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Abstract Collective knowledge regarding the occurrence of influenza among
swine is incomplete due to inconsistent surveillance of swine populations. In this
chapter, we review what surveillance activities exist and some of the practical
challenges encountered. Furthermore, to support robust surveillance activities,
accurate laboratory assays are needed for the detection of the virus and viral
nucleic acids within clinical samples, or for antiviral antibodies in serum samples.
The most common influenza diagnostic assays used for swine are explained and
their use as surveillance tools evaluated.
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1 Surveillance for Influenza Viruses in Swine

Influenza A viruses in swine typically cause an acute respiratory disease which, in
uncomplicated cases, is mild and self-limiting (Radostits et al. 2000). Infection of
swine with influenza A virus is common (Brown 2000) and occurs throughout the
year (Vincent et al. 2008). However, seasonal peaks occur in months with mod-
erate temperatures and humidity (Shaman and Kohn 2009) similar to the pattern of
disease seen in humans. Because endemic swine influenza is highly prevalent but
causes minimal mortality in infected pigs, the World Organization for Animal
Health (Office International de Epizooties), and the U.S. Department of Agricul-
ture (USDA) have not classified swine influenza as a notifiable or reportable
disease (OIE 2009; USDA/APHIS 2009). Further complicating the coordinated
surveillance efforts are the limited resources available for animal disease sur-
veillance in general. For these financial and biological reasons, systematic and
rigorous surveillance is focused on diseases of much higher consequence to animal
health and international trade, such as brucellosis and foot-and-mouth disease.
Animal disease surveillance in general is labor-intensive and costly and hence
animal health authorities at the international, national, provincial, and state levels
have precluded assigning it a higher priority for funding (Pappaioanou and Gramer
2010). Given these challenges, the efficient and effective surveillance of influenza
viruses in swine will require a strategic approach, encompassing all the attributes
of a successful surveillance program.

1.1 Attributes of Disease Surveillance Systems

When considering an influenza virus surveillance program for swine populations the
key attributes of disease surveillance systems developed and used by leading public
health authorities for detecting diseases of public health importance in human popu-
lations (CDC 2009) must be considered. These attributes are summarized below.

A. Simplicity. This refers to the surveillance system’s structure and ease of
operation. As with most successful operations, systems that prove to be the
most valuable utilize methods that are as simple as possible while still fulfilling
the primary objectives.

B. Flexibility. A system that can adapt to changing needs, such as the addition of
new collection methods or employing new and more specific diagnostic assays
has built-in flexibility to capture the required information.

C. Acceptability. A surveillance system must appeal to all interested parties and,
once found acceptable, it reflects the willingness of individuals and organi-
zations to participate in the surveillance system (e.g., swine farmers, veteri-
narians, and veterinary diagnostic laboratory personnel who are asked to report
cases of disease).
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D. Timeliness. After initial diagnosis, how quickly the cases are entered into the
surveillance system or the time that elapses between onset of infection, diag-
nosis, case report, information sharing, and action, is often regarded as key to a
surveillance system’s success (Jajosky and Groseclose 2004). While timeliness
is of critical importance, it is often very difficult to measure (Jajosky and
Groseclose 2004).

E. Completeness. Completeness is the attribute of a surveillance system that is
most directly linked to the true discipline of epidemiology. Completeness is
reflected by the proportion of all cases of disease in a specified population that
are detected by the surveillance system and is affected by the likelihood that:
(a) animals with infection or disease are tested; (b) the condition is correctly
diagnosed (skill of animal health provider, accuracy of diagnostic tests); and (c)
the case is reported to the surveillance system once it has been diagnosed. The
factors that may affect completeness of a surveillance system are addressed in
more detail in Sect. 1.3.

F. Representativeness. A surveillance system that accurately describes the
occurrence of disease over time and its distribution in the study population by
location, group, and severity can be referred to as representative. Consideration
of this attribute is especially important for large populations with variable
prevalence because most systems simply cannot detect every single case of
infection or disease. The common idiom ‘‘tip of the iceberg’’ is a popular way
of referring to how the documented and described cases of a disease that are
evident as the result of a surveillance program truly represent the largely
undetected/unseen cases in the vast population.

While there are several challenges that inherently exist when trying to conduct
surveillance on animal populations (further discussed in Sect. 1.3), if an organi-
zation is forward thinking and keeps these key attributes in mind, a wealth of
information can be generated. The information garnered from an influenza sur-
veillance system for pigs is driven in large part by the initial design and rationale
for the surveillance.

1.2 Rationale Behind Influenza Surveillance Systems for Swine

While the majority of a surveillance effort is designed to answer ‘‘how’’ and
‘‘what’’, e.g., logistics and population selection, the better part of the planning time
should be devoted to determining ‘‘why’’ to invest in the activity in the first place.
For influenza virus surveillance in animals, the simple, altruistic reason is that
surveillance must be done to protect public health and prevent pandemics
(Patriarca and Cox 1997). Philanthropic intentions aside, it is important to find
rationale for surveillance that will also benefit or provide information to all
stakeholders. A recent Institute of Medicine (IOM) review for the National
Academies, ‘‘Sustaining Global Surveillance and Response to Emerging Zoonotic
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Diseases,’’ hits the nail on the head with its recommendations to improve early
detection and response to zoonotic diseases, such as influenza. Specifically, they
are of the opinion that comprehensive surveillance would be best achieved in the
following manner: ‘‘Multidisciplinary teams of professionals that have relevant
expertise and field experience would identify populations at risk and causes and
risk factors for infection, and then rapidly and widely disseminate this information
so that immediate and longer term disease prevention and control interventions can
be implemented (IOM/NRC 2009).’’

For influenza virus surveillance in swine in the United States, the rationale for a
surveillance system includes not only protection of public health, but detection,
discovery, and sharing of virus isolates to facilitate updates for vaccines, refine
diagnostic assays, and determine the distribution of new influenza strains in swine
to inform further policy decisions (USDA/APHIS 2009). In Europe, the Research
Programme of the European Commission funded the coordination of the European
Surveillance Network for Influenza in Pigs (ESNIP), a group that set out on a
coordinated surveillance mission many years earlier, in 2001, with the stated goal
of being to first standardize diagnostic techniques used for surveillance and
detection of influenza viruses in pigs. Once the initial goals were achieved, the
wealth of information from the surveillance efforts was leveraged for a second
round of studies (ESNIP 2007) on the epidemiology and evolution of influenza
viruses in European pigs and to optimize influenza diagnostic assays for swine
(Kyriakis et al. 2010a). Naturally, a listed rationale for ESNIP 2 is, ‘‘to obtain
insights into the public health risk of influenza in swine by monitoring swine for
avian influenza viruses and by comparison of influenza viruses in swine and in
human populations.’’ ESNIP 3 has since been launched to ‘‘…increase the
knowledge of the epidemiology and evolution of swine influenza virus in Euro-
pean pigs’’ with significant research investment directed toward detailed antigenic
and genetic characterization of influenza virus strains isolated from pigs (European
Commission 2010).

The surveillance programs for swine influenza in developed countries such as
the United States and those of the European Union are striving to best coordinate
efforts not only with multiple disciplines and agencies, but also with swine
producers. While the benefits to human and public health are tangible in that
understanding influenza virus patterns in swine may lead to more accurate and
timely diagnosis of zoonotic influenza events, the reward for swine producers is
less definable. The perception that influenza surveillance programs for pigs have
fewer advantages for pork producers is likely due to several reasons, including the
minimal impact of influenza virus infection on overall swine health and produc-
tivity, fear that trade and profits will be negatively affected, and the lack of readily
available, consistently reliable, and inexpensive vaccines to control influenza
once it is detected. Furthermore, the funding for such surveillance efforts in pigs
requires commitment from all sectors, including animal agriculture, food pro-
duction, human, and public health (AASV 2009). Securing funding and increasing
participation in influenza surveillance programs for swine are challenges that need
to be addressed.
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1.3 Challenges to Surveillance in Animal Populations

From the outset, any effort to conduct influenza surveillance in pigs faces several
unique challenges. For starters, respiratory disease is relatively common in pigs
and the clinical signs and gross lesions associated with influenza virus in pigs are
not entirely specific to influenza. While influenza virus is a significant disease in
pigs, there is no official disease reporting requirement for influenza because
clinical disease seldom leads to dramatic mortality or severe economic losses in a
herd. Additionally, influenza virus is a highly mutagenic virus that can be
exchanged among multiple species, with most concerning exchanges occurring
between animals and humans. Due to the nature of the global economy, both
humans and animals are increasingly mobile regionally and internationally,
making comprehensive surveillance difficult across species and geographic
boundaries. These factors pose challenges to any influenza surveillance effort in
pigs and illustrate the importance of a coordinated surveillance approach.

The first challenge to swine influenza surveillance, and to any early warning
system for swine infectious disease, is the inability to reliably detect disease
through observations of clinical signs. The clinical signs associated with influenza
virus in pigs are generally attributed to Porcine Respiratory Disease Complex
(PRDC), a polymicrobial pneumonia caused by several common swine respiratory
viruses and bacteria (Brockmeier et al. 2002; Straw et al. 2006). While it is true
that influenza A viruses are frequently isolated from pigs with PRDC and evidence
of exposure via serological assays is common in growing swine (Brockmeier et al.
2004), it would be wrong to ascribe all clinical signs of respiratory disease in a
swine population to influenza without more discriminatory diagnostic methods.
Therefore, while reliance on clinical signs and gross lesions for disease detection
in pigs has proven to improve the sensitivity of disease detection for other swine
diseases such as classical swine fever (Elbers et al. 2003), the sole use of clinical
signs as a detection method can lack specificity (Engel et al. 2005). Even swine
diseases with hallmark clinical signs, e.g. vesicular exanthema of swine, have
cases that may be mild enough to fail detection by clinical observation alone
(Schnurrenberger et al. 1987). Similarly, many uncomplicated influenza virus
infections in pigs are also mild. It has been shown that single virus infections result
in transient clinical signs (Van Reeth et al. 1996). Hence, clinical signs as a
method of detection for influenza virus would also likely result in numerous
missed cases as well as an abundance of false positive cases. Finally, using clinical
signs to detect influenza requires observation by a trained veterinary professional
or animal caretaker. Thus, it bears mentioning that surveillance methods, like
direct clinical observation, requiring close contact with animals infected by with a
potentially zoonotic disease can pose health risks to workers, another potential
challenge (Myers et al. 2006; Bos et al. 2010).

The challenges associated with tracking ‘‘transboundary’’ viruses in animals,
including influenza, have been reviewed previously (Domenech et al. 2006; Lynn
et al. 2006; Gubernot et al. 2008) and the impact of human travel on respiratory
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disease epidemics such as Severe Acute Respiratory Syndrome (SARS) in people
has been examined extensively. However, the component of virus transmission
from humans to pigs has not been a significant consideration other than in retro-
spective analysis of the 1918 Spanish Flu pandemic up until 2009 H1N1 pandemic
(Hofshagen et al. 2009). Clearly the impact of human travel and the potential for
infecting pigs with novel influenza viruses are evident now. Yet few surveillance
systems that exist are capable of capturing both the human and animal data needed
to shed light on the existing barriers that prevent or gateways that allow trans-
mission to occur between species.

Migratory waterfowl represent another potential transmission source for influ-
enza to pigs, as demonstrated experimentally (Kida et al. 1994) and naturally
(Pensaert et al. 1981; Karasin et al. 2000). In the more recent report on natural
infection of pigs with H4N6 influenza, waterfowl on a lake near a swine farm in
Canada were implicated as the source of infection in pigs (Karasin et al. 2000).
Even with confinement rearing of pigs, exposure to water-borne virus is possible in
cases where surface water is used untreated as a water supply for the pigs. Pigs
raised partially or completely outdoors could face a higher exposure risk. In the
case of the H4N6 influenza virus infection, pigs were raised in confinement. The
authors provide evidence of pig to pig transmission of the H4N6 influenza virus
within the herd.

In contrast, the first widespread detection of H3N2 influenza virus in pigs in the
United States in 1998 was followed by widespread dissemination of H3N2
throughout the North American swine population and subsequent reassortment
with other influenza viruses (Ma et al. 2006). This is significant in light of the
tremendous increase in movement of growing pigs throughout North America over
the past 20 years, another significant challenge for surveillance of influenza in
pigs. Data from the Minnesota Board of Animal Health on the movement of
growing pigs and breeding swine into Minnesota are illustrative of this point
(Fig. 1). There has been more than a seven fold increase in the number of feeder
pigs imported into Minnesota over a 5-year period (fiscal years 1994–1999) and
this number has doubled again in the subsequent 5-year period (fiscal years
1999–2004), with shipments originating from Canada and 31 other U.S. states
(source: Minnesota Board of Animal Health). This movement of pigs at young
ages (3–11 weeks) provides a source of pigs that are potentially infectious or
susceptible (or both) to particular influenza virus strains. This extent of interstate
and international movement is an important consideration when designing sur-
veillance methods for influenza in pigs.

Finally, there is a potential challenge to influenza surveillance in pigs if pro-
ducers are reluctant to participate in such a program. Diagnostic testing costs can
be a barrier to surveillance particularly during protracted periods of unprofitable
production such as occurred in 2009 in North America. Producers and veterinar-
ians may also be reluctant to participate in surveillance programs that are per-
ceived to have a potential negative impact on marketability of pigs from a specific
site or more generally for the marketing of pork.
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1.4 Surveillance Design and Logistics

Surveillance design parameters depend on the objectives of the surveillance
program as outlined previously. For example, surveillance parameters would be
different if the objective is to identify the most prevalent influenza virus subtypes
in pigs in a particular region versus whether influenza virus has been eliminated
from a specific swine herd (Torremorell et al. 2009). Designing a surveillance
program also requires a thorough understanding of the behavior of the virus in
pigs, available diagnostic tests, and the production practices used for raising pigs
that are to be monitored. Important features of influenza virus infections in pigs are
illustrated in Fig. 2 and discussed in detail in other chapters (Clinicopathological
Features of Swine Influenza) in this text.

Briefly, it is critical to remember that pigs develop a fever and begin shedding
virus rapidly following exposure to influenza virus. Peak virus excretion follows
the peak of fever very closely and declines rapidly thereafter. Circulating anti-
bodies are detected within 10–14 days of infection. On an individual pig basis,
there is a window of time following infection in which the virus has been cleared,
antibodies have not developed, and the pig appears not infected.

Surveillance design is also a function of the tests available for use. Tests intended
to detect virus need to be applied during the first week following infection,

Fig. 1 Number of growing and adult pigs imported into Minnesota annually during fiscal years
(FY) 1991 and 2009 according to the Minnesota Board of Animal Health. Triangles represent
growing (feeder) pigs. Squares represent adult (breeder) pigs
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preferably on samples from pigs that are still febrile. Serological tests such as
hemagglutination inhibition can be used to evaluate samples before and after the
expected time of seroconversion to specific subtypes of influenza. Serological tests
are also available in an ELISA format that detect antibodies against all influenza A
subtypes (Ciacci-Zanella et al. 2010) or certain individual subtypes. Influenza
diagnostic assays for both antigen and antibody detection are discussed in detail in
Sect. 2. Once established diagnostic assays are chosen for the surveillance program,
the next critical component is a proper specimen selection and sampling strategy.

Specimen selection and sampling strategies. The specimen of choice within a
surveillance program again relates to the objectives of the surveillance as well as
the availability of appropriate samples for collection and testing. A variety of
specimens are suitable for SIV detection in pigs, including nasal swabs, tracheal
swabs, tracheal fluid, lung lavage fluid, and lung sections. For ante-mortem
diagnosis of SIV, nasal swabs are one of the more easily obtainable samples. Oral
fluids collected from pigs on a group basis represent an alternative to nasal or
oropharyngeal swabs. Oral fluids have been used extensively for diagnostic tests in
human medicine and are now being applied in swine herds for detecting pathogens
and antibodies against the pathogens (Prickett and Zimmerman 2010). Specific
applications of oral fluids for influenza virus testing are discussed in Sect. 2.2.
Additionally, testing air samples for the presence of swine influenza virus is in the
early stages of development (Hermann et al. 2006) and could find application in
broader surveillance applications. Postmortem examinations of pigs infected with
influenza A viruses have detected the virus (Vincent et al. 2009a; Yazawa et al.
2004) primarily in respiratory tract tissues (nasal turbinates, trachea, and lung), but
also in tonsil and bronchial lymph node. The sites for virus replication are similar
for historical isolates of ‘‘classical’’ H1N1 swine influenza virus (Yazawa et al.
2004) and 2009 pandemic H1N1 (Vincent et al. 2009a). Postmortem tissues are
considered ideal specimens as they can also be examined for gross and micro-
scopic lesions. Thus, complete necropsies with histopathological examinations can
further our understanding of the pathogenesis of influenza A viruses in swine.
Regardless of the specimen collected, the sample size chosen from the population
of concern will affect successful detection of influenza in swine.

Fig. 2 The dynamics of influenza virus infection in swine represented by the simple timeline
here are useful for designing surveillance testing protocols
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Sample size determination for surveillance programs is a function of what test is to
be employed and how prevalent the target organism is within the population. In other
words, the number of pigs shedding influenza virus at the time of sampling is likely to
be different from the number of pigs with serum antibodies depending on when the
pigs are sampled. The calculation of an adequate sample size required is fairly
straightforward once all the other elements of the sampling frame are established,
i.e. sensitivity and specificity of the test, prevalence of the target organism within the
population, population size to be sampled, and desired confidence in the end result.

A formula that has been used extensively in swine disease surveillance
programs for many years is given below:

n ¼ ð1� ð1� aÞ1=dÞðN � ðd=2ÞÞ þ 1

where N is the population size, d is the number of positives in the population (expected
or threshold prevalence for detection), a is the desired confidence level, and n is the
number needed for testing (Cannon and Roe 1982). For example, if one assumes that a
diagnostic assay is 100 % sensitive and specific, a sample size of n = 30 from a herd of
infinite population N, will provide a 95 % confidence level of detection of disease if the
disease prevalence is 10 %. In most situations, the diagnostic assays employed are not
100 % sensitive. As sensitivity decreases, the sample size n must increase.

Databases and sharing of information. Our experience with swine influenza
databases indicates that populating the database and sharing the information is most
successful when the information is used for a specific and important purpose. Testing
for swine influenza virus is a regular activity at veterinary diagnostic laboratories.
Serology results are generally used for making decisions on vaccine timing and are not
typically collated into common databases. Virus detection by PCR and virus isolation
is used to determine the role of influenza virus in clinical disease. Viruses isolated from
clinical cases are often used for the production of autogenous vaccines based on the
results of virus sequencing information. Virus sequencing information is often
assembled into dendrograms to follow virus trends over time and geography. Each
piece of the collective diagnostic information has a role in influenza diagnosis and
control on a herd or production system basis. By definition, this brings the maintenance
of the database close to the end user, who also happen to provide the data inputs.

Financial incentives, such as third party payment for sequencing information, have
not appeared to be as important as the direct need for information in terms of motivating
producers to participate in surveillance programs up to now. The degree to which
producers and veterinarians are interested in sharing disease surveillance information
among groups is promising but has not yet been fully determined (Davies et al. 2007).

1.5 Examples of Influenza Surveillance in Swine

Comprehensive surveillance programs are needed to detect new influenza strains
especially the ones with pandemic potential so we can increase our preparedness to
it. Effective surveillance programs should include detection of influenza viruses in
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humans and animals including pigs. It should also include detection of viruses
distributed throughout the world particularly in high risk areas where humans,
poultry, and pigs coexist. Surveillance in pigs is considered crucial because pigs
have receptors for human, swine, and avian influenza viruses potentially favoring
the arising of new viral reassortants. Unfortunately such a global comprehensive
surveillance program has not been put in place yet but attempts have been made at
the local and regional levels. One limitation of this approach is that the infor-
mation is not always integrated and shared across species and regions diminishing
the effectiveness of comprehensive surveillance efforts.

Detection of influenza viruses in other mammalian species such as cats, dogs,
bovine, and equine should also be considered as part of the integrated programs.
Although a coordinated global surveillance initiative in pigs does not exist yet, there
are examples of programs that over the years have provided a significant but
incomplete picture of the circulating influenza viruses in pigs. In addition, the
programs that are being planned to actively collect data and specimens for influenza
will help to bridge the current gap in influenza surveillance in pigs.

Serosurveillance of pigs in North America. In the US, surveillance studies using
serological methods have been based on the sampling of pigs at the point of slaughter
and the testing of samples submitted to veterinary diagnostic laboratories. In these
studies, pigs originated from various Midwestern States and were representative of
pigs owned by multiple enterprises throughout the US. This was the method of choice
for many years when other methods of sampling were not available.

In the US, several serological surveys have been conducted. It was demonstrated
during 1976/1977 (Hinshaw et al. 1978) and 1988/1989 (Chambers et al. 1991) that
influenza virus infections were common among pigs. The percentage of pigs
seropositive against classical swine H1N1 viruses ranged from 20 to 47 % in 1976/
1977 and 51 % in 1988/1989. In contrast serologic evidence of H3 virus exposure
was remarkably lower in both studies (1.4 % in 1976/1977 and 1.1 % in 1988/1989).

In a subsequent study conducted in 1997/1998 (Olsen et al. 2000), 27.7 % of
pigs were seropositive to swine H1 virus, 8 % to an H3 human virus, and 7.6 % to
an H1 avian virus. These results indicated that pigs were exposed to human H3 and
avian viruses to a greater extent than in the past. The finding that the study
population tested positive to human H3 influenza virus was of particular signifi-
cance. Up to that point, detection of H3-subtype influenza viruses in US pigs was
rare although it was detected regularly among pigs in Asia and Europe.
The findings in 1998 indicated a dramatic pattern change for influenza epidemi-
ology in North America. A Canadian study indicated that seroprevalence to H3N2
viruses in 2002 was negligible although seroprevalence to H1N1 remained high
(24.3–61.1 %) (Poliak et al. 2008).

Therefore, influenza surveillance using serological methods has provided useful
information in the past but its use has become less reliable due to the broader use of
influenza vaccines in pigs and the inability to differentiate antibodies induced by vac-
cine strains from field strains. In addition, serological methods may not always be able
to differentiate infection by strains within a subtype or even between subtypes. The
limitations of serological assays are discussed in further detail in Sect. 2.3. For these
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reasons, virus molecular characterization methods have become widely used and are
better able to detect genetic differences among viruses.

Surveillance provided by U.S. Veterinary Diagnostic Laboratories. State and
private diagnostic laboratories in the US constitute a rich resource of samples and
data for influenza virus surveillance in pigs. Thousands of cases are submitted to
the diagnostic laboratories by practitioners and producers to investigate respiratory
disease. Most of the cases originate from US herds but may include samples from
Canadian herds and a few countries located in Central and Latin America. In many
of the cases submitted, influenza virus is detected and diagnosed. As an example,
more than 4862 influenza A viruses have been isolated from swine respiratory
specimens at the University of Minnesota Veterinary Diagnostic Laboratory
(UMVDL) between January 1, 2001 and June 1, 2010 (Gramer and Torrison
2010). In addition 200–700 influenza A virus nucleic acid detection tests (RT-
PCR) are conducted monthly on swine respiratory specimens submitted to the
UMVDL. The detection of influenza A virus by PCR is followed by subtyping and
even partial hemagglutinin gene sequencing when funding is available. Because of
confidentiality issues, data derived from these diagnostics is reported solely to the
submitting veterinarian and animal owner. While some of the data is shared with
the influenza research community, the majority is not automatically released to any
publically accessible surveillance databases. Rectifying this situation is not
straightforward, but would likely involve discontinuing the institutional practice of
considering animal influenza virus isolates as the intellectual property of the
owner or researcher and assuring anonymity and prevention of penalties to clients
submitting specimens. Nevertheless, diagnostic laboratory data do constitute a
valuable resource. In the US, the data generated represent the types of influenza
viruses circulating in domestic swine and has resulted in vaccine strain updates and
diagnostic reagent revision.

It can be argued that surveillance conducted through routine submissions to
diagnostic laboratories is passive, syndromic, and retrospective producing only
partial analysis of viruses. Whole genome sequencing of influenza A virus isolates
from pigs is needed to detect virus changes and reassortment events that may result
in new strains of pandemic potential (Vijaykrishna et al. 2010). Efforts, such as
that of the USDA, are designed to integrate the US veterinary diagnostic labora-
tory network influenza detection and characterization into a more integrated and
comprehensive surveillance plan (USDA/APHIS 2009).

Passive/Syndromic surveillance programs. During the last few years discussions
have taken place in the US to have an active surveillance influenza program in pigs
similar to those for people and poultry for detecting high pathogenic avian influenza
or detecting strains of clinical importance. Such a program has not yet been fully
possible in pigs although tremendous advances have been made. As a result of the
2009 pandemic, the USDA in cooperation with the CDC and industry allies initiated
a voluntary influenza surveillance program in pigs (USDA/APHIS 2009). Although
participation in the program has been limited, pork producer, and veterinarian
involvement is slowly increasing and contributions of specimens for virus isolation
to the surveillance efforts are on the rise.
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In addition, influenza is proposed to be part of a comprehensive and integrated
surveillance program being designed to protect the US food supply from the impact of
diseases considered exotic in the US (AASV 2010). This program has many goals
including actively testing for foot-and-mouth disease, classical swine fever, Brucella
suis, Aujeszky’s disease, Trichinella spiralis, Toxoplasma gondii, and influenza
A virus. Many stakeholders are participating in the design of this program, including
the USDA, HHS/CDC, National Pork Board, National Pork Producers Council,
American Association of Swine Veterinarians, Veterinary Diagnostic Laboratories,
State Animal Health Officials, and State Pork Producer Associations. In regards to
influenza, the program aims to determine the prevalence and variety of influenza
viruses in US swine, facilitate influenza strain selection for vaccine production,
provide continuous improvement of diagnostic testing capabilities, and warrant
anonymity to the submitting systems to facilitate cooperation. Such a system should
facilitate the cooperation and sharing of information and specimens among
stakeholders.

Hong Kong surveillance program for influenza in slaughtered swine. For over a
decade, researchers at the University of Hong Kong have participated in an
internationally funded, systematic, virological, surveillance program for influenza
A viruses in swine slaughtered at one abbatoir in Hong Kong (Vijaykrishna et al.
2010). A majority of the swine slaughtered at this abbatoir are said to originate
from mainland China. Routine visits are made to the abbatoir wherein nasal or
tracheal swabs from slaughtered pigs are collected, subjected to virus isolation via
inoculation in eggs or MDCK cells, and then characterized by hemagglutination
inhibition (HI) and sequencing. This slaughter surveillance program has yielded
interesting information regarding the genetic constellation of viruses present in
China and Hong Kong (Smith et al. 2009; Peiris et al. 2001).

Research-based surveillance. In an effort to bridge the gap on influenza surveil-
lance in pigs, the United States National Institutes of Health funded Centers of
Excellence for Influenza Research and Surveillance (CEIRS) have directed some of
their research efforts toward active influenza surveillance in swine-dense areas in the
Midwestern United States (NIAID 2010). The information from an active surveil-
lance program such as this is sorely needed as growing swine are more representative
of the population of pigs most likely to be infected with influenza A virus (Brown
2000), and, because the epidemiology of the virus in swine farms is not well
understood (Olsen et al. 2006), an active surveillance program can shed key infor-
mation on the epidemiology of influenza in swine. In the NIAID sponsored program
on active influenza surveillance in swine, thirty nasal swabs are collected every
month for 12 consecutive months from growing pigs in 34 separate farms. Swabs are
tested for influenza virus by PCR and virus isolation. During collection, the age of the
pigs, group clinical signs, and influenza vaccination history are recorded. Farm
characteristics, such as herd size, building design, proximity to other farms, biose-
curity practices, are also recorded in an attempt to determine possible risk factors
associated influenza virus infection. Data on pig age, clinical status, meteorological,
and environmental conditions are collected to obtain information on current
influenza isolates, their distribution, and disease characteristics.
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Summary of international surveillance programs. In Europe, the Research
Programme of the European Commission funded the coordination of the European
Surveillance Network for Influenza in Pigs (ESNIP). This group became active in
2001 and continues the efforts to increase the knowledge of the epidemiology and
evolution of swine influenza virus in European pigs.

In Hong Kong, the surveillance program consists of the isolation of influenza
virus at the point of slaughter. Throughout this program a limited but significant
number of viral isolates has become available representing the only active sys-
tematic influenza surveillance program in the world.

In South and Central America, formal surveillance efforts are nonexistent and
are complicated by the fact that some countries consider influenza in pigs an exotic
disease limiting the ability to even conduct routine influenza diagnostics.

2 Diagnostics for Swine Influenza

Diagnosis of swine influenza in the twenty-first century has become more com-
plicated due to the presence of multiple strains of influenza viruses cocirculating in
pigs (Webby et al. 2004). Due to the introduction of these multiple strains, the
diagnosis and characterization, it is important to understand the many tests that are
being used to better characterize influenza virus infections in swine.

2.1 Clinicopathology

Clinical signs and characteristic macroscopic and microscopic lesions are useful in
making a presumptive, but not definitive, diagnosis of swine influenza infection
(see the chapter regarding Clinicopathological Features of Swine Influenza in this
text and also Sect. 1.3 and Fig. 2). Laboratory detection of the whole virus, viral
antigen, viral nucleic acids or anti-viral antibodies within tissues, serum or other
clinical samples is needed for definitive diagnosis.

2.2 Direct Detection Methods

2.2.1 Detection of Influenza Virus Antigen

Immunohistochemistry (IHC) and immunofluorescence (IFA) are used to detect
influenza virus antigen in frozen or formalin-fixed tissues using different anti-
bodies (Guarner et al. 2000; Haines et al. 1993; Larochelle et al. 1994; Onno et al.
1990; Vincent et al. 1997). The nucleoprotein (NP) is well-conserved among
influenza A viruses; therefore, anti-NP antibodies can be used to detect all
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subtypes of influenza A viruses. However, the hemagglutinin (HA) protein is
subtype-specific and hence is used to detect specific subtypes of influenza virus.
The NP antigen is located in the nucleus and cytoplasm of infected cells (Guarner
et al. 2000; Haines et al. 1993; Larochelle et al. 1994; Vincent et al. 1997) while
the HA is located in the cytoplasm and along the cell surface (Guarner et al. 2000).

Direct immunostaining methods use antibodies that are labeled with biotin,
fluorophore, enzyme, or colloidal gold (Buchwalow et al. 2010). Although techni-
cally difficult and time-consuming, indirect immunostaining methods have higher
sensitivity and are more commonly used for diagnostic tests (Buchwalow et al.
2010). These methods use an unlabeled primary antibody followed by a labeled
secondary antibody. The application of the substrate then results in amplification of
the colorimetric signal produced by the enzyme attached to the secondary antibody
(Buchwalow et al. 2010). Of the indirect methods, the standard avidin–biotin com-
plex (ABC) method of IHC has been widely used for SIV detection (Haines et al.
1993; Vincent et al. 1997). However, with this method there can be background
staining due to endogenous biotin in the tissues (Vosse et al. 2007). Therefore, these
methods have been adapted to polymer-based IHC method (Richt et al. 2006) that
uses a polymer backbone on the secondary antibody to attach to the enzyme instead
of avidin–biotin complex (Sabattini et al. 1998).

A number of rapid immunoassays, most being enzyme-linked immunosorbent
assay (ELISA)-based tests kits are commercially available that can detect influenza
virus antigen in clinical samples. Most of these tests have been developed
specifically for human and avian applications and the viral proteins that are
detected by these kits are HA, neuraminidase (NA), or NP. Five of the kits licensed
for human application were found to have sensitivity of 67–71 % and specificity of
99–100 % for Influenza A (Hurt et al. 2007). The sensitivity was higher for
specimens containing more than 105 copies/ml of influenza virus RNA as deter-
mined by quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
(Cheng et al. 2009) or 103–105 TCID50/ml of virus as determined by virus titration
in cell cultures (Chan et al. 2009; Hurt et al. 2009). For avian samples, in which
sensitivity of RT-PCR is known to be lower than that of virus isolation in
embryonated chicken eggs, the sensitivity of antigen detection kits was compa-
rable to that of RT-PCR (Cattoli et al. 2004); the minimum amount of virus needed
was 5 9 104 TCID50/ml (Fedorko et al. 2006).

2.2.2 Detection of Nucleic Acids

First described in 1985 (Saiki et al. 1985), the polymerase chain reaction (PCR)
has been used to clone DNA, sequence, and analyze genes, identify people by their
unique genetic fingerprint and diagnose infectious and genetic diseases. The
production of complementary DNA (cDNA) from RNA was made possible by
the development of RT-PCR. In 1992, PCR was made even more powerful with
the innovation of real-time PCR (RRT-PCR) (Higuchi et al. 1992). Although
semiquantitative in nature (Kubista et al. 2006), several RRT-PCR testing
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protocols have been developed for the detection and quantitation of influenza
A viruses including SIVs (Spackman et al. 2002; Spackman and Suarez 2008).

The use of RNA extraction and purification methods varies by the type of
sample being tested. For example, RNA can be extracted directly from infected
amnioallantoic fluids, cell culture supernatants, bronchoalveolar lavage fluids
(BALF), and oral fluids. However, for certain clinical diagnostic samples, prior
processing is necessary. Tissue samples, such as lungs, are first made into a 10 %
w/v homogenate using a balanced salt solution or a viral culture medium while
nasal swabs are usually suspended and vortexed in a test tube with 2 ml of the
above media. Although labor-intensive, standard organic extraction procedures
produce high purity RNA from most any sample, including tissue homogenates,
paraffin-embedded tissues, and body fluids (Sun 2010). However, commercial kits
that use magnetic beads or solid-phase adsorption are more sensitive and easy to
use with consistent results (Sun 2010). Commercial kits, such as RNeasy and
QIAamp RNA kits (Qiagen, Valencia, CA) and PureLinkTM RNA kit (Invitrogen,
Carlsbad, CA) are based on solid-phase adsorption using silica-membrane spin
columns. Commercial kits for magnetic bead extraction, such as MagMAXTM

(Applied Biosystems, Foster City, CA) and EZ1 (Qiagen, Valencia, CA) are useful
for liquid samples that have low virus concentration or contain PCR inhibitors,
such as oral fluids, semen, urine, feces, and blood (Chan and McNally 2008; Das
et al. 2009).

To detect a broad range of influenza A subtypes, primers for RRT-PCR are
designed to target the conserved matrix (M) or nucleoprotein (NP) genes. The
USDA-validated avian influenza RRT-PCR for the M gene (Spackman et al. 2002;
Spackman and Suarez 2008) has been adapted for the detection of SIV in swine
samples. The minimum detectable concentration of the virus for this procedure
ranges from 10-1 to 101 TCID50/ml depending on the virus strain (Landolt et al.
2005; Richt et al. 2004). While virus isolation is still the gold standard test for
influenza viruses, RT-PCR is an accurate, rapid, and sensitive technique that can
be used to screen a large number of samples in a short period of time. The main
disadvantage of RT-PCR is that it detects only the viral RNA and does not
determine whether virus is viable or not. Since virus isolation depends on sample
inoculation in a live culture system and detects the presence of live virus, it is often
used in conjunction with RT-PCR to verify the presence of viable virus.

2.2.3 Detection of Whole Virus

Egg inoculation (EI) using nine to eleven-day-old embryonated chicken eggs is
considered the gold standard for isolation and propagation of avian influenza
viruses and certain egg-adapted SIVs (Clavijo et al. 2002; Swenson et al. 2001).
However, it has been demonstrated that human influenza viruses propagated in
chicken embryos acquired amino acid changes in their HA gene resulting in
antigenic variation of the virus (Katz et al. 1987; Katz and Webster 1992; Meyer
et al. 1993; Robertson et al. 1995). Comparatively, there was little to no genetic or
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antigenic variation in the same viruses when propagated in mammalian cell lines
(Katz et al. 1987, 1990; Katz and Webster 1992; Meyer et al. 1993; Robertson
et al. 1995), including Vero, MRC-5, BHK-21, and fetal porcine kidney cells. Of
these, the Madin-Darby canine kidney (MDCK) cells have the highest sensitivity
and are most commonly used in research and diagnostic applications (Meguro
et al. 1979). For maximum sensitivity, inoculation of chicken embryos and/or
another cell line is recommended in addition to MDCK cells.

Sample preparation for virus culture is the same as described for RT-PCR
(Meguro et al. 1979). Influenza A viruses may replicate in cell cultures within 24–
48 h or may take up to 5–6 days if the initial virus concentration in the sample is
low. Growth of virus in cell cultures induces the production of cell lysis or cyto-
pathic effects (CPE). Often a second blind passage is necessary for certain strains to
show CPE. Once the virus has grown in cell cultures, tests can be performed on the
culture supernatant to confirm viral identity. Although not a definitive assay,
hemagglutination (HA) of chicken erythrocytes can be taken as a presumptive
diagnosis of the virus and for approximation of the amount of virus present in the
cell culture supernatant (1 HA unit approximates 5–6 log10 of virus). A more
accurate method of quantifying virus is virus titration by inoculation of a set of serial
dilutions in cell cultures (Villegas and Alvarado 2008). For definitive virus iden-
tification, the culture supernatant can be tested by RT-PCR or commercial influenza
antigen test kits based on NP or M antigen. Since virus culture usually contains
higher concentrations of virus than the original sample, sensitivity issue seen with
clinical samples is usually not a problem when using antigen test kits.

Although virus isolation requires specialized equipment and maintenance of
cell cultures and/or embryonated eggs, it is a standardized procedure that is
available in most diagnostic laboratories. The virus isolated in cell culture can be
cryogenically preserved for years and used for further characterization and vaccine
production.

2.3 Indirect Detection

Although the clinical signs of influenza infection coincide with the presence of virus
in nasal secretions, the isolation of virus by the gold standard method of virus culture
or its detection by RT-PCR can be difficult when the period of virus shedding is brief.
It has been found in vaccine challenge studies that shedding can be as transient as
24–72 h (Heinen et al. 2001, 2002; Van Reeth et al. 2001, 2003, 2006).

In situations when influenza virus is suspected but no longer detectable at the
time of testing, detection of specific immunoglobulins may be undertaken.
Immunoglobulins (predominantly IgG) are formed in swine at detectable levels
within 1–2 weeks post infection and peak at 4–7 weeks (Olsen et al. 2006). For
this reason, it has been recommended that serum samples be collected from pigs at
the time of infection and at 3–4 weeks after the onset of clinical signs to compare
the acute versus convalescent response (Rossow et al. 2003). Since influenza
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antibodies can be formed in response to both vaccination and exposure status, the
interpretation of serologic assays will depend on both the vaccination and exposure
status of the animals being tested. The serologic tests used to detect and measure
influenza antibodies include: hemagglutination inhibition, serum neutralization,
and enzyme-linked immunosorbent assays.

Hemagglutination inhibition (HI). The agglutination of red blood cells (RBCs)
is a natural reaction that occurs in the presence of HA protein on the surface of the
virus. HA can be specifically inhibited by influenza antibody, which can be
measured in an HI assay. Optimum HA and HI reactions in SIVs occur with turkey
or chicken RBCs, which are used in standardized tests (OIE 2008). Before con-
ducting HI tests, it is imperative to remove non-specific inhibitors of viral hem-
agglutination and naturally occurring agglutinins from the serum samples to be
tested. Inhibitors can be removed by treatment with receptor destroying enzyme
(RDE) from Vibrio cholerae, heat inactivation, kaolin, or potassium periodate.
Similarly, non-specific agglutinins can be removed by pretreatment of serum
samples with chicken or turkey RBCs (Boliar et al. 2006; Pedersen 2008a; Regula
et al. 2000; Ryan-Poirier and Kawaoka 1991; Springer and Ansell 1958; Subbarao
et al. 1992). RDE and heat inactivation at 56 �C are the methods currently rec-
ommended to remove inhibitors (OIE 2008).

For the HI test, serial two fold dilutions of the test serum (starting at 1:10 and
ending at 1:640 or 1:1280) are prepared in 96-well microtiter plates followed by
the addition of 4–8 HA units of a single subtype of influenza virus in all wells
containing serum dilutions. Following incubation for an hour at room temperature,
0.5 % suspension of RBCs is added to each well. In the absence of specific
antibody, the virus is uninhibited (unbound) and is free to bind to the RBCs
resulting in hemagglutination. However, if antihemagglutinin antibodies are
present in the serum, such as after exposure or vaccination, the antibodies will bind
to the hemagglutinin protein on the surface of the influenza virus, thus inhibiting
the virus’ ability to agglutinate the RBCs. The reciprocal of the highest serum
dilution that inhibits HA is considered to be the HI titer of that serum (Fig. 2).
HI titers greater than or equal to 1:40 are usually considered to be protective
(Hancock et al. 2009).

The HI test is considered a standard test for the detection of SIV antibody
(Villegas and Alvarado 2008) but is somewhat subjective in nature and the results
may vary because of operator subjectivity and also upon repeating the test. Also,
since there is broad cross-reactivity among the a, b, and c clusters of the H1 subtype
of SIVs, a positive HI titer may indicate a virus related to the virus of exposure, but
does not definitively identify it. However, homologous virus reactions are typically
stronger than heterologous virus reactions, resulting in higher HI titers. The
advantages of this test are that it is a standardized procedure that is inexpensive and
easy to perform and the results are comparable to more complicated tests, such as
serum neutralization (Leuwerke et al. 2008; Vincent et al. 2006, 2009a).

Serum neutralization (SN) or virus neutralization (VN). The SN test detects
virus-specific neutralizing antibody present in a serum sample. Serial two fold
dilutions of the serum and a known amount of SIV are preincubated and then
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Fig. 3 Steps in a hemagglutination inhibition reaction. The antibodies on the left in sample A
prevent the virus from agglutinating the erythrocytes. Whereas the antibodies on the right in
sample B do not bind to the virus in step 2, which agglutinate the erythrocytes in step 3. The
antibody titer shown in step 4 is read out as 1:40
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added to MDCK cells to determine the highest dilution of serum that can
neutralize virus infection of cells and production of CPE (Fig. 3). Neutralizing
antibodies in serum sample block viral infection of cell culture and the virus is not
available to produce CPE. However, if antibodies are not present, the virus is not
blocked and is free to cause CPE in inoculated cell cultures. Reciprocal of the
highest serum dilution that can neutralize virus infection is considered to be the
SN titer of the serum. Since the test uses very small volumes of serum in cell
monolayers contained in 96-well microtiter plates, it is often called micro neu-
tralization. One of the advantages of SN over HI and enzyme-linked immuno-
sorbent assays (ELISA) is that it demonstrates the biologic (neutralizing) activity
of the antibodies present in the serum. Some of the disadvantages of this test are
that it requires equipment and supplies used for virus cultures and the results can
take up to 72 h to obtain. Also, the SN titers may vary when the test is repeated.

Enzyme-linked immunosorbent assay (ELISA). The ELISA test uses a 96-well
plate that has been coated with influenza viral antigen. The serum sample is
incubated in the coated wells for antibody attachment. After the unbound material
is washed away, an anti-influenza monoclonal antibody that is conjugated to an
enzyme is bound to the antigen. The unbound conjugate is washed away and the
enzyme substrate (that produces a color change in the presence of the enzyme) is
added to the wells. The color-changing reaction is stopped after 15 min and the
amount of color produced is read as an optical density (O.D.) in a spectropho-
tometer (Fig. 4). The O.D. is inversely proportional to the amount of anti-influenza
antibodies present in the test sample. Commercially available ELISA test kits
include separate ELISA tests for H1N1 and H3N2 subtypes of SIV. Another
ELISA that detects antibodies to a range of influenza A viruses is available and has
been adapted for use in detecting anti-SIV antibodies (Ciacci-Zanella et al. 2010).

The commercial H1N1 ELISA uses an antigen prepared from a classical H1N1
SIV and, thus has a limited detection range of swine H1 subtypes. Although the H1N1
test is not designed to detect other influenza subtypes, it may sometimes cross-react
with H3N2 because of some common epitopes between H1N1 and H3N2 viruses.
In addition, the H1N1 test has been found to miss recently infected animals (Yoon
et al. 2004). The H3N2 ELISA test was developed from a cluster I virus leading to
lower reactivity with class IV viruses (Yoon et al. 2004). The MultiS-Screen ELISA
(FlockChekTM, Idexx, Westbrook, ME) uses a highly conserved epitope of influenza
A nucleoprotein (NP) (Ciacci-Zanella et al. 2010). Preliminary studies indicate that
this kit, while originally designed for use in avian species, also detects antibodies
against subtypes common to swine (Ciacci-Zanella et al. 2010) (Fig. 5).

2.4 Virus Subtyping and Sequencing

Important for host range, antigenicity, and pathogenesis, the 16 HA and 9 NA
genes are antigenically and genetically divergent and these variations are used for
subtyping the influenza viruses. The cultured viruses were traditionally subtyped
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Fig. 4 Steps in a serum neutralization reaction. The antibodies in sample A on the left
neutralized the virus in step 2. This resulted in no cytopathic effects (CPE) in step 4. Whereas the
antibodies in sample B on the right did not neutralize the virus in step 2, resulting in infection of
the MDCK cells and CPE in step 4

104 S. Detmer et al.



using HI and NA inhibition (NI) assays (Pedersen 2008a, b). The NI assay uses a
dilution of the cultured virus between 1:4 and 1:32, depending on the virus
concentration. There are several steps that include standardized NA antisera
(N1–N9), fetuin, periodate, sodium arsenite, and thiobarbituric acid which result in
a dark color if there is no inhibition and a light color if there is inhibition; the NA
subtype has the light color result. Both of these assays are time-consuming and
require standardized NA and HA antisera, which are often difficult to acquire.
Therefore, RT-PCR is now regularly used for subtyping. Currently, HA and NA
specific primers can be used for both detection and subtyping of influenza
A viruses. Additionally, a number of multiplex and nested RT-PCR have been
developed for subtyping with and without simultaneous detection of influenza
A virus (Chander et al. 2010; Fereidouni et al. 2009; He et al. 2009; Lam et al.
2007; Li et al. 2001; Stockton et al. 1998; Yang et al. 2010).

In addition to subtyping, RT-PCR can also be used for sequencing all eight
gene segments of influenza virus (Chander et al. 2010; Jindal et al. 2009).
The sequences can be examined and compared to other sequences with
molecular analysis tools; uncovering the evolutionary; and geographic rela-
tionships of influenza viruses. However, the amount of RNA in clinical samples
is usually low compared to the other cellular materials and contaminating
bacteria (Spackman and Suarez 2008). Therefore, cell culture supernatants
and amnio-allantoic fluid containing a large concentration of whole virus, are
recommended for sequencing and other molecular analyses (Spackman and
Suarez 2008).

Fig. 5 Steps in a blocking ELISA test. The optical density of sample A is lower than sample B
because the influenza A antibody in sample A is bound to the antigen coated on the bottom of the
well, partially blocking the binding of the enzyme bound conjugate. The antibodies in sample B
did not bind to the antigen and were therefore washed out in step 2. Figure adapted from http://
www.idexx.com/pubwebresources/pdf/en_us/livestock-poultry/0965846.pdf
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2.5 Limitations of Diagnostic Assays

The rapid evolution of influenza A viruses over the last decade has led to genetic and
antigenic variation of the virus in North American swine. This has led to limitations in
cross-reactivity for the serologic assays. These changes need to be kept in mind when
interpreting the results of these tests. Although there is some antigenic cross-reactivity
among the classical and reassorted a, b, and c clusters of the swine H1 subtype, there is
little to no cross-reactivity between these three clusters and the human-like d cluster
(Vincent et al. 2006, 2009b). This variability in the antigenic cross-reactivity was
demonstrated in 2009 pandemic H1N1 virus for both North American and European
swine H1 subtypes using sera from experimentally infected and vaccinated pigs
(Kyriakis et al. 2010b; Vincent et al. 2010). The human-like viruses in the SwH1d
cluster were recently found to have two distinct antigenically divergent groups, which
could result in additional limitations for serologic assays (Vincent et al. 2009a).
Similarly among the swine H3 viruses, there is little to no cross-reactivity between
groups I and IV. There is also limited to no cross-reactivity between swine subtypes,
which means that multiple viruses from each subtype need to be tested to determine the
subtype of the virus that produced the antibodies. To overcome the limitations of cross-
reactivity and broaden influenza surveillance, the samples may first be screened by the
MultiS-Screen ELISA followed by more specific tests, such as SN and HI assays to
determine the subtype of the virus of exposure.

As the influenza virus continues to evolve, the primers for RT-PCR for detection
and subtyping need to be continually validated and updated. Current testing stratagems
rely on conserved nucleotide sequences for the primers. However, the variability in the
HA and NA genes in avian influenzas have resulted in the design of multiple wobble
primers to detect one subtype of influenza A without cross-reactivity with other HA
and NA subtypes (Sidoti et al. 2010; Starick et al. 2000; Suarez et al. 2007). The avian
influenza primers can be used for subtyping influenza viruses from swine or new
subtyping primers can be designed using published sequences (He et al. 2009; Huang
et al. 2009; Lee et al. 2008; Nagarajan et al. 2010). New technologies, such as enzyme
hybridization and microarray, are being used for subtyping of influenza viruses across
species (avian, human and swine) and detection of specific influenza viruses like 2009
pandemic H1N1 (He et al. 2009; Huang et al. 2009).
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