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 2 

Influenza A viruses (IAVs) infect many animal species including human (1), avian 

(2), swine (3), equine (4), canine (5), feline (6), some marine mammals (7) and 

bats (8).  Zoonotic IAV infections happen worldwide and are considered a major 

public health risk because IAVs can cause human pandemics (9). A novel IAV 

caused the 1st human pandemic of the 21st century and highlighted the role of the 

pig in the ecology of IAVs because the 2009 pandemic virus emerged from IAVs 

circulating in pigs in North America and Asia (10). In humans and pigs, IAVs are 

a main cause of respiratory disease and multiple interspecies transmission 

(human-pig) events have been documented (11-13). However, only one swine-

origin influenza virus, the 2009 pandemic virus, has adapted to humans and 

acquired human-to-human transmission (9, 10, 14). In contrast, several human 

influenza viruses have become established in swine populations (15). More 

extensive studies of the molecular biology and epidemiology of IAVs in pigs could 

help determine the emergence of novel IAVs with zoonotic and pandemic 

potential.  

 

Different epidemiological studies have evaluated the exposure, transmission, and 

distribution of swine IAVs around the world using serological tests or more recent 

IAV detection methods (3, 16-18). However, there is a gap in knowledge about 

what happens at the herd level, specifically between the epidemiological findings 

during IAV infection of pigs and the molecular information obtained from the 

virus. Swine IAVs are distributed worldwide and direct contact with infected pigs 

is considered the main route of transmission (3) although fomites (19) and 

airborne transmission may also play a key role in the spread of swine IAVs (20). 

Additionally, the main antigens of IAVs (hemagglutinin and neuraminidase) may 

differ by more than 60% (21, 22) illustrating the wide diversity of the viruses. 

Furthermore, in the last 20 years the genetic makeup of swine IAVs has changed 

significantly (17, 23). Nevertheless, viruses cannot replicate without their host 

and infected individuals can transport the virus to distant locations. Therefore, pig 

movements (regionally and globally) are associated with the genetic diversity and 

evolution of swine IAVs (13, 24) and highlight the significance of the host on virus 
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evolution and diversity.  Moreover, pig production systems have evolved into 

highly efficient farms that are concentrated in certain parts of the world (25-28). 

Pig turnover rates and animal movements within and between farms make viral 

infections harder to control. Although animal flows and biosecurity practices are 

in place to prevent other viral infections (29-32), the factors that increase the risk 

of IAV infection are not clearly understood.  

 

IAVs are commonly found among pigs (17) and represent a significant cost to 

producers (33, 34). In addition, IAVs can persist at the herd level for prolonged 

periods of time and one or more IAV subtypes can circulate over time within the 

same farm (3, 17, 18). However the epidemiological characteristics and 

molecular traits of IAVs that allow the long-term persistence of the virus in pig 

farms are not clearly understood. It is not clear if the genetic evolution within 

farms is responsible for virus persistence at the herd level or if there are repeated 

introductions of IAVs into pig herds.  Moreover, different pig subpopulations are 

housed within the same farm (e.g piglets, sows, and replacement animals) and it 

is not clear if these subpopulations harbor the same or different IAVs over time. 

Furthermore, in breeding herds replacement animals (gilts) are introduced on a 

regular basis but their role in IAV epidemiology is unknown. Gilts and newborn 

piglets could represent important subpopulations in which IAVs may replicate 

continuously over time.  

 

Once pigs are born they may be exposed to different IAVs under a variety of 

immunological circumstances and develop diverse immune responses 

accordingly. Pigs are born naïve to all IAVs because infection does not take 

place in-utero (35). Furthermore, there is no antibody transfer before birth (36). 

Then, after birth maternally derived antibodies (MDA) can be transferred to 

suckling piglets in colostrum, depending on previous exposure of sows to IAVs. 

The effect of MDA on IAV genetic diversity is not clearly understood. However, 

the genetic diversity of IAVs during infection of pigs with active immunity to 

multiple IAVs has not been characterized.  
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Understanding the transmission dynamics and genetic diversity of swine IAVs at 

the herd level should allow us to design better health interventions to control the 

disease in pigs, minimize IAV’s effect on swine health and production, and 

reduce the public health risk. Moreover, understanding the molecular dynamics 

of IAV genome at the individual and population levels during natural and 

experimental infections will help us understand the genetic diversity among 

individual hosts.  

 

Overall we hypothesize that the immune status of the pig is a key driver of the 

molecular evolution of the virus and that viral diversity alters the course of IAV 

infection. We also propose that different pig subpopulations on swine farms play 

unique roles in the persistence of IAVs over time. Therefore the main objective of 

this dissertation was to characterize the genetic diversity of IAVs during infection 

of pigs to better understand the epidemiology of swine influenza, focusing in 

particular on what happens at the herd level. Classical epidemiological methods 

and novel experimental designs were integrated with deep genome sequencing 

technologies and bioinformatics algorithms to produce robust evidence that 

supports the genetic plasticity of IAVs and contributes to the understanding of 

virus persistence at the herd level. The specific aims of this dissertation are to: 

 

1. Define patterns of IAV infection in pig subpopulations in IAV infected 

breeding herds.  

2. Assess and compare the genetic diversity of IAVs isolated over time from 

endemically infected breeding herds to estimate how long IAVs can persist 

at the population level.  

3. Evaluate the antigenic drift of an H1N1 IAV during infection of weaned 

pigs with or without passive immunity. 

4. Evaluate the genetic diversity of the complete genome of a triple 

reassortant H1N1 IAV population during experimental infection of 

vaccinated pigs. 
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5. Characterize, under field conditions, the epidemiology and molecular traits 

of IAVs infection in pigs after weaning.  

 

These objectives were achieved in different studies that focused first on 

commercial pig-breeding herds and then in weaned pigs under both experimental 

and field conditions. Understanding the epidemiology (objective 1) and genetic 

diversity (objective 2) of swine IAVs at the breeding herd level is crucial to 

minimize the distribution of IAVs to other locations after pigs are weaned.  

Then, studies on weaned pigs were conducted to understand the genetic 

variability of IAVs under different immunological conditions. These studies 

included determining the genetic diversity of the hemagglutinin of an H1N1 IAV 

was studied during infection of pigs with or without maternal immunity (objective 

3); then, the complete genome of the virus was studied during IAV infection of 

pigs with immunity to different IAVs (objective 4); and lastly we studied the 

epidemiology and molecular traits of different IAVs during infection of pigs after 

weaning under field conditions (objective 5).  

 

In these studies, models of IAV transmission and evolution included immune and 

non-immune pigs, and more importantly, pigs with passive immunity. Passive 

immunity in pigs plays a central role in IAV control and transmission since pigs 

with passive immunity sustain virus replication despite the lack of clinical signs 

(37, 38), which may represent ideal conditions for virus evolution. Moreover, two 

longitudinal field studies were developed in order to fully represent complex 

scenarios in swine IAV ecology. The combination of experimental and field 

settings to address complex questions using novel technologies yielded robust 

evidence regarding swine IAV epidemiology and evolution, which resulted in the 

translational application of the research findings to the swine industry. 
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Chapter 1: Literature review 
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Influenza A virus (IAV) and susceptible host species:  
 

Influenza A viruses (IAVs) are enveloped single stranded negative sense RNA 

viruses (-ssRNAv) that belong to the Orthomyxoviridae family (39). IAV genome 

is segmented in eight gene segments namely polymerase B2 (PB2, segment 1), 

polymerase B1 (PB1, segment 2), polymerase A (PA, segment 3), hemagglutinin 

(HA, segment 4), nucleoprotein (NP, segment 5), neuraminidase (NA, segment 

6), matrix (M, segment 7), and non-structural protein (NS, segment 8). From 

these gene segments, at least eleven different proteins are translated (Table 1) 

and among them the hemagglutinin (HA) and neuraminidase (NA) proteins are 

considered the main antigens of the virus. HA and NA also used to classify  the 

IAV subtypes and to guide IAV vaccine selection in many animal species 

including humans (40). There are at least 17 different HAs and 9 NAs (8, 9) 

although only a few HA-NA combinations have been reported in pigs (16, 18). 

Overall, the genetic diversity and evolution of IAVs is determined by multiple 

factors including the molecular characteristics of the virus, the host species, the 

immune responses, epidemics, and pandemics (1, 2, 9, 10, 41, 42).  

 

Avian species within the orders Anseriformes and Charadriformes are the natural 

reservoirs for IAVs (9). However, IAVs can infect other animal species including 

human (43), swine (3), equine (4), canine (5), feline (6), some marine mammals 

(7) and bats (8). The molecular mechanisms that allow IAV to cross inter-species 

barriers are not clearly understood (9, 44). However, the HA affinity for cell 

receptors plays a key role in host species range (39, 45-47). While avian viruses 

have greater affinity to bind to cell receptors that have sialic acid linked to the 

penultimate galactose in an α2-3 configuration (expressed more frequently in 

birds), human IAVs bind to α2-6 configured receptors (expressed more frequently 

in mammals). The HA is not the only determinant for IAVs host species ranges. 

For example, polymerases from avian IAVs do not perform efficiently in 

mammals (48). Moreover, pigs have both types of receptors for IAVs (α2-3 and 

α2-6) hence they are susceptible to infection to some mammalian and avian IAVs 
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(49). Interestingly, humans also possess both receptors on their cells for avian, 

human, and swine IAVs and zoonotic infections with avian or swine IAVs are 

continuously reported around the world (11, 50-52). 

 

Zoonotic IAVs are a major public health risk because such IAVs can lead to 

pandemics (10, 53). All IAV pandemics after the Spanish flu emerged from 

zoonotic and reassorted IAVs (9). Whether the 2009 pandemic strain emerged 

from a reassortment in pigs, humans or other animal species is still not clear. 

However, this pandemic virus highlighted the significance of swine IAVs for 

public health. Nevertheless, the 2009 pandemic virus has been the only swine 

IAV able to acquire human-to-human transmission after zoonotic infection (9, 10). 

In contrast several human IAVs are well established in swine populations (13, 15) 

and have contributed to the current diverse genetic landscape of swine IAVs (54-

56).  

 

Influenza A virus evolution and immune selection: 
 

Overall, RNA viruses change rapidly over time and IAVs are not the exception 

(44). A non-proof reading RNA-polymerase allows nucleotide mutations to 

accumulate over time during viral replication (48). The divergence of HA and NA 

genes over time is known as antigenic drift (39). In humans, HA has shown 

different rates of antigenic drift between subtypes, with  H3 changing faster than 

H1 variants (41). Moreover, substitution rates of human H3, but not H1, are 

characterized by long periods with higher numbers of synonymous mutations 

(stasis periods) followed by shorter intervals of rapid evolution where new 

dominant variants are established (57). Additionally, human H3 viruses have 

gene segments with different evolutionary patterns and origins that persist due to 

migration of meta-populations (58). Moreover, one study showed that IAV gene 

segments could evolve at different rates in different host species (59), which 

might be associated with the immunological responses to IAVs. Some results 
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indicate that human IAVs have higher mutation rates than swine IAVs (60) while 

a recent study indicated the opposite (61).  

 

The immune response to IAV is associated with antigenic drift in several animal 

species (41, 62, 63). Immune responses mediate IAV divergence over time 

because certain IAV strains (antigenically divergent) can evade the immune 

response and give origin to new genetic lineages. In swine, homologous 

immunity can minimize or prevent IAV transmission (38, 64). However, the effect 

of heterologous immunity on transmission and replication is not clearly 

understood. In animal models other than pigs, the original antigenic sin (OAS) 

phenomenon indicates that the immune response to new IAVs could be impaired 

if a previous exposure to a different IAV had happened (65). To my knowledge 

the OAS has not been investigated in detail for IAVs in pigs. Only one study 

indicates that the OAS phenomenon is not associated with the vaccine-

associated enhanced respiratory disease (VAERD) observed in pigs during some 

IAV infections (66). Studies of OAS in rabbits with antigens differing more than 

33 – 42% are not able to efficiently stimulate the memory immune system, and 

indicate that the homology between antigenic proteins is associated with the 

extent of immune recall (67). In humans, masking of epitopes of new IAV 

antigens with both pre-existing antibodies and with antibodies developed during 

the immune response drive the extent of the humoral immune response to IAVs 

(68). Furthermore, the memory humoral response to IAVs will depend on the 

amount of free antigen stimulating the immune system. However, IAV infection 

appears to be better at inducing antibodies to previous IAV antigens than IAV 

vaccination. Nevertheless, the characterization of the plasmoblast antibody 

response to IAVs in humans showed that vaccination to IAVs could induce the 

production of antibodies against IAVs circulating in previous seasons that were 

not contained in the vaccine used (69). These results in other animal species 

suggest that in pigs the interaction between IAVs and the immune status of the 

population could also play a key role in the emergence, persistence, and 

subsidence of IAVs over time. However, the antibody repertoire to IAVs in pig 
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populations and its relationship with IAV evolution is poorly understood and 

should be further investigated. 

 

The segmented genome of IAV allows gene reassortment to happen when two or 

more IAV particles infect the same cell (9, 39). Genetic reassortment can change 

abruptly the antigenic properties of IAVs (antigenic shift). Furthermore, 

reassortant IAVs are of public health concern because reassorted IAVs can 

cause pandemic IAV infections (9, 10). Genetic reassortment can also change 

viral pathogenesis without exchanging antigenic genes (when only internal genes 

are swapped) and complicates even more the understanding of IAV evolution 

and diversity within and between different species. Even though gene segment 

exchange has been demonstrated within and between species, little is known on 

the IAV gene flow in populations of endemically infected pigs. In other species 

reassortment appears to be random when IAVs are closely related to each other 

(70) and restrictive (not-random) when viruses from different genetic lineages 

exchange gene segments (71, 72). Nevertheless, the molecular mechanisms that 

drive swine IAV evolution and diversity could determine the health intervention 

practices required to minimize the impact of the disease in swine health and 

production and to reduce the public health risk. 

 

Epidemiology and genetic diversity of swine IAVs:  
 

Swine influenza was first described in 1918 coincidently with the Spanish flu 

pandemic (16). However, IAVs were not isolated from pigs until 1930 (classical 

H1N1, cH1N1). To date multiple IAV subtypes have been recovered from pigs 

(H1N1, H3N2, H1N2, H3N1, H4N6, H7N2, H9N2, and H5N1(3)). However only a 

few of these different subtypes transmit efficiently between pigs and are 

considered endemic in swine populations (H1N1, H3N2, and H1N2). Multiple IAV 

alleles (sequence variants of the same virus) can co-exist during IAV infection of 

pigs (73) and the same virus can evolve differently in the upper and lower 

respiratory tract of pigs (74).  
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The most prevalent swine IAV subtypes in North America (H1N1, H1N2, and 

H3N2) have phylogenetic origins in the classical H1N1 (cH1N1), the triple H3N2 

reassortant, the human H3N2 and the Eurasian swine H1N1 IAVs (13, 54-56, 61, 

75, 76). After the first isolation of IAV in 1930, and for almost 70 years, almost all 

swine IAVs isolated in North America were related to cH1N1. Then, in the late 

20th century multiple avian and human IAVs became established in swine 

populations (16, 61). However, it is not clear why “foreigner” IAVs (from humans 

and birds) only became established in swine populations until the last quarter of 

the last century and not before. Nevertheless, serological evidence indicates that 

human H3 were circulating within swine populations before becoming established 

(16).  

 

These multiple introductions of avian and human IAVs changed the genetic 

landscape of swine IAVs after 1998, when an outbreak of swine IAV in North 

Carolina and in Minnesota reported the introduction and maintenance of at least 

two different genotypes of H3 subtype into the US swine population. After this 

outbreak several different subtypes (H3N2, H1N2, human H1N1, and H3N1) 

containing  triple reassortant internal genes (TRIG) cassette were identified. This 

TRIG cassette was composed of PA and PB2 genes from the avian IAVs, NS, 

NP, and M from the cH1N1, and PB1 gene from the human IAVs (16). 

Interestingly, this internal gene constellation was maintained over time within 

many swine IAVs regardless of their subtype. However, after multiple 

reassortment events novel IAV gene constellations have emerged in North 

America (54, 75, 76). The frequency of reassortment among swine IAVs is not 

clearly understood. Only one study in Europe demonstrated that the rate of IAV 

reassortment is not the same for different IAV subtypes in swine but further 

investigation is required on this topic (72). Moreover, in 2009 the pandemic IAV 

placed “the pig” at the center of the “the mixing vessel” discussion because the 

pandemic virus contained gene segments from IAVs circulating in pigs in Asia 

and North America (10). Furthermore, during the pandemic more reassortment 

events happened with swine IAVs and illustrated how commonly virus 
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reassortment could take place among current and newly introduced viruses. 

Nevertheless, after the 2009 pandemic not all genes from the pandemic IAV 

remained circulating at the same level in the U.S pig population (75).  

 

At the HA level, swine IAVs in North America cluster in six antigenically and 

phylogenetically distinct H1 clades (α, β, γ1, γ2, δ1, and δ2 (56, 76)) and four H3 

clusters (I, II, III and IV (54, 75)). The genetic diversity of swine IAVs in the USA 

has been associated with the geographical distribution and movement of pigs 

(13, 24). Human viruses have become established in swine populations (15) and 

the Midwest appears to serve as an ecological niche for swine influenza viruses 

to reassort after they have originated from different areas of the country (13). 

Moreover, international trade of pigs is also considered a predictor of IAV flow 

from the USA and Europe to Asia (24, 77). IAV evolution is marked by the 

interaction of rapid mutation rates, viral selection, reassortment and worldwide 

epidemiological factors (9). In pigs, however, the host or herd factors influencing 

IAV evolution and diversity are not completely understood. 

 

Moreover, weaned pigs are main sources of IAVs and as a large subpopulation 

in the herd they appear to be an important herd factor to study. Weaned pigs can 

play a key role in the persistence of IAVs over time, They can be infected without 

showing any clinical signs (37), and transporting the virus to multiple 

geographical locations after weaning.  Additionally, piglets with or without passive 

immunity can shed IAVs (38) and multiple IAV subtypes can circulate in piglets 

before and after weaning (17, 18), which may facilitate the emergence of 

reassortant IAVs. However, little is known about genetic diversity and selective 

evolution of IAV in weaned piglets with or without immunity to IAVs. To my 

knowledge, there is only one published study that evaluated the effect of 

vaccination on the genetic evolution of IAV in pigs and in that study no 

differences were found in the mutation rate between pigs with or without active 

immunity to IAVs (73). However, the unknown variety of immune memory to IAVs 
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among pig populations could be associated with IAV genetic diversity and 

distribution. 

 

Swine IAVs are distributed worldwide and in the Midwestern USA 90% of the 

farms with growing pigs are positive to IAVs (17). In North America swine 

influenza was considered an epidemic disease with higher incidence rates in the 

late fall and early winter (16). However, the seasonality of swine influenza is not 

as marked as human influenza infections in temperate regions. Recent studies 

indicate that IAVs could be recovered from swine year round in endemically 

infected herds (17, 78, 79). Moreover, IAV infections in swine have a short 

incubation period (1-3 days) and animals recover within one-week post infection 

(16, 80, 81). Infected pigs are either sub-clinically infected or develop non-

specific clinical signs including high fever, coughing, sneezing, nasal discharge, 

decreased food intake, and conjunctivitis. After infection, IAV in pigs results in 

high morbidity (near 100%) and low mortality (<1%) (3, 16) and its incidence 

could be associated with the population immune status because transmission 

rates are different between naïve and immune animals (19, 64).  

 

The main transmission route of IAVs between pigs is direct contact (3). However, 

aerosols and fomites have been shown to be possible routes of transmission (19, 

20). Introduction of infected animals, and pig movement within and between 

herds can increase the risk of infection in swine populations. Weaned pigs are 

considered a source of IAVs to other swine populations (37). Additionally, 

newborn piglets and other naïve populations may play a key role in the reservoir 

and transmission of IAV within and between pig farms. However, viral 

persistence is not clear in endemically infected populations.  

 

Prevention and control  
 

IAV prevention and control in pigs is based on biosecurity practices and 

vaccination. However, strain selection for vaccines is complicated due to the 
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wide diversity of swine IAVs. Multiple commercial and autogenous vaccines are 

commonly used and have proven to reduce lesions, clinical signs and virus 

shedding (21, 64, 82, 83). Transmission might be reduced after vaccination but 

not eliminated, (64) and will depend on strain relatedness between circulating 

viruses and those used in the vaccines (21, 82). Furthermore, swine IAV 

vaccines are not updated systematically based on epidemiological surveillance 

as they are in humans. Regional dissemination of swine IAVs is highly suspected 

but its mechanism is still not well characterized. Measures toward the reduction 

of airborne pathogen introduction should be taken into account, as well as having 

bird-proofed facilities to keep birds out of pig herds. Furthermore, to better control 

IAVs, increased surveillance on swine IAVs is required in addition to new policies 

on IAV vaccination and control.  

 

Swine IAV diagnosis:  
 

Swine IAV diagnosis is basically based on pathology, serology, virus isolation 

and molecular detection of IAV gene segments (16, 83-85). IAV can induce 

respiratory clinical signs and lesions in pigs and, although the macroscopic and 

microscopic lesions associated to IAV are not always specific, they are 

sometimes highly characteristic. To be prudent, other etiological agents should 

be listed as differential diagnosis when IAV infections are considered. 

Furthermore, IAVs are part of the swine respiratory disease complex (86) thus 

IAVs are usually found with other respiratory pathogens during a respiratory 

outbreak. 

 

Serological tests are used to measure previous exposure to IAVs and include 

enzyme-linked immunosorbent assay (ELISA), hemagglutinin inhibition test (HI), 

and serum neutralizing (SN) tests (87). There are ELISA tests to detect 

antibodies against IAVs (88, 89) or IAV antigens; both ELISA tests (antibodies 

and antigen detection) use the NP of the virus because this protein is highly 

conserved among all IAVs. Additionally, the HA of IAVs agglutinate red blood 
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cells therefore serum samples could be tested for specific anti-HA antibodies 

using an HI test (90, 91). HI tests are useful for vaccine selection and are used 

by the World Health Organization to estimate when human IAV vaccines should 

be updated (40). SN tests measure the capability of a serum sample to inhibit 

IAV infection in cell cultures where the virus could grow in the absence of specific 

antibodies.  

 

Virus isolation is considered the gold standard for IAV diagnosis. However, 

molecular detection of IAVs can be more sensitive for IAV detection. Swine IAVs 

are usually grown in Madin-Darby canine kidney cells where cytopathic effect 

(CPE) can be observed within a week of cell culture infection (92). ELISA tests or 

molecular detection methods are used to confirm IAV isolation after CPE has 

been observed. Moreover reverse transcription real time polymerase chain 

reaction (RRT-PCR) is routinely used in the USA for the detection of swine IAVs. 

The United States Department of Agriculture (USDA) official test to detect swine 

IAVs by RRT-PCR targets the matrix gene of classical swine and pandemic IAVs 

(84). Furthermore, subtyping PCRs are available to differentiate H1N1 from, 

H1N2, H3N1 and H3N2 viruses. Nevertheless not all IAV positive samples can 

be subtyped using these methods, demonstrating the diversity among swine 

IAVs. IAV subtyping is inadequate for understanding the diversity and evolution 

of IAV within and between pig populations because viruses clustering within the 

same subtype could have evolved from different IAV lineages and could have 

different antigenic properties. Therefore, sequencing of swine IAV HA, NA and M 

gene segments has increased considerably in the last decade, especially after 

the 2009 IAV pandemic.  

 

Next generation sequencing technologies and complete IAV genome 
sequencing:  
 

Each IAV gene segment can be amplified in RT-PCR reactions and the PCR 
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amplicons can be used for genetic sequencing (85, 93). Different sequencing 

technologies are available for IAV sequencing. In the past, IAV gene segments 

were mostly amplified using “walking primers” and then sequenced using Sanger 

sequencing technologies. The Sanger technology allows long sequencing reads 

but low coverage (e.g 1 to 10X) because of the time required to read each base 

pair during the sequencing process (94, 95). Gene assembling using Sanger is 

easier and straightforward because the read length is longer. However, the 

detection of viral diversity is less likely when polymorphisms are present at low 

prevalence within the viral population.  

 

In contrast next generation sequencing technologies (NGS) do not require 

specific primers for genetic sequencing (96-98) and yield extremely high 

coverage (thousands to millions), where coverage refers to the number of times a 

given nucleotide position becomes sequenced. The coverage of NGS 

technologies allows a better characterization of IAVs and the identification of 

nucleotide polymorphisms of lower prevalence. NGS technologies are able to 

detect virus variants that are present at 0.1% within the virus population (99). 

However sequencing lengths are shorter and sequencing errors are higher 

compared to Sanger sequencing. Therefore sequencing assembling and 

metagenomes reconstructions are challenging. Nevertheless, new NGS 

platforms are improving their sequencing read length and new algorithms are 

available for sequencing assembly (97, 100, 101). Quality control and quality 

assurance can employ fastqc 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) during the 

bioinformatics analysis of NGS. During NGS, errors are more likely found within 

homopolymeric nucleotide sequences (repeats of the same nucleotide) and at 

the end of longer sequencing reads (98) . Therefore, to avoid overestimation of 

IAV diversity strict quality control and quality assurance procedures are required 

to trim sequencing reads with lower sequencing scores, and verify the accuracy 

of polymorphisms within homopolymeric regions (102). 
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Moreover, the conserved and complementary 3’ and 5’ ends of all IAV gene 

segments allow us to amplify the complete genome of the virus in a single RT-

PCR reaction (103). IAVs contain eight different gene segments that are very 

diverse between IAVs. However, all IAV gene segments (including those from 

different animal species) have 12 to13 nucleotides that are conserved and 

complementary at the 3’ and 5’ ends of each gene segment. Hence these 

conserved sequences can be used as primer targets to amplify the complete 

genome of IAVs in a single RRT-PCR reaction. Since NGS do not require 

specific primers for gene sequencing, the complete genome obtained from this 

single RRT-PCR reaction can be sequenced at once and then sorted 

bioinformatically by gene segment.  

 

Illumina Sequencing (one type of NGS) can yield a large amount (millions) of 

sequencing reads that range between 50 and 250 base pairs in length (96, 104). 

These reads can be analyzed as single reads or as pair ends which increases 

the accuracy of sequencing because takes into account nucleotides found in both 

directions (forward and reverse) (105, 106). There are two methods to assemble 

NGS sequencing reads, template based and de-novo assembly (105). In the 

template-based method, a known sequence template is used to map all NGS 

sequencing reads obtained. This means that each read is aligned to a template 

and if a threshold of percent pair wise identity is reached then the sequence is 

mapped to that region. The consensus (contig) sequence from all reads mapped 

is extracted and all reads that do not map to the template are discharged. In the 

case of IAVs one template can be used for each gene segment and one contig 

can be obtained for each sequence template used. For highly divergent genes 

(HA and NA) more than one reference template are used to increase the 

specificity of sequencing mapping. Reference based assembly is faster than de-

novo assembling because each read is only compared to the template and 

mapped or discharged. Additionally, if multiple IAV gene segments are co-

circulating within a sample and only one template for that gene segment is used 

only the most prevalent will be detected (the consensus). If the reference 
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template used for template based methods is divergent from the sample 

sequence some genetic variants might be missed. In contrast during de-novo 

assembly all NGS sequencing reads are compared among them and then all 

possible consensus (contigs) found are estimated. This process takes longer 

time because the number of comparisons increases exponentially with the 

number of NGS reads obtained. De-novo assembling can be useful to discover 

new IAV lineages.  

 

Swine influenza and the contemporary swine industry: 
 

Although the molecular characteristics of the virus and its natural relationship 

with the pig can drive IAV evolution it is possible that the structure of the 

contemporary swine industry is associated with the current diversity of swine 

IAVs. It has been mentioned before that pig movement within the USA, and 

between North America, Europe and Asia is associated with IAV gene flows (13, 

24, 77). Viruses are inanimate microorganisms that cannot replicate outside host 

cells. Hence it is axiomatic that pig movement will be associated with regional 

IAV genetic diversity because infected animals that are transported are moving 

viruses with them.  

 

Long-term persistence of IAV in populations has been reported in pigs before 

and after weaning and multiple reassortment events are well documented (17, 

23, 37). In humans, people movement around the world is associated with IAV 

introductions to naïve populations and confirms that human movements and 

intermingling contribute to  viral diversity (1). Nevertheless the roles of different 

pig subpopulations, and their movement within and among herds, on swine IAV 

diversity and evolution are not clearly understood. Furthermore, pork is the most 

consumed meat around the world. This high demand of pork has driven the 

industry, at least in the USA, to high efficiency farms with an average of 27 and 

24 piglets born and weaned every year respectively (25-27).   
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Pig farms are mostly organized into multi-site production systems, where 

different phases of production are located at separate geographical sites. 

Typically, breeding, gestation and farrowing take place in breed-to-wean 

(breeding) herds. At approximately 21 days of age, piglets are weaned and 

transported to a nursery or a wean-to-finish site where pigs are raised until 10 

weeks of age or to market-age, respectively. Breeding herds house replacement 

animals (gilts), adult females (sows), and piglets. Except on breeding farms 

where farrowing occurs in batches, typically piglets are born daily, with weekly 

births totaling about 40% of the resident adult female population. Adult females 

are replaced at a yearly rate of 45 to 55%, and replacement gilts are regularly 

introduced on schedules that range from 1 to 10 weeks or more across farms. As 

a result, breeding herd populations have high rates of turnover, which may be 

associated with fluctuating IAV susceptibility. For example, in a herd of 1000 

sows that weans 25 pigs per sow per year at 3 weeks of age, the expected 

suckling piglet population is approximately 1440 (larger than the sow population), 

and around 450 piglets are born each week. The implications for IAVs evolution 

and emergence of new strains in this population undergoing rapid turnover are 

not fully understood, but the continual availability of new susceptible hosts with 

different levels of immunity to IAVs (acquired or maternally derived) may favor 

emergence of new IAV variants.  
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Figure 19. Pairwise sequence identity (ClustalW) among influenza A virus 

(IAV) internal genes.  

The color key and histogram (x axis: percent identity; y axis: count) for each 

distance matrix is illustrated at the top left of each plot. Pairwise comparisons 

among virus group one (VG1), two (VG2), and three (VG3) are highlighted within 

black boxes. Dendrograms are distance based and illustrate the phylogenetic 

relationships between sequences. The bar side color at the left of each heat map 

indicates the sampling week for each sample (week 0 (W0) to week 14 (W14)). 

The pairwise comparison within and between virus groups is shown at the bottom 

of each plot.  
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Figure 20. Network analysis of hemagglutinin (HA) and neuraminidase (NA) 

protein sequences of virus group one (VG1, H1 gamma) and three (VG3, H3 

cluster IV).  

Network plots represent the relationships among HA and NA protein sequences 

for VG1 (panels a and b) and VG3 (panels c and d). Each node (circles) 

represents a protein sequence and its size is proportional to the number of 

sequences per node. Red numbers indicate the node number and sequence 

frequency (n) per node. Furthermore, nodes are color-coded according to 

sampling weeks (W0 to W8). The distance between nodes is proportional to the 

number of amino acid differences between sequences (larger distances are 

indicated as “-//-“ to fit the plot) and polymorphic sites (position and amino acid 

variants) are indicated between nodes.  
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Figure 21. Patterns of influenza A virus (IAV) infection and re-infection.  

Fifty-six hemagglutinin (HA) nucleotide sequences obtained from 26 pigs over 

time (week 0 to week 15) are illustrated based on virus group one (VG1, H1 

gamma blue), two (VG2, H1 beta yellow), and three (VG3, H3 cluster IV green).  

Three different patterns of IAVs are shown: 1) HA sequences from the same IAV 

group found within a pig in consecutive weeks; 2) HA sequences from the same 

IAV group found within a pig in non-consecutive weeks; and 3) HA sequences 

from different IAVs found within a pig in consecutive or non-consecutive weeks. 

White numbers within colored boxes indicate the HA node in which this sequence 

clustered at the amino acid level as indicated in Fig 20. 
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Chapter 7: General discussion and conclusions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  151 

Influenza A viruses (IAV) are distributed worldwide and are able to infect many 

animal species including humans and pigs (9). A reassorted IAV caused the 

2009 IAV pandemic (10), highlighted the public health risk of swine IAVs, and 

boosted the research on the molecular evolution of swine IAVs. Hence, the 

understanding of swine IAV evolution at the regional and global scales has 

improved significantly since 2009. In pigs, IAV is a major cause of respiratory 

disease and is associated with substantial production losses (16, 33, 34). 

However there is limited information available on the epidemiology of IAV in 

swine and how the genetic diversity of the virus affects IAV epidemiology in pigs, 

which is crucial to design better health interventions to control the disease in pigs 

and to reduce the risk to public health. 

 

This PhD dissertation aimed at narrowing the gap of knowledge between aspects 

of the epidemiology of swine IAVs and how viral genetic diversity affects infection 

of pig populations. We integrated basic concepts of epidemiologic methods and 

contemporary techniques for virus sequencing and bioinformatics to characterize 

IAVs under field and experimental conditions. We focused these studies first on 

commercial breeding herds to evaluate the role of specific pig subpopulations on 

the epidemiology of IAV within and between herds (chapter 2) and characterized 

the complete genome of the virus over time in these subpopulations (chapter 3). 

Then we studied the antigenic drift of IAVs in 3-week-old pigs with or without 

MDA (chapter 4), estimated the diversity of the whole genome of IAV during 

infection of vaccinated pigs (chapter 5), and characterized the complete genome 

of several IAVs co-circulating naturally over time in a large population of pigs 

after weaning. At the herd level we also focused on the epidemiological 

characterization of IAV infections (chapter 2 and 6) and we analyzed the 

complete genome diversity of the virus to address basic questions on virus 

introduction, evolution, persistence and re-infection (chapter 3 and 6). At the 

individual animal level (chapters 4 and 5) we utilized experimental studies to 



 

  152 

evaluate the effects of maternally derived antibodies (MDA) and active immunity 

(vaccination) on IAV diversity and antigenic drift. We focused our studies on 

evaluating the genetic diversity of the virus during transmission among weaned 

pigs with different immune statuses because these differences are common 

under field conditions and might lead IAVs into distinct evolutionary pathways 

(63, 67, 69, 203).  

 

In chapter two, we confirmed the persistence of IAV over time in breeding herds 

and the co-circulation of more than one IAV subtype at a single sampling event. 

We proved that this long-term persistence of IAVs in breeding herds resulted in a 

higher odds of IAV infection in groups of new gilts (on farm for less than 4 weeks) 

and piglets compared to gilts (on farm for more than 4 weeks). Additionally, in 

these herds we found a strong association between IAV infection and year 

quarter indicating a seasonal pattern of IAV infection. We also showed that 

piglets and new gilts should be targets of IAV health interventions to reduce the 

impact of swine influenza on breeding herds and that there is value in having 

year around surveillance.  

 

At the individual level IAV infections in pigs do not last more than one week (3, 

16). However pig farms can test positive to IAV for prolonged periods of time 

although the mechanisms of virus persistence at the population level are not 

clearly understood. In the Midwestern USA, 90% of the farms with growing pigs 

are considered positive to IAVs and multiple IAVs are commonly found (17, 37). 

Moreover, the seasonality of IAV infections in pig herds in North America has 

been under debate given that IAVs can be recovered from pig farms year around 

(17, 75, 78). Our results confirmed that IAVs can be found for prolonged periods 

of time in swine breeding herds and supported the seasonality of IAV infection in 

pigs. Furthermore, this is the first study to take in consideration the roles that 
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specific animal subpopulations may play in the long-term persistence of IAVs in 

pig breeding herds.  

 

Multiple pig subpopulations (e.g. different ages, production stages, times of 

arrival etc.) may perpetuate the maintenance of IAV over time because they can 

be at different risks of IAV infection and harbor different IAV strains. Furthermore, 

in pig breeding herds, gilts and piglets have high turnover rates and might 

represent a continuous niche for IAV replication. Piglets are born naïve to any 

IAVs (36) and with an unknown, but likely highly variable, component of MDA 

acquired after birth. Therefore they can potentially become infected with different 

IAVs present in the breeding herd. In addition, gilts with or without active 

immunity against specific IAVs can be susceptible to IAVs present in breeding 

herds and also represent of source for introducing new IAVs to herds. Therefore 

we believe health interventions to reduce IAV transmission in breeding herds 

should target piglets before weaning and gilts at arrival. However, for these 

interventions to be effective a detailed knowledge of IAV molecular diversity at 

the herd level is required.  

 

In chapter 3, we used deep genome sequencing and hypothetical proteins to 

estimate the molecular diversity of those IAVs isolated from the breeding herds 

studied in chapter 2. We demonstrated that the continuous detection of IAV 

within pig farms could imply the presence of different genetic lineages and not 

necessarily the persistence of the same IAV over time. However, we also 

identified the same genetic lineage for prolonged periods of time. Furthermore, 

we found a dynamic distribution of IAV genotypes over time within and between 

pig subpopulations and documented the emergence, persistence, and 

subsidence of IAV genotypes. Studying the complete genome of IAVs isolated 

from pig subpopulations that are constantly fluctuating (i.e suckling piglets, new 

gilts, and gilts) increased our knowledge on the role of these populations on IAV 
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diversity. We demonstrated that different pig subpopulations within a farm could 

harbor different IAVs over time and that the co-circulation of multiple genotypes 

within a subpopulation could facilitate IAV reassortment. The complete genome 

characterization of IAVs using next generation sequencing technologies allowed 

us to differentiate IAVs over time with higher resolution than in any previous 

studies and unraveled a deeper layer of IAV genetic diversity during infection of 

pigs in breeding herds. We found multiple IAV genotypes that were either closely 

related to each other or clearly distinct. We also found several reassortant IAVs. 

Swine IAV reassortment is important because reassortment can result in 

dramatic changes in the antigenic properties of the virus (9, 41). However, it is 

not clear if this dynamic makeup of IAV genome in breeding herds, with long-

term persistence of certain IAV genotypes is due to viral or host factors.  

 

We hypothesize that there are three possible explanations for the persistence 

and genetic diversity of IAV in these pig breeding herds. First, there may be 

differences between IAVs from the same genetic lineage that enable the virus to 

evade herd immunity over time. Second, new gilts may be the source of the 

same IAV lineage and could introduce similar viral variants with each group 

introduced into the breeding herd; and third, the continuous availability of 

susceptible animals in breeding herds (newborns or new gilts) may allow the 

continuous replication of resident IAVs over time. Antigenic cartography (56, 76, 

199) between those IAVs isolated from these herds could help to test the first 

hypothesis. Additionally, sampling gilts at arrival could help evaluate the role of 

new gilts on the introduction of new IAVs into breeding herds. However, IAV 

infection, replication and transmission will likely occur in the presence of enough 

susceptible individuals. Therefore, the continuous availability of susceptible 

individuals might be the most important cause of the persistence of IAVs at the 

population level in swine breeding herds. 
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When IAV positive pigs are weaned, they can serve as a source of IAVs to 

downstream swine sites and their respective regions (37). Therefore to better 

understand the molecular evolution of IAV during infection of weaned pigs we 

evaluated the genetic and antigenic diversity of the virus under different immune 

statuses in 3-week old weaned pigs. First we compared the antigenic differences 

at the HA level of IAVs among pigs with or without MDA against IAVs (chapter 4); 

subsequently we compared the complete genome plasticity of the virus in pigs 

with active immunity to IAVs (chapter 5); and finally we studied the transmission 

pattern and IAV genome diversity during infection of pigs after weaning under 

field conditions (chapter 6). In pigs with or without MDA against IAVs (Chapter 4) 

we found that nucleotide substitutions at the HA level can happen shortly after 

infection. Furthermore, we demonstrated that these nucleotide differences 

between HAs were not limited to the HA1 region of the HA but also happened 

within the signal peptide and the HA2 region. Our results are in agreement with a 

previous study that indicated that there was no difference between the 

evolutionary trends of IAV in pigs with or without immunity against IAVs (73). 

Furthermore, using deep genome sequencing we proved that the genetic 

diversity of IAVs during infection of weaned vaccinated pigs (chapter 5) is 

dynamic, within and between pigs, and not limited to the main antigenic genes of 

the virus. Our results also illustrated the importance of the internal gene 

segments on the assessment of IAV diversity during infection of pigs. The intra- 

and inter-host variability of the complete IAV genome during infection has been 

reported recently in children (169) and at the HA level in pigs (73), horses (4), 

and dogs (5). However, to our knowledge this is the first study reporting the 

complete genome characterization of IAV during infection of vaccinated pigs 

using deep genome sequencing.  

 

MDA and humoral antibodies can change the transmission rate of IAV between 

pigs (38, 64) and variable transmission rates might influence genetic diversity 
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over time. However, the effects of humoral immune response on IAVs diversity 

may be associated with the cross reactivity of certain antibodies to different IAVs 

and their interference with an appropriate immune response (82, 142, 195, 204). 

Most weaned pigs in the contemporary swine industry are expected to have MDA 

against IAVs. Furthermore, pigs can be exposed to one or more IAVs over time 

during their lifetime and develop a variety of humoral immune response against 

IAVs (16, 18, 120).  In our studies we did not find differences in the nucleotide 

substitutions that took place at the HA level in pigs with our without MDA and we 

found that all IAV gene segments had a dynamic genetic composition during 

infection of vaccinated pigs. However, different IAV strains or vaccines might 

lead to different results. The effect of humoral immunity on swine IAV evolution 

should be further investigated because it might shape the overall genetic 

diversity of the virus and could give better tools to design health interventions at 

the population level.   

 

In chapter 6, we investigated in more detail the epidemiology of IAVs in pigs after 

weaning and attempted to identify molecular traits that might be associated with 

IAV re-infection.  We confirmed that pigs can bring IAVs to other swine farms at 

weaning and that the long-term persistence of IAVs in pigs after weaning could 

be the result of different epidemic waves of IAV infection. Additionally, we found 

that different IAVs coexisted as a population of viruses that were either closely 

related to each other in the form of viral groups (VGs) or clearly distinct 

representing distinct IAV genetic lineages. These different VGs had a clear 

distribution over time with one different VG dominating each IAV epidemic wave 

identified during the study and illustrated the complexity of swine IAV genetic 

diversity. Furthermore, in this study we had convincing evidence that indicated 

that pigs could become re-infected with viruses that differed by as few as one 

amino acid in HA although most of IAV re-infections involved viruses from 

different genetic lineages. Understanding the molecular evolution of swine IAVs 
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under field conditions is important for vaccine selection, evaluation of IAV 

reassortment, and to determine the introduction or persistence of new IAVs. 

Additionally amplifying the complete genome directly from the nasal swab in 

some studies gave us a better understanding of viral diversity in the host and 

avoided bias due to selection during virus isolation in cell cultures. 

 

Future studies are needed to test the efficacy of interventions targeting the 

aforementioned pig subpopulations. It is important to estimate the effect of 

animal movements within and between herds to determine the distribution and 

genetic diversity of IAVs. If animal movements are associated with the 

emergence and persistence of IAVs at the herd level then animal flows could be 

modified to reduce the risk of infection and maintenance. For example, sampling 

gilts at arrival, or introducing gilts at different ages or managing the flows all in/all 

out could help estimate the risk of new IAV introductions associated to new gilts 

arrival and their age at arrival. Additionally, at the herd level it will be important to 

characterize genetically and antigenically the persistent viruses in order to select 

the best vaccine available or to provide enough evidence that would require a 

policy change on swine IAV vaccine updates. Evaluation of vaccination protocols 

targeting timing, season, type of animals and type of vaccines (killed vs. live 

attenuated) are also warranted.  

 

Finally, we recognize multiple limitations in our studies and they should be taken 

into account in the interpretation of our results. First at the population level the 

external validity of our results are limited because the number of pig farms 

studied was limited and farms were conveniently selected. Therefore, it is unclear 

how our results represent pig populations across US regions. Nevertheless all 

farms for our studies were selected to represent commercial pig production sites 

in the Midwestern USA. Additionally we were not able to estimate the association 

of IAV genetic traits and epidemiological findings because these types of studies 
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require larger sample sizes and that was out of the scope of this thesis. In 

addition, in order to fully investigate the effect of vaccination on virus evolution, it 

would be important to compare the variability of the IAV genome between pigs 

with or without active immunity against IAVs. In our studies in chapter 5, we did 

not have a negative control to estimate if the genetic differences found were due 

to IAV vaccination or happened because of other host or virus factors.  

 

In conclusion we demonstrated that the complex dynamic of IAV diversity at the 

herd level is the result of the plasticity of IAV genome during infection of pigs 

regardless of their immune status. The plasticity of IAV genome during infection 

of pigs at the individual level indicated that there is a dynamic “cloud” of 

genotypes during virus replication that are closely related to each other, which 

might be translated at the population as different virus groups that can co-

circulate with other influenza A virus groups over time. This variability on IAV 

genome at the individual and population levels during transmission of the virus 

under field conditions could affect virus fitness over time and allow the 

persistence of the virus in populations at higher risk of IAV infection. We found 

that swine IAV infections are not evenly distributed among all subpopulations 

present in pig breeding herds or in pigs after weaning and demonstrated that the 

long-term persistence of IAVs in pig farms could be associated with the 

continuous occurrence of IAV epidemics at the herd level. Hence, we 

hypothesize that the most important epidemiological factor for IAV persistence at 

the population level is the continuous availability of susceptible animals to IAV 

infections that allow this dynamic cloud of IAV genotypes to replicate over time. 

We suggest that health interventions to control IAV in swine populations and 

reduce its zoonotic potential should aim to reduce the transmission and 

persistence of IAVs among those pig subpopulations that are continuously 

introduced into pig farms (new gilts, newborn pigs, and weaned pigs). The work 

presented in this thesis contributes significantly to the understanding of IAV 
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diversity, persistence and evolution in pigs and provides useful information to 

mitigate IAV infections in pigs and its zoonotic potential.  
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