).  

Transmissibility of influenza A virus in pigs can be influenced by factors such as age, immunity, 

vaccination status, and presence of maternal immunity among other factors (Reynolds et al., 

2014; Torremorell et al., 2012).  

Since the emergence of the 2009 pandemic H1N1 virus in swine populations (Garten et al., 

2009), a number of novel reassortant variants of IAV have been reported in pigs across the world  

(Ducatez et al., 2011; Kyriakis et al., 2011; Nelson et al., 2012; A. Vincent et al., 2014; Vincent 

et al., 2014a; Vincent et al., 2008), including Canada (Grgic et al., 2014; Grgić et al., 2015; C. 

Nfon et al., 2011; Nfon et al., 2011; Olsen et al., 2006).  Several studies have additionally 

reported exposure of pigs to more than a single strain or subtype, either cumulatively or 

concurrently (Anderson et al., 2013; Poljak et al., 2014; Rose et al., 2013). Such existence of 

multiple strains introduces new uncertainties in our understanding of how influenza A viruses 

circulate in swine populations, and complicates control measures including the design of 
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vaccination protocols in individual herds or entire multi-site production systems. This issue 

could be further amplified in production systems where animals from different sources are mixed 

as a part of regular operating procedures. Thus, the objectives of this study were to describe 

patterns of IAV infection in pigs after weaning in multi-source nursery herds and determine 

factors that contribute to infection with IAV. The objectives were fulfilled by conducting two 

single-cohort studies at the pig level. 

 

Materials and methods 

General overview 

The pig farm selected for this study was a nursery-only site located in southern Ontario, with a 

total capacity of 4,000 animals housed in two separate barns with equal capacity. The farm was a 

part of a multi-site swine operation with directed flow that included five sow herds. Pigs from all 

five sow sources were weaned at approximately 19 days of age, and transported into one nursery 

barn in a given week where they formed a nursery batch. Thus, the two barns on this site were 

filled and emptied over a total of two weeks (1 week per barn), and the farm and site facility 

were operated as an all-in/all-out (AIAO) basis. The production system had a history of ongoing 

respiratory disease that was attributed to infection with influenza virus, based on PCR and 

histopathology, and this included lower than expected average daily gain during the nursery 

phase. The site was included in this study because of: (i) convenient access, (ii) site outline that 

allowed practicing appropriate biosecurity measures in an efficient manner, and (iii) respiratory 

clinical signs that were attributed to IAV in multiple pig batches before the study started. In the 

study barn, two pig-level longitudinal studies were performed in two distinct periods: Study 1 

between November 18
th

, 2013 and January 9
th

, 2014 and Study 2 between April 4
th

, 2014 and 

May 29
th

, 2014, respectively. Sows in the farms supplying pigs to this nursery were vaccinated 
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with a commercial multivalent vaccine in Study 1 and with an autogenous vaccine based on 

H3N2 strains in Study 2.  

Study population 

The one study barn, selected for the 2 trials, had four equally-sized rooms, and each room had a 

separate air flow. Each room held approximately 500 pigs in 24 pens, for a total capacity per 

barn of approximately 2,000 pigs. In Study 1 the numbers of pigs from each source entering the 

2000 head barn were as follows: 238 pigs from sow-herd 1, 805 from sow-herd 2, 327 from sow-

herd 3, 245 from sow-herd 4, and 290 from sow-herd 5. In Study 2 the numbers of pigs from 

each source entering the 2000 head barn were as follows: 588 piglets from sow-herd 1, 769 from 

sow-herd 2, 359 from sow-herd 3, 130 from sow-herd 4, and 91 from sow-herd 5, and mixed 

upon arrival in these rooms. Pigs from three to four sources were mixed in each of the rooms. 

For the initial virological test, 400 piglets for Study 1 (80 pigs per sow source) and 300 piglets 

for Study 2 (60 pigs per sow source) were selected for nasal swabbing using a convenience 

sampling. Nasal samples were obtained using sterile polyester swabs (Pur-Wraps®, Puritan, 

Guilford, ME, USA) within the first two hours of arrival at the nursery. In each study, at least 15 

pigs per sow source for a total of 81 and 75 in Study 1 and 2, respectively, were included  in a 

longitudinal study following individual pigs through the nursery and finisher stage. These pigs 

were ear tagged and blood sampled at the beginning, and sampled using nasal swabs on a weekly 

basis until the end of the studies, i.e. nursery phase. The swabs were placed in 2 mL of 

phosphate-buffered saline (PBS) and kept on ice for transport and then frozen at -80°C until 

tested. Blood samples were collected in 10 mL serum tubes (BD Vacutainer®, Franklin Lakes, 

NJ, USA). Samples were centrifuged at 390 rpm for 15 min at 5°C (Centra CL3R®, Thermo 

Electron Corporation, USA) and sera were extracted and kept at -20°C until serological testing. 
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Sample size of 80 and 60 animals per sow-source was sufficient to detect infection at entry to 

nursery of approximately 3.5% and 5%, respectively with 95% confidence under assumption of 

95% test sensitivity and perfect specificity in a population with a maximum of 500 animals. 

Overall, sample size of 400 and 300 animals at the beginning was sufficient to detect prevalence 

of 0.5% and 1%, respectively. Sample size of 75 animals was sufficient to detect circulation of 

influenza virus at 4% using identical assumptions. The study was approved by the Animal Care 

Committee of the University of Guelph.  

Detection of influenza A virus 

Presence of IAV from nasal swabs was assessed by isolation and propagation of the virus in 

Madin-Darby canine kidney (MDCK) cells with added trypsin according to standard protocol 

(Swenson, 2008). Virus replication was confirmed based on the cytopathic effect (CPE) 

produced in the cells and also assessed by hemagglutination assay according to standard protocol 

(Swenson, 2008).  

Serology  

In order to determine the level of maternally-derived antibodies (MDA) at entry to the nursery, 

sera were analyzed by hemagglutination inhibition (HI) assay according to standard protocol 

(Kitikoon et al., 2014) with four hemagglutinin units per well. Sera were heat inactivated for 30 

min at 56 °C and treated with a 20 % kaolin solution to remove non-specific inhibitors of 

hemagglutination. Cut-off of HI was set to ≥1:40 as reported before (Kitikoon et al., 2014). 

Titers were then divided by 10 and log2- transformed for the purposes of statistical analysis. Six 

previously isolated swine influenza strains (Grgic et al., 2014; Grgić et al., 2015) were used for 

HI: A/SW/ON/103-18/11/H3N2/HA, A/SW/ON/104-25/12/H3N2/HA, A/SW/ON/115-

2/12/H3N2/HA, A/SW/ON/68/12/H1N2/HA, A/SW/ON/84/12/H1N1/HA, 
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A/SW/2/81/H1N1/HA and throughout the article they will be  referred as H3N2_A, H3N2_B, 

H3N2_C, H1N2, H1N1_P, and H1N1_C, respectively. Also, the two viruses identified in these 

longitudinal studies were used for HI: A/SW/ON/72-7-8/2014/H3N2 (Study 1) and 

A/SW/ON/148-9/2014/H1N1 (Study 2) and throughout the article they will be referred as 

H3N2_H and H1N1_H, respectively. 

Sera were also analyzed by enzyme-linked immunosorbent assay (ELISA) according to the 

manufacturer’s instruction for Mycoplasma hyopneumoniae and porcine reproductive and 

respiratory syndrome virus (PRRSV) (IDEXX M. hyo and IDEXX PRRS X3, 2011). 

Statistical analysis 

In both studies, levels of MDA at entry to nursery and serological positivity for M. 

hyponeumoniae and PRRSV were used as primary exposures of interest. In addition, the level of 

MDA at initial sampling against different H3 influenza viruses, and different H1 influenza 

viruses were analyzed separately by hierarchical agglomerative cluster analysis performed in R 

3.1.0 (The R Foundation for Statistical Computing) using FactoMineR package (Lê et al., 2008). 

Grouping of pigs into clusters with similar levels of MDA was based on different inputs 

including: i) HI titers of H3N2 viruses that were heterologous to the resident H3N2 virus, and ii) 

HI titers of all H3N2 viruses; where the former includes H3N2_A, H3N2_B, H3N2_C viruses 

and the latter contains H3N2_A, H3N2_B, H3N2_C, and H3N2_H viruses.  The resulting groups 

from these two cluster analyses were used as separate categorical risk factors. Also, information 

on gender, sow source, and room were recorded and analyzed as risk factors.  

Descriptive statistics were generated for each variable and correlation was tested using the 

Spearman correlation coefficient.   

Random effect logistic regression models 
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Mixed effect logistic regression model with pen as a random effect on intercept was used to 

evaluate development of IAV shedding over time, and its association with exposures of interest. 

Models were set separately for the two longitudinal studies. Models were built in a forward 

stepwise fashion where the linear, quadratic and cubic effect of time on the logit of IAV 

positivity were evaluated. This was followed by inclusion of linear and quadratic form of the 

log2 HI titers, or appropriate binary variables. Finally, interaction between the effect of time and 

exposures of interest was evaluated for statistical significance. In addition, at each sampling 

week when data allowed, an empty model was constructed using random effect logistic 

regression model with pen as a random effect on intercept. The intra-cluster correlation 

coefficient (ICC) was determined using a method described elsewhere (Rabe-Hesketh and 

Skrondal, 2008). 

Logistic regression  

In addition, results of repeated virological testing per each pig were aggregated to a pig-level and 

animals were then categorized into distinct categories: 1) pigs that were never positive during the 

study period, 2) pigs that were positive only once during the study period, 3) pigs that were 

subsequently virologically positive on two or more repeated samplings, and 4) pigs that were 

recurrently positive on more than one occasion, but with one or more virologically negative 

samplings between the positive samplings. Then, pigs in class 4 were considered as positive for 

recurrent infection, and pigs in the other three groups were considered as negative for the 

recurrent infection. Ordinary logistic regression was performed for the same set of potential risk 

factors as in the random effect logistic regression model. Models were evaluated as described 

elsewhere (Dohoo et al., 2009).  

Survival analysis 
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Risk factors for the recurrent virological positivity over time were also analyzed using the 

Prentice, Williams and Peterson counting process (PWP-CP) approach (Hosmer et al., 2008). 

Briefly, the approach is based on the Cox’s regression that accounts for recurrent events. The 

PWP-CP model analyzes the ordered multiple events by stratification which is based on the prior 

number of episodes during the follow-up period.  A stratum variable is used to keep track of the 

event number. Interaction between strata and titer for each virus analyzed was evaluated in order 

to evaluate whether association between exposures of interest was different for different events. 

The PWP-CP is also a conditional model in which all participants are at risk for the first stratum, 

but only those with an event in the previous stratum are at risk for the successive one. As such, 

every time a pig had an event and recovered from it, this same pig was at risk for a second event, 

i.e. an influenza episode (event) had to be preceded and followed by a time period without 

influenza to be considered as conditional. Models were compared during the model-building 

process using likelihood ratio test and Akaike's information criterion. The overall model fit was 

investigated based on the graphical analysis of residuals.  

Descriptive analysis was also performed for other environmental and population-level 

measurements obtained during the study period, such as: mortality rate, and microclimate inside 

the barn including: relative humidity (RH), temperature and absolute humidity (AH). 

Microclimate measurements were recorded every five minutes (HOBO® data logger, Onset 

Computer Corporation, Bourne, MA, USA). AH was calculated based on previous references 

(Shaman and Kohn, 2009; Wallace and Hobbs, 2006). Statistical analyses were conducted at the 

pig level using STATA IC 13 (StataCorp LP, College Station, TX, USA). 

 

Results 
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Overall mortality in the barn was 1.8% and 1.9% for Study 1 and 2, respectively. Two pigs died 

in each longitudinal study. Pigs in Study 1 died on December 27
th

, 2013 (week 6) and January 

7
th

, 2014(week 8), with peracute illness resulting in sudden death. In Study 2, study animals died 

on May 16
th

, 2014 (week 6), with peracute illness resulting in sudden death, and on May 20
th

,
 

2014 (week 7), with clinical signs consistent with infection with Streptococcus suis. As such, 

results obtained from these animals were included in the pig-level analysis, but their 

measurements were considered as missing for repeated measures and censored at appropriate 

times for the purposes of survival analysis. Descriptive analysis of all variables, from both 

studies, is presented in Table 2.2A.  For the temperature and humidity, mean, minimum, and 

maximum for temperature, RH and AH were also evaluated (Table 2.2B and Figure 2.5). 

Viral shedding 

Study 1 

Three distinct modes of viral shedding were observed in the nursery barn over a period of 53 

days with the peak prevalence of 100% detected at 29 days of the study (Figure 2.1 - Study 1). 

Pigs sourced from more than one sow-herd were detected to shed the virus on more than one 

weekly sampling, with variability in the extent of viral shedding observed among sources (Table 

2.1 - Study 1), and with some of the pigs being positive four times.  Overall, it was observed that 

out of 81 pigs, 38 (46.9%), 8 (9.9%), and 35 (43.2%) were classified in category 2, 3, and 4, 

respectively. The time period observed between the first and last shedding in individual pigs was 

between a minimum of 7 and maximum of 39 days. Isolated viruses were sequenced and all 

isolates were characterized as identical viruses herein named A/SW/ON/72-7-8/2014/H3N2 

(unpublished data). 

Study 2 
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Three distinct modes of viral shedding were observed in the nursery barn over a period of 53 

days with the peak prevalence of 53% detected at 14 days of the study (Figure 2.1 - Study 2). 

Pigs sourced from more than one sow-herd were detected to shed the virus on more than one 

weekly sampling, with variability in the extent of viral shedding observed among sources (Table 

2.1 - Study 2). Overall, it was observed that out of 75 pigs, 27 (36%), 36 (48%), 4 (5.3%), and 8 

(10.6%) were classified in category 1, 2, 3, and 4, respectively. The time period observed 

between the first and last shedding in individual pigs was between a minimum of 3 and 

maximum of 41 days. Isolated viruses were sequenced and all isolates were characterized as 

identical viruses herein named A/SW/ON/148-9/2014/H1N1 (unpublished data) 

All of the pigs (400 and 300 in Study 1 and 2, respectively) sampled during the first two hours 

after arrival at the nursery for both studies were negative for IAV. 

Serology 

Study 1 

Sera collected upon arrival to the nursery suggested variability in the level of MDA for all 8 

viruses tested (Figure 2.2 - Study 1 and Table 2.2A). In general, piglets from sources 3 and 4 had 

the lowest proportion of pigs positive for MDA against several IAV strains. Results showed a 

positive correlation amongst all titers with 9 Spearman correlation coefficients ranging between 

0.5 and 0.8. Titers for two viruses, H1N1_H and H1N2, were both highly correlated with 

H3N2_C (>0.8). Two clusters were created on the basis of the agglomerative hierarchical cluster 

analysis of sera for heterologous and all H3N2 viruses (Table 2.2B), and three clusters were 

created for viruses with different titers for MDA for viruses containing H1 hemagglutinin. The 

cluster relevant for further analysis was the heterologous H3N2 cluster, in which the groupings 

were designated as “high heterologous” (19.7%) and “low heterologous” (80.2%).  The high 
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heterologous cluster had median HA titers for H3N2_A, H3N2_B, and H3N2_C of 1:40 

(IQR=40), 1:80 (IQR=100), and 1:80 (IQR=60), respectively, whereas low heterologous had 

median HA titers for H3N2_A, H3N2_B, and H3N2_C of 1:10 (IQR=15), 1:40 (IQR=20), and 

1:20 (IQR=35), respectively. Detailed statistics for other clusters are not shown as they were not 

associated with the final outcome (data not shown). ELISA results showed that 67 pigs (82.7%) 

had titers for M. hyopneumoniae and 25 (30.9%) for PRRSV.  

Study 2 

Sera collected on the first day at the nursery indicated that a high proportion of pigs among all 

sources had MDA for different H3N2 strains used as antigens in the HI assay (Figure 2.2 - Study 

2 and Table 2.2A).  In contrast, MDA levels against H1N1 strains were generally lower. 

Interestingly, a considerable proportion of pigs among all sources were positive for MDA against 

the H1N2 strain. Results showed positive and negative correlations amongst all titers with 

negative Spearman correlation coefficients ranging between 0.1 and -0.08. Positive results 

showed 12 Spearman correlation coefficients ranging between 0.5 and 0.8.  The titers for one 

virus, H1N2, were highly correlated with H3N2_C (>0.8). Three clusters were created on the 

basis of the agglomerative hierarchical cluster analysis of sera for heterologous and all H3N2 

viruses, and also for viruses with different titers for MDA for viruses containing H1 

hemagglutinin (Table 2.2B). Detailed statistics for clusters are not shown as they were not 

associated with the final outcome (data not shown).  Results of ELISA showed that 64 pigs 

(85.3%) had titers for M. hyopneumoniae and 14 (18.7%) for PRRSV. 

Random effect logistic regression 

Results for the mixed effect logistic regression for Study 1 are presented in Table 2.3. Out of all 

variables evaluated, only the log2 titers for H3N2_B virus were associated with the logit of 
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positivity over time (Table 2.3), but no interaction with time was detected, suggesting that the 

effect of MDA was consistent over the study period. The expected probability of viral positivity 

for pigs with different levels of MDA at entry to the nursery is presented in Figure 2.3. Based on 

the model, pigs with higher MDA titers for H3N2_B are more likely of shedding the virus 

throughout the study period (Figure 2.3). Grouping in the high heterologous cluster was also 

associated with virological positivity over time (Table 2.3). Source herd was also associated with 

the viral positivity in individual pigs. No explanatory variables were associated with IAV 

positivity using this approach in Study 2 (p>0.05).  

Results on the empty models showed that for those weeks where the ICC was calculated the 

higher proportion in the variation of the outcome at each sampling time could be explained at the 

pen level. Weeks 3, 5, 7, and 9 in Study 1 showed an ICC of 0.76, 0.99, 0.96, and 0.86, 

respectively. Weeks 2, 3, 5, and 9 in Study 2 showed an ICC of 0.88, 0.55, 0.85, and 0.75, 

respectively. 

Logistic regression 

Results for the logistic regression model are presented on Table 2.4 for both studies. Results 

showed that the presence of initially high titers for MDA for H3N2_A and H3N2_B were 

associated with the likelihood of recurrent infection in a non-linear fashion (p<0.05). Figure 2.4 

depicts expected probability of having recurrent infection and suggests that pigs with the highest 

titers for MDA had the highest probability of experiencing recurrent infections, but the 

probability was the lowest for pigs with intermediate levels of MDA. Also, presence of MDA for 

H1N1_H appeared to play a role in the odds of having recurrent infection when evaluated 

independently.  
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When using the cluster membership based on heterologous H3N2 viruses, the results showed that 

the likelihood of having recurrent infection tended to be higher for pigs in cluster with high titers 

of heterologous H3N2 MDA present after weaning (p=0.08; Table 2.4). It was also observed that 

the presence of MDA for PRRSV and M. hyopneumoniae was not associated with recurrent 

infection (p>0.05). Using a partial likelihood ratio (LR) test, the sow source was declared as a 

significant risk factor in Study 1, but not in Study 2.  

Survival analysis 

Results for the Cox’s regression model are presented in Table 2.4 for both studies. The results of 

the Cox’s regression models suggested that the hazard of IAV positivity was associated with the 

MDA against H3N2_A and H3N2_B viruses in a non-linear fashion which generally suggested 

that large increases in MDA leads to higher hazards of IAV infection regardless of the event 

number (Table 2.4). Existence of interactions between MDA titers for H3N2_A and strata was 

detected in one of the candidate models, suggesting that a higher hazard is expected for 3
rd

 and 

particularly 2
nd

 infection. However, we considered the latter model to be insufficiently robust 

due to the large numbers of variables considered (data not shown). Other variables associated 

with the presence of IAV are shown in Table 2.4. In study 2, only H3N2_B MDA was 

statistically associated with IAV positivity. Presence of MDA for PRRSV and M. 

hyopneumoniae could not be detected as factors associated with presence of IAV for both studies 

(p>0.05). 

Using a partial likelihood ratio (LR) test, the sow source was considered as a significant risk 

factor in Study 1, but not in Study 2 (Tables 2.3 and 2.4), with pigs from sources 1, 3, and 5 

having higher likelihood of infection in comparison to source 4.  
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Discussion 

Research on the dynamics and factors that might drive influenza virus infection and maintenance 

in swine populations continues to be limited.  Results of the present study demonstrate an 

endemic cyclical influenza virus infection on one nursery farm, which was a part of multi-site 

production system that continuously experienced similar issues in multiple nursery herds. None 

of the infection patterns observed in this study resembles the expected epidemic curve for 

influenza, but they are similar to clinical experiences in nursery populations described elsewhere 

(Janke, 2013). The presence of multiple infections in a relatively short period of time and the 

number of recurrent infections observed in individual pigs open several questions about the 

epidemiology of IAV in pig herds. Answers to these questions could have direct implications for 

the design of infection control measures in pig herds and entire production systems.  

The results of this study confirmed that individual animals could be detected with IAV on 

multiple occasions within a relatively short period of time. Recurrent infections with IAV in this 

age group have been reported before under field conditions, in two different studies (Rose et al., 

2013; Simon-Grifé et al., 2012). In the former study, authors reported that the same viruses 

(H1N1 and H1N2) were detected in the same batch in two distinct outbreaks and even in the 

same pig. In the latter study, results indicated that more than 50% of the 62 animals followed 

were positive for IAV at least once and nine were infected on two different occasions. The 

subtype isolated on this farm was H1N1 and HA sequencing showed that viruses had high 

similarity. In the present study the proportion of study pigs with recurrent positivity varied 

between 43.2% in Study 1, when H3N2 circulation was detected and 10.7% in Study 2 when 

H1N1 circulation was detected. Pigs can shed IAV for  up to 5-7 days after recovery (Kitikoon et 

al., 2012; Van Reeth et al., 2012; Vincent et al., 2009). Given the intensity of sampling, it is 
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reasonable to assume that those pigs were likely showing a new infection with IAV every time 

that a positive result on virological testing was confirmed after a period with negative virological 

testing. Such a high proportion of pigs with recurrent infections was not expected, and it likely 

contributed to the cyclical pattern of IAV circulation in this barn that occasionally reached a 

prevalence of 100%. This cyclical shedding pattern mimicked the clinical description of 

respiratory signs before the study started. The exact reasons for positivity over time could be 

multiple, and we hypothesized that the following factors might contribute to such infection 

pattern: i) influence of maternally-derived antibodies, or ii) environmental conditions, and iii) 

influence of other pathogens. 

The presence of MDA and its association with recurrent infections and shedding of IAV have 

been reported before (Allerson et al., 2013; Loeffen et al., 2003a; Rose et al., 2013). Loeffen et 

al. (2003a) performed an experimental study based on inoculation of sows with H1N1 and 

challenge of piglets against the same strain (strain-homologous). It was observed that pigs with 

MDA, coming from inoculated sows, had a reduction in the expression of the clinical signs after 

inoculation with the same strain that was used to induce immunity in sows; however, they were 

not totally protected against the infection. Results also showed that shedding lasted longer in pigs 

with MDA when compared to pigs without MDA (coming from non-inoculated sows). Also, 

active immunity was delayed or absent in the presence of MDA. Rose et al. (2013) performed a 

field trial in farrow to finish farms where sows were vaccinated with commercial vaccines 

containing three different IAV subtypes (H1N1, H1N2, H3N2). Piglets had MDA for those three 

subtypes, detected through HI, and the decay of MDA occurred around 70 days of age. Shedding 

of the viruses, H1N1 and H1N2, which were detected in the study and duration of infectiousness, 

lasted longer in piglets with MDA. Recurrent infections also occurred during the nursery phase 
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where pigs still had MDA circulating and those infected were found to carry the same IAV 

subtype presented in the vaccine (subtype-homologous). It was also reported that pigs in the 

finisher barn seroconverted showing that the absence of the MDA allowed the active immunity 

to build up. Thus, it was stated that the presence of MDA can interfere with humoral response 

and pigs were not fully protected against new infections. Allerson et al. (2013) performed an 

experimental study in 3-week-old pigs farrowed to sows that were vaccinated either with a 

strain-homologous or strain-heterologous vaccines of H1N1 subtype. The pigs were challenged 

with a H1N1 strain-homologous to one of the vaccines.  Infectious periods were longer for pigs 

without MDA and with strain-heterologous MDA when compared to pigs with strain-

homologous MDA. In addition, the probability of infection was reduced in the presence of strain-

homologous MDA, although not completely prevented.  

Results of the present study are consistent with previous literature in suggesting that high titers 

for a heterologous strain are associated with a higher risk of having recurrent infection. However, 

these conclusions are also subject to some uncertainties. First, the actual status of strain-

homologous versus strain-heterologous within-subtype MDA was not easy to determine, due to 

the positive correlation between titers for different strains. Under field conditions encountered in 

this study, it was unknown whether high titers for a specific strain used in HI assay were 

indicative of exposure to this strain, or perhaps a consequence of cross-reactivity to a related 

similar strain. Because of that, cluster analysis was conducted on HI test results to facilitate 

natural groupings of pigs with similar serological results to multiple viruses within H3N2 and 

H1N1 subtypes. Results of ordinary logistic regression suggested that a cluster that contained 

pigs with high titers for multiple heterologous H3N2 viruses could indeed be a risk factor for 

recurrent infection. The second uncertainty is that the nature of exposure for different strains 
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could also not be easily identified. There were five sow herds, but the adherence and stringency 

of vaccination protocol could not be assessed, and existence of endemic circulation of IAV in 

one or more of these sow herds was unknown. Both situations could result in sows and piglets 

with different immunity status with respect to the circulating strains in the nursery. In the second 

study, the level of MDA at entry to the nursery was high and more uniform for contemporary 

Ontario strains of H3N2 viruses than in the first study; however, the circulating strain at that time 

in the nursery was H1N1. 

The same type of association between level of MDA and virological positivity could not be 

detected for H1N1 in this study. This could be because HA of H3N2 viruses in Ontario has been 

present since 2005 (Grgic et al., 2014) and there has been more opportunity for H3N2 viruses to 

have point mutations and create larger antigenic diversity compared to H1N1. In contrast, the 

H1N1 strain detected in this study was of the 2009 pandemic lineage, and these viruses show 

lower antigenic diversity at this point in time (Grgić et al., 2015). This situation might not  be the 

same in other regions, or even in other production systems, if different strains of H1N1 are 

showing higher antigenic diversity. Final uncertainty is related to the curvilinear nature of the 

association between MDA and virus positivity which was easiest to interpret in the ordinary 

logistic regression. The results of the latter model, when displayed on a probability scale, 

suggested that pigs with lower immunity are also at increased risk of having recurrent infection 

when compared to pigs with moderate immunity. The authors could not propose an obvious 

explanation for this finding. It is possible that some other factors are contributing to this non-

linear association, some of which could be driven by environmental conditions. 

With respect to environmental factors, results from the present study showed that ICC had high 

values for within-pen clustering. The latter finding, together with simple data visualization 
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suggested that pigs within the same pen were more likely to shed the virus at the same time. This 

is in agreement with data from previous studies which showed that transmission between pens 

was lower when compared to transmission within pen (Simon-Grifé et al., 2012) and that the 

number of pigs per water space by farm, i.e. quantity of waterers in barn, was associated with 

higher likelihood of having positive results for IAV (Mastin et al., 2011). It was previously 

shown that  transmission of the IAV is dependent on relative humidity and temperature (Lowen 

et al., 2007; Shaman and Kohn, 2009). Both of these conditions could be associated with the 

viability of the virus, and relative humidity has been shown to influence the predominant  types 

of droplets in the environment (Yang et al., 2012). It has been shown that the size of droplets is 

important since large droplets that occur in areas with high relative humidity (~100%) do not 

shrink easily and are more likely to fall to the ground (Yang et al., 2012). Results from the 

present study are in agreement with those previous findings since RH was high (mean between 

66% and 76%), which could have favored large droplets and short-range transmission within 

pen. This however needs to be confirmed in field studies with concurrent measurements of 

climate, aerosol content and transmission risks within and between different natural groupings in 

swine barns.  

Potential impact of other pathogens for IAV positivity was also attempted to be evaluated in this 

study. The presence of MDA for PRRSV and M. hyopneumoniae was not associated, in both 

studies, with positive virological results, a finding that was similar to other reports in the 

literature (Rose et al., 2013). Despite absence of association between the presence of MDA for 

these two pathogens and IAV positivity, specific sow sources were associated with different 

aspects of IAV shedding. The variable representing sow sources was initially considered as an 

important confounding variable, which would have an impact on the MDA status of pigs. 
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Nonetheless, the infection status of sow herds was also different with respect to several 

important swine pathogens, and this could have influenced the results of this study. In Study 1, 

sow source was identified as a risk factor with pigs from three sow-herds being under increased 

risk of having various aspects of IAV infection compared to sow-herd number 4, regardless of 

the analytical approach. This finding would suggest that factors common to a sow-herd (e.g., 

level of MDA for IAV or presence of other pathogens, host genetics, presence of other pathogens 

in weaned piglets, etc.) could contribute to the intensity of infection with IAV. However, in 

Study 2, sow source could not be identified as a significant risk factor, which perhaps suggests 

that whatever sow-source factors contributed to the IAV infection, they were likely of temporary 

nature. This difference in significance of sow sources between Study 1 and Study 2 may suggest 

that infection with other pathogens, or other “permanent” factors, in the sow herd did not play a 

large role in the intensity of infection with IAV during the nursery phase. Further studies are 

needed on the association between IAV shedding and the presence of MDA or the actual 

infectious agents for any of those diseases. 

Interestingly, from all 400 and 300 pigs sampled at the very beginning of the two respective 

studies none were shedding the virus, although the sow-herds were almost certainly the source of 

the eventual IAV infection. Lack of detection could be due to low sensitivity of the cell culture in 

detection of pigs that shed low quantities of the virus. Results from other studies also showed 

that pre-weaned pigs are important in maintaining disease circulation, although the virus could 

be present at levels below the detection limits (Allerson et al., 2014). A possibility exists that 

pigs indeed were virus negative at arrival time, and that the virus was introduced by infected 

humans, or asymptomatic carriers (Simon-Grifé et al., 2012); or from environment, or from any 

remaining pigs from a previous batch that could be present in a separate barn. The likelihood for 
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these possibilities are low because similar outbreaks were occurring repeatedly, the barn was 

disinfected and washed between batches, and only a small number of pigs could have been 

present on the site , and never in the same barn, and only under unusual circumstances.  

Some limitations of the study included inability to build multivariable models because of low 

number of pigs and non-linear relationships that were addressed through quadratic effects, and 

relatively long time between measurements of individual pigs. Survival analysis that was used in 

this study could not be easily adjusted for such interval censoring, but we opted to use it because 

it was important to explore factors contributing to recurrent infections from multiple 

perspectives. Following animals from the farrowing barns would have been beneficial, but was 

not possible because of logistical reasons and biosecurity protocols. Despite such limitations, this 

study provides useful insight into the epidemiology of IAV in the contemporary swine 

production systems.  

 

Conclusions 

Results of this study suggested that nursery pigs could be infected on multiple occasions with 

IAV. Between 10% and 43% of pigs had recurrent infection with H1N1 and H3N2 viruses in the 

two different studies. This contributed to a cyclical pattern of IAV positivity in the nursery barn. 

Virus shedding, including recurrent infections, was associated with a large increase in the HI 

titers for strain-heterologous immunity, but only for the H3N2 strain. However, the presence of 

high heterologous immunity is not likely to explain all recurrent infections because pigs with low 

heterologous infections were also noticed to be recurrently infected.  A high degree of within-

pen clustering was observed, suggesting that transmission within a pen played an important role. 

A microclimate that favored large droplets and short-distance transmission possibly contributed 
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to this within pen transmission. Prolonged or recurrent IAV infections could be of great 

importance when trying to control IAV infection in nursery barns. More thorough understanding 

of the disease epidemiology will be helpful in developing better infection and disease control 

strategies.   
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Table 2.1. Occurrence of influenza A virus shedding in nursery pigs in two longitudinal studies stratified by the sow source. 

Study 1 

N detections* 
Source 1 Source 2  Source 3 Source 4 Source 5 Total N Total %  (95% CI) 

0 0 0 0 0 0 0 0.0  

1 0 12 4 15 7 38 46.9 (35 – 58) 

2 7 1 6 0 2 16 19.7 (11 – 30) 

3 9 2 8 0 6 25 30.8 (21 – 42) 

4 2 0 0 0 0 2 2.4 (1 – 8) 

Total
† 

18 15 18 15 15 81
‡
 100.0

‡
  

Study 2 

N detections* 
Source 1 Source 2 Source 3 Source 4 Source 5 Total N Total % (95% CI) 

0  4 6 4 4 9 27 36.0 (25 – 47) 

1  6 4 10 10 6 36 48.0 (36 – 59) 

2  4 5 1 1 0 11 14.6 (7 – 24) 

3  1 0 0 0 0 1 1.3 (1 – 7) 

4 0 0 0 0 0 0 0.0  

Total
†
  15 15 15 15 15 48

‡
 64.0

‡
 (52.1 – 74.8)

‡
 

*Number of times that virus was isolated from individual nursery pigs  

†
Total number of pigs included in the study by sow source 

‡
Represents number of pigs that were positive at least once in the study. May not be a sum of this column or row 
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Table 2.2.A. Descriptive statistics of the main quantitative measurements used as explanatory 

variables in the study of influenza A virus circulation in the two longitudinal studies in nursery 

pigs. Median and interquartile range, or mean and standard deviation were used, as it was 

deemed appropriate. 

 

Variable                  Study 1         Study 2 

  Median (IQR) Median (IQR) 

H3N2_A
*
               10 (15) 40 (40) 

H3N2_B
*
                 40 (60) 160 (80) 

H3N2_C
*
                 20 (30) 80 (120) 

H3N2_H
†
           40 (140) 80 (120) 

H1N2
‡
         40 (20) 80 (120) 

H1N1_C
§
                 10 (15) 10 (15) 

H1N1_P
¶ 
               10 (15) 20 (30) 

H1N1_H
†
 40 (70) 20 (30) 

   

Room5 Mean (SD) Mean (SD) 

   RH (%)                 76.8 (6.3) 65.8 (7.4) 

   Temp (°C)                23.7 (1.3) 24.5 (1.5) 

   AH (mb)
\\
                 23.1 (1.8) 20.8 (2.7) 

Room6     

   RH (%)                 75.4 (10.0) 71.9 (7.3) 

   Temp (°C)                24.3 (1.7) 24.8 (1.5) 

   AH (mb)
\\
                 23.9 (4.0) 23.2 (2.7) 

Room7     

   RH (%)                 68.6  (9.2) 69.0 (10.0) 

   Temp (°C)                23.8 (1.5) 23.7 (2.2) 

   AH (mb)
\\
                 21.0 (3.5) 21.1 (4.3) 

* Different H3N2 variants broadly classified into cluster 4 of H3N2 swine influenza A virus and  isolated in 

Ontario in 2012 and used in the hemagglutinin inhibition assay
 

† 
H3N2 and H1N1 viruses detected in the study and used as antigens in the hemagglutinin inhibition assay 

‡ 
H1N2 with hemagglutinin of the 2009 pandemic lineage and neuraminidase of the Cluster 4 H3N2 IAV-S 

§ 
H1N1 IAV-S broadly classified as the classical swine H1N1 virus used in hemagglutinin inhibition assay 

¶ 
H1N1 IAV-S of the 2009 H1N1 pandemic lineage used in hemagglutinin inhibition assay 

\\ 
Absolute humidity expressed as milibar (MB) 
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Table 2.2.B. Frequency tables of the categorical variables in the study of influenza A virus 

circulation in the two longitudinal studies in nursery pigs.  

 

 Variable          Study 1  Study 2  

 

 N (%) N (%)  

H3N2_A +ve
*
                 15 (18.5) 66 (88.0) 

H3N2_B +ve
*
                  49 (60.5) 72 (96.0) 

H3N2_C +ve
*
                  39 (48.1) 61 (81.3) 

H3N2_H +ve
†
            60 (74.1) 67 (89.3) 

H1N2 +ve
‡
          43 (53.1) 62 (82.8) 

H1N1_C +ve
§
                 7 (8.6) 14 (18.7) 

H1N1_P +ve
¶
                  15 (18.5) 24 (32.0) 

H1N1_H +ve
†
  42 (51.8) 22 (29.3) 

Cluster_H3N2_Heterologous
\\
 

 
    

Cluster 1  65 (80.2) 45 (60.0) 

Cluster 2  16 (19.7) 24 (32.0) 

Cluster 3  - 6 (8.0) 

PRRSV +ve
**

                  25 (30.9) 14 (18.7) 

Mhyo +ve
††

                  67 (82.7) 64 (85.3) 

Female   52 (65.8) 37 (49.4) 

Male                  27 (34.2) 38 (50.7) 

Room5                  45 (55.6) 30 (40.0)  

Room6                 9 (11.1) 30 (40.0) 

Room7                  27 (33.3) 15 (20.0) 
*
 Different H3N2 variants broadly classified into cluster 4 of H3N2 swine influenza A virus and  isolated in 

Ontario in 2012 and used in the hemagglutinin inhibition assay 
†
 H3N2 and H1N1 viruses detected in the study and used as antigens in the hemagglutinin inhibition assay 

‡
 H1N2 with hemagglutinin of the 2009 pandemic lineage and neuraminidase of the Cluster 4 H3N2 IAV-S 

§
 H1N1 influenza A virus (IAV-S) broadly classified as the classical swine H1N1 virus used in hemagglutinin 

inhibition assay 
¶
 H1N1 influenza A virus (IAV-S) of the 2009 H1N1 pandemic lineage used in hemagglutinin inhibition assay 

\\ Groupings based on cluster analysis of maternally-derived antibodies for heterologous strains of H3N2 

viruses (labeled here with*) 
** Positive for maternally-derived antibodies for PRRSV 
†† Positive for maternally-derived antibodies for Mycoplasma hyopneumoniae 
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Table 2.3. Single-exposure models for development of influenza A virus-positivity over time 

identified as statistically significant in random effect logistic regression models based on data 

from two longitudinal studies conducted in nursery pigs. Different models separated by 

horizontal lines. 

 

 

 

 

 

 

 

 

 

Variable Coefficient (95% CI) p-value 

Time (days) 0.37 (0.28, 0.45) <0.01 

Time (days)
2†

 -0.01 (-0.006, -0.004) <0.01 

H3N2_B
‡
 -0.26 (-0.59, 0.06) 0.10 

H3N2_B
2†,‡

 0.06 (-0.002, 0.13) 0.05 

 Time (days) 

  

  

Time (days)
2†

    

Cluster_H3N2_Heterologous
§
 -1.32 (-2.90, 0.31) 0.11 

Cluster_H3N2_Heterologous*Time 0.04 (-0.001, 0.08) 0.05 

Source Sow Herd
¶
   <0.01

\\
 

Source 1 1.46 (0.78, 2.13) 0.01 

Source 2 0.36 (-0.38, 1.1) 0.34 

Source 3 1.09 (0.41, 1.77) 0.01 

Source 4 baseline - - 

Source 5 0.87 (0.16, 1.59) 0.01 
†

 
Quadratic effect of the variable 

‡
 The original titer divided by 10 and then log2 transformed 

§ Binary variable representing the cluster of pigs with high maternally-derived antibodies titers for heterologous H3N2 

viruses (i.e. “high heterologous” cluster 
¶ 

Coefficients are adjusted for the linear and quadratic effect of time 
\\ 

p-value obtained by testing categorical variable using a partial likelihood test 
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Table 2.4.  Single-exposure models for recurrent influenza A virus-positivity identified as statistically significant in logistic regression 

or Cox’s model based on the PWP-CP model based on data from two longitudinal studies conducted in nursery pigs. Different models 

separated by horizontal lines. 

Variable  Ordinary logistic regression   PWP-CP 

   OR 95% CI p-value   HR 95% CI p-value 

Study 1                

H3N2_A
*,†

  0.63 0.37, 0.09 0.10   0.87 0.77, 0.99 0.03 

H3N2_A
2
  1.63 1.13, 2.37 0.01   1.11 1.04, 1.17 0.01 

H3N2_B
*,‡

  0.49 0.21, 1.10 0.08   0.83 0.68, 1.01 0.72 

H3N2_B
2
  1.24 1.00, 1.53 0.04   1.04 0.99, 1.09 0.05 

H1N1_C
*,§

   -  - -    0.87 0.78, 0.96 0.01 

H1N1_H
*,¶

  1.19 0.53, 0.97 0.03   0.82 0.84, 0.98 0.01 

“Low heterologous” H3N2 cluster  baseline - -  baseline - - 

“High heterologous” H3N2 cluster
\\
  2.66 0.86, 8.24 0.08   1.15 0.91, 1.44 0.22 

 Source      <0.01
\\\

       <0.01
\\\

 

Source 1  5.5 1.54, 19.6 0.01  2.58 2.14, 3.11 0.01 

Source 2  0.68 0.15, 3.08 0.62  1.34 1.02, 1.76 0.03 

Source 3  5.5 1.54, 19.6 0.01  2.16 1.77, 2.65 0.01 

Source 4  baseline - -  baseline - - 

Source 5  1 - -  1.96 1.39, 2.76 0.01 

Study 2                

H3N2_B
*,‡

  0.36 0.10, 1.27 0.11   0.67 0.46, 0.98 0.04 

H3N2_B
2
  1.15 0.96, 1.37 0.12   1.06 1.00, 1.12 0.03 

* Estimates based on variable representing an hemagglutinin inhibition titer for a specific strain divided by 10 and then log2 transformed 

†
 Maternally-derived antibodies as measured by using H3N2 strain heterologous to the resident strain in Study 1 (93.8% similarity in the hemagglutinin) 

‡
 Maternally-derived antibodies as measured by using H3N2 strain heterologous to the resident strain in Study 1 (97.9% similarity in the hemagglutinin) 

§
 Maternally-derived antibodies as measured by using H1N1 virus broadly classified as classical H1N1 virus 

¶
 Maternally-derived antibodies as measured by using H1N1 strain detected in the Study 2 (i.e. homologous strain) 

\\
 Groupings obtained from the cluster analysis based on hemagglutinin inhibition titers of strains heterologous to the resident virus in Study 1 

\\\
 p-value obtained by testing categorical variable using a partial likelihood test 
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Study 1 

 

Study 2 

 

Figure 2.1. Overall positivity of influeza virus by sow source based on isolation and confirmation 

of the virus.  
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Study 1 

 

Study 2 

 

Figure 2.2. Level of maternally-derived antibodies for 8 influenza A virus stratified by sow 

source. Antibodies levels against influenza A virus were analyzed by hemagglutinin inhibition 

assay and log2 transformed. 
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Figure 2.3. Random effect logistic regression: expected positivity over time for H3N2_B virus in 

Study 1.   
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Figure 2.4. Logistic regression: expected probability of recurrent infection for two of the viruses 

tested based on maternally-derived antibodies titers. 

 

 

 

 

 

  

 

 



78 
 

 

Figure 2.5. Daily changes (every five minutes) in relative humidity and temperature in each room during study periods.  
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CHAPTER 3: ASSESSMENT OF EXPOSURE TO INFLUENZA A VIRUSES IN PIGS 

BETWEEN WEANING AND MARKET AGE  
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Abstract 

Influenza A viruses (IAVs) are common causes of respiratory infection in pigs and can cause 

significant economic impact for producers. In addition, existence of large production systems 

with complex animal movement may have an impact on the circulation IAVs and could make it 

difficult to develop strategies to control clinical disease and infection. Therefore, the objective of 

this study was to characterize the circulation of IAVs between weaning and market age on the 

basis of development of antibody response and molecular epidemiology of detected viruses.  

Two longitudinal studies were carried out in one nursery and finisher barns. Two batches of 

weaned pigs were followed in the nursery and finisher barns with a representative sample of 81 

and 75 pigs in two distinct periods. Piglets were monitored individually and nasal swabs and 

blood samples were collected for virological and serological analyses. Risk factor analysis for 

understanding the changes in the level of antibodies over time was conducted using linear 

regression and a non-parametric test. A H3N2 subtype virus classified into cluster IV was 

detected in Study 1, with a maximum of 97.9% identity to HA gene of viruses previously 

isolated in Ontario. Also, in Study 2, a H1N1 subtype virus classified into H1N1 pandemic 

lineage was detected, with a maximum of 97.8% identity to HA gene of viruses previously 

isolated in Ontario in 2012. It was observed that pigs were being re-infected with the same virus 

over time and that the more they were infected the lower was their antibodies titers when 

compared to the previous measurement in Study 1. The existence of antibodies titers for IAV 

other than the isolated one confirmed that more than one subtype can circulate in the same 

population.   
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These findings led us to imply that understanding the epidemiology, variation of influenza 

viruses’ genes, and development of antibodies titers over time are the basis for developing 

infection and disease control. 

 

Introduction 

Influenza, an enzootic disease in many pig populations, is caused by influenza virus type A 

(Rose et al., 2013). Three subtypes can be found circulating in pig barns worldwide: H1N1, 

H3N2 and H1N2. Prevalence of exposure at the herd level is generally very high. In previous 

studies, herd-level point prevalence of exposure has been estimated at 83% and 43% in Ontario 

sow and finisher herds, respectively (Poljak et al., 2008); and above 90% in sow herds in 

Belgium and Germany (Rose et al., 2013; Van Reeth et al., 2008). As in human influenza, the 

virus causes a self-limiting respiratory disease in individual animals. It has also been reported 

that the disease can spread quickly within the herd and disappear within 1 - 2 weeks (Van Reeth 

et al., 2012). In addition, different studies have reported that transport of weaned pigs can 

contribute to the dissemination of IAV among farms and that influenza transmission can stop or 

cannot be detected because circulation of the virus is below the detection limit and also that sow 

herds and neonatal pigs might be important to the maintenance of the virus (Allerson et al 2014; 

Diaz et al. 2015). 

Recent studies showed that swine influenza viruses can persist within a farm, causing two 

distinct outbreaks (Kyriakis et al., 2013). Additionally, recurrent infections with influenza A 

viruses (IAVs) in nursery pigs have been reported under field conditions in two different studies 

(Rose et al., 2013; Simon-Grifé et al., 2012). Several studies have reported exposure of pigs to 

more than a single strain or subtype, either cumulatively or concurrently (Anderson et al., 2013; 
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Poljak et al., 2014; Rose et al., 2013). Simultaneous circulation of multiple distinct viruses can 

lead to reassortment. 

Currently, the influenza situation is complex due to the existence of multiple strains that do not 

necessarily cross-react, as shown in multiple large scale studies (Kitikoon et al., 2006; Loeffen et 

al., 2003; Rose et al., 2013). However, even some within-herd studies suggest the presence of 

multiple strains (Anderson et al., 2013; Rose et al., 2013). While studies focused on within-herd 

circulation of influenza virus under contemporary conditions continue to be limited, they are 

essential for understanding IAV ecology, and for designing infection control measures for IAV.   

Therefore, the objective of this study was to characterize the circulation of IAV in pigs between 

weaning and market age on the basis of the development of antibody response and molecular 

epidemiology of detected viruses. 

 

Materials and methods 

General overview 

A detailed description of the barn included in this study is provided in Chapter 2. Briefly, a 

nursery farm located in southern Ontario with a total capacity of 4,000 animals was selected for 

the study. The farm was composed of two separate barns of equal capacity (2000 head each). 

Pigs from five sow-sources, belonging to the same multi-site swine system, were weaned at 

approximately 19 days of age, and transported onto this one nursery site.  

Study population 

The study barn selected for the two longitudinal studies had four equally-sized rooms with 

individual air flow, each room housing approximately 500 pigs in 24 pens, for a total barn 

capacity of approximately 2,000 pigs. For the longitudinal studies, 81 piglets and 75 piglets were 
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selected for Study 1 and Study 2, respectively (Chapter 2). In each study, the piglets originated 

from five different sow sources. For Study 1, blood samples were collected at entry to the 

nursery, and at the end of the nursery and finisher periods. For Study 2, blood samples were 

collected at entry to the nursery, mid-nursery and at the end of the nursery, and at the end of the 

finisher period. In addition to the pigs followed in Study 2, forty-one pigs not included in the 

longitudinal study were selected randomly in the finisher barn. The extra pigs were sampled for 

logistical reasons and because all the study pigs could not be efficiently located during the last 

sampling in the finisher barn. This study was approved by the Animal Care Committee of the 

University of Guelph.  

Serology  

In order to determine the hemagglutination inhibition (HI) titers of maternally-derived antibodies 

(MDA) at entry to the nursery and also at the mid and end of the nursery period, serum samples 

were analyzed by the HI assay according to standard protocol (Kitikoon et al., 2014) with four 

hemagglutinating units per well. The cut-off of HI was set at ≥1:40 as previously reported 

(Kitikoon et al., 2014). Six swine influenza isolates (Grgic et al., 2014; Grgić et al., 2015) were 

used for HI: A/SW/ON/103-18/11/H3N2/HA, A/SW/ON/104-25/12/H3N2/HA, A/SW/ON/115-

2/12/H3N2/HA, A/SW/ON/68/12/H1N2/HA, A/SW/ON/84/12/H1N1/HA, and 

A/SW/2/81/H1N1/HA, referred to throughout the article as H3N2_A, H3N2_B, H3N2_C, H1N2, 

H1N1_P, and H1N1_C, respectively. Also, two viruses identified in these longitudinal studies 

were used for HI: A/SW/ON/72-7-8/2014/H3N2 (Study 1) and A/SW/ON/148-9/2014/H1N1 

(Study 2), referred to throughout the article as H3N2_H and H1N1_H, respectively. A complete 

description of the serological testing is reported elsewhere (Chapter 2).  

Detection of influenza A virus 
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The presence of IAV in nasal swabs was assessed by isolation and propagation of the virus in 

Madin-Darby canine kidney (MDCK) cells with added trypsin according to a standard protocol 

(Swenson, 2008). Virus replication was confirmed on the basis of the cytopathic effect (CPE) 

produced in the cells and also assessed by the hemagglutination assay according to a standard 

protocol (Swenson, 2008). Isolated viruses were then sequenced using the Illumina Miseq 

platform as described earlier (Grgic et al., 2014) and subtyped on the basis of hemagglutinin and 

neuraminidase and sequenced using a deep sequencing approach. In selecting viruses for 

sequencing, priority was given to viruses that were detected in pigs with multiple infections over 

time. The consensus sequence was obtained after mapping the results of deep sequencing to the 

reference strains of H1N1 and H3N2 subtypes. The consensus sequence was used for further 

phylogenetic analysis. Phylogenetic trees were built using HA nucleotide sequences of included 

viruses. In addition, previous isolated Ontario strains and selected North American strains were 

included in the phylogenetic analysis. Sequence alignment was conducted using Clustal W 

algorithm with default parameters in Geneious R9.1. The similarity between isolates was 

calculated using the Jukes-Cantor approach, and an unrooted tree was built using the complete 

linkage approach. 

Statistical analysis 

Descriptive statistics were generated for each variable and correlation was tested using the 

Spearman correlation coefficient. Titers were summarized through descriptive statistics and 

median and interquartile range (IQR) were presented. In addition, the difference in the median of 

the titers was compared for titers in the longitudinal study and in the cross sectional study (end of 

finisher), as described elsewhere (Snedegor and Cochran, 1967). 
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Samples from Study 1 (three samplings) and Study 2 (four samplings) were then categorized in 

order to calculate incidence risk and prevalence determined by the presence of titers.  For each of 

the eight viruses used in the HI assay, the binary results representing positivity at the start and 

the end of the nursery and at the end of the finisher phase were classified into four distinct 

groups:  0) pigs that did not have a positive titer in two subsequent measurements; 1) pigs that 

had a negative titer at the first measurement and a positive titer in subsequent measurements; 2) 

pigs that had a positive titer at the first measurement and a negative titer in subsequent 

measurements; 3)  pigs that had a positive titer at the first and in the subsequent measurements. 

Incidence risk was calculated only if, in a distinct period, fewer than 3 pigs tested negative for 

antibodies.   

Linear regression was performed to evaluate the association between the total number of 

virologically positive results during the nursery phase and the log2 HI antibodies titers at the end 

of nursery period.  The biological hypothesis evaluated here was that the intensity of infection, 

measured by the cumulative number of positive tests, influences the serological response at the 

end of the nursery period. Models were evaluated as described elsewhere (Dohoo et al., 2009).  

Wilcoxon’s signed-rank test was performed to analyze the difference in serological response to 

each of the eight viruses between the measurements conducted at the ends of the nursery and 

finisher phases. The biological hypothesis evaluated here was that time spent during the finisher 

phase would influence development of antibodies for the eight specific viruses in the finisher 

barn. Models were performed as described elsewhere (Snedegor and Cochran, 1967). Statistical 

analyses were conducted at the pig level using STATA IC 13 (StataCorp LP, College Station, 

TX, USA). 
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Results 

Descriptive analysis 

Descriptive analyses of all variables from both studies are presented in Table 3.1.  In Study 1, 

eighty-one piglets were tested in the first measurement, 79 in the third measurement, and 57 in 

the fourth measurement. In Study 2, seventy-five piglets were tested in the first measurement, 74 

in the second measurement, 73 in the third measurement, and 38 in the fourth measurement. The 

fourth measurement included pigs in the longitudinal study and pigs selected randomly (cross-

sectional) in the finisher barn. The median titers for the pigs included in the longitudinal study 

and those not included (cross-sectional) did not differ for most of the viruses tested, except 

H3N2_B and H1N1_H (Table 3.1). In both cases, titers of pigs randomly selected were higher 

than those of the pigs in the study.  The results of serological testing of sera collected in all three 

measurements in Study 1 suggested variability in the antibodies titers for all eight viruses tested 

(Figure 3.1 and Table 3.1). The titers for all H3 viruses increased in the middle of the nursery 

phase, while all H1 titers decreased or remained the same. Results showed a positive correlation 

amongst all titers with nine Spearman correlation coefficients ranging between 0.5 and 0.8.  

Serological results from samples collected in all four measurements in Study 2 suggested 

variability in the antibodies titers for all eight viruses tested (Figure 3.2 and Table 3.1). Titers for 

H3N2_A decreased in the nursery, but increased in the finisher barn. For all the other H3 viruses, 

titers decreased or remained the same in both production sites. Titers for H1N1_P increased at 

the end of nursery and finisher phases, while H1N1_H titers increased at the end of nursery 

phase and decreased at the end of finisher phase. There were positive and negative correlations 

among all titers with negative Spearman correlation coefficients ranging between 0.1 and -0.08. 

Positive results showed 12 Spearman correlation coefficients ranging between 0.5 and 0.8.   
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Grouping of individual pigs into different categories on the basis of the change in titers for each 

virus during the nursery and the finisher phase in Study 1 and Study 2 is provided in Tables 3.2 

and 3.3, respectively. In Study 1, the incidences for H3N2_A, H3N2_B, and H3N2_H in the 

nursery were 96%, 93%, and 95%, respectively. Prevalence was also significantly high: 97%, 

88% and 79%, respectively, for these same viruses. In the finisher barn, the prevalence for 

H3N2_A and H3N2_B were 61% and 91%, respectively. Different results can be observed in 

Study 2. The incidence for H3N2_B (66%), H1N1_P (52%), and H1N1_H (76%) was high in the 

nursery phase. In the finisher phase, the incidence for H3N2_A (97%), H1N1_P (95%), and 

H1N1_H (76%) was also high. The prevalence for H1N1_H (73%) was high in the nursery 

phase. In the finisher phase, the prevalence for H3N2_A (97%), H1N1_P (92%) and H1N1_H 

(73%) was also high. Overall mortality in the barn was 1.8% and 1.9% for Study 1 and 2, 

respectively. 

Detection of influenza A virus 

Study 1 

As previously shown in Chapter 2, pigs were virologically positive up to four times. Overall, of 

81 pigs, 38 (46.9%) were positive once, 16 (19.7%) were positive twice, and 27 (33.3%) were 

positive three or more times. Isolated viruses were sequenced and all isolates were characterized 

as identical or very similar viruses, herein named A/SW/ON/72-7-8/2014/H3N2. Phylogenetic 

analysis showed that the isolated viruses belonged to cluster IV on the basis of HA gene analysis 

(Figure 3.3). Identity of the isolated viruses was a minimum of 99.71%, with a maximum of five 

different nucleotides. However, when compared to other H3N2 viruses previously isolated in 

Ontario, identity was 93.8%, 97.9%, and 94.2% to H3N2_A, H3N2_B, and H3N2_C, 

respectively.  
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Study 2 

Overall, of the 75 pigs, virus was never identified from 27 (36%), whereas 36 (48%) were 

positive once, and 12 (16%) were positive two or more times. Isolated viruses were sequenced 

and all isolates were characterized as identical viruses, herein named A/SW/ON/148-

9/2014/H1N1. Phylogenetic analysis showed that isolated viruses belong to cluster pH1N1 on 

the basis of HA gene analysis (Figure 3.4). Identity of the isolated viruses was a minimum of 

99.82% with a maximum of three different nucleotides. However, when compared to other H1N1 

previously isolated in Ontario identity was 97.8% and 97.7 % for A/SW/ON/84/12/H1N1/HA, 

and A/SW/2/81/H1N1/HA, respectively.  

Linear regression 

Table 3.4 shows results for the linear regression model for both studies. For Study 1, pigs with 3 

or more positive results in the virological test had lower log2 titers than the referent category 

(P<0.05) in the nursery barn for H3N2_H, also shown graphically in Figure 3.5. Similar result 

was observed for H3N2_B; while for H3N2_C a positive association between number of positive 

results and log2 H3N2_C titers was observed (P<0.05).  For all other variables, statistically 

significant results were not observed (data not shown). For Study 2, the opposite situation was 

observed for the same H3N2_H. Pigs with 2 or more positive results in the virological test have 

higher log2 titers than the referent category (P<0.05). For all other variables, there was no 

statistically significant association between the number of positive results and log2 titers (data 

not shown).  

Wilcoxon’s signed-rank test 

Results for the Wilcoxon’s signed-rank test are presented in Table 3.5. In Study 1, serological 

titers based on seven of eight viruses changed significantly over time. However, for six of these 
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seven viruses statistically significant results were associated with the decrease in titers at the end 

of the finisher period. The only exception was H1N1_P, where an increase in titers for a larger 

number of pigs was observed (Table 3.5). In Study 2, serological titers based on five out of eight 

viruses changed significantly over time. In this study, the titers for H1N1_H predominantly 

decreased at the end of the finisher period (Table 3.5, P<0.01; 66% of animals), whereas the 

titers for H3N2_A predominantly increased (Table 3.5, P<0.01, 97% of animals). Such a result 

was consistent with the development of titers in pigs over a period of time as shown in Figure 

3.2.   

 

Discussion 

To expand our understanding of the development of antibodies to specific IAVs and what the 

factors might be to trigger the response, we combined repeated sampling and repeated laboratory 

techniques.  

This study confirmed that multiple influenza viruses were able to circulate in the same 

population during a relatively short period of time. All viruses in Study 1 were typed as H3N2 

and all were within a minimum of 99.71% identity of HA gene, although these viruses were 

obtained from the same animals that were repeatedly positive on virus isolation. In Study 2, the 

H1N1 virus broadly classified into pandemic lineage A(H1N1)pdm09 emerged and was detected 

in pigs even on repeated samplings. This circulation of H1N1 virus might have been associated 

with management practices. Newly weaned pigs in Study 2 had relatively high HI titers for 

H3N2 viruses, likely because MDA were derived through application of the H3N2-based 

autogenous vaccination of sows before farrowing. This might have had an impact on decreasing 

the incidence of H3N2 infection, which could not be detected on the basis of virus isolation in 
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Study 2, although H1N1 viruses started to circulate. In Study 1 and 2, circulation of different 

subtypes in the nursery was confirmed by genome sequencing of a number of viruses and by the 

increase in titers against H3N2 and H1N1 viruses at the end of nursery phase of Study 1 and 

Study 2, respectively.  

Isolation of viruses from finisher pigs was not attempted for logistic reasons. However, 

development of antibodies titers between the end of the nursery and the end of the finisher phase 

indicated further differences in influenza dynamics between the two cohorts. In the Study 1 

group of pigs, titers for almost all viruses decreased, perhaps suggesting that there was no further 

significant circulation of any influenza viruses in the finisher barn. The H1N1_P was the only 

virus for which there was a statistical increase in titers; however, the prevalence of this virus at 

the end of the finisher phase was 0% indicating that the statistical increase in titers was of a 

trivial nature. In Study 2, titers for the H1N1_H virus primarily decreased, suggesting that this 

virus did not circulate after the nursery phase while titers for the H1N1_P increased suggesting 

that this virus might also be circulating in the finisher barn. In contrast, titers for H3N2_A 

increased in almost all pigs, suggesting that this virus was likely circulating in the finisher barn. 

This was the only H3N2 virus that showed such a marked increase, and was the virus that was 

only 93.8% identical to the H3N2_H virus isolated in Study 1. These results therefore suggest 

that at least three distinct viruses were circulating in these 2 cohorts (H3N2_H, H1N1_H, and 

H3N2_A-like).  

Circulation of multiple viruses in the same population is not a novel finding.  A study conducted 

in Europe reported that co-circulation of different viruses is possible (Rose et al., 2013). The 

authors reported that different subtypes were detected simultaneously in the same animal in all 

farms included in the study (Rose et al., 2013). In another European study different H1N1 
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viruses were detected in the same farm during the study period (Simon-Grifé et al., 2012).  Also 

in agreement with our findings, in a study conducted in Ontario antibodies for H3N2 and H1N1 

viruses were detected on the same farms (Poljak et al., 2014). However, the novelty of the 

present study was the in-depth investigation on the basis of different strains. The results imply 

that in the studied system, and possibly in other systems with similar complex animal flows, 

multiple viruses might circulate, creating complex patterns. Further research is needed to 

elucidate factors influencing such co-circulation, including the impact of cross-reactivity, 

maternal and active immunity, contact structure, and stochasticity. From the standpoint of 

practical infection control, the important issue is that the knowledge of all viruses and influenza 

viruses’ genes in the production system needs to be well understood before infection control 

measures are designed or implemented. Infection control measures based on the assumption of a 

single virus might be oversimplification in complex systems.    

Another interesting finding was that the pigs which were positive by virus isolation on multiple 

occasions during the nursery phase had lower titers for the identical virus (H3N2_H) at the end 

of the nursery phase. Similar results were obtained for H3N2_B (97.9% identity with H3N2_H), 

but not for H3N2_C (94.2% identity with H3N2_H). This trend showed a negative dose-response 

relationship. This finding was interesting because it suggests that multiple infections with the 

same virus during the nursery phase do not necessarily lead to development of strong active 

immunity against that virus. In fact, multiple infections and low level of active immunity at the 

end of the nursery period might be a consequence of an inability of pigs to mount an effective 

immune response against a specific virus. This might be because of the presence of maternal 

immunity for a heterologous virus, which allows infection with a specific virus and prevents 

development of active immunity against that specific virus. Similar results were observed in an 
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experimental study based on inoculation of sows with H1N1 and challenge of piglets with the 

same strain (strain-homologous). It has been observed (Loeffen et al., 2003) that pigs with 

passive immunity or MDA, coming from inoculated sows, expressed fewer and less severe 

clinical signs after inoculation with the same strain used to induce immunity in sows; however, 

they were not totally protected against infection. Moreover, active immunity was delayed or 

absent in the presence of MDA (Loeffen et al., 2003). It has been shown, in another study, that 

recurrent infections are possible in pigs with MDA for H1N1, H1N2 and H3N2 when challenged 

with homologous IAV subtypes. It was also reported that pigs in the finisher barn seroconverted, 

showing that the absence of the MDA allowed active immunity to develop (Rose et al., 2013).  

Researchers have also evaluated the ability of MDA to provide protection against a heterologous 

challenge and showed that the presence of MDA, for a specific virus, in non-vaccinated piglets, 

can suppress the development of active immunity (subtype-heterologous) (Kitikoon et al., 2006). 

In agreement with the findings of the present study, Allerson et al. (2013) suggested that IAV 

infection can occur in the presence of MDA. Groups of pigs were exposed to viruses that were 

subtype-homologous and subtype-heterologous to the MDA acquired from sow vaccination. 

Results showed that infection was present in pigs exposed to subtype-heterologous virus 

(Allerson et al., 2013). All referenced studies showed that the presence of MDA can interfere 

with the humoral response and pigs were not fully protected against new infections. 

 

Limitations 

Sequencing of all isolated viruses could not be performed due to high cost. In addition some 

assumptions could not be made for some of the analyses, such as the increase of titers when pigs 

were infected two or more times with H3N2_C in Study 1, and for H3N2_H in Study 2. Also, 
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sequences of isolated viruses in MDCK cells were determined, and some viruses may not have 

replicated well in the culture or one virus out-competed others. 

 

Conclusions  

In conclusion, this study demonstrates that multiple strains and subtypes of influenza viruses can 

circulate in the same pig population during a relatively short period of time. Factors that 

influence patterns of such circulation deserve to be studied in greater detail for a variety of 

reasons. From a practical infection-control perspective, thorough knowledge of all endemic viral 

strains and important influenza genes is needed as the basis for development of infection and 

disease control, particularly in complex production systems that seem to dominate in current 

swine production.  
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Table 3.1. Descriptive statistics of the measurements and frequency tables in the study of influenza 

A virus circulation in the two longitudinal studies in nursery pigs, performed between November 

18
th

, 2013 and January 9
th

 and between April 4
th

, 2014 and May 29
th

, 2014, respectively. Fourth 

measurement was taken at the end of finisher period. Median and interquartile range were used. 

Any titer <1:10 was treated, for the purpose of analysis, as 5. 

Variable     Study 1 Study 2 

 

Median (IQR) N positive
±
 (%) Median (IQR) N positive (%) 

H3N2_A
*
            

 

 

 

 

1
\\
 10 (15) 15 (18.5) 40 (40) 66 (88.0) 

2 - - 10 (10) 8 (10.8) 

3 80 (120) 77 (97.4) 5 (0) 0 (0) 

4(pigs in study)
 

40 (60) 35 (61.4) 80 (0) 37 (97.3) 

4
\
 - - 80 (0) 78 (98.7) 

H3N2_B
*
            

 

 

 

 

1 40 (60) 49 (60.4) 160 (80) 72 (96.0) 

2 - - 40 (20) 51 (68.9) 

3 80 (120) 70 (88.6) 20 (10) 16 (21.9) 

4(pigs in study) 80 (40) 52 (91.2) 10 (10) 8 (21.0) 

4 - - 20 (70) 38 (48.1) 

H3N2_C
*
           

 

 

 

 

1 20 (30) 39 (48.1) 80 (120) 61 (81.3) 

2 - - 20 (30) 20 (27.0) 

3 80 (1270) 42 (54.4) 10 (5) 5 (6.8) 

4(pigs in study) 10 (5) 1 (1.7) 10 (5) 2 (2.5) 

4 - - 10 (5) 2 (5.2) 

H3N2_H
†
        

 

 

1 40 (140) 60 (74.0) 80 (120) 67 (89.3) 

2 - - 20 (30) 19 (25.6) 

3 80 (120) 63 (79.7) 10 (5) 3 (4.1) 

4(pigs in study) 20 (10) 12 (21.0) 5 (0) 1 (2.6) 

4 - - 5 (5) 3 (3.8) 

H1N2
‡
       

 

 

 

 

1 40 (20) 43 (53.0) 80 (120) 62 (82.6) 

2 - - 20 (30) 22 (29.7) 

3 10 (5) 0 (0) 5 (5) 4 (5.4) 

4(pigs in study) 10 (5) 1 (1.7) 10 (0) 1 (2.6) 

4 - - 10 (0) 3 (3.8) 

H1N1_C
§
            

 

 

 

 

1 10 (15) 7 (8.6) 10 (15) 14 (18.6) 

2 - - 5 (0) 0 (0) 

3 5 (0) 3 (3.8) 5 (0) 2 (2.7) 

4(pigs in study) 5 (0) 0 (0) 5 (5) 1 (2.6) 

4 - - 5 (5) 1 (1.2) 

H1N1_P
¶
             

 

 

 

 

1 10 (15) 15 (18.5) 20 (30) 24 (32.0) 
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Table 3.1. Descriptive statistics of the measurements and frequency tables in the study of 

influenza A virus circulation in the two longitudinal studies in nursery pigs, performed between 

November 18
th

, 2013 and January 9
th

 and between April 4
th

, 2014 and May 29
th

, 2014, 

respectively. Fourth measurement was taken at the end of finisher period. Median and 

interquartile range were used. Any titer <1:10 was treated, for the purpose of analysis, as 5 

(Continued).  

 

 

 

 

 

 

 

 

 

2 - - 20 (10) 15 (20.2) 

3 10 (5) 1 (1.2) 20 (30) 33 (45.2) 

4(pigs in study) 10 (10) 0 (0) 40 (40) 35 (92.1) 

4 - - 40 (40) 66 (83.5) 

H1N1_H
†
 

 

 

 

 

1 40 (70) 42 (51.8) 20 (30) 22 (29.3) 

2 - - 5 (5) 4 (5.4) 

3 20 (20) 39 (49.3) 80 (140) 54 (73.9) 

4(pigs in study) 5 (5) 0 (0) 20 (30) 15 (39.4) 

4 - - 40 (60) 45 (56.9) 
* Different H3N2 variants broadly classified into cluster 4 of H3N2 swine influenza A virus and  isolated in 

Ontario in 2012 and used in  the hemagglutination inhibition assay. 
† H3N2 and H1N1 viruses detected in the study and used as antigens in the hemagglutination inhibition 

assay. 
‡ 

H1N2 with hemagglutinin of the 2009 pandemic lineage and neuraminidase of the Cluster 4 H3N2 IAV-S. 
§ 

H1N1 IAV-S broadly classified as the classical swine H1N1 virus used in hemagglutinin inhibition assay. 
¶ 

H1N1 IAV-S of the 2009 H1N1 pandemic lineage used in the hemagglutination  inhibition assay. 
\\ Number of blood sampling performed: 1) entry to nursery, 2) mid-nursery, 3) end of nursery, 4) end of 

finisher. 
\ 

Sum of pigs in the longitudinal study and pigs selected randomly in the finisher barn. 
±
 Number of pigs that had a positive titer (≥1:40) in each of the measurements. 
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Table 3.2. Incidence and prevalence in the nursery and finisher phase in Study 1 and frequency table indicating percentage of pigs with 

a distinct change in the serological status at the end of each production phase. 

Phase of production 

and categories 

% 

H3N2_A
*
 H3N2_B

*
 H3N2_C

*
 H3N2_H

†
 H1N2

‡
 H1N1_P

¶
 H1N1_C

§
 H1N1_H

†
 

Nursery 

 

 

Incidence
**

 

(95 % CI) 

96  

(0.89, 0.99) 

93  

(0.78, 0.99) 

55 

(0.38, 0.70) 

95  

(0.76, 0.99) 

0 

- 

0 

- 

4 

(0.01, 0.11) 

48 

 (0.32, 0.65) 

Prevalence 

(95 % CI) 

97  

(0.91, 0.99) 

88 

(0.79, 0.94) 

53 

(0.41, 0.64) 

79 

 (0.69, 0.87) 

0  

- 

1 

(0.01, 0.06) 

3 

(0.01, 0.10) 

49 

(0.37, 0.60) 

N-N
1 

2.4  2.4 22.0 1.2 43.9 78.1 84.2 24.4 

N-P
2*& 

 75.6 35.4 26.8 24.4 0.0 0.0 3.7 23.2 

P-N
3 

0.0 8.5 23.2 18.3 52.4 17.1 8.5 24.4 

P-P
4* 

18.3 50.0 24.4 52.4 0.0 1.2 0.0 24.4 

Finisher 

 

Incidence 

95 % CI - - 

0 

- 

0 

 - 

1 

(0.01, 0.09) 

0  

- 

0 

 - 

0  

- 

Prevalence 

95 % CI 

61 

 (0.47, 0.74) 

91 

(0.80, 0.97) 

1  

(0.01, 0.09) 

19 

(0.10, 0.31) 

1 

 (0.01, 0.09) 

0 

- 

0  

- 

0  

- 

N-N
 

0.0 0.0 32.9 15.9 67.1 67.1 65.9 35.4 

N-P 1.2 9.8 0.0 0.0 1.2 0.0 0.0 0.0 

P-N 26.8 6.1 34.2 37.8 0.0 1.2 2.4 32.9 

P-P 40.2 52.4 1.2 14.6 0 (0) 0.0 0.0 0.0 

* 
Different H3N2 variants broadly classified into cluster 4 of H3N2 swine influenza A virus and isolated in Ontario in 2012 and used in the hemagglutination inhibition 

assay. 
† 

H3N2 and H1N1 viruses detected in the study and used as antigens in the hemagglutination inhibition assay. 
‡ 

H1N2 with hemagglutinin of the 2009 pandemic lineage and neuraminidase of the Cluster 4 H3N2 IAV-S. 
§ 

H1N1 IAV-S broadly classified as the classical swine H1N1 virus used in the hemagglutination inhibition assay. 
¶ 

H1N1 IAV-S of the 2009 H1N1 pandemic lineage used in the hemagglutination inhibition assay. 
1 

Negative titers in both measurements. 
2*& 

Negative titers in the measurement at the end of nursery and positive titers at the end of finisher. Used to calculate prevalence 
*
 and incidence risk

&
. 

3 

Positive titers in the measurement at the end of nursery and negative titers at the end of finisher. 
4* 

Positive titers in the measurement at the end of nursery and positive titers at the end of finisher. Used to calculate prevalence. 
** 

Incidence was only calculated if more than three pigs were positive. 
 

Total number of pigs at the end of nursery and end of finisher periods were 79 and 56, respectively. Pigs that died during the trial were treated as missing values. 
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Table 3.3. Incidence and prevalence in the nursery and finisher phase in Study 2 and frequency table indicating percentage of pigs 

with a distinct change in the serological status at the end of each production phase. 

Phase of production 

and categories 

% 

H3N2_A
*
 H3N2_B

*
 H3N2_C

*
 H3N2_H

†
 H1N2

‡
 H1N1_P

¶
 H1N1_C

§
 H1N1_H

†
 

Nursery 

 

 

Incidence 

(95 % CI) 

0 

- 

66  

(0.09, 0.99) 

0 

- 

0 

- 

0 

- 

52 

(0.37, 0.66) 

3 

(0.01, 0.11) 

76 

 (0.63, 0.87) 

Prevalence 

(95 % CI) 

0 

- 

21 

(0.13, 0.33) 

6 

(0.02, 0.15) 

4 

 (0.01, 0.11) 

5  

(0.01, 0.13) 

45 

(0.33, 0.57) 

2 

(0.01, 0.09) 

73 

(0.62, 0.83) 

N-N
a 

12.0  1.3 18.6 10.6 17.3 32.0 77.3 16.0 

N-P
b¥& 

0.0 2.6 0.0 0.0 0.0 34.7 2.6 53.3 

P-N
c 

85.3 74.6 72.0 82.6 74.6 21.3 17.3 9.3 

P-P
d¥ 

0.0 18.6 6.6 4.0 5.3 9.3 0.0 18.6 

Finisher 

 

Incidence 

95 % CI 

97 

 (0.86, 0.99) 

26 

(0.12, 0.45) 

5 

(0.01, 0.19) 

2 

 (0.01, 0.14) 

2 

 (0.01, 0.14) 

95  

(0.78, 0.99) 

3 

 (0.01, 0.11) 

76 

(0.63, 0.87) 

Prevalence 

95 % CI 

97 

 (0.86, 0.99) 

21 

(0.09, 0.37) 

5  

(0.01, 0.17) 

2 

(0.01, 0.13) 

2 

(0.01, 0.13) 

92 

 (0.78, 0.98) 

2  

(0.01, 0.09) 

73  

(0.62, 0.83) 

N-N
 

1.3 29.3 42.7 46.7 46.7 1.3 77.3 16.0 

N-P 49.3 10.7 2.7 1.3 1.3 29.3 2.6 53.3 

P-N 0.0 10.7 5.3 2.7 2.7 2.7 17.3 9.3 

P-P 0.0 0.0 0.0 0.0 0.0 17.3 0.0 18.6 

* 
Different H3N2 variants broadly classified into cluster 4 of H3N2 swine influenza A virus and isolated in Ontario in 2012 and used in the hemagglutination inhibition 

assay. 
† 

H3N2 and H1N1 viruses detected in the study and used as antigens in the hemagglutination inhibition assay. 
‡ 

H1N2 with hemagglutinin of the 2009 pandemic lineage and neuraminidase of the Cluster 4 H3N2 IAV-S. 
§ 

H1N1 IAV-S broadly classified as the classical swine H1N1 virus used in the hemagglutination inhibition assay. 
¶ 

H1N1 IAV-S of the 2009 H1N1 pandemic lineage used in the hemagglutination inhibition assay. 
a 

Negative titers in both measurements. 
b*& 

Negative titers in the measurement at the end of nursery and positive titers at the end of finisher. Used to calculate prevalence 
¥
 and incidence risk

&
. 

c 

Positive titers in the measurement at the end of nursery and negative titers at the end of finisher. 
d* 

Positive titers in the measurement at the end of nursery and positive titers at the end of finisher. Used to calculate prevalence 
¥
. 

 

Total number of pigs in the end of nursery and end of finisher periods were 73 and 38, respectively. Pigs that died during the trial were treated as missing values. 
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Table 3.4. Models for analysis of titers for influenza A based on the number of positive results on 

the isolation test identified as statistically significant in linear regression model based on data from 

two longitudinal studies conducted in nursery pigs. Different studies separated by horizontal lines. 

 Variable Linear regression 

 Study 1  Coef. SE   P  95% CI 

Nursery 

H3N2_H
‡
    0.01

±
  

2
\ 

-0.9 0.44 0.03 -1.86, -0.08 

3
\\ 

-1.6 0.37 0.01 -2.40, -0.92 

 H3N2_C   0.01
±
  

 2 4.10 1.01 0.01 2.08, 6.13 

 3 2.28 0.84 0.01 0.58, 3.97 

 H3N2_B   0.03
±
  

 2 -0.54 0.32 0.10 -1.19, 0.11 

 3 -0.68 0.27 0.01 -1.23, -0.14 

 Study 2     

Nursery 

H3N2_H
‡
      0.06

±
   

1
¥
 0.06 0.22 0.78 -0.38, 0.50 

2
¥¥

 0.67 0.29 0.02 0.08, 1.27 
‡
 The original titer divided by 10 and then log2 transformed. 

\ 
Pigs were positive twice. Reference category was that pigs were positive once. 

\\ 
Pigs were positive 3 or 4 times. Reference category was that pigs were positive once. 

¥ 
Pigs were positive once. Reference category was that pigs were never positive. 

¥¥ 
Pigs were positive twice or 3 times. Reference category was that pigs were never positive. 

± 
P-value obtained by testing categorical variable using a partial likelihood test. 
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Table 3.5. Results from Wilcoxon paired signed-rank test of level of titers of pigs at the end of 

nursery period compared to level of titers at the end of the finisher period. Comparison was made 

for the same pig having time as ‘treatment’. 

Variable   Study 1 Study 2 

  Observed P-value Observed P-value 

H3N2 A
* 

      

  Decreased titers
> 

35 

0.01 

1 

0.01   Increased titers
>> 

8 37 

  No difference
≠ 

13 0 

H3N2_B
*
           

  Decreased titers 32 

0.01 

15 

0.76   Increased titers 14 12 

  No difference 10 11 

H3N2_C
*
           

  Decreased titers 39 

0.01 

11 

0.57   Increased titers 7 14 

  No difference 10 13 

H3N2_H
†
           

  Decreased titers 51 

0.01 

15 

0.02   Increased titers 2 5 

  No difference 3 18 

H1N2
‡
           

  Decreased titers 17 

0.88 

4 

0.01   Increased titers 17 16 

  No difference 22 18 

H1N1_P
¶
           

  Decreased titers 11 

0.05 

10 

0.01   Increased titers 24 25 

  No difference 21 3 

H1N1_C
§
           

  Decreased titers 15 

0.01 

3 

0.07   Increased titers 2 9 

  No difference 39 26 

H1N1_H
†
           

  Decreased titers 54 

0.01 

25 

0.01   Increased titers 0 1 

  No difference 2 12 

Total
# 

  56   38   

* Different H3N2 variants broadly classified into cluster 4 of H3N2 swine influenza A virus and  

isolated in Ontario in 2012 and used in the hemagglutination inhibition assay. 
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† H3N2 and H1N1 viruses detected in the study and used as antigens in the hemagglutination 

inhibition assay. 

‡ H1N2 with hemagglutinin of the 2009 pandemic lineage and neuraminidase of the Cluster 4 

H3N2 IAV-S. 

§ H1N1 IAV-S broadly classified as the classical swine H1N1 virus used in the hemagglutination 

inhibition assay. 
¶ 

H1N1 IAV-S of the 2009 H1N1 pandemic lineage used in the hemagglutination inhibition assay. 
# 

Total number of the pigs sampled at the end of finisher. 
> 

Pigs presented higher titers in the end of nursery when compared to the end of finisher. 
>> 

Pigs presented lower titers at the end of nursery when compared to the end of finisher. 
≠ 

There is no difference in pigs titers at the end of nursery when compared to the end of finisher. 
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H3 viruses 

 

H1 viruses 

 

Figure 3.1. Serological (HI test) titers of monitored pigs in three different measurements. Median, p25, 

p75, minimum and maximum are shown representing the variability of titers throughout the study.  



105 
 

H3 viruses 

 

H1 viruses 

 

Figure 3.2. Serological (HI test) titers of monitored pigs in four different measurements. Median, p25, 

p75, minimum and maximum are shown representing the variability of titers throughout the study.  
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Figure 3.3. Phylogenetic tree of the HA gene nucleotide sequences of H3N2 viruses. The 

isolated H3N2 viruses belong to cluster IV (in blue).  
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Figure 3.4. Phylogenetic tree of the HA gene nucleotide sequences of H1N1 viruses. The 

isolated H1N1 (||) viruses belong to cluster pH1N1(courtesy of Dr. Helena Grgic).  

δ1 cluster 

δ2 cluster 

δ3 cluster 

αH1 cluster 

βH1 cluster 

γH1 cluster 
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Figure 3.5. Difference on the level of antibodies for H3N2_H every time that pig was infected 

with the virus. Titers were decreasing as individual pigs were recorded with high number of 

infections. 
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CHAPTER 4: INFLUENCE OF ENVIRONMENTAL PREDICTORS ON THE 

CUMULATIVE EXPOSURE OF PIGS TO SWINE INFLUENZA A VIRUSES 

Formatted for submission: Transboundary and Emerging Diseases 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



110 
 

Abstract 

The objective of this study was to investigate the association between environmental temperature 

and humidity and presence of antibodies for two specific strains of swine influenza viruses: 

A/SW/ON/105-56/12/H3N2/HA (H3N2_D) and A/SW/ON/84/12/H1N1/HA (H1N1_P). During 

a period of one year, 10 pigs per week were conveniently selected and blood-sampled at the end 

of the nursery phase.  Exposure of pigs to H3N2_D and H1N1_P virus was assessed by 

hemagglutination inhibition assay (HI). A result of ≥1:40 was considered to be an indication of a 

positive exposure status for a specific strain. Environmental conditions were recorded through a 

portable device every five minutes and then summarized using descriptive statistics.  The 

association between HI titers and environmental micro-conditions, in the nursery, was evaluated 

through random effect linear and logistic regression. The results showed that the prevalence of 

H1N1_P was high throughout the study (≥70%), however the prevalence of H3N2_D was high at 

the end of the nursery phase during the first part of the study, but declined as the study 

progressed. Results also showed an association between cumulative exposure to the viruses and 

temperature and relative humidity (P<0.05). These results suggest that microclimatic conditions 

can influence transmission patterns of influenza viruses in swine barns, and should be considered 

when developing control strategies for influenza in swine populations. 

 

Introduction 

Swine influenza is caused by influenza A viruses (IAVs) and several subtypes are known to be 

enzootic in swine populations (Rose et al., 2013).  This enzootic circulation could result in 

different patterns of clinical disease in individual herds. Investigation of factors that contribute to 

transmission of infection has merit as this knowledge could contribute to the design of infection 

and disease control strategies. One of the factors that likely have an impact on the transmission 

of IAVs is the environment. It is well-established that seasonality can play an important role in 
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the transmission of infectious diseases, including influenza. In human populations, seasonality of 

influenza is well described. In temperate regions, peaks of seasonal influenza are more 

associated with cold temperatures (Shaman et al., 2010). Previous studies have also reported an 

increase in the number of cases of influenza during the wintertime when the relative humidity is 

low. It is argued that low humidity helps to increase the survival of influenza viruses (Shaman 

and Kohn, 2009; Shaman et al., 2010; Yang et al., 2012). However, in tropical climates, annual 

epidemic tend to occur during the rainy season, or alternatively throughout the year without a 

well-defined seasonal circulation (Tamerius et al., 2013). Contrary to this, much less is known 

about seasonality of influenza in swine or other animals, with only a few studies that have 

investigated this question from different perspectives. Experimental studies (Lowen et al., 2007; 

Shaman and Kohn, 2009) have commonly been used to identify individual factors influencing 

transmission, whereas different types of observational studies have been used to evaluate 

seasonality as they are typically conducted over a longer period of time and include multiple 

different seasons (Tamerius et al., 2013). One study conducted in Europe assessed influenza 

seasonality in finisher pig populations over a period of two years. A serological assay revealed 

the presence of titers for European H3N2, H1N1 and H1N2 subtypes isolated previously in each 

country, but no association between the season and outbreaks of influenza was found (Kyriakis 

et al., 2013b). The seasonality of influenza has also been assessed using samples submitted to a 

diagnostic laboratory in Ontario over a period of five years. Based on the results no seasonality 

was found for positive virological submission; however, seasonality of submissions for IAV 

virological testing was observed, as well as seasonality of positive serological submissions 

(Poljak et al., 2014). Overall, the seasonality of IAV infection in swine and contributing factors 

for its possible existence are not well established. Therefore, the objective of this study was to 

investigate the association between environmental temperature and humidity and the presence of 
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antibodies for two specific strains of influenza viruses during the nursery phase of pig 

production. 

  

Materials and methods 

This study was approved by the Animal Care committee of the University of Guelph in 

accordance to the guidelines set forth by the Canadian Council of Animal Care. 

General overview 

The pig farm selected for this study was a farrow-to-nursery site located in southern Ontario, 

with an  inventory of 650 sows. The farrowing and nursery rooms were operated in an all-in/all-

out manner. Replacement gilts were purchased from an external source and introduced to the 

farm approximately once every two months. The purchased breeding stock were moved directly 

into the herd, with no prior isolation or acclimation period. The farrowing area consisted of 5 

rooms, with four identical rooms containing 24 farrowing crates in each room, and a smaller fifth 

room containing only 12 crates, resulting in 108 farrowing crates in total. Farrowing rooms were 

completely emptied before new sows were introduced. The nursery area, which contained 8 

separate equally-sized rooms, with 8 pens in each room, was filled with pigs weaned at 

approximately 3 weeks of age. Total capacity of each nursery room was approximately 240 pigs. 

A nursery room was emptied each week after pigs had spent approximately seven weeks in the 

room. Pigs at the end of the nursery phase were transported to one of the two off-site finisher 

facilities. Farrowings were scheduled on a weekly basis, and each of the nursery rooms was 

filled on a weekly basis.  Inclusion criteria for the study farm included: (i) convenient access, (ii) 

site outline that allowed for practical and appropriate biosecurity measures in an efficient 

manner, and (iii) previous confirmation of IAV circulation in the herd.  In the nursey area, a 

repeated cross-sectional study was performed between April 18
th

, 2013 and May 23
rd

, 2014. 

Study population 
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Each week during the study period, 10 piglets from the nursery room holding 10-week-old pigs 

(i.e. end of the nursery phase) were selected for blood sample collection. Two conveniently 

selected pigs were sampled from each of the five randomly selected nursery pens.  

Serology  

In order to determine the level of antibodies at the end of the nursery, sera were analyzed by 

hemagglutination inhibition (HI) assay according to a standard protocol  (Kitikoon et al., 2014) 

with four hemagglutination units per well. Sera were heat inactivated for 30 min at 56 °C and 

treated with a 20 % kaolin solution to remove non-specific inhibitors of hemagglutination. The 

cut-off of HI was set to ≥1:40 as reported previously (Kitikoon et al., 2014). Titers were then 

divided by 10 and log2-transformed for the purposes of statistical analysis. Any titer below the 

minimum detection limit (<1:10) was set to 5 in order to allow log2-transformation.  Two 

previously isolated swine influenza strains (Grgic et al., 2014; Grgić et al., 2015) were used for 

HI: A/SW/ON/105-56/12/H3N2/HA and A/SW/ON/84/12/H1N1/HA and throughout the article 

they are going to be referred as H3N2_D and H1N1_P, respectively. 

Environmental measurements 

In order to evaluate any association between the level of HI antibodies at the end of the nursery 

and temperature (T) and relative humidity (RH) inside each room, a data logger (HOBO® data 

logger, Onset Computer Corporation, Bourne, MA, USA) that measures these two parameters 

was placed and maintained in each room for a period of seven weeks, which comprises the 

period that each batch of pigs stayed in a specific room. The devices were hanging from the 

ceiling with a cord at an approximate height from the ground of 1.50 meters.  Environmental 

measurements in each room were recorded every 5 minutes for 7 weeks. These measurements 

were then downloaded using commercial software (HOBOware, Onset Computer Corporation, 

Bourne, MA, USA) for analysis. Original data were exported as a comma separated value (CSV) 

file and imported to STATA for further processing and analysis.  
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Absolute humidity (AH) measured as vapor pressure (VP) was calculated based on the saturation 

vapor pressure at temperature T and RH, using the Clausius-Clapeyron relation as described 

elsewhere (Shaman and Kohn, 2009; Wallace and Hobbs, 2006). 

Statistical analysis 

Descriptive statistics were generated for each variable and correlation was tested using the 

Pearson correlation coefficient. Titers were summarized through descriptive statistics and 

median and interquartile ranges (IQR) were presented. Microclimate conditions, originally 

measured every five minutes over the entire study period, were summarized through a single 

measure of descriptive statistics such as mean, standard deviation (SD), minimum, and 

maximum. Estimation of prevalence of exposure was based on the cut-off value of titer that was 

equal or greater than 1:40, as an indication of a previous exposure to a specific IAV strain. 

Logistic regression with random effect 

Mixed effect logistic regression models with batch as a random effect on intercept were used to 

evaluate the serological positivity of individual animals for each of the two viruses and their 

association with exposures of interest. Models were built in a forward stepwise procedure where 

the linear and quadratic effects of continuous microclimate measurements were evaluated. 

Finally, interaction between the exposures of interest (i.e. T and RH) was evaluated for statistical 

significance. In addition, in a separate set of models a variable representing the proportion of 

total days that the RH and AH were above a defined threshold were created. RH was set to two 

cut-offs: 60% and 80%, AH was set to a cut-off of 20 mb.  Models were built using the 

proportion of days with the mean RH and mean AH above the predetermined thresholds and 

used as the exposure of interest. 

Linear regression with random effect 

Mixed effect linear regression models with batch as a random effect on intercept were used to 

evaluate the log2 HI antibodies titers and its association with exposures of interest. Model 
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building procedures were done in a similar way as for the random effect logistic regression. In 

addition, the models built using the proportion of days as the exposure of interest with the mean 

RH and mean AH above the predetermined thresholds to evaluate its association with log2 HI 

antibodies titers were also evaluated. Models were evaluated as described elsewhere (Dohoo et 

al., 2009). 

Statistical analyses were conducted at the pig level using STATA IC 13 (StataCorp LP, College 

Station, TX, USA). Statistical significance was considered at P<0.05 level, unless stated 

otherwise.  

 

Results 

A total of 45 batches were included in the study. Descriptive analysis of the titers analyzed by HI 

assay is presented in Table 4.1 and Figure 4.1. Prevalence by batch and overall prevalence is 

presented in Tables 4.1 and 4.2 and Figure 4.2. Prevalence of exposure to H1N1_P at the end of 

the nursery, evaluated by HI titers, was high throughout the study period, with no apparent trend, 

and with the lowest prevalence of 70%. In contrast, for H3N2_D, the prevalence was high during 

the first half of the study and then declined during the second half with the lowest prevalence of 

10% recorded in the last batch (Table 4.1 and Figure 4.2).  Descriptive analysis of the 

microclimate data is presented in Table 4.3. Temperature, RH, and AH varied among batches 

with large differences between the minimum and maximum in some batches (temperature range 

17.6 – 32.5°C and RH range 18.2 – 92% in a single batch). As expected, there was a positive 

correlation between RH and AH and between temperature and AH with Pearson correlation 

coefficients of 0.75 and 0.36, respectively, since RH is used in the equation in order to get AH. A 

negative correlation was observed between temperature and RH with a Pearson correlation 

coefficient of -0.32.  
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The results for the univariable logistic and linear regression models with batch as random effect 

using microclimate measurements as the exposures of interest is presented in Table 4.4. Both 

types of regression models showed similar results for each of the variables analyzed. For the 

logistic regression model, the results showed that for every increase in the temperature unit, pigs 

within a batch had 2.26 higher odds of having titers for H3N2_D virus (P<0.05, CI 1.22, 4.18). A 

qualitatively similar result was observed in the linear regression model showing that for every 

increase in the temperature unit, pigs within a batch showed an increase of 0.27 in the level of 

log2 antibodies titers (P<0.05, CI 0.06, 0.48) (Table 4.4). In addition, every increase in the % of 

RH was expected to decrease the likelihood of the presence of cumulative exposure to H3N2_D 

virus by a factor of  0.82 in the logistic regression model (P<0.05, CI 0.75, 0.91). Similar results 

were indicated in the linear random effect model for H3N2_D virus (Table 4.4).  

An opposite situation was observed for H1N1_P where an increase in a unit of temperature 

decreased the odds of pigs having a titer for this specific virus, by a factor of 0.52 (P<0.05, CI 

0.31, 0.88) in the logistic regression model. A qualitatively similar result was observed in the 

linear regression model which showed that for every increase in temperature unit there was a 

decrease of -0.22 in the level of log2 antibodies titers (P<0.05, CI -0.39, -0.08). No significant 

result was observed when evaluating the effect of RH on the outcome (H1N1_P) in both models. 

No significant result was observed for AH in both models for both viruses (P>0.05). 

The results for the univariable logistic and linear regression models with batch as random effect 

using the proportion of days during the nursery with mean daily RH above a certain threshold as 

the exposure of interest are presented in Table 4.5. Both types of regression models showed 

similar results for each of the analyzed variables. For the logistic regression model, the results 

showed that for every increase in the percentage of days with RH above 60% , the nursery pigs 

within a batch had a lower odds of 0.04 of cumulative exposure to H3N2_D (P<0.05, CI 0.01, 

0.34) (Table 4.5). A qualitatively similar result was observed in the linear regression model 
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showing that for every increase in the proportion of days with RH above 60% there was a 

decrease of -1.12 in the level of log2 antibodies titers (P<0.05, CI -1.83,-0.41). A similar result 

was observed in both models when the cut-off was set to 80% for H3N2_D (P<0.05).  Figures 

4.3 and 4.4 depict expected probability of developing antibodies based on mean RH and during 

the nursery period, and based on the proportion of days during the nursery period when the 

average RH was higher than 60% in a higher number of days. No statistically significant result 

could be detected for AH in both models for H3N2_D virus (P>0.05). For H1N1_P, both models 

showed no significant difference for any of the variables analyzed (P>0.05). 

 None of the variables were statistically significant when multivariable models were considered, 

and similarly the interaction between T and RH could not be detected as statistically significant 

(P>0.05) and are therefore not presented.  

 

Discussion 

Seasonality can influence transmission of many infectious diseases and can be a critical factor 

when developing infection control programs (Poljak, 2014). Seasonality of influenza in human 

populations in temperate regions is well established peaking during the winter months (Tamerius 

et al., 2013). Much less is known about seasonality of influenza in swine, and its determinants. 

However, several studies, observational and experimental, have indicated that humidity and 

temperature can influence transmission and contribute to seasonality of influenza (Lowen et al., 

2007; Shaman and Kohn, 2009; Shaman et al., 2010; Tamerius et al., 2013).  Results from 

different studies showed that influenza can occur year-round in swine populations with no 

seasonal effect (Kyriakis et al., 2013; Poljak et al., 2014) unlike the situation in human 

populations. Results from the present study showed that infection with swine influenza viruses, 

measured here with the presence of antibodies titers, is associated with environmental conditions 

in the barn such as RH. 
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The results of the present study indicated that there was association between cumulative 

exposure to H3N2_D virus by the end of the nursery phase of pig production, and relative 

humidity and the temperature. The association for this strain of virus, H3N2_D, suggested that as 

the RH increased within the range observed in this study, the likelihood of cumulative exposure 

decreased. Similarly, the probability of having exposure to H3N2_D was expected to decrease as 

the number of days with high (i.e. >60% RH) average humidity increased. This finding is in 

agreement with several previous publications. The results from a study conducted in guinea pigs 

showed that the lower the RH the higher the level of aerosol transmission (resulting in 75-100% 

prevalence). In contrast, in conditions with high RH of approximately 80%, no aerosol 

transmission could be observed (Lowen et al., 2007). The authors reported that aerosol 

transmission was more likely to occur with low humidity and temperature. Another study 

evaluated the relationship between humidity and viability of IAVs (Yang et al., 2012). The 

results showed that the viability of the virus is associated with relative humidity which has been 

shown to influence the predominant types of droplets in the environment. These authors reported 

that the size of droplets is important since large droplets that occur in conditions with high 

relative humidity (~100%) do not shrink easily and are more likely to fall to the ground. It is 

therefore possible that lower cumulative exposure to H3N2_D in batches with higher RH was a 

consequence of decreased opportunity for aerosol transmission, which should be over longer 

distance and is expected to result in more uniform exposure. Based on the aforementioned 

research, such conditions with high RH should decrease likelihood of aerosol transmission and 

favor the generation of larger droplets (Yang et al., 2012) perhaps contributing to transmission 

that is more environmentally driven and localized in nature. In this study, the most natural 

grouping of animals was an individual pen within a room. This localized type of transmission is 

in agreement with the results previously described in more detail (Chapter 2). Briefly, study-pigs 
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located within the same pen had identical IAV shedding status, which resulted in high level of 

within-pen clustering.  

Findings of the present study are based on RH above 60 or 80% obtained through an average 

over seven weeks which may not be accurate enough to make assumptions. These results were 

further supported when environmental conditions were evaluated as the proportion of days when 

RH was above 60% and 80%, indicating that exposure decreased as the proportion of days with 

high RH increased; yielding the qualitatively identical conclusions as when the mean RH was 

used directly. The cut-off points of 60% and 80% were based on previous research (Lowen et al., 

2007) which suggested that aerosol transmission decreased at approximately these levels.  

Fluctuations in AH did not play an important role in cumulative exposure for IAV in the present 

study. The AH measured as vapor pressure is defined as the pressure applied by a vapor at a 

given temperature and it can have a biological implication for influenza (Shaman and Kohn, 

2009). Previous studies have shown the association of AH with transmission and viability of 

influenza virus. One study conducted in the US using previous data reported that VP plays a 

more important role on controlling airborne transmission than RH and temperature. In addition, 

the authors evaluated the transmission of the virus given the VP and size of droplet, and if it 

evaporated or fell to the ground (sedimentation). It was reported that lower VP increases the 

production of droplets, and evaporation will lead to smaller droplets that would stay longer in the 

air (Shaman and Kohn, 2009). Given the aforementioned findings, it is challenging to find and 

explanation as to why VP was not associated with the cumulative exposure, regardless of the 

approach that was taken to define the explanatory variable. The VP is a composite measure, the 

value of which depends on environmental temperature and RH, and it could be challenging to 

use it accurately as a single measurement point. In addition, the barn environment is a complex 

system in which some interactions between animals occur without ever being recorded or known 

to the observer. These interactions could result in different transmission patterns.  



120 
 

The results of this study indicated that there was an association between cumulative exposure to 

H3N2_D and H1N1_P viruses at the end of the nursery phase of pig production and temperature. 

The association for H3N2_D suggested that as the temperature increase with the range observed 

in this study, the likelihood of cumulative exposure to this virus increases. In contrast, the 

association with H1N1_P and temperature had the opposite effect, showing that the likelihood of 

cumulative exposure to H1N1_D decreased as the temperature increased. The only insight that 

could be offered for the observed associations is presented in a study conducted with guinea pigs 

(Lowen et al., 2008). The authors reported that transmission through direct contact can occur at 

high temperatures, while aerosol transmission is blocked (under experimental conditions). The 

mean temperature throughout the present study, in all batches, was not higher than 28°C; 

however some batches presented maximum temperatures above 30°C. Such temperatures should, 

in theory, decrease the aerosol transmission and increase the transmission through direct or 

indirect contact. It is unclear, however, how this could influence the transmission of two 

different viruses in opposite directions. The current study did not allow for the investigation of 

factors that could contribute to this transmission pattern, for example the investigation of initial 

prevalence of the two viruses and their distribution across individual pens. 

In the present study, temperature and humidity were statistically significant for the association 

with H3N2_D, when evaluated alone, but not when in a multivariable model. Therefore, we 

cannot conclude whether this is an effect of the temperature or the humidity, based on our data 

alone. However, a study conducted with humans, who live in temperate regions, where cold 

winters can promote indoor crowding with high temperatures, showed that there was an increase 

in person-to-person contact rates (Tamerius et al., 2013) which then promoted transmission.  

Another interesting finding in the present study was the change in the pattern of H3N2_D virus 

exposure. For H1N1_P a high prevalence was seen throughout the study in all batches whereas 

the prevalence for H3N2_D decreased in the second half of the study. This was an unexpected 



121 
 

finding and could be a result of several factors. Firstly, it is indeed possible that the transmission 

of H3N2 was decreasing due to unknown environmental-, pig- (e.g. previous immunity), or 

virus-level factors (either H3N2 or H1N1). If this was the case, it would be of interest to 

understand whether such virus has been gradually eliminated from the herd, even in the absence 

of targeted control measures, or whether it only showed a cyclical decrease in prevalence. 

Alternatively, it is also possible that H3N2 virus was just showing a higher level of antigen drift 

and therefore the virus that was used in the HI assay was capable of detecting high titers initially, 

but not in the subsequent phase. Several studies reported the high antigenic variability and 

evolution of H3N2 viruses (de Jong et al., 2007; Grgic et al., 2014; Lewis et al., 2016). Grgic et 

al.  (2014) showed that since the introduction of triple reassortant H3N2 virus in Canada, there 

has been a large antigenic variability happening on those viruses. These authors reported that the 

isolated viruses are classified in three different groups with the percentage of amino acids of 

HA1 identity varying from 94.5 to 95.7%. This percentage would account for ≥ 4 aa changes that 

could be of great importance when looking at the epidemiology of the viruses. Also, those 

changes can reduce cross-reactivity (Grgic et al., 2014). In the US, Anderson et al. (2013) also 

showed a large antigenic variability in H3N2 viruses that were isolated between 2009 and 2012, 

with pairwise nucleotide distance of an average of 6.4% within the clade.  

In addition, it is know that H3N2 viruses experience more and  faster antigenic drift compared to 

other subtypes (de Jong et al., 2007; Grgic et al., 2014; Grgić et al., 2015; Karasin et al., 2002, 

2000; Lewis et al., 2016).  The classical H1N1 virus continues to be antigenically and genetically 

preserved with some variants isolated in the 1990s, whereas the triple reassortant H3N2 virus, 

after its appearance around 1998, derived over time into four distinct phylogenetic clades (Van 

Reeth et al., 2012). Antigenic drift of surface proteins can have a role in the maintenance of the 

virus probably because they are able to evade host immune response (Shaman et al., 2010).  
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Finally, this study also demonstrates that even herds with relatively simple demographics can 

harbor multiple strains of IAV that can continuously circulate and show a surprising level of 

complexity in the pattern of disease spread.  

 

Conclusions 

In conclusion, this study demonstrated that temperature and possibly more importantly humidity 

can be factors that determine cumulative exposure to influenza virus infection in swine 

populations. Factors that influence this pattern need to be studied in more detail so that the 

association between variation in the microclimate and the development of disease control 

measures could be formulated appropriately. A herd with relatively simple demographics was 

found to have co-infection with two different IAV strains that showed different trends in 

cumulative exposure over time, suggesting that there is a need for more detailed longitudinal on-

farm studies.   
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Table 4.1. Descriptive statistics and prevalence with 95% confidence interval tables in the study of 

influenza A virus circulation in a cross-sectional study in nursery pigs, performed between April 18
th
, 

2013 and April 3
rd

, 2014. Prevalence was measured based on HI titers. Median and interquartile range 

were used. Any titer <1:10 was treated, for the purpose of analysis, as 5. 

Batch Room* H3N2_D
†
 H1N1_P

§
 

  

Median (IQR) Prevalence (CI) Median (IQR) Prevalence (CI) 

1 5 40 (0) 90  (0.55, 099) 640 (1120) 100 (0.69, 1) 

2 4 80 (280) 80 (0.44, 0.97) 60 (120) 80 (0.44, 0.97) 

3 3 80 (40) 100 (0.69, 1) 80 (40) 80 (0.44, 0.97) 

5 1 40 (40) 100 (0.69, 1) 80 (40) 100 (0.69, 1) 

6 8 80 (40) 100 (0.69, 1) 60 (40) 100 (0.69, 1) 

7 7 60 (40) 9 (90) 120 (80) 100 (0.69, 1) 

8 6 80 (240) 100 (0.69, 1) 60 (40) 100 (0.69, 1) 

9 5 80 (80) 100 (0.69, 1) 40 (20) 70 (0.34, 0.93) 

10 4 80 (40) 100 (0.69, 1) 80 (80) 100 (0.69, 1) 

11 3 60 (40) 100 (0.69, 1) 60 (40) 80 (0.44, 0.97) 

13 1 80 (40) 100 (0.59, 1) 80 (40) 100 (0.59, 1) 

14 8 40 (40) 90 (0.55, 0.99) 80 (40) 100 (0.69, 1) 

15 7 40 (60) 70 (0.34, 0.93) 80 (0) 100 (0.69, 1) 

16 6 80 (40) 80 (0.44, 0.97) 40 (40) 90 (0.55, 0.99) 

17 5 80 (40) 90 (0.55, 0.99) 40 (40) 80 (0.44, 0.97) 

18 4 120 (240) 90 (0.55, 0.99) 60 (40) 90 (0.55, 0.99) 

19 3 80 (0) 100 (0.69, 1) 80 (0) 90 (0.55, 0.99) 

21 1 120 (80) 100 (0.69, 1) 80 (40) 90 (0.55, 0.99) 

22 8 80 (80) 100 (0.69, 1) 80 (0) 100 (0.69, 1) 

23 7 80 (0) 100 (0.69, 1) 80 (80) 100 (0.69, 1) 

24 6 80 (120) 100 (0.69, 1) 60 (40) 90 (0.55, 0.99) 

25 5 40 (40) 100 (0.69, 1) 80 (80) 100 (0.69, 1) 

26 4 80 (40) 100 (0.69, 1) 80 (40) 90 (0.55, 0.99) 

27 3 80 (40) 90 (0.55, 0.99) 120 (80) 100 (0.69, 1) 

29 1 30 (20) 50 (0.18, 0.81) 80 (0) 100 (0.69, 1) 

30 8 60 (40) 90 (0.55, 0.99) 120 (80) 100 (0.69, 1) 

31 7 30 (20) 50 (0.18, 0.81) 80 (0) 100 (0.69, 1) 

32 6 40 (20) 60 (0.26, 0.87) 80 (80) 90 (0.55, 0.99) 

33 5 60 (40) 80 (0.44, 0.97) 80 (0) 100 (0.69, 1) 

34 4 40 (40) 80 (0.44, 0.97) 80 (0) 90 (0.55, 0.99) 

35 3 40 (20) 60 (0.26, 0.87) 120 (80) 100 (0.69, 1) 

37 1 30 (20) 50 (0.18, 0.81) 80 (0) 100 (0.69, 1) 

38 8 40 (40) 80 (0.44, 0.97) 80 (80) 100 (0.69, 1) 

39 7 80 (120) 100 (0.69, 1) 80 (80) 100 (0.69, 1) 

40 6 40 (40) 90 (0.55, 0.99) 80 (80) 100 (0.69, 1) 

41 5 30 (60) 50 (0.18, 0.81) 160 (80) 100 (0.69, 1)) 

42 4 20 (20) 30 (0.06, 0.65) 80 (80) 100 (0.69, 1) 

43 3 30 (20) 50 (0.18, 0.81) 80 (80) 100 (0.69, 1) 
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Table 4.1. Descriptive statistics and prevalence with 95% confidence interval tables in the study of 

influenza A virus circulation in a cross-sectional study in nursery pigs, performed between April 18
th
, 

2013 and April 3
rd

, 2014. Prevalence was measured based on HI titers. Median and interquartile range 

were used. Any titer <1:10 was treated, for the purpose of analysis, as 5 (Continued). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

45 1 40 (60) 60 (0.26, 0.87) 160 (80) 100 (0.69, 1) 

46 8 40 (0) 80 (0.44, 0.97) 160 (240) 100 (0.69, 1) 

47 7 20 (20) 30 (0.06, 0.65) 80 (40) 90 (0.55, 0.99) 

48 6 40 (20) 70 (0.34, 0.93) 40 (0) 80 (0.44, 0.97) 

49 5 20 (20) 30 (0.06, 0.65) 80 (40) 100 (0.69, 1) 

50 4 20 (20) 30 (0.06, 0.65) 80 (0) 100 (0.69, 1) 

51 3 20 (15) 10 (0.01, 0.44) 40 (0) 100 (0.69, 1) 
* Room 2 was not followed throughout the study, because there was no HOBO device in this particular room. 

However, batches were named continuously following the movements of pigs in the farm. Based on that we 

can see 51 batches in total, however only 45, that include room with HOBO devices, were included in the 

study. 
†
 H3N2 variant broadly classified into cluster 4 of H3N2 swine influenza A virus and  isolated in 

Ontario in 2012 and used in the hemagglutinin inhibition assay 
§
 H1N1 IAV-S of the 2009 H1N1 pandemic lineage used in hemagglutinin inhibition assay 
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Table 4.2. Descriptive statistics, frequency, and overall prevalence with 95% confidence interval for the 

two viruses tested by HI. Prevalence was measured based on HI titers. Median and interquartile range 

were used. Any titer <1:10 was treated, for the purpose of analysis, as 5. 

 

Median (IQR) Mean (SD) n of positive (%) Prevalence (CI) 

H1N1_P
†
 50 (40) 104.2 (131.6) 425 (95.1) 95 (0.92, 0.96) 

H3N2_D
§
 40 (40) 79.9 (121.2) 347 (77.6) 77 (0.73, 0.81) 

†
 H1N1 IAV-S of the 2009 H1N1 pandemic lineage used in hemagglutinin inhibition assay 

§
 

H3N2 variant broadly classified into cluster 4 of H3N2 swine influenza A virus and  isolated in 

Ontario in 2012 and used in the hemagglutinin inhibition assay 
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Table 4.3. Descriptive statistics (mean, minimum, maximum and standard deviation (SD)) of environmental measurements recorded every 5 (five) 

minutes by batches followed throughout the study. Each batch was in a different room in a specific period of time. 

Batch Room* Temperature ( °C) Relative humidity (%) Vapor pressure (mb)
 \\

 

  

Mean Min Max SD Mean Min Max SD Mean Min Max SD 

1 5 26.6 17.6 32.5 1.7 55.9 26.8 81.7 8.9 20.2 5.6 30.4 3.6 

2 4 26.3 22.5 31.6 1.2 57.7 27.5 78.1 10 20.4 10.6 29.3 3.5 

3 3 25.3 18.5 33.1 2.1 49.7 18.4 76.2 14.2 17 5.2 31.9 5.7 

5 1 25.7 20 31.9 1.5 55.1 24.9 77.3 11.9 19 6.6 28.2 4.9 

6 8 27 21 33 1.8 58.8 28.7 92 9.6 21.8 10.2 46.9 4.5 

7 7 27.6 23.9 34.8 1.7 61.5 32.4 94.9 9 23.6 13.2 47.6 4.5 

8 6 27.7 21.9 34.9 1.8 60.7 33.1 91.2 9.1 23.4 9.5 45.2 4.2 

9 5 27.9 25.3 34.7 1.6 63.3 34.1 91.7 9.3 24.6 13.9 44.4 3.7 

10 4 27.3 24.5 34.6 1.8 64.9 36.4 88.7 7.8 24.4 15.3 40.2 3.6 

11 3 27.2 26 30.4 0.8 66.2 47.7 83 7.2 24.8 17.4 37.6 3 

13 1 27.1 24.5 33.9 1.5 63.9 44.9 80.2 6.7 23.8 16.9 33.5 2.8 

14 8 26.6 22.1 33.4 1.6 61.8 39.4 81.3 7.7 22.3 15.4 32.5 3.2 

15 7 26.7 24.1 33.1 1.2 62.7 35.9 82.5 7.6 22.7 12.4 32.1 2.9 

16 6 26.8 24.4 33.1 1.2 61.6 38.4 78.7 6.8 22.6 13.9 32.1 3 

18 4 25.7 23.8 33.4 1.2 61.1 38.3 79.8 7.4 20.9 13.9 31.9 3.1 

19 3 25.8 23.9 32.9 1.1 63.1 39.7 80.1 6.5 21.7 13.8 31.3 2.8 

21 1 26.3 23.5 32.5 0.8 64.1 40.9 83.4 6.5 22.7 15 30.2 2.5 

22 8 25.3 20.2 28 1.2 61.2 42.1 76.1 5.8 20.4 12.8 28.1 2.6 

23 7 25.3 19.7 27.4 0.8 62 42.6 79.9 5.5 20.7 15 28 2.2 

24 6 26.8 19.7 28.1 0.8 65.8 40.5 85.5 5.9 24 9.7 30.4 2.5 

25 5 25.2 17.4 27.4 0.8 65.8 35.7 86.2 6.5 21.9 9 29.7 2.6 

26 4 25.6 19.9 27.7 0.8 66.2 49 84.8 4.7 22.5 11.9 28.7 1.9 

27 3 23.9 16.7 26.6 2.1 65 29.7 86 10.5 20.4 7.3 29 4.8 

29 1 25.2 22.9 28.1 0.8 68.7 57.8 83.1 4.4 22.7 18 28.9 1.7 

30 8 24.9 18.9 29.3 1.3 64.4 37.6 85.3 5.2 21 8.4 36.2 2.7 
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Table 4.3. Descriptive statistics (mean, minimum, maximum and standard deviation (SD)) of environmental measurements recorded every five 

minutes by batches followed throughout the study. Each batch was in a different room in a specific period of time (Continued).

31 7 25.4 20 28.3 1 67.8 25.1 84.3 7.3 22.8 6.2 32.5 2.8 

32 6 26.1 17.7 28.8 1.1 71.8 28.2 92.5 5.6 25.2 7 34.2 2.8 

33 5 25.1 20.9 29.2 1.1 68.3 46 90.7 8.2 22.6 14.5 35.9 3.6 

34 4 25.5 23.4 29.2 0.9 71.5 55.3 91.6 5.7 24.2 17.9 34.2 2.6 

35 3 25.7 23.9 28.6 0.6 73.7 59.2 89.9 5.4 25.1 19.3 32.7 1.8 

37 1 24.7 22.4 26.1 0.8 71.1 48.6 88.4 7 22.7 16.7 28.6 2.1 

38 8 24.5 15.9 26.6 1.1 66.9 18.2 92 8.5 21.4 3.4 31.1 3.3 

39 7 25.4 21.4 27.1 0.7 70.8 56.2 88.3 5.4 23.7 18.3 30.7 2 

40 6 26.2 24 29.1 0.7 74.6 54.4 90.9 5.9 26.3 20.2 37.1 2.6 

41 5 23.8 9.7 26.2 2.3 76.2 27 93.6 10.3 23.6 5.5 32.8 4.9 

42 4 25.4 20.1 27 0.7 72.7 37.7 88.7 5.8 24.3 9.5 30.8 2.5 

43 3 25 21.7 26.5 0.8 76.8 39.8 87.8 4.8 25.2 12.3 31.4 2.5 

45 1 24.5 22.4 28 0.7 66 49.1 82.3 5.5 21 16.2 28.7 2.2 

46 8 23.8 18.3 26.8 1 62.8 32.8 75.6 4.8 19.1 7.2 25 1.9 

47 7 26.3 24.5 28.9 0.9 65.2 43.9 85 6 23.2 16 33.9 2.7 

48 6 25.6 16.3 28 2 65.8 42.4 83.4 8.1 22.6 10.9 31.4 4.6 

49 5 25.4 24 27.9 0.6 71.8 48.9 88.7 8 24.1 16.5 31.1 3 

50 4 25.7 22.4 29.9 0.8 62.5 37.2 82 6.3 21.3 13.9 30 2.6 

51 3 25.4 17.1 29.4 0.7 68 20.4 90.1 7.6 22.8 4.6 30 2.8 
* Room 2 was not followed throughout the study, because there was no HOBO device in this particular room. However, batches were named continuously following 

the movements of pigs in the farm. Based on that we can see 51 batches in total, however only 45, that include room with HOBO devices, were included in the 

study. 
\\
 Absolute humidity expressed as milibar (MB) 
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Table 4.4.  Models for analysis of titers for influenza A viruses (cumulative exposure) based on the 

fluctuation of temperature (T (°C)), relative humidity (RH) and absolute humidity measured as vapor 

pressure (VP). Logistic and linear regression models with batch as a random effect are presented in the 

table. Different models are separated by vertical line. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

H3N2_D*
†
 

Variable Logistic regression Linear regression 

 

OR 95% CI P-value Coef. 95% CI P-value 

T (°C)
±
 2.26 1.22, 4.18 0.01 0.27 0.06, 0.48 0.01 

RH (%)
¥
 0.82 0.75, 0.91 0.01 -0.06 -0.09, -0.02 0.01 

VP (mb)
¥¥

 0.77 0.55, 1.07 0.12 -0.07 -0.19, 0.03 0.19 

H1N1_P*
‡
 

T (°C) 0.52 0.31, 0.88 0.01 -0.22 -0.39, -0.05 0.01 

RH (%) 1.08 0.9, 1.19 0.08 0.01 -0.02, 0.03 0.73 

VP (mb) 0.99 0.75, 1.31 0.98 -0.07 -0.16, 0.02 0.13 

* 
The original titer measured by HI divided by 10 and then log2 transformed used in the linear regression 

model. For the logistic regression model, threshold was set to 1:40 of the original titer. 
±
 Mean of temperature by batch was used. 

¥
 Mean of relative humidity by batch was used. 

¥¥
 

Mean of absolute humidity, by batch, measured as vapor pressure was used. Measurement is reported as 

milibar (mb). 

† 
H3N2 variant is broadly classified into cluster 4 of H3N2 swine influenza A virus; it was isolated in Ontario 

in 2012 and used in the hemagglutination inhibition assay. 
‡ 

H1N1 IAV-S of the 2009 H1N1 pandemic lineage was used in the hemagglutination inhibition assay. 
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Table 4.5. Models for analysis of titers for influenza A viruses (cumulative exposure) based on the 

percentage of days that each batch was exposed to relative humidity above 60% (RH60), above 80% 

(RH80), and absolute humidity above 20 mb (VP20). Logistic and linear regression models with batch as 

a random effect are presented in the table. Different models are separated by vertical line. 

H3N2_D*
†
 

Variable Logistic regression Linear regression 

 

OR 95% CI P-value Coef. 95% CI P-value 

RH60
±
 0.04 0.01, 0.34 0.01 -1.12 -1.83, -0.41 0.01 

RH80
¥
 0.01 9.27e-09, .2045472 0.02 -3.42 -6.92, 0.02 0.05 

VP20
¥¥

 0.05 0.01, 1.37 0.07 -1.06 -2.24, 0.11 0.07 

H1N1_P*
‡
 

RH60 2.80 0.39, 20.07 0.3 0.05 -0.58, 0.68 0.87 

RH80 

  

  1.62 -1.26, 4.52 0.27 

VP20 1.73 0.10, 29.26 0.7 -0.66 -1.63, 0.31 0.18 

* 
The original titer measured by HI divided by 10 and then log2 transformed used in the linear 

regression model. For the logistic regression model, threshold was set to 1:40 of the original titer. 

†
 

H3N2 variant is broadly classified into cluster 4 of H3N2 swine influenza A virus; it was isolated 

in Ontario in 2012 and used in the hemagglutination inhibition assay. 

‡
 

H1N1 IAV-S of the 2009 H1N1 pandemic lineage was used in the hemagglutination inhibition 

assay. 
±
 Relative humidity over 60%. 

¥ 
Relative humidity over 80%. 

¥¥ 
Absolute humidity measured as vapor pressure over 20%. 
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Figure 4.1. Descriptive analysis of the titers analyzed by HI assay. Black and gray solid lines 

show the mean titers for H1N1_P and H3N2_D, respectively.  Black and gray dashed lines show 

the p25 and p75 for H1N1_P and H3N2_D, respectively. 
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Figure 4.2. Overall positivity of influenza virus by batch based on HI titers. 
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Figure 4.3. Expected probability of infection (cumulative exposure) for H3N2_D virus tested 

based on changes in the relative humidity over time. Probability of infection on Y axis is showed 

between 0.5 and 1.0 
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Figure 4.4. Expected probability of infection (cumulative exposure) for H3N2_D virus tested 

based on the percentage of days where the relative humidity was over 60%. Probability of 

infection on Y axis is showed between 0.5 and 1.0 
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CHAPTER 5: General conclusions 

 

Historically, influenza in swine has been considered to be a relatively simple infection with short 

duration of infectiousness. At the population level, the disease has been commonly recognized 

by the sudden appearance of respiratory signs and also by rapid recovery of the sick animals. 

Results from recent field studies, however, suggest that circulation of influenza A virus in 

individual animals may not be as simple as previously thought (Allerson et al., 2014; Anderson 

et al., 2013; Rose et al., 2013; Simon-Grifé et al., 2012). This individual level of complexity, 

when coupled with high birth and replacement rate in swine populations and variable contact rate 

among different age groups, is further exacerbated at the population level. The epidemiology of 

influenza in large multi-site and multi-source herds, in particular, is not well described and 

research on the dynamics of infection and factors that might drive the spread of influenza virus in 

swine population and the maintenance of the virus within herd is needed. 

The overall goal of this thesis was to contribute to the understanding of the dynamics of 

transmission of influenza A virus in nursery herds. 

This thesis began with a review of influenza A virus, highlighting the scientific knowledge gaps 

and discussing some of the challenges that the swine industry faces when trying to prevent and 

control the disease. The main objectives of the next chapter (Chapter 2) were to describe the 

patterns of IAV infection in pigs after weaning in multi-source nursery herds, and to determine 

the factors that contribute to infection with IAV. The two most important findings from this 

chapter were the existence of recurrent infection with the same virus in pigs and how this 

contributed to a cyclical pattern of IAV positivity in the nursery barn resulting in a disease 

pattern that does not resemble the expected epidemic curve for influenza in a closed population. 



138 
 

Additionally, the presence of heterologous maternal immunity was associated with virus 

shedding. These findings, combined with outcomes from previous studies (Rose et al., 2013; 

Simon-Grifé et al., 2012), led to the development of a further study (Chapter 3) where the main 

objective was to characterize the circulation of IAV in pigs between weaning and market age on 

the basis of the development of antibody response and molecular epidemiology of detected 

viruses. The same two cohorts of pigs described in Chapter 2 were used in the Chapter 3 study. 

The most important information that was gained from this study was that multiple strains and 

subtypes of influenza viruses can circulate in the same pig population during a relatively short 

period of time. Another interesting finding in this chapter was that the pigs which were positive 

based on virus isolation on multiple occasions during the nursery phase had lower serological 

titers for the identical virus at the end of this phase. This suggests that recurrent infection may be 

associated with the inability of a pig to mount an effective immune response against a specific 

virus. The role of MDA, either from vaccination or virus inoculation challenge, resulting in 

interference with the development of active immunity has been reported previously (Allerson et 

al., 2013; Kitikoon et al., 2006; Loeffen et al., 2003; Rose et al., 2013). 

In addition, the Chapter 2 study also showed that there was a high degree of within-pen 

clustering suggesting that environmental factors such as relative humidity may play a role in the 

maintenance of the virus in the pen, likely because of the size of the droplets particles (Shaman 

and Kohn, 2009). The authors reported that the size of droplets is important since large droplets 

that occur in areas with high relative humidity (~100%) do not shrink easily and are more likely 

to fall to the ground. 

Chapter 4 of this thesis evaluated the association between environmental temperature and 

humidity and the presence of antibodies for two specific strains of influenza viruses during the 
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nursery phase of pig production. Better understanding of the role of environmental factors could 

contribute to understanding of seasonality of influenza. Currently, little is known about 

seasonality of influenza in swine, and its determinants. However, several studies, observational 

and experimental, have indicated that humidity and temperature can influence transmission and 

contribute to seasonality of influenza (Lowen et al., 2007; Shaman et al., 2010; Tamerius et al., 

2013). The two most important conclusions of this study were that environment including 

temperature and in particular humidity can be important factors that determine cumulative 

exposure to influenza infection in swine populations and that the presence of co-infection of a 

herd with two distinct strains at the same time influences the epidemiological pattern of disease. 

The latter finding is in agreement with previous studies that have shown the presence of one or 

more strains circulating in the same barn (Poljak et al., 2014; Rose et al., 2013; Simon-Grifé et 

al., 2012). In addition, Chapter 2 of this thesis also confirmed the possibility of co-circulation of 

strains on a pig farm with relatively simple animal flow.  

Based on all the findings it can be stated that prolonged or recurrent IAV infections, the presence 

of MDA, and/or environmental factors can be of great importance when trying to control IAV 

infection in nursery barns and a more thorough understanding of the disease epidemiology will 

be helpful in developing better infection and disease control strategies.   

 

Limitations 

One major limitation was that animals in the longitudinal study (Chapter 2 and 3) could not be 

followed in the farrowing room along with the sows because of biosecurity reasons. Other 

limitations included the long time between some of the measurements that limited the building of 

multivariable models, and as well the small number of pigs followed in each of the studies. In 
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addition, some viruses may not have replicated well in the cell culture and not all isolated viruses 

could be sequenced due to financial limitations and this may have had an impact the availability 

of results and interpretation of data. A limitation for Chapter 4 was that pigs were only sampled 

once throughout the study due to logistical reasons and convenience. 

 

Future directions 

Results presented in this thesis indicate that influenza A infection in swine populations is far 

from being a simple infection with a unique and repeatable pattern. Findings reported are likely 

representing a small part of a much larger and more complex situation, however they can be fully 

utilized in future research. Much of the complexity has been observed in nursery barns. A herd 

with relatively simple demographics was shown to be co-infected with two different strains that 

showed different trends in cumulative exposure over time, suggesting a need for more detailed 

longitudinal studies. An example would be targeting sows and suckling pigs what might yield a 

better understanding of the mechanisms of influenza before being exposed to new strains. 

Thorough knowledge of all endemic viral strains and important influenza genes is needed. This 

would require a great deal of clinical field work and laboratory expertise, as well as significant 

funding and cooperation from government agencies and producers. In addition, understanding 

transmission is very important for planning control strategies, which includes biosecurity 

measures and vaccination, and surveillance programs. Building mathematical models to mimic 

the dynamics of the diseases with and without vaccination may also be helpful for developing 

control programs.  

Other factor such as age, housing conditions, and concurrent infection might play a role in IAV 

transmission.  In the present study, even though there was no association between presence of 
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MDA or expression of clinical disease to PRRSV and Mycoplasma hyopneumoniae and IAV 

virological results, developing more detailed studies including diseases that are part of the 

porcine respiratory disease complex, particularly in sow herds with different disease profiles, 

would be interesting and might help increase our understanding of swine influenza patterns.  

Furthermore, the impact of influenza on production parameters is likely important.  Despite the 

fact that disease is self-limiting for most part, epidemic situations can occur and may be 

characterized by acute respiratory outbreaks with high morbidity. Outbreaks of severe clinical 

disease can lead to major economic losses such as growth retardation, reduced feed-conversion, 

and reduced carcass quality. Sometimes increased mortality can be observed when IAV is 

associated with other pathogens. These economic losses are compounded of by the cost of drugs 

that are often used to prevent secondary diseases. There is little doubt that swine influenza is a 

disease that may have a high economic and productive impact when a severe acute disease 

occurs in a naïve population of pigs but there needs to be more studies to determine the effect on 

production parameters that endemic disease causes. The effect of recurrent infection and the 

interaction of influenza with other pathogens is complex and require further study but the 

economic impact may be quite high for the swine industry because of the widespread nature of 

the disease.  

Surveillance programs will be important in the future if the swine industry hopes to control 

influenza but the success of these programs depend on the willingness of pork producers and 

veterinarians and they will need to appreciate the economic value of monitoring for IAV. The 

cost of testing might be a barrier for these programs. Collaboration of laboratories and 

government agencies is also crucial if IAV control programs are developed. Elimination of 

influenza from the Ontario swine population is very far from a reality at present. 
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In summary, we need more data on how influenza spreads between and within herds, as a first 

step that might eventually lead to the development of successful and efficient control strategies.  
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Appendix Table A.1: Logistic regression model with room as random effect. The purpose of 

this analysis was to verify if the positivity of a previous batch with H1N1 had an effect on the 

following batch in the same room to get infected with either H1N1 or H3N2. 

Variable Logistic regression 

 
OR SE P 95% CI 

h1n1_prop_previous 25.56152 71.21761 0.245 0.108651, 6013.694 

h3n2_prop_previous 0.0026943 0.007653 0.037 1.03E-05, 0.705299 
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Appendix Table A.2: Logistic regression model with room as random effect. The purpose of 

this analysis was to verify if the positivity of a previous batch with H3N2 had an effect on the 

following batch in the same room to get infected with either H3N2 or H1N1. 

Variable Logistic regression  

 
OR SE P 95% CI 

h1n1_prop_previous 0.0021284 0.005264 0.013 1.67E-05, 0.271295 

h3n2_prop_previous 9.263449 6.108077 0.001 2.543974, 33.73128 
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Appendix Table A.3: Number differences of the full length of the HA gene of H3N2 viruses isolated in Study 1 (Chapter 2) based on 

nucleotide sequence with bases that are not identical. 

 

 

A/S

W/

ON/

15-

3/14

/H3

N2/

HA 

A/S

W/O

N/81-

7/14/

H3N

2/HA 

A/S

W/O

N/23-

6/14/

H3N

2/HA 

A/S

W/O

N/21-

4/14/

H3N

2/HA 

A/S

W/O

N/23-

9/14/

H3N

2/HA 

A/S

W/O

N/31-

6/14/

H3N

2/HA 

A/S

W/O

N/35-

7/14/

H3N

2/HA 

A/S

W/O

N/45-

6/14/

H3N

2/HA 

A/S

W/O

N/48-

7/14/

H3N

2/HA 

A/S

W/O

N/50-

7/14/

H3N

2/HA 

A/S

W/O

N/17-

10/14

/H3N

2/HA 

A/S

W/O

N/59-

6/14/

H3N

2/HA 

A/S

W/O

N/57-

10/14

/H3N

2/HA 

A/S

W/O

N/59-

7/14/

H3N

2/HA 

A/S

W/O

N/72-

6/14/

H3N

2/HA 

A/S

W/O

N/81-

5/14/

H3N

2/HA 

A/S

W/O

N/72-

7/14/

H3N

2/HA 

A/S

W/O

N/51-

6/14/

H3N

2/HA 

A/S

W/O

N/81-

3/14/

H3N

2/HA 

A/S

W/O

N/50-

10/14

/H3N

2/HA 

A/S

W/O

N/17-

4/14/

H3N

2/HA 

A/SW/

ON/15

-

3/14/H

3N2/H

A 

 

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 4 

A/SW/

ON/81

-

7/14/H

3N2/H

A 1 

 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 5 

A/SW/

ON/23

-

6/14/H

3N2/H

A 0 1 

 

0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 4 

A/SW/

ON/21

-

4/14/H

3N2/H

A 0 1 0 

 

0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 4 

A/SW/

ON/23

-

9/14/H

3N2/H

A 0 1 0 0 

 

0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 4 

A/SW/

ON/31

-

6/14/H

3N2/H

A 0 1 0 0 0 

 

0 0 0 0 0 0 0 0 0 0 1 1 1 1 4 
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A/SW/

ON/35

-

7/14/H

3N2/H

A 0 1 0 0 0 0 

 

0 0 0 0 0 0 0 0 0 1 1 1 1 4 

A/SW/

ON/45

-

6/14/H

3N2/H

A 0 1 0 0 0 0 0 

 

0 0 0 0 0 0 0 0 1 1 1 1 4 

A/SW/

ON/48

-

7/14/H

3N2/H

A 0 1 0 0 0 0 0 0 

 

0 0 0 0 0 0 0 1 1 1 1 4 

A/SW/

ON/50

-

7/14/H

3N2/H

A 0 1 0 0 0 0 0 0 0 

 

0 0 0 0 0 0 1 1 1 1 4 

A/SW/

ON/17

-

10/14/

H3N2/

HA 0 1 0 0 0 0 0 0 0 0 

 

0 0 0 0 0 1 1 1 1 4 

A/SW/

ON/59

-

6/14/H

3N2/H

A 0 1 0 0 0 0 0 0 0 0 0 

 

0 0 0 0 1 1 1 1 4 

A/SW/

ON/57

-

10/14/

H3N2/

HA 0 1 0 0 0 0 0 0 0 0 0 0 

 

0 0 0 1 1 1 1 4 
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A/SW/

ON/59

-

7/14/H

3N2/H

A 0 1 0 0 0 0 0 0 0 0 0 0 0 

 

0 0 1 1 1 1 4 

A/SW/

ON/72

-

6/14/H

3N2/H

A 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

 

0 1 1 1 1 4 

A/SW/

ON/81

-

5/14/H

3N2/H

A 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

 

1 1 1 1 4 

A/SW/

ON/72

-

7/14/H

3N2/H

A 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

 

2 2 2 5 

A/SW/

ON/51

-

6/14/H

3N2/H

A 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 

 

0 2 5 

A/SW/

ON/81

-

3/14/H

3N2/H

A 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 0 

 

2 5 

A/SW/

ON/50

-

10/14/

H3N2/

HA 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 

 

3 
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A/SW/

ON/17

-

4/14/H

3N2/H

A 4 5 4 4 4 4 4 4 4 4 4 4 4 4 4 4 5 5 5 3 
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Appendix Table A.4: Identity table (%) of the full length of the HA gene of H3N2 viruses isolated in Study 1 (Chapter 2) based on 

nucleotide sequence. 

 

A/S

W/O

N/15-

3/14/

H3N

2/HA 

A/S

W/O

N/81-

7/14/

H3N

2/HA 

A/S

W/O

N/23-

6/14/

H3N

2/HA 

A/S

W/O

N/21-

4/14/

H3N

2/HA 

A/S

W/O

N/23-

9/14/

H3N

2/HA 

A/S

W/O

N/31-

6/14/

H3N

2/HA 

A/S

W/O

N/35-

7/14/

H3N

2/HA 

A/S

W/O

N/45-

6/14/

H3N

2/HA 

A/S

W/O

N/48-

7/14/

H3N

2/HA 

A/S

W/O

N/50-

7/14/

H3N

2/HA 

A/S

W/O

N/17-

10/14

/H3N

2/HA 

A/S

W/O

N/59-

6/14/

H3N

2/HA 

A/S

W/O

N/57-

10/14

/H3N

2/HA 

A/S

W/O

N/59-

7/14/

H3N

2/HA 

A/S

W/O

N/72-

6/14/

H3N

2/HA 

A/S

W/O

N/81-

5/14/

H3N

2/HA 

A/S

W/O

N/72-

7/14/

H3N

2/HA 

A/S

W/O

N/51-

6/14/

H3N

2/HA 

A/S

W/O

N/81-

3/14/

H3N

2/HA 

A/S

W/O

N/50-

10/14

/H3N

2/HA 

A/S

W/O

N/17-

4/14/

H3N

2/HA 

A/S

W/O

N/15-

3/14/

H3N2

/HA 

 
99.94 100 100 100 100 100 100 100 100 100 100 100 100 100 100 99.94 99.94 99.94 99.94 99.76 

A/S

W/O

N/81-

7/14/

H3N2

/HA 99.94 
 

99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.88 99.88 99.88 99.88 99.71 

A/S

W/O

N/23-

6/14/

H3N2

/HA 100 99.94 
 

100 100 100 100 100 100 100 100 100 100 100 100 100 99.94 99.94 99.94 99.94 99.76 

A/S

W/O

N/21-

4/14/

H3N2

/HA 100 99.94 100 
 

100 100 100 100 100 100 100 100 100 100 100 100 99.94 99.94 99.94 99.94 99.76 

A/S

W/O

N/23-

9/14/

H3N2

/HA 100 99.94 100 100 
 

100 100 100 100 100 100 100 100 100 100 100 99.94 99.94 99.94 99.94 99.76 

A/S

W/O

N/31-

6/14/

H3N2

/HA 100 99.94 100 100 100 
 

100 100 100 100 100 100 100 100 100 100 99.94 99.94 99.94 99.94 99.76 
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A/S

W/O

N/35-

7/14/

H3N2

/HA 100 99.94 100 100 100 100 

 

100 100 100 100 100 100 100 100 100 99.94 99.94 99.94 99.94 99.76 

A/S

W/O

N/45-

6/14/

H3N2

/HA 100 99.94 100 100 100 100 100 

 

100 100 100 100 100 100 100 100 99.94 99.94 99.94 99.94 99.76 

A/S

W/O

N/48-

7/14/

H3N2

/HA 100 99.94 100 100 100 100 100 100 

 

100 100 100 100 100 100 100 99.94 99.94 99.94 99.94 99.76 

A/S

W/O

N/50-

7/14/

H3N2

/HA 100 99.94 100 100 100 100 100 100 100 

 

100 100 100 100 100 100 99.94 99.94 99.94 99.94 99.76 

A/S

W/O

N/17-

10/14

/H3N

2/HA 100 99.94 100 100 100 100 100 100 100 100 

 

100 100 100 100 100 99.94 99.94 99.94 99.94 99.76 

A/S

W/O

N/59-

6/14/

H3N2

/HA 100 99.94 100 100 100 100 100 100 100 100 100 

 

100 100 100 100 99.94 99.94 99.94 99.94 99.76 

A/S

W/O

N/57-

10/14

/H3N

2/HA 100 99.94 100 100 100 100 100 100 100 100 100 100 

 

100 100 100 99.94 99.94 99.94 99.94 99.76 
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A/S

W/O

N/59-

7/14/

H3N2

/HA 100 99.94 100 100 100 100 100 100 100 100 100 100 100 

 

100 100 99.94 99.94 99.94 99.94 99.76 

A/S

W/O

N/72-

6/14/

H3N2

/HA 100 99.94 100 100 100 100 100 100 100 100 100 100 100 100 

 

100 99.94 99.94 99.94 99.94 99.76 

A/S

W/O

N/81-

5/14/

H3N2

/HA 100 99.94 100 100 100 100 100 100 100 100 100 100 100 100 100 

 

99.94 99.94 99.94 99.94 99.76 

A/S

W/O

N/72-

7/14/

H3N2

/HA 99.94 99.88 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 

 

99.88 99.88 99.88 99.71 

A/S

W/O

N/51-

6/14/

H3N2

/HA 99.94 99.88 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.88 

 

100 99.88 99.71 

A/S

W/O

N/81-

3/14/

H3N2

/HA 99.94 99.88 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.88 100 

 

99.88 99.71 

A/S

W/O

N/50-

10/14

/H3N

2/HA 99.94 99.88 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.94 99.88 99.88 99.88 

 

99.82 
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A/S

W/O

N/17-

4/14/

H3N2

/HA 99.76 99.71 99.76 99.76 99.76 99.76 99.76 99.76 99.76 99.76 99.76 99.76 99.76 99.76 99.76 99.76 99.71 99.71 99.71 99.82 
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Appendix Table A.5: Number differences of the full length of the HA gene of H1N1 viruses isolated in Study 2 (Chapter 2) based on 

nucleotide sequence with bases that are not identical. 

 

A/SW/O

N/130-

2/14/H1

N1/HA 

A/SW/O

N/167-

2/14/H1

N1/HA 

A/SW/O

N/116-

3/14/H1

N1/HA 

A/SW/O

N/173-

3/14/H1

N1/HA 

A/SW/O

N/173-

9/14/H1

N1/HA 

A/SW/O

N/116-

5/14/H1

N1/HA 

A/SW/O

N/167-

3/14/H1

N1/HA 

A/SW/O

N/130-

5/14/H1

N1/HA 

A/SW/O

N/130-

9/14/H1

N1/HA 

A/SW/O

N/148-

5/14/H1

N1/HA 

A/SW/O

N/148-

9/14/H1

N1/HA 

A/SW/O

N/130-

2/14/H1

N1/HA 

 

0 0 0 0 1 1 2 2 2 2 

A/SW/O

N/167-

2/14/H1

N1/HA 0 

 

0 0 0 1 1 2 2 2 2 

A/SW/O

N/116-

3/14/H1

N1/HA 0 0 

 

0 0 1 1 2 2 2 2 

A/SW/O

N/173-

3/14/H1

N1/HA 0 0 0 

 

0 1 1 2 2 2 2 

A/SW/O

N/173-

9/14/H1

N1/HA 0 0 0 0 

 

1 1 2 2 2 2 

A/SW/O

N/116-

5/14/H1

N1/HA 1 1 1 1 1 

 

0 3 3 3 3 



155 
 

A/SW/O

N/167-

3/14/H1

N1/HA 1 1 1 1 1 0 

 

3 3 3 3 

A/SW/O

N/130-

5/14/H1

N1/HA 2 2 2 2 2 3 3 

 

0 0 0 

A/SW/O

N/130-

9/14/H1

N1/HA 2 2 2 2 2 3 3 0 

 

0 0 

A/SW/O

N/148-

5/14/H1

N1/HA 2 2 2 2 2 3 3 0 0 

 

0 

A/SW/O

N/148-

9/14/H1

N1/HA 2 2 2 2 2 3 3 0 0 0 
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Appendix Table A.6: Identity table (%) of the full length of the HA gene of H1N1viruses isolated in Study 2 (Chapter 2) based on 

nucleotide sequence. 

 

A/SW/O

N/130-

2/14/H1

N1/HA 

A/SW/O

N/167-

2/14/H1

N1/HA 

A/SW/O

N/116-

3/14/H1

N1/HA 

A/SW/O

N/173-

3/14/H1

N1/HA 

A/SW/O

N/173-

9/14/H1

N1/HA 

A/SW/O

N/116-

5/14/H1

N1/HA 

A/SW/O

N/167-

3/14/H1

N1/HA 

A/SW/O

N/130-

5/14/H1

N1/HA 

A/SW/O

N/130-

9/14/H1

N1/HA 

A/SW/O

N/148-

5/14/H1

N1/HA 

A/SW/O

N/148-

9/14/H1

N1/HA 

A/SW/O

N/130-

2/14/H1

N1/HA 

 

100 100 100 100 99.94 99.94 99.88 99.88 99.88 99.88 

A/SW/O

N/167-

2/14/H1

N1/HA 100 

 

100 100 100 99.94 99.94 99.88 99.88 99.88 99.88 

A/SW/O

N/116-

3/14/H1

N1/HA 100 100 

 

100 100 99.94 99.94 99.88 99.88 99.88 99.88 

A/SW/O

N/173-

3/14/H1

N1/HA 100 100 100 

 

100 99.94 99.94 99.88 99.88 99.88 99.88 

A/SW/O

N/173-

9/14/H1

N1/HA 100 100 100 100 

 

99.94 99.94 99.88 99.88 99.88 99.88 

A/SW/O

N/116-

5/14/H1

N1/HA 99.94 99.94 99.94 99.94 99.94 

 

100 99.82 99.82 99.82 99.82 
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A/SW/O

N/167-

3/14/H1

N1/HA 99.94 99.94 99.94 99.94 99.94 100 

 

99.82 99.82 99.82 99.82 

A/SW/O

N/130-

5/14/H1

N1/HA 99.88 99.88 99.88 99.88 99.88 99.82 99.82 

 

100 100 100 

A/SW/O

N/130-

9/14/H1

N1/HA 99.88 99.88 99.88 99.88 99.88 99.82 99.82 100 

 

100 100 

A/SW/O

N/148-

5/14/H1

N1/HA 99.88 99.88 99.88 99.88 99.88 99.82 99.82 100 100 

 

100 

A/SW/O

N/148-

9/14/H1

N1/HA 99.88 99.88 99.88 99.88 99.88 99.82 99.82 100 100 100 

  

 

 

 


