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Foreword

Microorganisms are indispensable companions to human life.

We have always been faced with the galaxy of microorganisms in our environ-
ment, and the science developments during the last decades have unequivocally
shown that our “internalized” microorganisms referred to as the microbiome are
determining our health and disease.

The new measuring techniques next generation sequencing has opened a whole
new area of research, and much is still to be learnt about the interface between
humans and their surrounding microorganisms.

Modern living is associated to the movement of people at an unprecedented
high level. Such a high mobility leads to new threats in society and new tools to
handle these. These issues call for a constant vigilance in the focus on microorgan-
isms in different areas and purposes. The current volume is a great companion for
the many people responsible for the management of public health in connection to
the diverse effects of microorganisms, from surveillance of moulds in occupational
settings to the handling of the microbial environment in hospitals.

This book provides a valuable companion to all who are concerned with dis-
eases, related to microbial exposure at the workplace. The content covers a very
diverse turf, from infections and noninfectious effects of microorganisms to the
different measuring strategies and special occupational environments with high
levels of microorganisms and their endo- and exotoxins.

Whether the reader is concerned with infections, allergies, or with other poten-
tial adverse health effects, this book will give valuable background information.
By bringing together what is currently known about these conditions, together
with the latest information on their detection, monitoring and control, the authors
have provided a comprehensive resource for all those concerned with this increas-
ingly important and diverse field of health effects related to microbial exposures.
Increased awareness of this field will be needed in order to develop new strategies
for intervention and prevention. Given the potential for public health benefit as
well as burden of these exposures the book can be highly recommended.

June 17, 2017 Torben Sigsgaard
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with Emphasis on Occupational
Environments



Chapter 1
Occupational Fungal Exposure in the
United States

Brett J. Green

Abstract The objective of this book chapter is to provide a review of recent
advances in our understanding of fungal exposures encountered in United States
occupational environments and the impacts that these exposures have on worker
health. Occupational exposure can occur to a broad diversity of fungal bioaerosols
that include spores, conidia, hyphae, yeasts, chlamydospores, and submicron frag-
ments. Pulmonary exposure to fungal bioaerosols in the work environment can
lead to some respiratory morbidities. In some cases, exposure to dimorphic fungal
conidia can also result in a symptomatic pulmonary infection that can disseminate
and become life threatening. Transcutaneous penetrating injuries sustained while
handling vegetation may additionally implant fungal spores or hyphae and result
in a subcutaneous infection. Workers may also be susceptible to dermatophytes
that can proliferate in occluded regions of the skin such as interdigital spaces and
cause a cutaneous infection. Occupational environments and work related tasks
that can lead to fungal exposure are reviewed. Strategies to avoid worker fungal
exposures including engineering and administrative controls as well as personal
protective equipment are additionally provided.

Keywords Exposure assessment - fungus - dermatophytes - gene sequencing -
occupational hazards

1.1 Introduction

Fungi are eukaryotic organisms that lack chlorophyll. Many species are saprophy-
tic and obtain nutrients from live or dead organic material in the environment.
Based on these properties, fungi can proliferate within a number occupational
settings in the United States, including non-industrial indoor environments that

B.J. Green ()

Allergy and Clinical Immunology Branch, Health Effects Laboratory Division, National Institute
for Occupational Safety and Health, Centers for Disease Control and Prevention, Morgantown,
WV 26505, USA

e-mail: dox6@cdc.gov

© Springer International Publishing AG 2017 3
C. Viegas et al. (eds.), Exposure to Microbiological Agents in Indoor
and Occupational Environments, DOI 10.1007/978-3-319-61688-9_1



4 B.J. Green

contain cellulose-based building materials, agricultural settings, or other occupa-
tional environments in which contaminated organic material or soil are handled or
disturbed. Fungi are a diverse kingdom, and 1.5 million species are estimated to
exist (Hawksworth 2001). Compared to prokaryotes described in independent
chapters, fungi contain a membrane-bound nucleus, mitochondria, centrioles, and
80S ribosomes (Cannon et al. 2006). The fungal cell wall is rigid and composed of
mannose proteins, (1—3)-p-d-glucan, chitin and the sterol, ergosterol (Cannon et al.
2006). Fungi are larger in size than bacteria and produce a variety of structures that
range from unicellular yeasts to filamentous hyphae that can include arrangements
of sexual spores or asexual conidia. These reproductive particles range in size from
as small as 2 um to greater than 120 um in size. Biotic or abiotic disturbance can
result in the release of spores in concentrations that can exceed 10% colony forming
units per cubic meter in some industrial environments (Eduard 2009).

Workers can be exposed to a variety of fungal phyla, but three predominate and
include the Ascomycota, Basidiomycota, and Zygomycota. Recent metagenomic stu-
dies suggest that the Ascomycota and Basidiomycota are the most common fungal
phyla detected in indoor, outdoor, and occupational environments (Green et al. 2016;
Rittenour et al. 2014). In contrast, some workers may only be exposed to a homoge-
nous fungal source, such as processing workers in a mushroom production facility in
which spore concentrations can be as high as 10° spores per cubic meter (Sastre et al.
1990). Some of the particles that the U.S. workforce can be exposed to include spores
or conidia, unicellular yeasts, chlamydospores, and even fragments of each of these
reproductive structures. Hyphae or microscopic structures of the cell wall can also
fragment and aerosolize into the breathing zone of a worker (Green et al. 2011).

Fungi can be monomorphic and consist of either a unicellular yeast or a multicel-
lular hyphal form. Dimorphic fungi are a unique group of fungi placed in the phylum
Ascomycota and include the primary endemic pathogens that grow in the environ-
ment as multicellular filamentous fungi and produce spores that when inhaled by a
host, convert into a budding yeast (Gauthier 2015; Klein and Tebbets 2007).
Polymorphic fungi include endogenous flora, such as the yeast species Candida
albicans, that produce budding yeast, pseudohyphae, true hyphae and chlamydos-
pores. Worker exposure to asexual or sexual spores derived from monomorphic fungi
such as yeasts or filamentous hyphal forms is the predominant fungal particle expo-
sure in occupational settings. In some cases that involve disturbance to the soil,
workers can inhale the spores of dimorphic fungal pathogens that are endemic to
specific regions of the U.S., although cases outside of these geographical boundaries
have been reported (Marsden-Haug et al. 2012). Exposure to these types of fungi can
cause pulmonary or disseminated infection in immunocompetent and immunocom-
promised hosts. Workers that sustain transcutaneous injuries while handling organic
material may also acquire a subcutaneous fungal infection following implantation of
fungal spores or hyphae. Worker exposure to infectious dermatophyte arthroconidia
in combination with wearing occluded footwear or clothing can result in a fungal
infection restricted to the skin, hair or nails. Respiratory morbidity such as hypersen-
sitivity pneumonitis, allergy, and asthma following exposure to fungal particles is
also widely reported among working populations (Eduard 2009). Exposure to these
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particles occurs in a variety of occupational environments especially those that
handle or disturb organic material or whose work environment is within a fungal
contaminated damp indoor environment.

The objective of this book chapter is to provide a review of recent advances in
our understanding of fungal exposures encountered in U.S. occupational environ-
ments and the impacts that these exposures have on worker health. Dimorphic fungal
pathogens are reviewed, and updates on endemic areas and affected working popula-
tions are presented. Fungi that are associated with subcutaneous and cutaneous
fungal mycoses in the U.S. workforce are also reviewed. New insights into the
diversity of fungi a worker can be exposed to are additionally evaluated. This book
chapter will also provide information about preventive and protective measures to
avoid each of these fungal hazards in U.S. occupational environments.

1.2 Dimorphic Fungal Pathogens

Most fungi grow as saprophytes in the environment, but some are considered
harmful to human health and cause disease in immunocompetent and immuno-
compromised individuals (Gauthier 2015; Klein and Tebbets 2007). Dimorphic
fungi cause endemic mycoses and are considered primary pathogens, placed in a
limited group of six phylogenetically related Eurotiomycetes in the Ascomycota
order, Onygenales (Thompson and Gomez 2015). Dimorphic fungi can switch
between a filamentous hyphal and a yeast phase (Gauthier 2015; Klein and
Tebbets 2007). Thermal or non-thermal mechanisms govern this morphological
change, a process recently reviewed by Gauthier (Gauthier 2015). In the environ-
ment, dimorphic fungi grow as a filamentous hyphal form in soil and organic
debris at ambient temperatures and produce infectious spores (Gauthier 2015;
Klein and Tebbets 2007). Members of this phylogenetically related group produce
unicellular aleuroconidia or arthroconidia (Thompson and Gomez 2015). Abiotic
and biotic disturbance to soil results in the aerosolization and inhalation of the
infectious spores into the host’s lungs. Upon deposition, the spores convert to into
a budding yeast as part of the pathogenic phase (Klein and Tebbets 2007).

Dimorphic fungal pathogens are restricted to specific geographic regions and
account for several million infections each year (Klein and Tebbets 2007). Three
dimorphic fungal pathogens are endemic to the U.S. and include Histoplasma capsu-
latum (Histoplasmosis), Blastomyces dermatitidis (Blastomycosis), and Coccidioides
immitis (Coccidioidomycosis). Histoplasmosis and Coccidioidomycosis are the most
frequently encountered endemic mycoses in the U.S., whereas Blastomycosis is less
common. Exposure to the infectious fungal conidia derived from these fungi can
result in an infection that is often asymptomatic or self-limited, or can present as a
symptomatic pulmonary infection that can disseminate and impact multiple organs.
Although exposure can occur during recreational activities, there are some recent
examples in the published literature where U.S. workers can be exposed to infectious
spores while performing work-related tasks.



6 B.J. Green

1.2.1 Histoplasmosis

H. capsulatum is the causal agent of Histoplasmosis, also known as Darlings disease.
The species is placed in the Ascomycota order, Onygenales. This species is thermally
dimorphic and grows in the soil at ambient temperature (Gauthier 2015; Klein and
Tebbets 2007). H. capsulatum produces septate hyphae, and two types of asexual
spores termed tuberculate macroconidia and microconidia (Fig. 1.1). Tuberculate
macroconidia are ornate, and range in size from 8 to 15um (Fig. 1.1a), whereas

I Highly endemic
[ Moderately endemic
1 mildly endemic

[—1 Suspected endemic

Fig. 1.1 Histoplasmosis, an endemic mycosis, is caused by the inhalation of Histoplasma capsu-
latum. The habitat of the fungus includes nitrogen rich soil that contains large amounts of bird or
bat droppings. H. capsulatum is a dimorphic fungal pathogen and grows in the environment as a
filamentous hyphal form producing tuberculate macroconidia and microconidia (a; Photo cour-
tesy of CDC; CDC Public Health Image Library (PHIL) ID#: 299). Inhalation of microconidia
results in the conversion to a budding yeast that can proliferate within the reticuloendothelial sys-
tem (b; Photo courtesy of CDC/Dr. Libero Ajello; CDC Public Health Image Library (PHIL)
ID#: 4221). Endemic regions of histoplasmosis include central and eastern states, especially areas
around the Ohio and Mississippi River valleys (¢). The endemic regions were determined from
histoplasmin skin response surveys and outbreak cases (Map courtesy of the Centers for Disease
Control and Prevention). It is important to note that cases can occur outside endemic areas
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microconidia are respirable in size (Fig. 1.1b, 2-5 um) and considered infectious.
Biotic or abiotic soil disturbance events within endemic regions aerosolizes microco-
nidia that are then inhaled by the host. Introduced to a higher temperature, subopti-
mal nutrients, and reduced oxygen, the microconidia then convert to a budding
yeast. The yeast can modulate and proliferate within the phagolysosome of macro-
phages and become an intracellular pathogen within the reticuloendothelial system
(Klein and Tebbets 2007). The mechanisms associated with yeast conversion and
H. capsulatum pathogenesis are reviewed by Klein (Klein and Tebbets 2007) and
Gauthier (Gauthier 2015).

Half a million Histoplasmosis cases are reported annually in the U.S. (Gauthier
2015; CDC 2016c). Inhalation of infectious microconidia can result in a lung
infection that can be asymptomatic and self-limited, or can present as a sympto-
matic pulmonary infection that can disseminate and become life threatening.
Estimates as high as 45% of hosts are not even aware of an infection and do not
seek medical treatment (Lenhart et al. 1997). In symptomatic cases, mild flu-like
symptoms with chest radiography resolving patchy pneumonitis that can calcify
are experienced within an average of 20 days (Lenhart et al. 1997). Chronic
histoplasmosis resembles tuberculosis and can last for extended durations.
Disseminated histoplasmosis is the rarest and most severe form of the disease as it
can affect multiple organs (Lenhart et al. 1997). Histoplasmosis can occur in both
immunocompetent and immunocompromised workers and following infection, the
organism can remain latent and may reactivate if the host becomes immunocompro-
mised (Klein and Tebbets 2007). Methods to identify cases of histoplasmosis in
clinical samples include viable culture, serological tests, detection of H. capsulatum
polysaccharide antigen and the histoplasmin skin test. More detailed information
related to these methods of detection are presented in detail elsewhere (Lenhart
et al. 1997).

Histoplasmin skin test surveys conducted on U.S. Navy recruits in the 1950s
(Manos et al. 1956) and outbreak cases are datasets used to map the continental
distribution of histoplasmosis (Benedict and Mody 2016). The map presented in
Fig. 1.1c outlines endemic areas of Histoplasmosis but it is important to note that
cases can occur outside endemic areas. Recently, Benedict and Mody (Benedict
and Mody 2016) reviewed U.S. outbreak cases of histoplasmosis between 1938
and 2013. Of the 105 reported outbreaks that included 2, 850 individual cases,
over 50% of the cases were localized in Indiana, Ohio, and Iowa and onset
occurred between May and November (Benedict and Mody 2016). H. capsulatum
grows in the soil with high nitrogen content especially in soils enriched with bird
droppings or bat guano. Endemic regions occur in eastern states along the Ohio
and Mississippi River Valleys (Fig. 1.1c) (Lenhart et al. 1997). Areas of highest
contamination include soil of various bird roosting sites, manure, and habitats of
pigeons, bats and poultry (Lenhart et al. 1997).

Working environments where bird droppings or bat guano were present were
estimated to account for 33% of the reported outbreaks (Benedict and Mody 2016).
Other reported workplace sites included buildings, chicken coops, and farms
(Benedict and Mody 2016). Occupational tasks performed during the work-related
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outbreaks included construction, demolition, and maintenance (Benedict and Mody
2016). Disturbance or excavation of soil in areas with bird or bat droppings are
additional risk factors for aerosolizing H. capsulatum infectious microconidia
(Lenhart et al. 1997). In addition to disturbance mediated exposures, laboratory-
acquired infections in laboratorians handling H. capsulatum cultures have also been
reported in North America. A list of occupations at risk of H. capsulatum exposure
is presented in Table 1.1.

Although personal exposure to microconidia is the source of exposure to
H. capsulatum, the dose of infectious spores required to elicit symptomatic disease
has not been reported. However, the higher the inoculum burden, longer duration
of exposure, as well as the immune status and age of the individual are variables
that can increase a worker’s susceptibility to acquiring symptomatic histoplasmosis
(Lenhart et al. 1997). Workers that engage in disturbance activities of nitrogen rich
soils containing bird droppings or bat guano, within endemic regions are additional
variables that can lead to worker exposures (Huhn et al. 2005). The National
Institute for Occupational Safety and Health (NIOSH) and the National Center for
Infectious Diseases (NCID) have published a guidance document aimed to increase
employer and worker awareness of Histoplasmosis. The guidelines provide strate-
gies to protect workers from occupational exposure to infectious H. capsulatum
microconidia (Lenhart et al. 1997), particularly in workplaces where bird or bat
droppings are present and environmental disruption occurs (Benedict and Mody
2016; Huhn et al. 2005). A similar list of strategies to prevent exposures are pub-
lished on the Centers for Disease Control and Prevention (CDC) website (CDC
2016c¢). Listed below are best work practices adapted from the NIOSH/NCID gui-
dance document that aims to prevent worker exposure to H. capsulatum in endemic
regions.

Remove bat colonies and birds from buildings.

Provide health risk warnings and signage in workplaces.

Suppress dust generation and soil disruptive activities.

Disinfect areas identified to harbor H. capsulatum.

Workers should wear personal protective equipment (PPE) presented in Table 1.1.

1.2.2 Blastomycosis

Inhalation of infectious spores derived from B. dermatitidis (Klein and Tebbets
2007; Klein et al. 1986) can result in Blastomycosis, otherwise referred to as
Gilchrist’s disease (Saccente and Woods 2010) or Chicago disease (Thompson
and Gomez 2015). B. dermatitidis is an endemic dimorphic fungal pathogen
placed in the phylum Ascomycota. This species grows as septate hyphae in the
soil at ambient temperature and is thought to break down leaves and wood.
Infectious spores are produced that aerosolize following abiotic or biotic distur-
bance of the soil (Fig. 1.2a). Compared to the other North American dimorphic
fungal pathogens, the natural habitat of B. dermatitidis is not as well understood.
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Fig. 1.2 Blastomycosis, an endemic mycosis, is caused by the inhalation of Blastomyces derma-
titidis conidia. The habitat of the fungus is less well described compared to H. capsulatum and
includes damp soil near bodies of water such as rivers or lakes. B. dermatitidis is a dimorphic
fungal pathogen that decomposes organic matter such as leaves and wood as a filamentous
hyphal form producing conidia (a; Photo courtesy of CDC/Dr. Leanor Haley; CDC Public
Health Image Library (PHIL) ID#: 3768). Inhalation of conidia results in the conversion to a
large budding yeast with thick refractive walls (b; Photo courtesy of CDC/Dr. Lucille K. Georg;
CDC Public Health Image Library (PHIL) ID#: 14882). Blastomycosis is sporadic and occurs in
southeastern U.S. regions especially the Mississippi and Ohio River valleys as well as the
Canadian provinces of Ontario, Quebec, and Manitoba (c; Map courtesy of the Centers for
Disease Control and Prevention). It is important to note that cases can occur outside endemic
areas

Inadequate skin test reagents and serology methods have limited the research com-
munity’s understanding of Blastomycosis, and much of our knowledge of endemic
regions has been based on reported outbreaks (Saccente and Woods 2010). The
saprophytic habitat of B. dermatitidis includes wet earth and organic debris asso-
ciated with bodies of waters such as rivers, streams, and lakes (Saccente and Woods
2010). One study located in Northern Wisconsin showed that Blastomycosis cases
were related to soil disturbance surrounding a beaver lodge (Klein et al. 1986).
Cases of Blastomycosis are sporadic and occur in southeastern U.S. regions,
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especially the Mississippi and Ohio River valleys, as well as the Canadian provinces
of Ontario, Québec, and Manitoba (CDC 2016a). Fig. 1.2c presents the geographic
distribution of Blastomycosis cases.

Epidemiological studies suggest that the mode of infection includes the inhala-
tion of conidia following soil disturbance activities (Fig. 1.2a) (Klein et al. 1986).
Conversion of the conidia into a broad based-budding yeast cell (8—10 um) follows
respiratory deposition (Fig. 1.2b) (Klein and Tebbets 2007). Exposure to
B. dermatitidis can result in pulmonary, cutaneous or disseminated Blastomycosis
(Klein and Tebbets 2007). Pulmonary infections are predominant, and 50% are
reported to be asymptomatic and self-limited (Klein and Tebbets 2007). In symp-
tomatic cases, symptoms appear anywhere from 3 weeks to 3 months following
exposure (CDC 2016a). Primary cutaneous blastomycosis has also been reported
following a penetrating injury (CDC 2016a).

As B. dermatitidis is restricted to wet earth and organic debris, workers that
handle or disturb soil within endemic regions are at risk of being exposed to infec-
tious spores. The incidence of Blastomycosis is low compared to the other
dimorphic fungal pathogens. The disease is reportable in Arkansas, Louisiana,
Michigan, Minnesota, and Wisconsin (CDC 2016a). In a recent study, the annual
incidence of Blastomycosis in Quebec, Canada was 0.133 cases per 100,000
individuals (Litvinov et al. 2013), whereas in a Wisconsin country the annual
incidence was 40 cases per 100,000 individuals (Saccente and Woods 2010).
Occupations at risk of exposure to B. dermatitidis in endemic regions are pre-
sented in Table 1.1 and include workers that disturb the soil such as professional
divers (Kroll and Grossman 2013) and railroad workers (Siemieniuk et al. 2015).
In addition to environmental sources of exposure, laboratorians that handle culture
specimens can inadvertently aerosolize infectious B. dermatitidis spores and
acquire blastomycosis (Cote et al. 1997; Saccente and Woods 2010). Based on the
low incidence of Blastomycosis in the U.S., methods to prevent exposure are pre-
sented by the CDC and are available online (CDC 2016a). Based on the available
peer-reviewed literature, the following methods can minimize and help protect
workers from exposure in endemic regions.

e Awareness and worksite training before soil disturbance occupational tasks
(construction, excavation, and manual digging) in endemic regions.

e Minimize soil disturbance and dust generation on work sites.

e Wear PPE described in Table 1.1.

1.2.3 Coccidioidomycosis

Inhalation of C. immitis and C. posadasii infectious arthroconidia can result in
Coccidioidomycosis or Valley Fever (CDC 2016b). C. immitis is thermally
dimorphic, and optimal growth occurs in the southwest of the U.S. in the Lower
Sonoran Life Zone. Growth is optimal in warm, dry climates with alkaline soil
containing salt and borates (Ampel 2009, 2011). The species also extends into
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Fig. 1.3 Coccidioidomycosis, also known as Valley Fever, is caused by the inhalation of arthro-
conidia derived from Coccidioides species, such as C. immitis. The habitat of the dimorphic fun-
gus includes the soil of semiarid areas of the U.S. where it grows in the environment as a
filamentous hyphal form producing arthroconidia (a; Photo courtesy of CDC/Dr. Lucille K.
Georg; CDC Public Health Image Library (PHIL) ID#: 12196). Inhalation of arthroconidia
results in the conversion to a large spherule that contains endospores (b; Photo courtesy
of CDC/Dr. Lucille K. Georg; CDC Public Health Image Library (PHIL) ID#: 14641).
Coccidioidomycosis is endemic in areas such as the southwestern U.S. The mycosis is reportable
in endemic regions including California, New Mexico, Arizona and Nevada (c; Map courtesy of
the Centers for Disease Control and Prevention); however, Coccidioidomycosis is not restricted
to these regions as cases have been reported in Washington State, Mexico and South America

Mexico, regions of South America, and has recently been identified as far north as
Washington State (Marsden-Haug et al. 2012). Maps of Coccidioidomycosis ende-
mic regions have been produced following a survey of coccidioidin hypersensitivity
among U.S. Naval recruits (Edwards and Palmer 1957) and outbreak cases (Ampel
2009, 2011). The regions in the U.S. with the highest coccidioidin hypersensitivity
responses occur in the San Joaquin Valley, south-central Arizona, and the lower
western Rio Grande Valley in Texas (Ampel 2011). A map showing these endemic
regions is presented in Fig. 1.3c.
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Inhalation of infectious Coccidioides arthroconidia (Fig. 1.3a; 2—5 um) can
result in a pulmonary infection (Stevens et al. 2009) that consists of the conver-
sion to an enlarged spherule (Fig. 1.3b; up to 120 um) that is resistant to
phagocytosis. The spherule contains many endospores (2—4 um) that can be
released and spread to surrounding tissue and develop into new spherules
repeating the cycle (Fig. 1.3b) (Ampel 2011). Given the ability of arthroconidia
to aerosolize and cause respiratory infection, C. immitis is a select Biological
Safety Level 3 agent (Ampel 2011). Inhalation exposure to arthroconidia occurs
during soil disturbance events such as excavation, digging or even during nat-
ural disasters such as dust storms and earthquakes (Ampel 2011). In endemic
areas that report Coccidioidomycosis, the case incidence in 2011 was 42.6 cases
per 100,000 (CDC 2016b), in part due to a mobile aging population (Ampel
2011). Peak endemic periods are in spring and autumn, and the most productive
regions of the fungus include Phoenix and Tucson (Ampel 2011).
Coccidioidomycosis is asymptomatic and self-limited in approximately 60% of
infected persons (Ampel 2011); however, it can further develop into dissemi-
nated Coccidioidomycosis, but this is rare and occurs in roughly 1% of cases
(CDC 2016b). Primary cutaneous Coccidioidomycosis has been reported
following traumatic inoculation, but this is rare compared to inhalation expo-
sures (Ampel 2011). In symptomatic cases, a variety of symptoms are reported
including a dry cough, rash, and fatigue that appear within one to three weeks
following exposure (Ampel 2011).

Workers that disturb soil within endemic regions of Coccidioidomycosis are
susceptible to occupational exposure to infectious arthroconidia. Occupations at
risk of Coccidioides exposure are presented in Table 1.1 and include agricultural
workers, construction crews, and telephone post diggers (Ampel 2011). Workers
not located within an endemic region are also at risk, particularly textile workers
that handle cotton contaminated with C. immitis (Gehlbach et al. 1973). Recent
occupational health surveys have identified some additional U.S. occupational
populations at risk of C. immitis arthroconidia exposure (NIOSH 2016).
Construction workers at a solar farm in San Louis Obispo County contracted
Coccidioidomycosis following occupational duties that disturbed the soil (Wilken
et al. 2015). Dust exposure was identified to be the primary source of exposure for
prison employees that acquired Coccidioidomycosis in central California (de Perio
et al. 2015). Similarly, dry, dusty conditions, dust from an adjoining mine, and
disruptive soil work were all described as potential sources of occupational expo-
sure to C. immitis in 5 possible cases among outdoor television workers filming an
event in California (Wilken et al. 2014; Wilken et al. 2015). U.S. armed forces
personnel are also at risk for acquiring Coccidioidomycosis, especially in workers
with an Asian Pacific Islander background. Over a ten year period, 58% of service
members developed an extrapulmonary infection (Mease 2012). In California, the
highest rate of occupational Coccidioidomycosis was among construction and
agricultural workers (Das et al. 2012). Laboratory exposure to Coccidioides
arthroconidia has also been reported and is one of the major organisms reported to
cause laboratory acquired infections (Stevens et al. 2009).
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The CDC (CDC 2016b), NIOSH (NIOSH 2016), as well as the California
Department of Public Health have outlined strategies to minimize workforce expo-
sures to infectious arthroconidia. A manuscript authored by Das and colleagues
(Das et al. 2012) has also identified at risk occupational populations in California
and presented procedures to control Coccidioides exposure. Stevens et al. have
also presented methods to prevent laboratory-acquired infections (Stevens et al.
2009). Below is a list of administrative, engineering, and personal protective
controls adapted from the three guidance documents described above that aim to
minimize worker Coccidioides exposure in endemic regions.

Educate employees about the risks associated with Coccidioides exposure.
Minimize dust exposure in endemic areas during the peak season.

Wet soil during soil-disruptive work.

Excavate soil using heavy machinery and an enclosed cab fitted with HEPA
filtration.

Avoid working during dust storms.

e Wear PPE such as a NIOSH-certified respirator described in Table 1.1 during
occupational tasks that involve dust generation.

1.3 Subcutaneous Fungal Infections

Certain occupations may be susceptible to acquiring subcutaneous fungal infec-
tions. Occupations at risk of these types of infections include farmers, laborers,
landscapers, and gardeners (Chakrabarti et al. 2015; de Lima Barros et al. 2011).
Subcutaneous fungal infections require a traumatic inoculation of the viable fungal
spore or hyphal fragment into the dermis or subcutaneous tissue. Worker exposure
scenarios include sustaining a penetrating injury while handling dead wood, thorned
vegetation, or sphagnum moss (Chakrabarti et al. 2015; de Lima Barros et al. 2011;
Hajjeh et al. 1997; Powell et al. 1978b). Subcutaneous infections occur in the lower
extremities of the body such as the hands, forearm, lower legs and feet. Although not
frequently reported in the U.S. workforce, recent literature has reported several cases
of Sporotrichosis, Chromoblastomycosis, Phaeohyphomycosis, and Mucormycosis
that are briefly summarized below.

Sporotrichosis is a rare occupational infection caused by the dimorphic fungal
pathogen, Sporothrix schenckii, a species placed in the Ascomycota order,
Ophiostomatales (de Lima Barros et al. 2011). In the U.S., the average annual rate
of Sporotrichosis hospitalizations is 0.35 per million persons and predominantly
affects immunocompromised patients (Gold et al. 2016). The fungus has a broad
geographic distribution and is prominent in tropical and subtropical environments
(Chakrabarti et al. 2015; de Lima Barros et al. 2011) where it proliferates as
filamentous hyphae within the soil and decays organic substrates such as hay,
sphagnum moss, roses, dead wood, and corn stalks (Chakrabarti et al. 2015).
S. schenckii is related to fungal genera associated with bark beetles and have been



18 B.J. Green

& . \ .
ST
) } \‘\‘\ 1% O ol - ..
e R u_;;‘ a. - ‘\ &
e, | M ® L)
_ S = L3 L Py -,
= = \ 2 - .
/i 7 J‘ - ' e e . ‘d
\J /. = A0 .
4, o \ " ] [
w2 Pz )} .. P -
I 5 < P £ P E‘!‘ i ..' : . .
we 7 = ‘.. '. »
b : ®s, .
"

Fig. 1.4 Sporotrichosis is caused by a transcutaneous implantation of spores derived from the
dimorphic fungal pathogen, Sporothrix schenckii. Implantation of S. schenckii clavate spores
(a; Photo courtesy of CDC; CDC Public Health Image Library (PHIL) ID#: 10603) result in the
conversion of the spore to a budding cigar-shaped yeast (b; Photo courtesy of CDC/Dr. Lucille
K. Georg; CDC Public Health Image Library (PHIL) ID#: 3063)

shown to grow on dead wood but not live plants (Chakrabarti et al. 2015). A trans-
cutaneous penetrating injury result in the implantation of the clavate spores
(Fig. 1.4a) into the host followed by conversion into a budding cigar-shaped yeast
(Fig. 1.4b; 4—6 um). Sporotrichosis infections can include a non-painful lesion or
chronic cutaneous, subcutaneous, or deeper involvement of the lymphatics
(Chakrabarti et al. 2015; de Lima Barros et al. 2011).

Outbreaks of Sporotrichosis reported in the U.S. workforce are rare, and it is
not a reportable disease (Chakrabarti et al. 2015). Workers at risk of exposure
include those that handle contaminated soil or vegetation such as farmers, landsca-
pers, gardeners, flower vendors, and animal husbandry workers (Chakrabarti et al.
2015; de Lima Barros et al. 2011). In the U.S., workers that handled sphagnum
moss have been previously reported to be susceptible to Sporotrichosis (Coles
et al. 1992; Dixon et al. 1991; Hajjeh et al. 1997; Powell et al. 1978b). In one out-
break, 14% of nursery workers that handled sphagnum moss developed lymphocu-
taneous Sporotrichosis (Hajjeh et al. 1997). Powell and colleagues also reported
an outbreak in 17 Mississippi forestry workers that handled Wisconsin grown
sphagnum moss (Powell et al. 1978b). In this study, the forestry workers handled
contaminated sphagnum moss used to package pine tree seedlings (Powell et al.
1978b). Contaminated hay used in an Oklahoma spook house also resulted in an
outbreak of Sporotrichosis (Dooley et al. 1997). In addition to environmental
exposures, laboratorians are also susceptible to Sporotrichosis, especially those
that handle S. schenckii (Thompson and Kaplan 1977).

Methods to protect workers from S. schenckii exposure are presented in
Table 1.1 and include wearing PPE that cover the arms and lower extremities such
as gloves and clothing. Protective clothing aids in the prevention of penetrating
injuries sustained while handling dead vegetation during work-related tasks in
farming, landscaping, and other horticulture occupations (Coles et al. 1992).
These preventative measures have been shown to be protective in workers exposed
to S. schenckii (Powell et al. 1978a). Given the association with sphagnum moss
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and packaging material, other controls to reduce exposure have included the use
of alternative packaging materials such as wood chips or shredded paper (Coles
et al. 1992).

In addition to Sporotrichosis, there are several other fungal species presented
by Arenas and colleagues (Arenas et al. 2012) that are also capable of causing
subcutaneous mycoses in U.S. workers following a transcutaneous injury sus-
tained while performing an occupational task. Among the more widely reported
infections caused by melanized fungi is Chromoblastomycosis (Queiroz-Telles
et al. 2009). In the U.S. the incidence of Chromoblastomycosis has been estimated
at 1 case per 8,625,000 persons and the causal agents are Fonsecaea pedrosoi,
Phialophora verrucosa, Cladophialophora carrionii and Fonsecaea monophora
(Queiroz-Telles et al. 2017, 2009). Implantation can occur following contact inju-
ries with vegetation (wood, straw, dead grass), insects (insect stings), and even
agricultural tools (Queiroz-Telles et al. 2017, 2009). Commonly associated with
tropical and subtropical environments, implantation of infectious conidia
(muriform or sclerotic cells) can result in the formation of papules that progress to
verrucous lesions to flat plaques (Arenas et al. 2012; Queiroz-Telles et al. 2009;
Spiker and Ferringer 2015) that are challenging to manage clinically (Queiroz-
Telles et al. 2009). Photomicrographs of P. verrucosa and C. carrionii are
presented in Fig. 1.5. Working populations that are affected include farmers and
rural workers (Spiker and Ferringer 2015). Although rarely reported in the U.S.,
Chromoblastomycosis cases have been reported in immigrant populations (Burks
et al. 1995). Cases located in Puerto Rico and the continental U.S. (Florida) have
been reported in the peer-reviewed literature (Barwasser 1953; Binford et al.
1944; Burks et al. 1995; Emmons et al. 1941; Queiroz-Telles et al. 2017).

Phaeohyphomycosis is a subcutaneous mycosis caused by pigmented hyphae
(Fig. 1.5¢). Approximately 100 organisms have been identified to be associated with
Phaeohyphomycosis and include Alternaria spp., Exserohilum spp., Exophiala jean-
selmei, Wangiella dermatitidis and Bipolaris species (Kollipara et al. 2016).
Implantation of the organisms occurs via splinters of wood resulting in an inflamma-
tory cyst. The primary sites of Phaeohyphomycosis include the lower extremities such
as the hands and feet but can occur in other regions of the body. Like
Chromoblastomycosis, Phaeohyphomycosis cases in the U.S. workforce are rarely
reported. In one U.S. based case-report, Phaeohyphomycosis due to Curvularia lunata
was identified following an implantation injury sustained during an explosion at a che-
mical plant (Grieshop et al. 1993). Phaeohyphomycosis cases have also been reported
in a boat builder (Tam and Freeman 1989) and a rural worker (Russo et al. 2010).

Mucormycosis is another subcutaneous infection that could be encountered
within U.S. workplaces. Like the examples provided above, soil born fungi placed
in the sub-phylum Mucoromycotina can grow and proliferate following an implan-
tation injury and cause soft tissue infection to severe cases that result in a necrotiz-
ing fasciitis and some cases, even death (Neblett Fanfair et al. 2012; Snell and
Tavakoli 2007). Although occupational examples in the U.S. are limited,
Mucormycosis has gained renewed interest following recent natural disasters
(Kouadio et al. 2012; Neblett Fanfair et al. 2012; Snell and Tavakoli 2007).
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Exposure to the Mucoromycotina occurs following soil disturbance especially dur-
ing or immediately following a disaster (Benedict and Park 2014; Kouadio et al.
2012), where spores are disseminated into the surrounding environment
(Fig. 1.5d). Although not affecting workers, 13 cases of a necrotizing fasciitis
were observed in Joplin, Missouri following an EF-5 tornado (Neblett Fanfair
et al. 2012). Apophysomyces trapeziformis was identified to be the causal agent
(Neblett Fanfair et al. 2012). Reports of Mucormycosis have followed flooding
events (Bandino et al. 2015), tsunamis (Snell and Tavakoli 2007), volcanic erup-
tion (Patino et al. 1991), and even blast injuries sustained during military opera-
tions in Afghanistan (Tribble and Rodriguez 2014). These data demonstrate that
first responders and other emergency preparedness staff may be susceptible to
acquiring subcutaneous infection following a natural disaster event.

Procedures to prevent worker exposure to Sporotrichosis have been published
online by the CDC (CDC 2016e). Although no U.S. guidelines exist for the other
subcutaneous fungal infections, methods to minimize exposure should follow those
presented for Sporotrichosis. Avoiding transcutaneous injuries while handling

Fig. 1.5 Other subcutaneous fungal infections encountered by U.S. workers can include
Chromoblastomycosis, Phaeohyphomycosis, and Mucormycosis. Chromoblastomycosis is caused
by a transcutaneous implantation of spores derived from a variety of fungi such as Phialophora
verrucosa (a; Photo courtesy of CDC; Dr. Leanor Haley; CDC Public Health Image Library
(PHIL) ID#: 3215) and Cladophialophora carrionii (b; Photo courtesy of CDC; Dr. Lucille K.
Georg; CDC Public Health Image Library (PHIL) ID#: 3061). Implantation of Exserohilum ros-
tratum conidia (c¢; Photo courtesy of CDC; CDC Public Health Image Library (PHIL) ID#:
15143) can result in Phaeohyphomycosis. Transcutaneous implantation of Mucormycota sporan-
giospores (d; Photo courtesy of CDC; Dr. Lucille K. Georg CDC Public Health Image Library
(PHIL) ID#:3960) can result in Mucormycosis especially following natural disasters
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thorned vegetation, wood, or hay will prevent spore implantation. Similarly, wearing
PPE such as gloves and protective clothing that cover the arms, lower limbs and
feet are among the best preventative strategies for avoiding implantation injuries.

1.4 Cutaneous Fungal Infections

Fungi that colonize, grow, and propagate as either filamentous hyphae or yeasts
on the skin and other keratinized structures including hair and nails can cause
cutaneous fungal infections (Achterman and White 2013; Cafarchia et al. 2013).
Penetration below the granular layer is uncommon (Achterman and White 2012).
Fungi associated with cutaneous infections include the dermatophytes, Scylatidium
spp., Candida species, and Malassezia spp. The dermatophytes are the most
common source of cutaneous fungal infections and comprise three Ascomycota
genera including Trichophyton, Microsporum, and Epidermophyton (Achterman
and White 2013; Cafarchia et al. 2013). Dermatophyte diseases are varied and the
most commonly reported include tinea corporis (ringworm), tinea pedis (athletes
foot), tinea cruris (jock itch), and onychomycosis (nail infections) (Achterman and
White 2012). There are approximately 25 pathogenic species of dermatophytes
(Graser et al. 2008). The species Trichophyton rubrum accounts for 80-90% of all
dermatophyte infections followed by Trichophyton mentagrophytes (Seebacher
et al. 2008). Photomicrographs of these species are presented in Fig. 1.6. These
fungi are acquired following contact with arthroconidia from geophilic (soil), zoo-
philic (animal), and anthropophilic (human) sources.(Achterman and White 2013)
Anthropophilic species primarily infect humans, and the reoccurrence rate is high
following antifungal treatments (Achterman and White 2012).

Dermatophytes secrete the keratinolytic enzyme, keratinase, as well as chymo-
trypsin to breakdown keratinous tissue (Achterman and White 2013). High molecular
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Fig. 1.6 Cutaneous mycoses are caused by fungi that grow and proliferate on the keratinized
epithelium including the skin, hair, and nails. Trichophyton rubrum is among the most common
species and produces filamentous hyphae with macro and numerous microconidia (a; Photo
courtesy of CDC; Dr. Libero Ajello; CDC Public Health Image Library (PHIL) ID#: 11009).
Another common Dermatophyte species, Trichophyton mentagrophytes also produces filamen-
tous hyphae and microconidia (b; Photo courtesy of CDC/Dr. Lucille K. Georg; CDC Public
Health Image Library (PHIL) ID#: 14955)
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weight proteins and enzymes can also be released and result in irritant dermatitis
such as the annular rings observed on the trunk of the body in cases of tinea corporis.
Dermatophytes are ubiquitous and highly contagious. Dermatophyte infections are
prevalent in various sociodemographic groups and a person is likely to experience an
infection at least once in their life (Achterman and White 2012). Symptoms range
from itching, irritation to hair loss (CDC 2016d). Routes of infection include direct
as well as indirect contact with the contaminant; however, the mechanisms that
underlie the disease are still the focus of human and animal studies (Achterman and
White 2012). Identification of the source is difficult (Graser et al. 2008) as the organ-
ism can remain viable for up to a year and there is a high false-negative culture rate
from clinical samples (Achterman and White 2012). Recent advances in molecular
based techniques have improved the ability to detect and identify dermatophyte
species (Achterman and White 2012).

Among the most common forms of human fungal infection are cutaneous
mycoses. Recent estimates of therapeutic costs are placed at US$500 million
(Achterman and White 2012; Graser et al. 2008). Workers are particularly suscep-
tible to these types of fungal skin diseases, in particular dermatophyte infections
(Achterman and White 2012). Recent studies have shown that Latin immigrant
poultry processing and manual laborers are vulnerable to dermatophyte infections
of the feet (Pichardo-Geisinger et al. 2014). Occluded footwear (rubber boots),
vigorous prolonged activity, and wet environmental conditions are variables likely
to account for the high incidence of dermatophyte infection (Pichardo-Geisinger
et al. 2014). In farming environments, farmers may contract Trichophyton species
from zoophilic sources such as cattle (Agnetti et al. 2014; Morrell and Stratman
2011). Hot and humid climates are additional variables that can increase a work-
er’s susceptibility to dermatophyte infections (Leite et al. 2014). Other occupa-
tional groups that encounter morbidity and are at risk for these infections include
miners, military personnel (Achterman and White 2012), as well as workers in
meat and dairy processing, forestry and farming (Seebacher et al. 2008).

Procedures aimed to prevent worker exposure to cutaneous fungal infections
have been published online by the CDC and are presented in Table 1.1 (CDC
2016d). Methods to minimize indirect or direct contact with infectious arthroconi-
dia should be employed especially in public bathing or shared occupational
change room facilities. Employing methods to minimize wet skin and clothes
(socks and underwear), wearing non-occluding footwear, and washing hands after
handling livestock are additional work practices that employees can take to assist
in the prevention of contracting a dermatophyte infection (Prevention 2016d).

1.5 Other Occupational Fungal Hazards

Exposure to fungal particles can exacerbate respiratory morbidities such as hyper-
sensitivity pneumonitis and asthma in U.S. workers (Eduard 2009). Fungal parti-
cles can include viable and non-viable spores or conidia, hyphal fragments, and
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even submicron fragments derived from the fungal cell wall (Afanou et al. 2014;
Afanou et al. 2015; Green et al. 2005). Personal exposure to these particles, parti-
cularly in damp indoor environments, has been the subject of multiple research
studies over the last two decades (Cox-Ganser 2015). The Institute of Medicine
(IOM 2004) and the World Health Organization (WHO 2009) published consen-
sus reports that documented associations between respiratory morbidities and
damp indoor environments (IOM 2004). Indoor dampness and microbial growth
can also result in adverse health effects (WHO 2009). Recent meta-analyses have
confirmed these findings and shown associations between exposure to mold (visi-
ble mold and mold odor) in indoor damp environments and respiratory morbidities
(development, current, and exacerbation) including allergy and asthma (Mendell
et al. 2011; Quansah et al. 2012; Jaakkola et al. 2013). However, associations with
specific microorganisms were suggestive (Kanchongkittiphon et al. 2015), and
prevention of dampness and mold contamination were concluded to minimize
health risks (Mendell et al. 2011). Recently, NIOSH (NIOSH Alert 2013) and two
professional bodies including The American Society of Heating, Refrigerating,
and Air-Conditioning Engineers (ASHRAE) (ASHRAE 2012) and The American
Industrial Hygiene Association (AIHA) (AIHA 2013) have published guidance
documents for the prevention of personal exposure to fungi in damp non-industrial
built environments. In the U.S. alone, the economic burden of respiratory morbid-
ities due to indoor dampness and mold exposure has recently been estimated to be
$3.7 billion for allergic rhinitis, $1.9 billion for acute bronchitis, $15.1 billion for
asthma morbidity and $1.7 billion for asthma mortality (Mudarri 2016).

The consensus documents, meta-analyses and economic cost studies described
above highlight the need for the development of standardized exposure assessment
methods to enable improved fungal identification with the aim to understand the
potential contributions of specific fungal species to respiratory morbidity (Mudarri
2016). The development of molecular-based assessment methods within the last
decade has significantly improved the research community’s ability to detect and
quantify fungal exposures in a variety of indoor and occupational environments.
Studies utilizing these techniques have provided new insight into the contributions
of once overlooked fungi derived from the phylum Basidiomycota in indoor,
outdoor, and occupational environments (Green et al. 2016; Rittenour et al. 2014;
Pashley et al. 2012; Adams et al. 2015; Dannemiller et al. 2014). Dannemiller and
colleagues used next-generation DNA sequencing and showed that increased asthma
risk in children was associated with both lower Cryptococcus diversity and the
genus Volutella (Dannemiller et al. 2016a; Dannemiller et al. 2014). Higher fungal
richness has also been shown to be related to pets, water damage, and urban homes
(Dannemiller et al. 2016b) and decreased richness observed with increasing humidity
(Dannemiller et al. 2016¢). Fungi identified in next-generation DNA sequencing
studies include, Volutella, Cryptococcus, Kondoa, Malassezia, Rhodotorula,
Trichosporon, Ustilago, Leptosphaerulina, and Epicoccum species (Adams et al.
2015; Dannemiller et al. 2016a, b; Dannemiller et al. 2014; Dannemiller et al.
2016c¢; Green et al. 2016; Pashley et al. 2012; Rittenour et al. 2014). Species placed
in the Basidiomycota class Agaricomycetes that account for over one-fifth of all
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fungal diversity (Hibbett et al. 2014) have additionally been identified in next genera-
tion DNA sequencing studies conducted in U.S. indoor environments (Green et al.
2016; Rittenour et al. 2014).

Other molecular approaches such as mold-specific quantitative polymerase
chain reaction (MSQPCR) have been developed within the last decade. This
method was developed by Vesper and colleagues at the U.S. Environmental
Protection Agency with the aim of developing a national relative moldiness index
for U.S. homes (Vesper et al. 2007). The MSQPCR panel includes 36 indicator
fungi that consist of 26 fungi commonly cultured in water damaged environments
(group 1) and 10 fungi that are commonly identified in outdoor or non-water
damaged environments (Vesper et al. 2007). These data can be used to calculate
an “Environmental Relative Moldiness Index or ERMI” value that ranges between
—10 and 20. This value can be used to estimate mold burden in studies evaluating
indoor fungal exposure and respiratory morbidity (Vesper et al. 2007). MSQPCR
is utilized in a variety of commercial labs in the U.S. and the United Kingdom
(Norback and Cai 2015), and has been used in research studies to estimate mold
burden in U.S. indoor environments (Vesper et al. 2009; Vesper et al. 2011).
Recent studies have also used MSQPCR in a prospective study of asthma develop-
ment to investigate the various fungal species present in the homes of asthmatics.
Reponen et al. (Reponen et al. 2012) identified Aspergillus ochraceus, A. unguis
and Penicillium variable, (both individually and when summed) were in signifi-
cantly higher concentrations in the homes of infants that developed physician-
diagnosed asthma at age 7. The development of MSQPCR and ERMI methods
have facilitated improved quantitation of fungi in indoor settings and enabled the
identification of associations between members of the Eurotiales and asthma
development (Reponen et al. 2012).

Worker exposure to considerably higher concentrations of fungal particles as
high as 10® colony forming units per cubic meter can occur in some occupational
environments (Eduard 2009). Workers that handle, disturb or process organic
material such farmers, sawmill workers, waste collectors, mushroom processing
workers, or workers that handle grain, hay or straw are especially susceptible to
exposure to high concentrations of fungal particles (Eduard 2009). These worksite
exposures can result in pulmonary health effects, such as hypersensitivity pneumo-
nitis and asthma and have been previously reviewed by Eduard (Eduard 2009) as
well as Nordgren and Bailey (Nordgren and Bailey 2016). Studies that have
assessed occupational environments have predominantly utilized traditional
methods of assessment including viable culture or microscopic identification of
airborne spores. Although these methodological approaches have provided much-
needed insight into worker exposures, these methods can underestimate fungi that
either cannot grow on standard nutrient medium or cannot be differentiated and
identified based on similar morphologies. Using culture-independent approaches,
Green et al. showed the contribution of fungi placed in the phylum Basidiomycota
was 46-fold higher compared to the species identified in the original culture analy-
sis (Green et al. 2016). Also, fungi that did not grow on nutrient media in the
initial culture analysis were resolved including obligate yeasts and xerophilic
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species, such as A. halophilicus (Green et al. 2016). These overlooked fungal
exposure sources also contain high molecular weight proteins, secondary metabo-
lites and possibly other immunostimulatory molecules. The results of these preli-
minary culture-independent analyses suggest that fungal identification may be
under quantified using traditional methods of assessment and the results of next-
generation sequencing surveys possibly highlight additional fungi that could
impact the respiratory health of a worker.

Recent European studies have examined fungal contaminants in a variety of
occupational environments including waste processing (Viegas et al. 2015), saw-
mills (Faerden et al. 2014), swine production (Viegas et al. 2016), and poultry
industries (Sabino et al. 2012). Reviews of these working environments are the
focus of several chapters presented within this book. In contrast, U.S. occupational
health studies published since 2009 have predominantly focused on worker expo-
sures and adverse health effects within damp indoor environments, especially
following water damaging events sustained during natural disasters such as hurri-
canes and floods. In one survey of New York State School teachers where 24% of
schools rate indoor air quality as unsatisfactory, current asthma was associated
with visible mold, moldy odors, in addition to dust and perfume odors (Kielb
et al. 2015). A cross-sectional health and environmental survey of workers in a
water-damaged building also showed that subjects with building related rhinosinu-
sitis with higher fungal exposure had a higher odds of developing building-related
asthma compared to the lower fungal exposure group (Park et al. 2012). In a water
damaged New Orleans school, employees had a higher prevalence of work-related
rashes, nasal, and lower respiratory symptoms (Thomas et al. 2012). The data
derived from these U.S. school environments further highlight the contribution of
fungi to personal exposures within contaminated environments; however, these
studies were survey-based and did not provide a detailed synopsis of the diversity
of worker fungal exposures.

Several recent U.S. occupational health studies have assessed worker exposures
to fungal bioaerosols following natural disasters and flooding events. Water
damage and mold were identified as a concern from respondents that were
impacted by flood damage following Hurricane Sandy (Burger and Gochfeld
2015) In a study of U.S. Coast Guard responders to Hurricanes Katrina and Rita,
personal exposure to fungi was reported from contaminated building materials or
water sources as a consequence of their work related tasks (Rusiecki et al. 2014).
A positive association between mold exposure and sinus infection was identified
among the U.S. Coast Guard responders (Rusiecki et al. 2014). Homes flooded by
Hurricane Katrina had a higher burden of fungi compared to non-flooded homes
and frequently detected fungi included Aspergillus, Cladosporium and
Paecilomyces, Penicillium and Trichoderma species (Chew et al. 2006; Rao et al.
2007; Bloom et al. 2009). In Cedar Rapids, lowa, homes undergoing remediation
had higher levels of fungi and (1 — 3)-p-d-glucan compared to post-remediated
homes (Hoppe et al. 2012). Residents living in homes undergoing remediation
also had a higher incidence of doctor diagnosed allergies, self-reported wheeze,
and breathing problems (Hoppe et al. 2012). Similarly, flooded homes in Boulder,
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Colorado had a higher relative abundance of Penicillium species compared to non-
flooded homes (Emerson et al. 2015). Differences in fungal diversity between
flooded and non-flooded homes were additionally observed (Emerson et al. 2015).
Remediation of these environments was ultimately found to improve the quality
and respiratory health of the residents in these flooded locations.

The fungal contamination that resulted in homes that sustained flooding follow-
ing Hurricane Katrina represented a burden for restoration workers (Rando et al.
2014). Rando et al. assessed exposure of New Orleans workers that were conduct-
ing disturbance activities such as mold remediation (Rando et al. 2014).
Immediately following the Hurricane in 2005, demolition work related tasks
resulted in the highest respirable dust exposures of which 17.6% of samples
exceeded the permissible exposure limit of 5 mg per m™. During the same sam-
pling interval, (1 — 3)-p-d-glucan was as high as 118 pg per m ™. Respirable dust
and (1 — 3)-p-d-glucan measures were also shown to decrease in later sampling
collection periods (Rando et al. 2014). The results of these studies indicate that
exposure to respirable particles that can include mold during disturbance activities
performed as part of recovery operations can be high for first responders, recovery
crews, and remediation workers. Based on this growing body of natural disaster
literature, occupational exposure to mold has been identified as a growing public
and occupational health concern among the disaster medicine community
(Johanning et al. 2014).

Methods to minimize fungal exposure in contaminated indoor and occupational
environments include removing water intrusion and to dry wet areas. These reme-
diation efforts should occur within the first 48 hours of a water infiltration event. To
protect workers from personal exposure within these environments, engineering
controls such as HEPA filtration in combination with PPE including respiratory
protection and protective clothing will assist in minimizing worker exposures.
Guidelines for methods to minimize and reduce worker exposure are presented in
Johanning et al. (Johanning et al. 2014)

1.6 Conclusions

The recent literature has shown that exposure to a wide diversity of fungi, includ-
ing primary, subcutaneous or cutaneous pathogens can occur in various U.S. occu-
pations. The primary workplace exposures result from inhalation of fungal spores
and fragments, and these particles can exacerbate respiratory morbidities including
but not limited to allergy, asthma, and hypersensitivity pneumonitis. However,
due to the limitations and the current lack of standardized methods for assessing
mold exposure, consensus threshold levels for fungal contaminants in indoor and
occupational environments have not been established. To address this knowledge
gap, Eduard reviewed human and animal model studies that evaluated exposure to
mold and associated toxicological endpoints. A lowest observed effect level of
1 x 10° culturable fungal spores per m> in nonsensitized populations was
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proposed (Eduard 2009). The utilization of molecular-based methods in exposure
assessment studies has significantly improved the ability to detect and quantify
fungi in indoor as well as occupational environments in the U.S. The development
of standardized qPCR panels for biomarker fungi in specific environments will
further improve investigators’ ability to assess exposure to specific species in
indoor environments as well as detect endemic, subcutaneous, and cutaneous
mycoses. However, standardization of extraction methods, amplification, primers,
gene regions, and sequencing approaches are all parameters that require further
evaluation to allow reproducible comparison between studies. Implementation of
these methodologies in exposure assessment and occupational health studies will
additionally assist in the generation of data that can be used to derive occupational
exposure limits (OEL). These OELs would then have application in diverse occu-
pational workforces and sectors in the U.S.

Based on the review of recent U.S. occupational health studies in this chapter,
workers that handle vegetation or organic materials, engage in soil disturb activ-
ities, or work in damp indoor environments are at increased risk of exposure to
fungi. Workers engaging in these tasks described throughout this chapter should
wear PPE, such as a NIOSH approved respirator or protective clothing to protect
the worker from inhalation exposures or transcutaneous injuries. In addition to
PPE, engineering and administrative controls could also be employed to minimize
worker exposure. Engineering controls could include providing improved ventila-
tion within indoor environments or enclosed processing operations or HEPA filtra-
tion in the cabs of heavy excavating equipment to protect workers operating in
endemic areas of dimorphic fungal pathogens. Administrative controls could also
include training programs focused to educate employees about potential exposure
to microbial hazards, and encouraging employees to report work-related symptoms
to their supervisor and healthcare provider. In addition to these preventative
measures, the standardization of methodological approaches will enable improved
surveillance of occupational fungal exposure and will provide improved insight
into the various occupational tasks and risk factors that result in the aerosolization
of spores and other particles derived from fungi.
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Chapter 2
Bacteria in Indoor and Occupational Settings

Mark A. Barnes

Abstract Bacteria are ubiquitously present in our environment. As such, humans
are constantly exposed to a multitude of bacterial species include those that are a
part of our natural flora, as well as opportunistic and pathogenic bacteria. These
constant challenges may potentially result in development of pathogenic diseases,
as well as other adverse health effects. Some of these adverse events include devel-
opment of respiratory diseases such as Farmer’s lung, subcutaneous and cutaneous
infections, and bacteremia. Environmental exposures have the potential to affect all
people equally, such as omnipresent endotoxin which may exert both protective and
detrimental health effects, particularly in the context of respiratory health. In con-
trast, occupational exposures affect specific sections of the population. For example,
workers in meat industries tend to exhibit a higher prevalence of colonization with
methicillin-resistant Staphylococcus aureus than the general population. This chap-
ter will examine various environmental and occupational sources of bacterial expo-
sures, as well as the potential health consequences of those exposures.

Keywords Health effects - occupational exposure - environmental exposure -
bacterial metabolites - endotoxin - antibiotic resistance

2.1 Introduction to Prokaryotes

2.1.1 Intro

Bacteria, along with Archaea, make up the organismal group termed prokaryotes.
Key cellular properties attribute to the difference in form and function of prokar-
yotes compared to eukaryotes, which include humans. The total number of
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prokaryotic cells on the earth has been estimated in the range of 4-6 x 10°° as
opposed to just 7.3 billion humans, making its total biomass at least equal to, but
potentially greater than that of plants (Whitman et al. 1998). Cells typically range
in size from 1 to 10 um, however, there are a number of submicron (Thermodiscus
spp. and Mycoplasma spp.) and macro (Thiomargarita namibiensis) prokaryotic
organisms (Schulz and Jgrgensen 2001). Unlike eukaryotes, prokaryotes lack
intracellular membrane-bound structures such as a nucleus and other specified
organelles like mitochondria, endoplasmic reticulum, and Golgi apparatus, which
are critical to the function and survival of higher organisms (Murat et al. 2010).
Additionally, prokaryotes reproduce asexually, forming two or more daughter cells
depending on the modes of cellular propagation (Angert 2005). In contrast to com-
plex genetic recombination systems in eukaryotes, prokaryotic organisms gain
genetic diversity via horizontal gene transfer methods — that is, by acquiring for-
eign DNA through viruses such as bacteriopahges, accepting circular, non-
chromosomal DNA known as plasmids, or simply taking up free DNA from the
environment (Gyles and Boerlin 2014). Despite their differences, prokaryotes
share some commonalities with eukaryotes including the use of DNA as genetic
material and ribosomes for protein synthesis. Furthermore, evidence suggests that
prokaryotes utilize protein-bound microcompartments for storage/sequestration,
gas vesicles to assist with buoyancy, and other protein and lipid-bound organelle-
like structures for various processes (Murat et al. 2010; Kerfeld et al. 2005).

2.1.2 Archaea

Archaea were historically classified as bacteria and called Archaebacteria, but
have since been considered a separate organismal domain due to the structural and
genetic differences to bacteria (Woese 1994). However, the Archaea are structu-
rally and genetically related to gram-positive bacteria. For instance, pseudopepti-
doglycan molecules in the cell wall of Archaea species offer a form and function
similar to peptidoglycan content of gram-positive bacteria while maintaining a dif-
ferent chemical makeup. Archaea and bacteria share similar molecular composi-
tion, yet archaea employ gene expression processes more closely resembling those
of eukaryotic cells (Koonin et al. 1997). Though initially discovered in habitats
with extreme temperature, salt, and pH conditions, Archaea have recently been
found in milder environments such as swamps, soils, as well as human skin and
gut, thus invalidating the previously used term extremophile as a general charac-
teristic for all Archaea (Bang and Schmitz 2015). Commensalism between archaea
and eukaryotes is well appreciated; archaea species have been identified in agricul-
tural settings and pose a potential exposure risk to humans (Nehme et al. 2009;
Blais Lecours et al. 2012), however, it is not yet known what, if any, role archaea
play in human health and disease as there are currently no known immuno- or
pathogenic factors in these species. As such, this section will focus on properties
of bacterial species.
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2.1.3 Physical Properties of Bacteria

Bacteria come in a few variants of shape at the single cell level but achieve mor-
phological diversity by adopting various arrangements of their cells and cellular
structure. The three basic shapes of bacterial cells are rods (bacillus), spherical
(coccus), and spiral/helical (Salton and Kim 1996). Bacilli (Fig. 2.1b) arrange as
single cells (bacillus), single ovoid cells (coccobacillus) (Fig. 2.1c), in pairs
(diplobacilli), and in chain-like forms (streptobacilli); cocci (Fig. 2.1a) are paired
(diplococci), link in chains (streptococci), and clump as tetrads or in grape-like
clusters (staphylococci). Spiral bacteria (Fig. 2.1d) assume helical, comma-like,
corkscrew, and filamentous forms (Young 2006; Salton and Kim 1996). In addi-
tion to their basic shapes, bacteria may also present secondary shapes or character-
istics such as filamentous appendages known as flagella, shorter hair-like
protrusions called pili, bifid protrusions, and cellular membrane protrusions termed

a Coccus b Bacillus

Fig. 2.1 Occupationally relevant cocci, bacillus, coccobacillus, and spiral bacteria.
Photomicrographs of (a) Streptococcus pyogenes, (b) Bacillus anthracis, (¢) Brucella melitensis,
and (d) Campylobacter jejuni
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prosthecae. Endospores, non-vegetative structures that are resistant to many
thermal, radiation, and chemical challenges, are produced by some bacteria in the
Firmicutes phylum (Poehlein et al. 2013; Thomas 2006; Nicholson et al. 2002).
Some bacterial species also form capsules made of a viscous layer of polysacchar-
ides, as well as secrete a slime-like mixture of polysaccharides, proteins, and
nucleic acids called biofilm. Biofilms allow bacteria to coalesce and adhere to var-
ious surfaces (Hall-Stoodley et al. 2004). These structures variably contribute to
survival, nutrient acquisition, motility, and virulence of bacteria.

With the advent of the gram stain, bacteria were classified as either gram-
positive or gram-negative (Steinbach and Shetty 2001). This technique takes
advantage of a simple generic difference in bacteria: gram-positive species have
thick cell walls that contain an abundant amount of tightly-packed peptidoglycan,
while gram-negative cell walls contain less peptidoglycans. As microbiologists
increase their understanding of bacteria, it becomes evident that more suitable
descriptors and advanced methods, such as 16S ribosomal RNA sequencing
(Clarridge 2004; James 2010), are required for differentiating bacterial species.

Monoderm and diderm are more apt dichotomous descriptors of bacteria
because they do not rely on staining properties of bacterial cell envelopes, rather
natural physical properties of bacteria. Monoderm bacteria have one cellular mem-
brane that is surrounded by a cell wall; on the other hand, diderms possess two
cellular membranes that are separated by a thin cell wall (Fig. 2.2) (Gupta 2011;
Sutcliffe 2010). Monoderm and diderm are the preferred terminology because
there are always exceptions to the rule. For example, most species that are placed
in the phylum Firmicutes would be classified as gram-positive; however, some
bacteria resemble gram-negative bacteria. Moreover, some diderms exhibit gram-
positive properties even though they are structurally and genetically similar to
other diderms, and would therefore be misclassified if differentiated solely by
gram stain. Mono- and diderm as identifying characteristics also allow for logical
differentiation of bacterial evolution. Gupta puts forth that diderms developed the
outer membrane to resist naturally-occurring antibiotics. Evidence for this mode of
evolution is supported by the fact that most known antibiotics are produced by
monoderm species, particularly Streptomyces spp., and that monoderms are more
susceptible to natural antibiotics (Gupta 2011). Environmental selection pressures,
including the need to develop antibiotic resistance, have contributed to the overall
diversity of bacteria. For example, diversification of bacterial characteristics has
led to species with atypical cell wall components, such as mycolic acid found in
Mycobacteria, diderms without significant endotoxin (eobacateria) (Sutcliffe
2010), and classic endotoxin-expressing diderms.

2.1.4 Bacterial Taxonomy

According to the List of Prokaryotic names with Standing in Nomenclature
(LPSN), there are 30 recognized phyla containing thousands of different bacterial
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genera (Euzéby 1997). Even with the vast diversity of species across taxonomic
ranks, approximately 40% of all recognized taxa belong to the Firmicutes and
Actinobacteria phyla, which primarily consist of gram-positive monoderms, and
also include endospore-forming bacteria (Sutcliffe 2010; Poehlein et al. 2013;
Thomas 2006; Nicholson et al. 2002). Bacteria can be further grouped into
so-called superphyla in addition to the 30 currently recognized phyla. Species
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within each superphylum are linked by commonalities in 16S ribosomal RNA
sequences, as well as similarities in gene expression, proteins, and cell structures
(Fuerst 2013; Brown et al. 2015; Yeoh et al. 2016; Sekiguchi et al. 2015; Rinke
et al. 2013).

2.1.5 Intro to Environmental and Occupational Exposures

Given the large biomass, the wide range of niches, including natural human flora
(Taubel et al. 2009), and the potential for pathogenicity, it is no surprise that bac-
teria pose a significant public health burden in indoor and occupational environ-
ments. Although only viable organisms can cause active infection, other microbial
products and fragments also contribute to adverse health effects (Blais-Lecours
et al. 2015). Bacterial endotoxin and peptidoglycan can contribute to respiratory
morbidity in a variety of settings (Fig. 2.3). Further, species that are non-viable
also contribute to the diversity of bioaerosols that are otherwise not quantified in
exposure assessment studies that utilize viable culture techniques. Estimations of
indoor bacterial contamination range from 10" to 10° colony forming units (CFU)
per cubic meter for culturable species, while non-culturable may be present in the
range of 10°-10® bacterial cells/m>. In addition to respiratory effects, occupational
exposures can result in subcutaneous as well as cutaneous infections. Skin infec-
tions with group A Streptococcus spp. and Staphylococcus aureus are common in
industries in which workers are at greater risk for transcutaneous injuries such as
cuts, abrasions, burns, etc. (Lachapelle 2012). Occupational skin exposures may
also give rise to rare infections, and in some cases, rare modes of transmission
(Godshall et al. 2013; Lachapelle 2012). Brucellosis, a rarely encountered febrile
disease caused by Brucella spp., is acquired via exposure to contaminated animal
products, such as milk and cheese. Chronic cutaneous norcardiosis has been
observed following high pressure injection injury (Lee and Yong 2005). Listeria
monocytogenes infections occur in pregnant women, neo-nates, elderly adults, and
immunocompromised individuals (CDC 2016b). Patient symptoms clinically man-
ifest as bacteremia and infections of the central nervous system. In contrast,
Listeria infections in healthy people generally present as gastroenteritis that
requires a large inoculum, but can also cause cutaneous infections at a much lower
inoculum (Godshall et al. 2013). Here we examine environmental exposures to
various bacterial species and products, primarily endotoxin, paying special atten-
tion to bioaerosol exposures in indoor and occupational settings.

2.2 Methods to Discover, Analyze, and Enumerate Bacteria

The various methods of collection and analysis of bioaerosols have been thor-
oughly reviewed by Ghosh et al. (2015), therefore this section will only discuss
the most important techniques. The most common methods of bioaerosol
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Fig. 2.3 Health effects resultant of environmental and occupational exposure to various bacterial
species. Humans experience a variety of adverse health effects which are dependent on the type
of bacteria encountered, the route of transmission, size of inoculum, and pre-exposure health sta-
tus of the individual
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collection include impaction, impingement, and filtration, each offering various
advantages and challenges (Pasanen 2001; Ghosh et al. 2015; Eduard et al. 2012).
Impaction is economical and allows investigators to collect samples directly onto
culture media, but sample analysis is restricted to culture-only methods of enu-
meration and is susceptible to problems when encountering highly contaminated
aerosols. Impingement collectors direct microbes into liquid media, thereby redu-
cing the possibility for overloading the sampler. This method is subject to media
evaporation, requires post-collection processing, and does not allow for size
fractionation. Lastly, filtration methods are simple and economical, and allow for
multiple enumeration methods, but also require post-collection processing, have
a potential for overloading the sampler, and could decrease the recovery of
collected organisms due to desiccation on the filter. Collected samples can be
enumerated by culturable methods — light microscopy, matrix-assisted laser
desorption/ionization—time-of-flight (MALDI-TOF) mass spectrometry, or non-
viable methods — flow cytometry, polymerase chain reaction (PCR) based techni-
ques, and next-generation sequencing. Non-viable methods, particularly those
based in gene expression or sequencing, have become increasing popular in recent
years to characterize the diversity of endogenous and exogenous bacterial popula-
tions (Blais-Lecours et al. 2015).

2.3 Environmental Exposures

2.3.1 Diversity of Bacterial Exposures in the Indoor
Environment

The specific environments in which bacteria are encountered vary. For example,
one Finnish study showed that human flora contributed to a high percentage of
bacteria, mostly gram-positive, in samples collected from indoor dust. In agree-
ment with that work, a study in Boston, MA, USA, also showed that indoor
samples were dominated by Firmicutes and Actinobacteria phyla which contain
gram-positive species. The most represented genera were Corynebacterium,
Lactobacillus, Staphylococcus, and Streptococcus, all of which are associated with
human flora (Hanson et al. 2016). In contrast, outdoor dust samples were rich in
gram-negative Proteobacteria phylum species from the genera Acidovorax and
Brevundimonas, and Flavobacterium spp. from the Bacteroidetes phylum. Another
study showed that the bacterial composition of air samples in the subway system
of New York City, USA, was consistent with outdoor air samples. The authors
noted that this was likely due to very efficient air mixing that occurs between the
subway system and the outdoor environment (Robertson et al. 2013). Despite the
similarities in composition, the investigators did observe an increase of species
derived from the Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria
phyla in the subway system compared to outdoor samples. Exercise facilities also
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function as an important source of environmental bacterial exposure as they serve
as an exogenous source of community-acquired infections. As in the study of New
York subways, more species were associated with endogenous human flora and
environmental sources derived from dust, soil, and water. However, additional
pathogenic species were enumerated (Bacillus cereus, Enterococcus faecalis,
Klebsiella pneumoniae, Pantoea agglomerans, and Salmonella enterica) suggest-
ing that exercise facilities are a potential source for pathogenic bacteria
(Mukherjee et al. 2014).

2.3.2 Exposure to Bacterial Products and Metabolites

In addition to potential adverse health effects caused by viable organisms, bacter-
ial products and metabolites such as endotoxin and naturally occurring antibiotics
may influence physiologic responses. For example, exposure to endotoxin in
homes has been associated with asthma-like symptoms including wheezing and
coughing. Symptoms can be made worse dependent on social and environmental
factors like presence of pets, carpeting, pests, comorbidities such as smoking, and
overall socioeconomic standing (Thorne et al. 2015). Endotoxin exposure has also
been linked to development of atopic and nonatopic asthma, and decreased lung
functions in asthmatic people (Carnes et al. 2016). Natural antibiotics can be pre-
sent in moisture-damaged structures, indicating the presence of bacteria, particu-
larly Streptomyces spp. These antibiotic metabolites can modulate immune
responses, cause cellular apoptosis, and have been linked to both anemia and leu-
kemia. Further, these products often act in a synergistic manner with other micro-
bial species and products in indoor air (Park et al. 2006; Penttinen et al. 2005;
Téubel et al. 2011).

2.3.3 Legionella

Legionella spp. are important gram-negative pathogens from both an indoor envir-
onmental and occupational perspective. These species elicit typical pneumonia
type symptoms including cough, fever, headaches, and muscle pains, which may
present as the more severe Legionnaires’ disease, with an associated 1-4% mortal-
ity, or the milder Pontiac fever (Fig. 2.3) (CDC 2016a; Principe et al. 2017).
Legionella thrive in fresh water sources and rarely cause infection, however, expo-
sure to Legionella spp. cultivated in improperly maintained water sources such as
cooling systems, hot tubs, and showers of hospitals, hotels and cruise ships may
lead to aerosolization and subsequent inhalation. Studies have shown that many
cooling systems in particular fail to undergo routine total system cleaning and
may not use appropriate amounts of biocide to quell outbreaks (Rangel et al.
2011; Rafiee et al. 2014). The Centers for Disease Control and Prevention offers
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guidelines for maintenance of building and recreational water systems (CDC
2016c¢), however, no government regulations currently exist. A review (Principe
et al. 2017) of occupational Legionella outbreaks from 1949 to 2015 revealed that
795 workers had contracted Legionnaires’ disease (211) or Pontiac fever (584)
due to exposure to Legionella pneumophila and Legionella feeleii respectively.
Most cases were located in the United States, United Kingdom, and Canada, pri-
marily in industrial settings followed by office buildings, then hospitals.
Surprisingly, Legionella longbeachae, a soil-adapted species, caused severe pneu-
monia in two metal recycling workers (Picard-Masson et al. 2016). Being that
L. longbeachae is typically transmitted in highly organic soils and compost, its
occurrence in a low-quality, nutrient-poor soil is fascinating, further highlighting
the importance of Legionella spp. as environmental and occupational bioaerosols.

2.4 Occupational Exposures

2.4.1 Endotoxin Exposures in Various Occupations

Endotoxin is a major exposure concern for many occupations, but seems to be
particularly prevalent in some industries including food, agricultural, and textile
professions, as well as occupations in which workers are exposed to metalwork-
ing fluids (Basinas et al. 2015; Broadwater et al., 2015; Dahlman-Hoglund et al.
2016; Meza et al. 2013). Here we primarily will focus on agricultural and food
occupations. Compared to other bacterial components like peptidoglycan, endo-
toxin has been shown to be more associated with negative health events in farm
workers, and exerts those respiratory effects in the range of moderate exposure,
100200 EU/m?>, whereas below 100 EU/m> is considered low and above
450 EU/m” is high (Fig. 2.4b) (Latza et al. 2004; Smit et al. 2010; Basinas et al.
2012). Those health effects include airway hyperresponsiveness, wheezing,
chronic obstructive pulmonary disease (COPD), asthma-like symptoms, and
decreased lung function (Basinas et al. 2015). In a study examining aerosolized
bacterial and endotoxin levels that was conducted in a French cheese factory,
workers were exposed to 10-300 EU/m® of endotoxin, though no specific health
effects were reported (Simon and Duquenne 2014). Endotoxin exposure was also
problematic in a facility that produced an agricultural feed component, biopro-
tein. Workers that were exposed to 130-540 EU/m’ exhibited improved lung
function after one year of no endotoxin exposure, compared to workers exposed
to higher levels of endotoxin (>8000 EU/m®) (Skogstad et al. 2012). The
employees in the high exposure group did experience a reduction in inflamma-
tion, measured by circulating leukocytes and cytokines. Genetics, in conjunction
with environmental factors, also play a role in endotoxin-induced health effects.
Agricultural workers with a certain genetic mutation in the gene that produces
CD14, a protein that is important in the detection of endotoxin, are more respon-
sive to endotoxin, leading to increased wheezing and asthma-like symptoms
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ial species. (a) Workers are encounter various bacterial species and (b) varying levels of endo-
toxin in various meat-handling occupations including animal farms, butchers, and catering.
Endotoxin levels are listed as EU/m?

(Smit et al. 2011). Additionally, investigators discovered an association between
negative health effects and high production of cytokines following endotoxin
exposure; blood cells collected from farm workers that produce high amounts of
Interleukin-10 (IL10) in response to endotoxin show increased adverse
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respiratory effects including wheezing and shortness of breath (Smit et al. 2009).
Endoxtoxin is also prevalent in aerosols of metalworking fluids (MWF).
Exposure to endotoxin may lead to development of asthma, as well as dermatitis
(Health NIfOSa, 2013; Broadwater et al., 2015; Dahlman-Hoglund et al. 2016;
Meza et al. 2013). As such, the National Institute for Occupational Safety and
Health (NIOSH) set the recommended exposure limit (REL) for MWF at 0.4 mg/m’
(Health NIfOSa, 2013). Still, even exposures less than the NIOSH REL may cause
adverse health effects in workers (Meza et al. 2013). Endotoxin may be beneficial
in some settings as exposure has been associated with protection against lung can-
cer, sensitization and allergic asthma. For example, early life exposure to
endotoxin-rich environment such as a farm, protects people from developing
asthma (Schuijs et al. 2015). It should be noted that these effects are likely
dose dependent, and other adverse effects — decreased lung function, chest tight-
ness, and organic dust toxic syndrome, remain (Basinas et al. 2015; Lenters et al.
2010).

2.4.2 Risks Associated with Bacterial Exposure in Meat,
Agricultural, and Food Service Industries

Workers that handle meat are at increasingly greater risk of adverse occupational
exposures to bacteria as the occurrence of pathogenic species in animals raised for
food increases (Fig. 2.4a) (Castillo Neyra et al. 2012). Extraneous use of antibio-
tics in farming industries has led to an increase in antibiotic-resistant bacteria,
notably through horizontal gene transfer, which will ultimately increase the health-
care burden of not only treatment, but also the risk of occupational exposure to
drug-resistant bacteria in patients and healthcare workers (Bezuidt et al. 2011;
Love et al. 2011). Workers in a beef slaughterhouse have been found to be nasally
colonized with methicillin-resistant S. aureus (MRSA), as well as multidrug-
resistant methicillin-susceptible S. aureus (MSSA) (Leibler et al. 2016). Tasks that
require workers to handle live poultry and their products (e.g. eggs) exposes the
workers to Enterococci and other species in concentrations as high as 1.3 x 10*
CFU/m® and leads to increased prevalence of negative respiratory events such as
wheezing, coughing and sneezing (Brauner et al. 2016; Viegas et al. 2013).
Poultry farms also may pose a risk to the neighboring environments as S. aureus
has been isolated from air samples in areas near the farms (Castillo Neyra et al.
2012). Workers that handle sheep are at risk of developing a flu-like disease,
Q fever, due to exposure to Coxiella burnetii (Schulz et al. 2005). Handling raw
meat is associated with S. aureus colonization in food service workers. Employees
at catering businesses that handled raw meats in their job duties exhibited
increased prevalence of colonization. Even some workers that never handled raw
meat were colonized, suggesting aerosolization in their work environment
(Ho et al. 2014). Further, the work environment creates a preponderance of
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transcutaneous penetrative injuries which can lead to Staphylococcal spp.,
Streptococcal spp., Mycobacterium, or Bacillus anthracis infections. Besides the
bacteria mentioned above, meat workers may also develop adverse neurological
effects following exposure to Campylobacter jejuni from poultry or swine, and
experience gastroenteritis following exposure to occupationally-derived S. enter-
ica, additional Campylobacter spp., Yersinia enterocolitica, Escherichia coli, and
Shigella spp. (Fig. 2.3) (Davis et al. 2011; Hardy et al. 2011; Helms et al. 2006;
Castillo Neyra et al. 2012). One potential consequence of agricultural work is
development of Farmer’s lung, an inflammatory disease caused by exposure to
agricultural dust that contains thermophilic Actinomycetales species including but
not limited to Saccharopolyspora rectivirgula, Thermoactinomyces vulgaris,
Thermoactinomyces viridis, and Thermoactinomyces sacchari (Schifer et al. 2013;
Barrera et al. 2014; Cano-Jimenez et al. 2016). Farmer’s lung is a type of hyper-
sensitivity pneumonitis that presents clinically in acute, subacute, and chronic
forms, and is characterized by fever-like symptoms and difficulty breathing, and
can be associated with a high mortality rate.

2.4.3 Wastewater as a Source of Occupational Bacterial
Exposure

Wastewater has been identified as a potential source of community-acquired
MRSA, which is an important consideration due to the increase in repurposing
waste water for landscaping, ground water recharge, as well as crop irrigation
(Rosenberg Goldstein et al. 2012, 2014). Across the US, approximately 6% of
wastewater is reused, with the majority being used for landscaping purposes, lead-
ing to both environmental and occupational exposure to bacteria in wastewater.
A large proportion, over 80%, of influent wastewater test positive for MRSA com-
pared to approximately 8% of effluent samples, indicating that wastewater treat-
ment proves effective in reducing the total burden of MRSA returning to the
environment. Still, it has been postulated that the surviving microbes are hardier
and could represent multi-drug resistant bacteria (Rosenberg Goldstein et al.
2012). In a study examining exposure to MRSA, vancomycin-resistant
Enterococci (VRE), and other pathogens from reclaimed wastewater, the investi-
gators found that spray irrigation workers were at increased odds of being colo-
nized with MSSA, multidrug-resistant MSSA, and vancomycin-susceptible
Enterococci (VSE). Another study showed workers at a wastewater treatment
facility were exposed to bacteria in concentrations that could exceed 5 x 10*
CFU/m>, most of which were gram-positive species, which have previously been
associated with bioaerosols in wastewater treatment (Prazmo et al. 2003; Teixeira
et al. 2013). In addition to the potential for exposure, wastewater workers may
experience direct health effects including, but not limited to, adverse respiratory,
skin, or allergic reactions (Teixeira et al. 2013).
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2.4.4 Bacterial Exposures in Healthcare Settings

Healthcare workers (HCW) are at particular risk for exposure to bioaerosols given
the nature and environment of their work. Even with a lack of direct contact with
patients workers can be exposed to a wide variety of endogenous and exogenous
bacteria. In a study measuring bioaerosols of vacated hospital rooms, workers had
the potential to be exposed to bacteria in quantities up to 1.4 x 10* CFU/m*/hr
(Heimbuch et al. 2016). A significant portion of gram-positive and negative spe-
cies showed resistance to oxacillin, while a small number of gram-positive isolates
exhibited resistance to vancomycin. HCW personal protective equipment (PPE)
can also act as a source of contamination. In a multi-center study, particular patho-
genic species Clostridium difficile, VRE, MRSA, and other enterobacteria were
discovered on HCW PPE (Mitchell et al. 2015). In one center, over 60% of uni-
forms of physicians and nurses had detectable levels of bacterial pathogens. As
expected, HCW performing routine care for individuals colonized with multidrug-
resistant bacteria are at risk of exposure (Morgan et al. 2012). HCW gloves or
gowns were contaminated with Acinetobacter baumannii, Pseudomonas aerugi-
nosa, VRE, or MRSA in 21% of observed patient interactions. A. baumannii, an
opportunistic pathogen frequently found in hospitals (Antunes et al. 2014), was
the most common contaminant of HCW PPE. HCW themselves could be a source
of pathogenic bacteria. Studies of HCW indicate that upwards of 8% exhibit nasal
colonization with MRSA (Albrich and Harbarth 2008), while others have sug-
gested the number could be higher, closer to 15% (Hawkins et al. 2011).
Collectively, these observations suggest that HCW, and patients alike, must take
care to minimize transfer of potentially aerosolizable pathogens. Decreasing the
burden of bacteria can be achieved by utilizing clean PPE and adhering to prere-
quisite hygiene standards for the healthcare setting.

2.4.5 Laboratory-Acquired Infections

Laboratories, both clinical and research, are an additional source of occupational
exposure to bacteria due to inhalation of cultured organisms, needle sticks, animal
bites, damaged glassware, ingestion, and contact with a contaminated surface (e.g.
gloves) with mucous membranes (Coelho and Garcia Diez 2015). Laboratory
acquired infections (LAI) totaled more than 5000 between 1930 and 2000, with
190 associated fatalities reported (CDC 2009; Pike 1979, 1976). The most com-
mon bacteria associated with LAI infections were Mycobacterium tuberculosis,
C. burnetii, Salmonella spp., Brucella spp., Shigella spp., Chlamydia psittaci, and
Francisella tularensis. However, due to an increase in antibiotic-resistant bacteria
that may contribute to and influence LAI, the following species have been recently
associated infections in the lab: C. difficile, E. coli, and Klebsiella spp (Fig. 2.3).
Clinical labs accounted for approximately 45% of total reported cases between the
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years 1978-2000 compared to 51% in research labs during that same period. The
actual number of LAI may never be known due to a lack of an official reporting
system, non-reporting of sub-clinical cases, and fear of laboratory reprimand due
to increasing oversight and regulation of biomedical labs. Still, LAIs are much
rarer, likely due to vaccinations against potential exposures, improved containment
systems, engineering controls, and heavy emphasis and enforcement on a culture
of safety and training (CDC 2009; Wurtz et al. 2016; Coelho and Garcia Diez
2015). Even with improved safety training and protocols in labs, LAI can still
occur. In one survey based study, the investigators found 15 cases of LAI in 23
biosafety level 3 and 4 labs that were surveyed (Wurtz et al. 2016). Two cases
were caused by viruses, and the rest by M. tuberculosis, C. burnetii, and Brucella
melitensis. The LAI in these cases were transmitted via inhalation of bioaerosols
due to human error. Fortunately, all of the infected recovered and most without
sequelae. Continual review and improvement of safety standards in biomedical
laboratories is critical to minimizing laboratory worker exposure to pathogenic
bacteria and subsequent development of LAIs.

2.5 Future Considerations

Given the sheer volume of bacteria in the environment, preventing exposure is
next to impossible. Preventing infection is, however, possible with improved situa-
tional awareness, a deeper understanding of the exposures that affect workers, and
improvement in methods to combat pathogenic and potentially pathogenic species.
Embracing and continually improving upon a culture of safety and training, in
conjunction with advances in worker PPE and engineering controls, will help alle-
viate workplace exposures (Wurtz et al. 2016). Moreover, striving to gain a com-
plete understanding of the make-up and complexities of bacteria in the
environment using new approaches such as next-generation sequencing will
enhance our understanding of potential health effects of various exposures. For
example, Bacillus thuringiensis is commonly used in agricultural work as a bio-
pesticide, accounting for as much as 90% of the market share. Still, not much is
known about its potential health effects; however, a recent study showed that gran-
ulocytes produce massive amounts of reactive oxygen species (ROS) in response
to B. thuringiensis exposure (Madsen et al. 2014). In addition to improving biosaf-
ety and our understanding of bacteria, preventing antibiotic misuse in both humans
and animals will help quell the rise in “super bugs” — that is, highly infective,
easily transmittable, multidrug-resistant bacteria (Llor and Bjerrum 2014; CDC
2014; Castillo Neyra et al. 2012). Overuse of antibiotics has led to, in addition to
increased microbial resistance, increases in: mortality following infection, duration
and severity of diseases, erroneous prescriptions for self-limiting infections, and
healthcare costs. It is, therefore, critical to discover new antibiotics with no asso-
ciated resistance, as well as investigate other alternatives. A newly discovered
antibiotic, teixobactin, inhibits cell wall synthesis by binding to peptidoglycan and
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teichoic acid and shows no in resistance various mutants of S. aureus and
M. tuberculosis, both of which have multiple drug-resistant strains (Ling et al.
2015). Additionally, the human microbiota may be a suitable place to search for
new, naturally occurring antibiotics (Zipperer et al. 2016). Finally, another alterna-
tive is silver. It has demonstrated antimicrobial properties and could be further
developed to be incorporated into air filtration systems, PPE, and other sources of
contamination in both occupational and environmental settings (Swathy et al.
2014; Lansdown 2006; Paladini et al. 2014).
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Chapter 3
Characterization of Viral Exposures in United
States Occupational Environments

Tara L. Croston

Abstract Viruses are considered to be the most abundant biological particles and
have the capability to infect all forms of life leading to a variety of diseases.
American workers in specific occupational environments are threatened by viral
exposures, highlighting the importance to recognize the type and risk of exposure,
as well as the preventive measures that can be taken to reduce the risk of expo-
sure. For example, healthcare workers can potentially be exposed to air and blood-
borne pathogens, such as hepatitis and the human immunodeficiency virus. These
types of exposures have led to the development of preventive equipment and regu-
lations intended to reduce viral exposures in occupational settings. This chapter
will discuss the characteristics of viruses and the occupationally relevant viruses
of which people in varying occupations can potentially encounter. Regulatory
guidelines and protective strategies will also be reviewed.

Keywords Virus - viral exposure - occupational exposure

3.1 Introduction

Viruses are abundant microbiological agents (Lawrence et al. 2009) that are capable
of infecting all forms of life including but not limited to humans, plants, animals,
fungi, bacteria, protozoa, and archaea. The United States workforce, especially
health care workers, first responders, industrial workers, and biowaste workers are
at risk of occupational exposure to a broad diversity of viruses including hepatitis,
human immunodeficiency virus (HIV), Ebola virus, influenza and adenoviruses.
Preventative guidelines including administrative and engineering controls, as well
as use of personal protective equipment (PPE) have been published by various gov-
ernment agencies, and these avoidance strategies and exposure control plans have
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been modernized and recently revised (CDC 1988, 2016b, ¢, v; Kuhar et al. 2013;
Garner 1996; Siegel et al. 2007; West and Cohen 1997).

Viruses are acellular and conflict within the scientific community exists as to
whether or not viruses are living. Only able to replicate inside living cells, viruses
rely on the host cell’s reproductive machinery (Sze and Tan 2015). They are gen-
erally smaller than bacteria and therefore must be visualized using scanning or
transmission electron microscopy. Viral particles range in diameter from 20 nm to
approximately 300 nm; approximately one hundredth the size of a bacterium
(Sekar and Kathiresan 2013). Stains are used to enhance the visualization of the
viral particles, such as fluorescent antibodies that specifically tag antigens specific
to the viral particles or uranyl acetate and phosphotungstic acid to enhance the
contrast for electron microscopy (Smith and Melnick 1962). Negative staining can
also enhance the contrast by staining the background instead of the viral proteins
(Kiselev et al. 1990). Complete independent viral particles that have not yet
infected, or are in the process of infecting, living cells are called “virions” and
consist of two components. The genetic material of the virus, whether it is DNA
or RNA, is contained within the protective proteinaceous coat termed the “capsid.”
Identical protein subunits termed “capsomeres” collectively construct the capsid,
which can be enveloped with a layer of lipids formed from the host cell. This
envelope, which aids in the infection of a host cell, consists of components from
both the viral and the host cell’s membranes.

3.1.1 Structure of Viral Capsids

Depending on the virus, virions differ in morphology, size and symmetry. There
are four primary morphologies: helical, icosahedral, prolate and enveloped. The
majority of viruses contain either a helical or icosahedral capsid (Lidmar et al.
2003; Vernizzi and Olvera de la Cruz 2007) and more commonly will be encoun-
tered in an occupational environment. Helical viruses are rigid or flexible rod-
shaped (Prasad and Schmid 2012) formed by capsomeres specifically arranged in a
helix around a central axis. The genetic material is located either inside the central
cavity protected by the capsid or may be attached directly to the capsid. Fig. 3.1
illustrates the longitudinal view of an influenza virion, which is an example of a
helical virus (Brown et al. 2010) that can be encountered in healthcare settings.
Another example of a helical virus is the tobacco mosaic virus (TMV) discovered
in 1898 (Harrison and Wilson 1999). Although humans cannot be infected by
TMYV, antibodies against TMV can be produced as shown in a study that measured
anti-TMV antibodies in cigarette and smokeless tobacco users (Liu et al. 2013).
More commonly, viruses have an icosahedral shape where capsids are com-
posed of 60 repeating identical subunits that give rise to 20 equilateral triangles
arranged in a symmetrical manner (Prasad and Schmid 2012). This formation
allows for the least amount of genetic material needed to code for the structural
proteins that make up the capsid and for a closed capsid to protect the genetic
material. An example of a virus with an icosahedral structure is an adenovirus,
shown in Fig. 3.2. Other examples of icosahedral viruses include the rhinoviruses,
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Fig. 3.1 Longitudinal transmission electron microscopic image of influenza virions. A
negative-stained transmission electron microscopic (TEM) image illustrating 1918 influenza
virions

Fig. 3.2 Transmission electron microscopic image of a single adenovirus virion. A colorized
transmission electron microscopic (TEM) image of adenovirus
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connector',"

Fig. 3.3 Cryo-electron microscopic image of a T4 bacteriophage. A Cryo-electron micro-
scopic image of the prolate head of bacteriophage T4 (Fokine et al. 2004)

which belong to the family of viruses that cause the common cold, as well as the
virus responsible for poliomyelitis, poliovirus (Lodish et al. 2000). Unlike the fre-
quency of acquiring the common cold in the healthcare or service sector, for
example (Turner 2007), poliovirus has decreased 99% over the past 20 years, with
only 74 cases reported worldwide in 2015 (WHO 2016d) and could be encoun-
tered by American emergency responders that visit third-world countries or by
infected travelers visiting the United States. Variants to the icosahedral structure
are known as “prolate” structures, such as those seen in bacteriophages (Fokine
et al. 2004) as depicted in Fig. 3.3. Phage capsids have a variety of sizes and
morphologies that are similar to human pathogenic viruses (Ackermann and
Prangishvili 2012) and infect different bacterial species. These viruses are used as
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Fig. 3.4 Cross-sectional transmission electron microscopic image of influenza virions.
A colorized negative-stained transmission electron microscopic (TEM) image of influenza virus
particles

bactericidal agents in “phage therapy” to treat bacterial infections in humans
(Abedon et al. 2011).

Viruses such as influenza, herpes virus, and HIV are enveloped viruses that
acquire a lipid envelope from the outer or inner membrane of a host cell (Prasad
and Schmid 2012). This envelope contains proteins that are coded by both the
viral and the host’s genome and are required for the infectivity of the virus.
Viruses that contain an envelope are more stable under low relative humidity and
low temperatures (Duchaine 2016). A cross-sectional image of influenza virions
shown in Fig. 3.4 demonstrates the envelope of the virion.

3.2 Classification of Viruses

Viruses are classified according to the Baltimore classification system devel-
oped in 1971 (Baltimore 1971). This system classifies viruses based on the type
of genome, such as single- or double-stranded and deoxyribonucleic acid
(DNA) or ribonucleic acid (RNA) (Prasad and Schmid 2012), as well as the
method of replication (Baltimore 1971). The type of genetic material found in a
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virus depends on the nature and function of the virus. The diversity between the
different genomes illustrate the complexity of viruses. Viruses with the largest
genomes, including the Mimivirus, Megavirus and Pandoravirus, infect amoe-
bas, with the latter having the largest known genome of all the viruses (Philippe
et al. 2013). Having one of the simplest genomes, the circoviruses are the smal-
lest viruses and infect eukaryotic cells (Mankertz et al. 2004).

Viruses contain either RNA or DNA as their genetic material; however, some
viruses contain both RNA and DNA at different times during the life cycle. An
example of a virus that contains both RNA and DNA is HIV. The replication of
the viral genome will also vary, depending on whether the genome is composed of
RNA or DNA. For instance, viral RNA replicates primarily in the cell’s cyto-
plasm, whereas DNA viruses replicate in the cell’s nucleus.

The viral genome can be linear, circular or segmented in shape. Along with the
different shapes of the viral genome, the structure of the nucleic acid will also dif-
fer. Viruses can contain single stranded DNA (ssDNA) in which the virus relies
on the host’s replication machinery, such as the host’s DNA polymerase, in order
for the ssDNA to be made into double stranded DNA (dsDNA). The dsDNA is
then transcribed to messenger RNA (mRNA) after which translation can take
place. Single stranded DNA viruses, such as parvovirus, have the ability to infect
archaea, bacteria, plants and animals (Koonin et al. 2006). The difference between
dsDNA viruses compared to ssDNA viruses is that the virus does not require
DNA polymerase to create a complimentary DNA strand to be then transcribed
into mRNA because the DNA is already double stranded. Double stranded DNA
viruses, such as adenoviruses and herpes viruses, have the ability to infect archaea,
bacteria, unicellular eukaryotes and animals (Koonin et al. 2006). Hepatitis A and
C, as well as enteroviruses, contain positive-sense sSRNA genomes. A positive-
sense RNA genome allows for the genome to be immediately translated in the
host cell’s cytoplasm. Negative-sense ssSRNA viruses, such as Ebola, influenza,
measles and mumps, requires an RNA polymerase to produce a positive-sense
RNA strand in order for translation to occur. Viruses with dsSRNA, such as rota-
virus, have the ability to infect bacteria, unicellular eukaryotes, fungi, plants and
animals (Koonin et al. 2006).

Lastly, reverse transcribing viruses possess either an sSRNA or a dsDNA gen-
ome. HIV contains an ssSRNA genome where a reverse transcriptase copies the
sSRNA into a complementary DNA strand, and then a DNA polymerase creates a
sense DNA strand, making dsDNA. This dsDNA moves into the nucleus of the
host cell and integrates into the host’s genome. During replication of the host’s
genome, the dsDNA is transcribed to mRNA from which the viral proteins are
then translated. Reverse transcribing viruses that contain dSDNA genome, such as
Hepatitis B, use proteins in the host cell to move to the nucleus where the dsDNA
serves as a template for mRNA following transcription. The mRNA can then
move back into the cytoplasm where it will be reverse transcribed to DNA, allow-
ing for the process to repeat multiple times.

The viral genome can be mutated through different mechanisms to result in
new viral strains. First, DNA or RNA bases can mutate to other bases; however,
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the resultant proteins may be unchanged. Although the proteins may not be initi-
ally altered, the accumulation of point mutations may eventually change the viral
proteomic profile over time. RNA viruses are more prone to mutations compared
to DNA viruses (Domingo et al. 1996). Recombination of the viral genome can
also alter the resultant proteins. This type of mutation can render the virus resistant
to vaccinations and antiviral drugs, which is detrimental to the preventation
against disease development that follow exposures encountered in occupational
environments.

3.3 Infection and Effects on Host Cell

Infection generally involves contact between a virus and the host’s epithelial sur-
face (Janeway et al. 2001). Viral capsid proteins attach to receptors on the host’s
outer surface. Glycoproteins or glycolipids serve as the attachment receptors, such
as heparin sulfate proteoglycans (de Haan et al. 2005; Vlasak et al. 2005). The
attachment process of HIV requires CD4 along with CCRS or CXCR4 (Grove and
Marsh 2011), while rhinoviruses attach to the intercellular adhesion molecule 1
(Norkin 1995). Endocytosis or membrane fusion enables the virus to penetrate the
host cell; however, this process may differ depending on the host cell. Penetration
into plant or bacterial cell walls is typically more challenging compared to animal
cells due to the thickness and complexity of the outer surface composition. Once
the virus has entered into the host cell, the capsid is uncoated to release the viral
genome. Replication of the viral genome takes place inside the host cell using the
host’s replication machinery. After the viral components are produced, developed
and assembled, they are released from the host cell. This process either occurs by
lysis of the host cell when releasing non-enveloped virus or by budding and scis-
sion to release enveloped viral particles (Sze and Tan 2015).

Once the virus has migrated out of the host cell, the cytopathic effects caused
by the viral infection can result in host cell death through lysis or apoptosis
(Roulston et al. 1999). In contrast, there is no visible change to the host cell for
some viruses, such as herpes virus (Sissons et al. 2002). These viruses lie dormant
inside of the host cell with viral genetic material floating in the nucleus or cyto-
plasm and can cause chronic infection over long periods of time.

3.3.1 Host Diversity

Viruses can infect a wide diversity of hosts. The infections caused by most viruses
are species-specific. On one hand, some viruses can only infect a limited number
of hosts and are considered to have a narrow range of hosts. An example of a virus
with a narrow range of hosts is the smallpox virus, which only infects humans. On
the other hand, other viruses can infect multiple species and are considered to
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have a broad range of hosts. An example of a virus with a broad range is the
rabies virus, which can infect animals and be transmitted to humans. Emerging
viral diseases affecting humans, wildlife and agricultural have resulted from
viruses infecting new novel hosts, a process known as a “host shift” (Longdon
et al. 2014) or a “host switch” (Parrish et al. 2008). These shifts have caused pan-
demics in the human population, such as HIV from chimpanzees (Sharp and Hahn
2010), severe acute respiratory syndrome from bats (Li et al. 2005), and influenza
virus from aquatic birds (Webby and Webster 2001). Although the reservoirs of
the influenza virus are in aquatic birds, swine also serve as another zoonotic
source as evidenced by the 2009 HINI outbreak (Novel Swine-Origin Influenza
et al. 2009; Fraser et al. 2009; Gatherer 2009). Rodents are also carriers of viruses,
like the hantavirus (CDC 2016e), whereas bats and wild carnivores are zoonotic
sources of rabies (CDC 2011; England 2013). Recently, Influenza A (H7N2) virus
was detected in an animal shelter worker who was exposed to infected cats (CDC
20161).

3.4 Viral Transmission Routes

Depending on the origin of the virus, transmission occurs through a variety of
mechanisms. Direct transmission occurs through direct physical contact with an
infected person’s bodily fluids or through indirect transmission by contact with
contaminated surfaces or objects (fomites). Viruses, such as HIV and hepatitis, are
transmitted by direct contact with bodily fluids, including blood, mucous secre-
tions, urine or feces, from an infected person or through contact with contaminated
drug delivery equipment, like needles. Potential exposure to blood-borne diseases
can be encountered in occupations involving the use of needles as tools, such as
tattooists and piercers, emergency first responders, maintenance and waste work-
ers, or in healthcare environments. Also in a healthcare environment, patients or
staff can be exposed to viruses through the use of surgical or medical instruments
like catheters or sharp instruments. A sharps injury occurs when a sharp object
penetrates the skin, such as a needle, scalpel, or bone fragment. Of all reported
sharps injuries, nurses and healthcare assistants accounted for 42%, whereas doc-
tors accounted for 41% (Riddell et al. 2015). Industrial workers are potentially
exposed to blood-borne diseases through sharps or a traumatic injury.

To reduce the risk of viral exposures, the Centers for Disease Control and
Prevention (CDC) has set guidelines to prevent transmission of infectious agents
in healthcare settings (Garner 1996; Siegel et al. 2007). The Universal Precautions
guidelines were developed in 1987 as an addition to the 1983 “Guideline for
Isolation Precautions in Hospitals” to include the recommendation that blood and
body fluid precautions be used for all patients regardless of their blood-borne
infection status (CDC 1988). These precautions were set in place to reduce the
risk of exposure to blood-borne diseases, specifically for healthcare workers. The
Standard Precautions guidelines were proposed in 1996, consisting of precautions
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that are standard for all patients and includes blood-borne, airborne, and other
important pathogens (West and Cohen 1997). The guidelines discuss hand and
respiratory hygiene, the use of PPE, such as gloves, gowns, eyewear and face-
masks, prevention of sharps injuries, and sanitation practices. By following the
recommendations of the guidelines, the risk of viral exposures can be reduced.

Other viruses infect the host via a vector, such as insects like the mosquito.
This type of vector-borne transmission can spread through a bite or through con-
tact with the host. This is the route used by the virus involved in the recent disease
outbreak caused by the Zika virus. The swine influenza virus is an example of a
zoonotic virus that is transmitted from animals to humans. Workers in a meat pro-
cessing facility and a pig farm have been found to be at greater risk to swine influ-
enza virus compared to people not working in those occupations (Myers et al.
2006; Gray et al. 2007). Hantavirus is another example of a zoonotic virus. As
previously mentioned, hantaviruses are carried by rodents and can lead to a rare,
but sometimes lethal disease in humans called hantavirus pulmonary syndrome.
Contracted through exposure to rodent urine, droppings or saliva, workers in con-
struction, utility, pest control and house cleaning services are at risk of hantavirus
pulmonary syndrome exposure (CDC 2016¢).

Airborne transmission occurs when a virus is spread by traveling on dust parti-
cles or on small respiratory droplets. Viruses can travel on different sizes of air-
borne particles formed when a person coughs, sneezes, talks or exhales. The larger
respiratory droplets that form travel short distances (Mubareka et al. 2009), com-
pared to droplet nuclei that are small and responsible for transmission over long
range distances. An example of an airborne virus is the influenza virus, which can
be transmitted by direct contact with infected people in a healthcare environment
for example or by exposure to fomites that have been contaminated when the dro-
plet nuclei settle out of the air and dry on a surface, a situation that may be
encountered in healthcare or academic occupational environments. The viability of
the viral particle on the fomites depends on the virus, the environmental conditions
surrounding the fomite and whether or not the droplet nuclei is moist or dry. Viral
exposure can occur through inhalation of aerosolized droplet nuclei into the
respiratory tract of a person, also potentially encountered in healthcare or aca-
demic occupational environments. One study determined that professionals in
healthcare settings could be exposed to infectious doses of influenza virus within
1.8 meters of an infected patient (Bischoff et al. 2013). Another study detected
low concentrations of influenza viral RNA in aerosols located in patients’ rooms
of which healthcare workers frequently encountered (Leung et al. 2016). The
National Institute for Occupational Safety and Health (NIOSH) has developed
a bioaerosol sampler that allows for the collection of size-fractionated aerosols
(Cao et al. 2011; Lindsley et al. 2010b), which enabled further research into influ-
enza transmission. Subsequent studies utilizing the influenza virus as a model
illustrated that infectious viral particles are collected in the smallest particle (air-
borne) fraction, as well as in the larger (droplet) fraction (Noti et al. 2012) and
that more viable influenza particles are detected after coughing than exhaling
(Lindsley et al. 2016).
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3.5 Viral Exposures in Occupational Settings

Viral exposures are encountered in a wide variety of occupations. An earlier
review described methods for sampling airborne viruses in various environments
such as hospitals, office buildings, restaurants and schools (Verreault et al. 2008).
Most of the studies reviewed occurred before 2008 and do not include recent viral
outbreaks. Current examination of viral exposures lead to the identification of
viruses that are frequently encountered in occupational environments or have been
a recent focus in the United States. Although viral exposures can occur in many
different occupational environments, the healthcare sector has one of the greatest
risk of exposure to a large variety of infectious viruses.

Environments within the healthcare sector include, but are not limited to,
hospitals, medical offices, assisted-living facilities, and dental offices. Viruses
in these occupational environments can be transmitted from patient to patient,
healthcare worker to patient or patient to healthcare worker as hypothesized in a
review on Hepatitis C transmission in a healthcare environment (Pozzetto et al.
2014). One study reported the detection of human cytomegalovirus in the air of
hospital rooms, a mode of transmission not previously considered, which
demonstrates a potential route of exposure to healthcare workers and patients
(McCluskey et al. 1996). Respiratory syncytial virus has also been detected in
the air of hospital rooms housing infected patients in which the viral RNA was
detected up to 7 m away from the patients for up to 7 days (Aintablian et al.
1998). Severe acute respiratory syndrome (SARS) coronavirus was identified on
fomites in a hospital room belonging to a patient with SARS, as well as at a
nurses’ station. These data suggest generation of aerosol particles containing
SARS coronavirus (Booth et al. 2005). Collectively, these studies further
highlight the potential exposure for both patients and healthcare workers in a
healthcare setting.

Laboratory-associated occupations also serve as potential sources of adverse
viral exposures. Researchers that handled clinical samples of the Ebola virus
became infected at a government hospital in Sierra Leone (Silver 2015).
Individuals that work in biotechnological laboratories, as well as healthcare envir-
onments, that use lentiviral vectors for gene delivery systems are also at risk of
viral exposure (Howard et al. 2017). Viral exposures may also occur in manufac-
turing or industrial occupational environments. Human adenovirus was detected in
air samples collected from a landfill, a waste recycling plant, an incineration plant,
and waste collection vehicles, all serving as environments with a potential risk for
viral exposure (Carducci et al. 2013). Modeling systems for airborne viruses used
in industry could possibility lead to viral exposures for workers in these facilities.
For example, bacteriophages are not only used by the FDA to test the effective-
ness of filtration devices (Duchaine 2016), but are also used as surrogates for
enteric viruses in wastewater treatment studies (Grabow 2001). Rhinoviruses have
been detected in office buildings with low outdoor air supply, suggesting that
occupants are at an increased risk of viral exposure from infected colleagues
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(Myatt et al. 2004). Other occupational environments where people are susceptible
to viral exposures, such as influenza and norovirus, are in the service sector,
including schools and daycare settings, as well as agricultural environments
(Division of Viral Diseases et al. 2011; CDC 2016h). Areas of construction serve
as environments where blood-borne pathogens can be encountered through trau-
matic or sharp injuries. The following section and Table 3.1 details the viruses
that have more recently been characterized in occupational environments.

3.5.1 Viral Hepatitis

In 2014, Hepatitis B affected approximately 850,000 people in the United States
(Roberts et al. 2016; Wasley et al. 2010). Hepatitis B and Hepatitis C are trans-
mitted through bodily fluids or by contact with contaminated drug-injection equip-
ment. Sewage workers at waste plants, as well as healthcare workers and patients
in healthcare environments can be exposed to both viruses. Hepatitis B (CDC
2016s) is normally an acute infection, but for some, the disease can become
chronic. The risk of the infection becoming chronic is related to the age of the
infected person. For all viral hepatitis cases, routine blood tests, serological tests,
reverse transcription polymerase chain reaction (RT-PCR) to detect viral RNA,
and genotyping tests are used to diagnose viral hepatitis. This virus can be pre-
vented by following the recommendations of the Standard Precautions guidelines,
including the use of PPE, proper handling of sharps and patient care equipment,
avoiding close physical contact and vaccination. Similar to Hepatitis B, Hepatitis
C is transmitted by contact with contaminated drug-injection equipment and is
also an acute infection, which can become chronic in some. In 2014, 30,500 cases
of acute and an estimated 2.7-3.9 million cases of chronic Hepatitis C occurred in
the United States (CDC 2016s). Hepatitis C exposure in healthcare environments
is less common, but sharps injuries can still occur. Unlike Hepatitis B, a vaccine is
not available for Hepatitis C (Riddell et al. 2015), so it is important to avoid
sharps injuries or sharing drug-injection equipment with those people infected
with Hepatitis C.

Even more uncommon than Hepatitis C exposure in the healthcare environment
are exposures to Hepatitis A. Hepatitis A is transmitted by the fecal-oral route or
consumption of contaminated food or water. It does not result in a chronic disease
and there is no available vaccine (CDC 2016s). Another rare exposure risk in the
United States is Hepatitis D. It is transmitted through contact with infectious
blood; however, it only occurs in people who are infected with Hepatitis B.
Hepatitis D virus is incomplete and therefore, needs Hepatitis B in order to repli-
cate. There is no vaccination for Hepatitis D, so the best prevention strategy is to
be vaccinated against Hepatitis B (CDC 2016s). Hepatitis E is also rare in the
United States; however, one study reported a significant association between occu-
pational exposure to Hepatitis E and swine (De Schryver et al. 2015). Hepatitis E
is transmitted by ingestion of fecal matter through contaminated food or water.
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Despite Hepatitis E not resulting in a chronic infection, there is a vaccine available
(CDC 2016s). Although these latter types of viral hepatitis are uncommon, each
are important to review as lapses in standard precautions and a break in safety pro-
tocols can lead to an increased risk of exposure.

To reduce the risk of exposure to viral hepatitis and other blood-borne patho-
gens, the CDC has set guidelines to prevent transmission of infectious agents in
healthcare settings that include standard precautions, which protect the healthcare
worker and patient (Garner 1996) as previously mentioned. Guidelines reported in
2007 regarding the prevention of infectious agent transmission in healthcare set-
tings, discuss transmission-based precautions dependent upon the specific disease,
as well as type and duration of precautions recommended for selected infections
(Siegel et al. 2007). If the virus can be transmitted through bodily fluids, health-
care workers have to be able to assess the risk of exposure by considering the
injury type, the bodily fluid involved, the risk for transmission of blood-borne
viruses and then test the source patient to determine if blood-borne viruses are pre-
sent. Although these precautions were recommended to reduce the risk of expo-
sure to blood-borne diseases for healthcare workers, these practices can be applied
to prevent exposure in any occupational environment that poses a risk. Exposure
Control Plans also need to be executed to ensure the workers have accurate infor-
mation regarding potential exposures. CDC has also implemented engineering
controls and personal protective equipment resources to help reduce exposure to
blood-borne infectious diseases, such as viral hepatitis and HIV (CDC 2016b).

3.5.2 Human Immunodeficiency Virus

As of 2010, there were approximately 35,000-38,000 new cases of HIV and
16,000-18,000 deaths per year in the United States (CDC 2016g; Mohebati et al.
2010). In 2015, the CDC reported that approximately 1.2 million people in the
United States were living with HIV infection (CDC 2016f). Even though rates are
falling (Wyzgowski et al. 2016; CDC 2001), new cases of HIV are reported every
year. HIV is transmitted by exposure to infected bodily fluids and is diagnosed
through serological testing, as well as detection of the virus through RT-PCR
assays. The CDC recommends that all individuals in a healthcare setting aged
13-64 years be tested for HIV, regardless of the exposure risk (Panneer et al.
2014). One review reported 57 documented cases of HIV infections transmitted in
an United States healthcare environment after having a negative serology at the
time of assumed exposure (Mohebati et al. 2010). HIV is a lentivirus, a subgroup
of retroviruses, characterized by long incubation periods. Lentiviruses can integrate
large amounts of viral RNA into the DNA of host cells and as a result, lentiviral
vectors have become an important research tool as a delivery system for gene ther-
apy strategies. As previously mentioned, workers in biotechnological laboratories
or healthcare environments that use these lentiviral vectors are also at risk of viral
exposure (Howard et al. 2017). Individuals who work in laboratories that conduct
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research on HIV are also susceptible to exposure; however, with the protective
measures taken to limit exposure to contaminated blood and other bodily fluids,
exposure to HIV has decreased over time, specifically in the United States. From
2005 to 2014, HIV infections in the United States have decreased approximately
19% (CDC 2016f). To reduce the risk of exposure, the CDC recommends follow-
ing the 2007 guidelines for isolation precautions preventing transmission of infec-
tious agents, such as HIV (Siegel et al. 2007). Included in these recommendations
are proper use of PPE, such as gloves, safety glasses, and gowns to reduce the risk
of exposure. In 2013, an update of the United States Public Health Service guide-
lines for the management of occupational exposures to HIV was released and
included recommendations for the management of healthcare workers who had
been exposed to HIV (Kuhar et al. 2013). Administration of antiretroviral drugs to
reduce the replication of the virus is also effective following exposure to HIV.

3.5.3 Adenoviruses

Adenoviruses are the most common illness of the respiratory system in healthcare
environments and in the military, and can cause a wide range of symptoms (CDC
2015), including common cold-like symptoms, pharyngitis, bronchitis, pneumonia,
diarrhea, conjunctivitis or gastroenteritis. Adenoviruses are transmitted by direct
personal contact with an infected person or by contact with contaminated surfaces.
One study suggested that the crowding of personnel at military stations lead to ade-
novirus outbreaks, highlighting the importance of vaccinations (Gray et al. 2000).
Another study reported the exposure of healthcare workers to Adenovirus Serotype
14 from infected military trainees (Centers for Disease and Prevention 2007). In
2008, adenoviral transmission was documented between healthcare workers and
two patients identified as having Adenovirus Serotype 14 (Louie et al. 2008).
Good hygiene and sanitation practices, as well as avoiding close contact with
infected people or contaminated areas, are prevention strategies to minimize the
spread of the virus. Currently, the only available vaccine is for military use, which
was approved in 2011 by the Food and Drug Administration (CDC 2015).

3.5.4 Influenza

Influenza virus is a respiratory illness that can affect anyone potentially leading
to hospitalization or even death. There are three different types of influenza
virus. Influenza type A and B are responsible for the annual influenza outbreaks.
Type C also causes the flu, but the symptoms are not as profound as types A and B.
Influenza A viruses are found among animals and humans, while influenza B
viruses are mainly found in humans. The virus can be transmitted by contact
with surfaces or areas where an infected person has touched or sneezed. The
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virus has also recently been shown to become airborne via coughing (Lindsley
et al. 2016). Throughout the world, there are approximately 3—5 million severe
influenza cases reported annually with 250,000-500,000 resulting deaths (WHO
2016¢). Since 2010, the CDC estimates that 140,000-710,000 influenza cases in
the United States have resulted in hospitalizations, resulting in 12,000-56,000
deaths (CDC 2016k).

The influenza virus is diagnosed via several methods including lateral flow and
membrane-based immunoassays, as well as RT-PCR assays from nasal swabs.
Sensitive real time semi-quantitative PCR assays, such as the viral replication
assay developed at NIOSH (Blachere et al. 2011), can detect viable viral RNA
influenza quickly and accurately compared to traditional methods (Blachere et al.
2009; Lindsley et al. 2010a; Lindsley et al. 2010b) that cannot distinguish between
infectious and non-infectious virus. Prevention of the influenza virus includes
proper sanitation practices, such as hand washing and decontamination of infected
areas. Guidelines developed by the CDC, such as wearing PPE, will reduce the
risk of exposure to the influenza virus (Siegel et al. 2007). An annual flu vaccine
is available and is recommended for people older than 6 months (CDC 2016h).
The vaccination is composed of inactivated or recombinant strains of influenza
virus that research conducted at the collaborating centers of the World Health
Organization (WHO) has deemed most probable to be encountered in the upcom-
ing season (CDC 2016h). Trivalent vaccines are most commonly used and the cur-
rent configuration immunizes workers against two Influenza A (HIN1 and H3N1)
viruses and one Influenza B virus. There is also a quadrivalent vaccine that pro-
tects against the same three viral strains as the trivalent vaccine, but also includes
a second Influenza B virus (CDC 2016h). The National 2009 HIN1 Flu Survey
conducted by the CDC from October 2009 through June 2010 found that of
28,710 employed adults, 10.5% of workers employed in real estate and the rental
and leasing industry, 10.2% workers in accommodation and food services industry,
11.0% workers in food preparation services, and 8.3% of workers in community
and social services reported having an influenza-like illness. It is important to note
that the number of workers vaccinated for the seasonal influenza or HIN1 in the
aforementioned groups was low (Luckhaupt et al. 2014). A study conducted at
NIOSH measured viral particles of influenza in air samples collected from a hospi-
tal emergency department and found that over 50% of the virus was detected in
the airborne droplets located in waiting rooms, triage rooms and in personal sam-
plers worn by emergency department physicians (Blachere et al. 2009). Even
though the CDC, the Advisory Committee on Immunization Practices, and the
Healthcare Infection Control Practices Advisory Committee recommend that all
United States healthcare workers get vaccinated annually, only 64.3% of health-
care workers were vaccinated during the early 2014-2015 season (CDC 2016;j).
Changes and updates to the previous recommendations of immunization practices
have already been reported for the 2016-2017 influenza season (CDC 2016i).

Workers in the poultry and swine industries are susceptible to zoonotic infec-
tions, and exposures have been reported in recent studies (Fragaszy et al. 2016;
Gray et al. 2007). Workers in pig farms and their wives have been found to be at
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a greater risk of exposure to swine influenza virus compared to a control popula-
tion not exposed to swine (Gray et al. 2007). Veterinarians, farmers and workers
who process meat have also been reported to be exposed to swine flu (Myers et al.
2006; O’Brien and Nonnenmann 2016). In December 2016, a New York animal
shelter worker was infected with a novel avian lineage influenza (H7N2) virus.
The worker was thought to have acquired the virus through close, prolonged
unprotected exposure to infected cats (CDC 20161).

3.5.5 Ebola

The Ebola virus disease, also known as Ebola hemorrhagic fever made headlines
from December 2013 to January 2016 due to an outbreak in West Africa, includ-
ing the countries of Guinea, Liberia and Sierra Leone (CDC 2016d). Symptoms
included fever, sore throat, muscular pain and headaches followed by vomiting
diarrhea and rash. The virus is transmitted into the human population through
direct contact with blood or other bodily secretions of infected animals, then trans-
mitted from human to human by contact with bodily fluids of infected individuals
(WHO 2016a). To diagnose the Ebola virus, blood samples are tested for viral
RNA by RT-PCR and viral proteins by an enzyme-linked immunosorbent assay
(ELISA). During the outbreak, approximately 25,000 cases of Ebola exposure
were reported, with 41% of those cases ending in death (Suwantarat and
Apisarnthanarak 2015). Healthcare-related infections with the Ebola virus
accounted for 2.5-12% of total cases and the fatality rate was reported in up to
73% of the emergency responders and healthcare workers in direct contact with
infected patients (Suwantarat and Apisarnthanarak 2015). There were five reported
exposures that were confirmed in the United States, with four of the cases being
healthcare workers (Lyon et al. 2014; Chevalier et al. 2014). The CDC has pub-
lished guidelines for healthcare workers during the management of patients in
United States hospitals during an Ebola virus outbreak (CDC 2016c¢). The guide-
lines instruct workers on the selection of the correct PPE, the proper use of PPE,
and techniques for donning and doffing PPE. Fig. 3.5 shows a responder wearing
PPE during the Ebola outbreak. Preventative measures discussed in the guidelines
include strict adherence to PPE recommendations and incubation periods when
responders returned to the United States (CDC 2016¢). Currently, there are no
approved vaccinations against Ebola (CDC 2016d); however, there are potential
candidates (WHO 2016b).

3.5.6 Norovirus

Gastroenteritis-causing norovirus is a highly contagious virus found in healthcare
occupations, food handling services, the military, schools and on cruise ships.
The Vessel Sanitation Program at CDC assists with preventing and controlling
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Fig. 3.5 Personal protec-
tive equipment. An emer-
gency responder displaying
the proper use of personal
protective equipment

gastroenteritis illnesses such as the norovirus in the cruise ship industry (CDC
2016r). Norovirus is easily transmitted by contaminated food and water, hands
and communal objects, and by direct contact with infected individuals (CDC
2016p). It is suggested that norovirus can be carried through the air to replicate in
the host (Duchaine 2016). Recently, molecular analysis of air collected from areas
in healthcare facilities revealed evidence of human norovirus (Bonifait et al.
2015). Norovirus is diagnosed through enzyme immunoassays or RT-PCR assays
and has no current vaccine. Similar to norovirus, rotavirus causes gastroenteritis
and is spread among infants and young children through the fecal-oral route. It is
transmitted by contaminated food, water and objects as well as by direct bodily
contact. Diagnosis is made through the detection of rotavirus antigen in stool sam-
ples. Unlike norovirus, rotavirus has an available vaccine (CDC 2016q). Both viral
diseases are prevented through proper hygiene and sanitation practices, as well as
avoiding infected and symptomatic people (MacCannell et al. 2011). Washing
vegetables and fruits and disinfecting contaminated areas also limits the risk of
exposure. Due to the age of the population at risk of rotavirus exposure, it is not
common for occupational exposures.
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3.5.7 Zika Virus

Beginning in 2015, the Zika virus has been a major focus for public health offi-
cials. Zika virus is a mosquito-borne illness that was first identified in Uganda
(WHO 2016e) and can be transmitted through mosquito bites and possibly blood
transfusions, although the latter is unconfirmed (CDC 2016v). In pregnant women,
Zika can be transmitted to the fetus and cause birth defects, such as microcephaly.
Symptoms that normally last 2—7 days include mild fever, skin rashes, muscle and
joint pain, and conjunctivitis. A blood or urine test can confirm the presence of
Zika virus. In March 2016, the Food and Drug Administration approved a new
Trioplex RT-PCR Assay to test for Zika (CDC 20160). The CDC suggested that
avoiding mosquito bites by wearing protective clothing or applying bug repellents
are methods to reduce the risk of exposure. Currently, there is no vaccine against
Zika viral infection. In 2016, the CDC responded to an outbreak of Zika in North
and South America. Along with NIOSH, the Occupational Safety and Health
Administration (OSHA) developed guidelines for protecting workers from occupa-
tional exposure to Zika virus, including workers in outdoor environments, busi-
ness travelers, as well as healthcare and laboratory workers (CDC 2016v). There
are reports of locally acquired cases of Zika in Florida that are not associated with
travel exposure (CDC 2016w). More recently, five cases of locally acquired Zika
were reported in Texas (CDC 2016w). Laboratorians are an additional occupa-
tional group at risk of contracting Zika as shown in a case study of a Pittsburgh
worker who acquired Zika through laboratory transmission, specifically by a
needle stick (CDC 2016w).

3.5.8 Other Potential Occupational Viral Exposures

Although not as prevalent in occupational environments, there are other viruses
that pose a risk for potential exposure. Viral meningitis, defined as the inflamma-
tion of the spinal cord and brain, is the most common type of meningitis. This dis-
ease is caused by non-polio enterovirus, mumps, herpes virus, measles, influenza,
and arboviruses. Viral meningitis iS most common in immunocompromised people
and young children (CDC 2016t). The disease can be diagnosed by X-ray of the
head, blood collection for culturing, or drawing fluid from around the spinal cord
to further test for cellular, sugar and protein levels. There is no specific treatment
for viral meningitis. Although viral meningitis may not be commonly found in
many occupational environments, the causal agents are found in occupational set-
tings, such as schools (Croker et al. 2015; Sosa et al. 2009). Non-polio enterovirus
can be encountered in a healthcare environments (Midgley et al. 2015; Midgley
et al. 2014). If symptoms are present, they are similar to the common cold. Non-
polio enterovirus is transmitted through feces, or eye, nose and mouth secretions
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and can be diagnosed through serotype identification and molecular testing.
Exposure to the virus can be minimized by washing hands and avoiding direct
contact with infected people or contaminated objects. Currently there is no treat-
ment for non-polio enterovirus (CDC 2016a). According to the CDC, mumps can
be encountered in healthcare and school environments (CDC 2016n). Transmitted
through eye, nose and mouth secretions, mumps is spread through coughing,
sneezing or talking and by direct contact with infected people or contaminated
objects. The disease is diagnosed using antibody measurements, viral culturing,
and RT-PCR assays. A vaccine is available that protects against measles, mumps
and rubella (MMR). There is also an MMRYV vaccine for children which includes
protection against varicella (chickenpox). A third cause of viral meningitis is
measles. It is highly contagious and is transmitted through coughing and sneezing.
In 2015, there was an outbreak at an amusement park in California exposing both
the general public and the park workers (Zipprich et al. 2015), as well as another
outbreak in an Ohio Amish community in 2014 (CDC 2016m). Measles is diag-
nosed using RT-PCR and genetic sequencing and is prevented with the MMR vac-
cine. Arboviruses, such as the West Nile virus are another group of viruses that
can potentially cause viral meningitis. This disease is transmitted to humans by
mosquitos; therefore, insect repellent and protective clothing are preventative mea-
sures taken to reduce the risk of exposure. West Nile virus is diagnosed by anti-
body testing, viral culturing or RT-PCR assays to detect viral RNA. Less than 1%
of those infected develop life threatening illnesses (CDC 2016u). Currently, there
is no treatment available to treat the West Nile virus, but the same precautions for
the Zika virus should be taken to reduce exposure to workers in occupations that
require travel (CDC 2016v).

3.6 Conclusion

In summary, viral exposures can occur in many occupational environments with
the healthcare environment having some of the greatest risk for exposure to a
broad diversity of viruses. Table 1 depicts the most prevalent viral exposures
encountered in occupational environments, characteristics of those viruses, and
current treatment strategies against the viral exposure. The CDC, along with many
other governmental agencies, have developed guidelines that are often updated to
provide the most current preventative methods to protect workers from potential
viral exposures (Garner 1996). Regardless of the virus, the “2007 Guideline for
Isolation Precautions: Preventing Transmission of Infectious Agents in Health
Care Settings” cover an array of recommendations to protect workers at risk for
different viral exposures (Siegel et al. 2007). The CDC offers available resources
for workers, especially in the healthcare sector, to assist in limiting potential viral
exposures through proper use of selection and the donning of PPE (CDC 2016b,
¢), as depicted in Fig. 3.5. It is important to follow appropriate prevention prac-
tices, such as good hygiene, proper sanitation and disinfection strategies, as well
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as wearing the correct PPE to limit viral exposure in occupational environments.
Knowledge of the available federal and state guideline documents for specific
viruses, as well as Exposure Control Plans developed by employers will help
reduce occupational exposures to viruses. Taking preventative measures to limit
the risk of exposures and following vaccination recommendations can reduce the
spread of viral exposure in occupational environments.
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Part 11
Sampling and Analysis Approaches in
Indoor Microbial Assessments



Chapter 4
Sampling for Microbial Determinations

Tiina Reponen

Abstract Sampling for microbial determination can be conducted by air sampling
or by direct source evaluation techniques, such as bulk sampling, surface sam-
pling, and dust sampling. The choice of a sampling method depends on the pur-
pose of the sampling and the method for the subsequent sample analysis.
Investigators should be aware of the pros and cons of the methods they are using.

Keywords Bioaerosol - sampling - samplers

4.1 Introduction

Assessment of microbial exposure can be based on qualitative or quantitative
methods or a combination of these two. The qualitative evaluation includes visual
and olfactory observations of mold, water damage and moldy odor in the context
of dampness and mold investigations (Mendell and Kumagai, 2017). The quantita-
tive assessment requires two separate steps - sampling and analysis - or can be con-
ducted with direct reading instruments that are described in Chap. 6 “Analysis
Approaches for Fungi in Indoor Environmental Assessments.” Sampling is carried
out for verifying and quantifying the presence of airborne microorganisms or mate-
rial contamination, to identify sources, to monitor the effectiveness of control
measures and to assess human exposure. Sampling for bioaerosols in indoor and
occupational environments can provide useful information necessary to charac-
terize the exposure conditions, determine whether the contamination represents a
potential hazard to health, and establish the need for control measures. However,
it should be noted that microbial sampling may not be necessary if there is sub-
stantial evidence of visible microbial contamination. In these cases, resources
should be focused on remediating the microbial contamination. Also, in case of
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building investigations for assessing moisture damage and dampness, microbial
sampling alone will not be sufficiently informative, but should be integrated in a
comprehensive building assessment. If sampling is planned to verify the success
of remediation or the efficiency of control measures, it is useful to have a base-
line assessment before the control measures.

4.2 General Principles of Microbial Sampling for Exposure
Assessment

Sampling for microbial determination is commonly carried out by using air sam-
pling, but sometimes also direct source evaluation techniques, such as bulk
sampling, surface sampling, and dust sampling have been used (Table 4.1). Active
air sampling is conducted via an active collection of pre-determined air flow and
can be conducted both by using stationary and personal samplers or the combina-
tion of both methods.

Traditionally, bioaerosol sampling has been done by using stationary samplers.
By performing stationary sampling in the main microenvironments of the study
subject (e.g., home, workplace, outside air), microenvironmental exposure can be
calculated using the time-weighted average of the airborne concentration in the
different locations. Personal air sampling, however, represents the overall expo-
sure, as it includes the exposure occurring in all the environments that the subjects
spend time. Personal monitoring for bioaerosols has been used in occupational
environments with relatively high exposures. Epidemiological studies based on
personal sampling of microorganisms in occupational environments have shown
exposure-response associations almost twice as often as studies using stationary
sampling (Eduard, 2003). Personal samples typically show higher exposures than
stationary ones. Toivola et al. (2002) compared personal exposure to fungal spores
and bacteria with that measured by stationary samplers in the main microenviron-
ments of teachers, i.e., at home and school. The concentration of fungi was found to
be higher in personal samples than in home and school samples. Similar findings
have been reported by Green et al. (2006) who used novel personal nasal filters
to collect fungal spores in an outdoor setting. Higher concentrations obtained by

Table 4.1 Main sampling principles for microorganisms in built environments

Purpose of sampling Recommended method

Verify and quantify the presence of bioaerosols | Air and dust samples

Verity and quantify material contamination Surface and building material samples
Identify sources Surface and building material samples
Monitor effectiveness of control measures Air samples (in some cases surface samples)

Assess human exposure Air and dust samples
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personal sampling is a well-known phenomenon with non-biological particles but
has also been shown with endotoxin and fungal spores. It is caused by the “personal
cloud” effect, i.e., the subject is resuspending settled particles by his/her activities
and is often closer to the source than the stationary sampler (Wallace 1996).

Air sampling is considered to be the most representative of respiratory expo-
sure, but there are several problems associated with traditional air sampling
methods. Most methods cannot be used for assessing long-term exposure to
bioaerosols. The sampling time of commonly used, commercially available instru-
ments (e.g., Burkard, Andersen, Air-O-Cell) is limited to 5-20 min. On the other
hand, bioaerosol concentrations are known to have large temporal variation, parti-
cularly if an active source is present, such as in mold-problem homes. Hyvirinen
et al. (2001) showed that when Andersen 6-stage impactor with 10-min sampling
time was used, a sampling campaign over 11 different days is needed to character-
ize fungal concentrations of a residence with unknown indoor conditions. One of
the reasons for the temporal variation is the sporadic release of microorganisms
from contaminated surfaces (Gorny et al., 2001). Therefore, short-term sampling
often fails to detect certain species, which are present in low concentration but
may be important for the subsequent health effects.

Direct source evaluation techniques (bulk, surface and dust sampling) allow the
investigators to collect extensive information about the source, but cannot measure
its aerosolization potential and therefore may not adequately represent the aerosol
exposure (Chew et al., 2003; Nelson et al., 1999). Material samples are usually
collected during the remediation process when it is easy to collect pieces of contami-
nated building materials. Another example of bulk sampling is the collection of
water from cooling towers in suspected Legionella cases. Surface samples can be
collected by using contact agar plates or by swiping the surface with a cotton swab
or electrostatic dust cloth. Dust sampling by vacuuming from the floor, bed or other
surfaces is commonly used in epidemiological studies that aim at assessing health
effects of indoor microbial exposures. This is in part due to the convenience of house
dust sampling that can be carried out by building occupants and study participants
themselves, restricting the need for field work and allowing sampling campaigns in
large population surveys. House dust is believed to represent long-term patterns in
exposure, and it allows easy collection of sufficiently large samples for analysis of
multiple agents (Casas et al., 2016). Many large-sized allergens (e.g., house dust
mite) do not stay airborne for a long time and are, therefore, difficult to detect by air
sampling. The disadvantages of dust sampling, especially from the floor, are that
the sample may not adequately reflect human inhalation exposure and that the age
(i.e. sample accumulation time) of floor dust is typically not known.

Increasingly, researchers have started using a long-term collection of settled
dust by placing standardized dust sampling platforms in the breathing zone of the
subjects (Wurtz et al., 2005; Noss et al., 2008; Adams et al., 2015). The advantage
of collecting settling dust compared to vacuumed dust is that the sampling occurs
over a known discrete period, onto a standard surface. Strong correlations were
found between five types of passive collectors (plastic Petri dishes and four types
of dust cleaning cloths) when used for collecting bacteria and fungi for subsequent
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analysis with quantitative PCR and high throughput sequencing methods (Adams
et al., 2015). The disadvantages of passive air sampling is that the “sampled” air
volume is not known and that smaller particles may be underestimated because
their gravitation settling can be hindered by air currents.

Another approach is to assess the aerosolization potential of microorganisms
from surfaces. Aerosolization chambers have been designed to release biological
particles from contaminated surfaces by air currents and vibration (for example,
Fungal Spore Source Strength Tester, FSSST and Particle-Field and Laboratory
Emission Cell, P-FLEC) (Sivasubramani et al., 2004; Kildesg et al., 2003).
Results can be used to estimate the airborne concentration of biological particles
that can be released or resuspended from the surface under investigation.

Results from dust and air samples represent different types of potential expo-
sure, and it may be of advantage to use a combination of both, depending on the
type of bioaerosol that is of interest (Chew et al., 2003). When designing sampling
strategies, the investigators need to consider the bioaerosol type and the particular
components that may be causing the relevant exposures. This information will
determine the sampling and analytical strategy that is optimal. Also, general con-
siderations for exposure assessment, such as using worst-case, random or systema-
tic approach, need to be considered.

4.3 Methods for Air Sampling of Microorganisms

The general sampling principles for bioaerosol sampling are the same as for the
other airborne particles: impaction, impingement, and filtration (Table 4.2).
Impaction can be either inertial or centrifugal. Inertial impaction is the most com-
monly used sampling mechanisms in bioaerosol samplers and occurs when the air
is pulled or pushed through a small nozzle, which accelerates air and particles to
high speed. The air jet is directed to the impaction surface, where it makes a sharp
turn. Larger particles with sufficient inertia continue their movement towards the
sampling surface and are impacted. Inertial impactors can have either one stage
(single-stage impactors, e.g., Air-O-Cell) or multiple stages (cascade impactors,
e.g., Andersen 6-stage impactor). In a centrifugal impactor (e.g., Reuter centrifugal
air sampler), air is moving in a circular motion, and centrifugal forces collect lar-
ger particles that cannot follow the air streamlines. Impactors collect bioaerosol
particles directly onto agar plate, glass slide, tape, or filter.

Impingement (e.g., AGI-30 and BioSampler) utilizes primarily inertial impac-
tion into a liquid and onto the bottom of the collection vessel. Furthermore, diffu-
sion within the bubbles enhances the collection of smaller particles. Wetted wall
cyclones (e.g., OMNI 3000) combine centrifugal sampling and impingement as air
is moving in a circular motion onto a wet sampling surface. Impingement typically
occurs into water-based suspensions such as phosphate buffer or peptone-water.
Sometimes also non-water-based collection liquids can be used, e.g., glycerol and
mineral oil.
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Table 4.2 Examples of commercially available bioaerosol samplers
Sampling | Name of the | Manufacturer/supplier Type of Type of
principle | sampler analysis that microorganism
can follow that can be
collected
Impaction onto agar
Andersen Thermo Scientific Cultivation Bacteria, fungi
impactor
MAS-100 Merck Cultivation Bacteria, fungi
Millipore Air | Millipore Corp. Cultivation Bacteria, fungi
Tester
RCS (Reuter | Biotest Diagnostics Corp. | Cultivation Bacteria, fungi
Centrifugal
Sampler)
SAS (Surface | International PBI; Cultivation Bacteria, fungi
Air Sampling | Scientific Products Corp.;
System) Bioscience International
Impaction onto glass slide
Air-O-Cell Zefon International; Microscopic Fungi
counting
Allergenco EMS (Environmental Microscopic Fungi
Monitoring Systems) counting
Burkard, 7- Burkard Manufacturing, Microscopic Fungi
day recording | Co., Ltd counting
Cyclex-D EMS Microscopic Fungi
counting
Micro-5 EMS Microscopic Fungi
counting
MoldSNAP Zefon International Microscopic Fungi
counting
Versatrap SKC, Inc. Microscopic Fungi
counting
Via-cell Zefon International Cultivation, Bacteria, fungi
Microscopic
counting
Impingement
AGI-30 and Ace Glass Inc.; Cultivation, Bacteria, fungi,
AGI-4 Hampshire Glassware; Microscopic viruses
Millipore Corp counting, Other
BioSampler SKC, Inc. Cultivation, Bacteria, fungi,
Microscopic viruses
counting, Other
XMC-CV Dycor Technologies, Ltd Cultivation, Bacteria, fungi,
and XMX/ Microscopic viruses
102 counting, Other

(continued)
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Table 4.2 (continued)
Sampling | Name of the | Manufacturer/supplier Type of Type of
principle | sampler analysis that microorganism
can follow that can be
collected
Wetted-wall cyclone samplers
Microbio F.W. Parrett Ltd Cultivation, Bacteria, fungi,
MB3 Microscopic viruses
counting, Other
OMNI 3000 Life safety Systems Cultivation, Bacteria, fungi,
Microscopic viruses
counting, Other
SpinCon MidWest Research Cultivation, Bacteria, fungi,
Institute Microscopic viruses
counting, Other
Coriolis Bertin Instruments Cultivation, Bacteria, fungi,
Microscopic viruses
counting, Other
SASS 2300 Research International Cultivation, Bacteria, fungi,
Microscopic viruses
counting, Other
Filtration
Button- SKC, Inc. Cultivation”, Bacteria, fungi,
sampler Microscopic viruses
counting, Other
IOM SKC, Inc. Cultivation” Bacteria, fungi,
Microscopic viruses
counting, Other
Sartorius Microbiology Cultivation™ Bacteria, fungi,
AirPort MD8 | International Microscopic viruses
counting, Other
3-piece SKC, Inc. Cultivation*, Bacteria, fungi,
cassette Microscopic viruses
counting, Other
Electrostatic precipitation
Inspirotec Inspirotec LLC Other Bacteria, fungi,
viruses

“Cultivation of filter samples recommended only for resistant microorganisms

Other: DNA-based and chemical methods (see Chap. 6 “Analysis Approaches for Fungi in
Indoor Environmental Assessments’)

Several filter samplers, originally designed for general bioaerosol sampling,
have been applied for bioaerosol collection. In filter sampling, air passes through
the filter medium, and particles are collected by impaction on the filter, intercep-
tion with the filter material, diffusion, and electrostatic forces. Examples of com-
monly used filter samplers are Button sampler (Aizenberg et al., 2000a) and IOM


http://dx.doi.org/10.1007/978-3-319-61688-9_6

4 Sampling for Microbial Determinations 91

sampler (Kenny et al., 1999). The selection of the filter to be employed in the filter
sampling depends on the subsequent analytical method. Capillary pore filters have
smooth, flat surfaces and are often chosen for culturing and immunostaining of
bioaerosols. Teflon and polycarbonate filters are commonly used if the sample has
to be extracted off from the filter as the particles easily wash off from these materi-
als (Schmechel et al., 2003; Burton et al., 2007). Black polycarbonate filters are
used if the sample is analyzed through epifluorescence microscopy. Mixed cellu-
lose esterase filter can be made transparent by acetone vapor for subsequent direct
microscopic analysis by an optical microscope (Adhikari et al., 2003). Gelatin fil-
ter reduces the desiccation of collected microorganisms and quickly dissolves into
the water for subsequent analysis (Burton et al., 2007). PVC-filters may be used
when there is a need for simultaneous analysis of particle mass.

Electrostatic precipitators are another example of samplers that have been
adapted from general particle sampling to bioaerosol sampling (Mainelis et al.,
2002). An electrostatic field charges particles in an air stream and forces them to
the surface that has an opposite charge than the particles. An Electrostatic
Precipitator with Superhydrophobic Surface (EPSS) achieved a concentration rate
of 10° for latex particles (Han and Mainelis 2008). The EPSS subsequently was
found to be compatible with analysis by polymerase chain reaction (PCR) and to
reach a collection efficiency of 72% for P. fluorescens and B. subtilis (Han et al.,
2010). Another recently developed electrostatic sampler was shown to have >85%
efficiency for the collection of bacteria (Roux et al., 2013). A commercially avail-
able electrostatic precipitator, Inspirotec, was modified from a portable air cleaner.
It was shown to have ~23% collection efficiency for fungal spores when used for
collecting samples for quantitative PCR and next generation sequencing analysis
(Gordon et al., 2015).

An unconventional personal sampler fits into a test subject’s nostrils (Intra-
nasal air sampler, INAS) and has been used to measure allergen and fungal expo-
sures (Green et al., 2006). Another recent development is the use of a laminar-
flow water based condensation system (Hering et al., 2005) for the collection of
nanoscale viruses. This system has been shown to have high physical collection
efficiency while maintaining the infectivity of viruses (Lednicky et al., 2016;
Walls et al., 2016).

4.4 Considerations for Air Sampling of Microorganisms

When sampling biological particles, investigators have to consider all the same
factors affecting the physical sampling efficiency as when sampling inert particles,
i.e., inlet efficiency, transmission efficiency, and collection efficiency (Reponen
et al., 2011). The inlet efficiency is not determined for most of the commercially
available bioaerosol samplers. Some samplers have specially designed inlets to
collect inhalable particles, e.g., a particle that can be inhaled into the human
respiratory system (e.g., Button sampler and IOM sampler). A sampling of
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thoracic (particles that can penetrate through larynx) and respirable particles (that
penetrate to alveoli) requires a pre-collector, such as a cyclone, that removes the
unwanted larger particles. The IOM sampler can be equipped with polyurethane
foams, for sampling either thoracic or respirable particles (Haatainen et al., 2010).
Bioaerosols can also be collected according to their aerodynamic size using cas-
cade impactors. Most commonly used is the 6-stage viable Andersen sampler.
Other cascade impactors, originally designed for non-biological particles, can also
be used if the collection medium is compatible with the analytical method. An
example is an Electrostatic Low-Pressure Impactor that has been used in
laboratory-based bioaerosol investigations (Cho et al., 2005).

An important consideration is the sampler’s collection efficiency, even when
using a non-size-selective sampler. Inertial impactors typically have an S-shaped
collection efficiency curve, and their efficiency increases with increasing particle
size. The size at which the impactor has 50% collection efficiency is called ds
cut-size. The sampler should be selected so that the dsq cut-size is below the parti-
cle size of interest. This limits the use of impactors to larger bioaerosol particles,
as impactors are not efficient for particles <0.5 pm, which includes single virions
and microbial fragments. High air velocity can cause injury of microorganism dur-
ing the impaction onto the surface (Stewart et al., 1995; Mainelis and
Tabayoyong, 2010). Furthermore, increased jet-to-plate distance has been shown
to decrease the culturability of collected bacteria due to increased jet dissipation
that desiccates larger fraction of the agar surface (Yao and Mainelis, 2007).

Additional attention has to be paid to the uniformity of the deposition of bioaer-
osol particles on the collection surface if direct microscopic counting is utilized
for the assay (Aizenberg et al., 2000b). Furthermore, the possible bounce of fungal
spores when collected by inertial impaction is of concern. Especially extended
sampling times may increase the bounce of these larger bioaerosol particles
(Trunov et al., 2001). Fungal spores have been shown to bounce off from the sam-
pling surface at lower velocities than non-biological particles (Kuuluvainen et al.,
2016). Investigators have used water-based grease or specially designed cyclone
samplers to prevent the bounce of fungal spores (Chen et al., 2004; Cho et al.,
2005). A two stage sampler designed by investigators at the National Institute for
Occupational Safety and Health has been used for the collection of microbial frag-
ments separately from intact bacterial and fungal spores (Singh et al., 2011; Seo
et al., 2014).

Filter samplers have a U-shaped collection efficiency curve as they have a
minimum efficiency at certain particle size and the efficiency increases for parti-
cles that are smaller or larger than this size. Mechanical filters have a minimum
efficiency around 0.3 pm (Liu and Lee, 1976; Burton et al., 2007). Membrane fil-
ters have electrostatic effects facilitating the collection of small particles, and their
efficiency has the minimum efficiency at about 50-70 nm (Batazy et al., 2006).
Filters that have multiple layers, such as Teflon are efficient for a wide range of
particle sizes, from nanosized to supermicrometer sized particles. Dehydration of
vegetative bacterial cells during filter sampling significantly reduces their viability,
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but hardy bacterial and fungal spores are not as susceptible to damage (Li et al.,
1999; Lin and Li, 1998; Lin and Li 1999). Gelatin filters can reduce the desicca-
tion effect caused by filter sampling, but typically also limit the sampling time due
to loss of material properties (Burton et al., 2007). Investigators are commonly
using membrane filters to collect bioaerosols in conjunction with culture-
independent analyses, e.g., endotoxin and p-glucan, because of the ease of use and
high collection efficiency of filters (Meklin et al., 2007; Adhikari et al., 2014)
Similarly, filters are used as a sampling surface in inertial impactors, e.g., a non-
viable Andersen and a Tisch cascade impactor, when molecular-based methods
are used for the analysis (Qian et al., 2012; Yamamoto et al., 2012; Alonso et al.,
2017). However, some filters have been shown to have reduced recovery for speci-
fic agents, such as endotoxin for which glass fiber filters have been recommended
(Douwes et al., 1995).

A recent study evaluated nine different commercially available bioaerosol
instruments for the collection of bacteria and viruses (Dybwad et al., 2014).
BioSampler was used as a reference sampler and the samples were analyzed by
cultivation, microscopic counting and quantitative PCR. Samplers employing dry
collection had lower culturable counts for stress sensitive bioaerosols than wet col-
lection methods. Furthermore, non-filter-based samplers had reduced collection
efficiencies for 1 pm size bioaerosols. Several samplers underestimated bioaerosol
concentration levels when compared to the BioSampler. This was attributed to
lower sampling efficiencies, although several samplers obtained more concentrated
samples due to having higher concentration factors (Dybwad et al., 2014).

Impingement into liquid can also achieve high efficiency as it utilizes multiple
collection mechanisms (impaction, interception, and diffusion). Traditional impin-
gers can be used only with water-based liquids, such as phosphate buffer or pep-
tone water. These evaporate, which limits the sampling time to about 30 minutes.
The BioSampler can be used with viscous fluids, such as glycerol and mineral oil,
which do not evaporate and allow long-term sampling (Lin et al., 1999).

4.5 Conclusions

As each technique has unique advantages and disadvantages, it is often beneficial
to use multiple techniques in an investigation. This way, the limitations of one
technique can be are compensated by another one. Sampling for microorganisms
in buildings with moisture or mold problems should be designed so that it comple-
ments visual assessment in a meaningful way. Practitioners need to understand the
underlying limitations of the methods they are using for microbial sampling in
order to properly interpret the results. Due to the differences in the performance of
various samplers, results between different studies can be compared only if same
sampling methods were used.
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Chapter 5
Analyses Approaches for Bacteria

Edna Ribeiro and Isabel Faria

Abstract Bacterial bioburden assessments, particularly in the context of human
environmental/occupational exposure, have major implications in public health
risk assessment. Several sampling methods, which must be adapted to the
studied environmental context, are currently available. Culture-dependent and
culture-independent methodologies have been utilized for the analysis of bacter-
ial communities in various environments. Culture-dependent techniques drove
extraordinary advances in microbiology and allow the enhancement of bacterial
material to be utilized in supplementary analysis; however, these approaches
may underestimate the bacterial bioburden of the studied samples. On the other
hand, culture-independent approaches are considered more sensible and efficient
with capacity to provide valuable information regarding bacterial diversity and
quantity; nevertheless, preferential amplification and poor primers specificity
can account for major limitations. In order to perform valuable and efficient
assessments of bacterial bioburden booth approaches should be utilized
simultaneously.
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5.1 Environmental Exposure to Bacteria

Environmental exposure to bacteria and their components is a significant concern
because of the impact in human and animal health. Infectious disease, respiratory
diseases, cancers, acute toxic allergies are the major adverse health effects asso-
ciated with bioaerosols (airborne particles of biological origins such us pollen,
fungi, bacteria, virus, skin scales or hair of mammals and residues or products of
organisms). While also beneficial effects of exposure to environmental bacteria are
well documented (see for example Chap. 13) we focus here on documentation of
adverse effects of exposure to bacteria in indoor environments.

Bioaerosols occur as solid or liquid particles in the air and include fungi, bac-
teria, arthropods and protozoa as well as microbial products such as glucans,
mycotoxins and endotoxins. Bioaerosols are ubiquitous in nature and their pre-
sence in enclosed environment is almost inevitable. The earth’s atmosphere is
teeming bioaerosols and airborne bacteria are important biological components of
bioaerosols. In outdoor environments, most of bacterial aerosols originate from
natural and anthropogenic sources such as vegetables, plants, soil and water
bodies, sewage sludge, animal feeding, agricultural activities and industrial opera-
tions (i.e. waste water treatment, landfills, horticulture facilities, etc.). The knowl-
edge of the type and concentration of microorganisms in air and surfaces of
confined environments is of foremost importance to prevent harmful health
impacts such as infectious diseases as they can penetrate into the lung or gastroin-
testinal tract, causing both respiratory and gastro-intestinal symptoms. Prolonged
exposure to particular bioaerosols in the indoor environment and in at workplaces
may represent a health hazard and potentially result in allergic lung disease or in
an infectious disease (Walser et al., 2015).

Microbial contamination of an enclosed area may come from outside or be
generated in the area itself. When generated inside, the numbers of occupants of a
room, the presence of organic dust, materials stored in the buildings, air inflowing
from ventilation and air conditioning systems are some of the environmental vari-
ables that may affect the microbial ecology indoors. Aerosolization of microor-
ganisms is also influenced by other factors like temperature and humidity
whereby the distribution and concentrations of bacterial aerosols may be modu-
lated by both meteorological conditions and seasons and ventilation and air condi-
tioning systems. The persistence, survival and the change of microbial
communities in indoor environments is of immense interest in public health.
Several environments been studied over the years with increasing emphasis being
given for the detection of bioaerosols in indoor environments such as public
buildings (Stanley et al., 2008).

Moreover, in the last decades several studies increased scientific data on non-
occupational and occupational exposure to bioaerosols and helped to understand
the relationship between exposure and health effects, reviewed in (Ghosh et al.,
2015). Sources of bioaerosols include contaminants from waste treatment system,
building maintenance, clothes and fomites, skin, among others Currently, bacterial
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contamination in wastewater treatment (Fuhrimann et al., 2016), public buildings
(Stanley et al., 2008), schools (Anderson and Palombo 2009), child care facilities
(Lee et al., 2007) and recreation facilities (Kirby-Smith and White, 2006) as well
as industrial process (Nehme et al., 2008) is well documented.

Hospital indoor environment is also classified as extremely high risk for
bacterial exposure/contamination and has been a focus of intense research. The
World Health Organization (WHO) described nosocomial infections caused by
airborne agents of microbial origin as one of the major classes of infectious
diseases with an enormous associated economic impact worldwide (WHO,
2011). Several studies have been demonstrating the dominant prevalence of
bacteria bioburden in hospital settings compared to fungi and viruses. This
prevalence is certainly influenced by both patients and visitors of hospital facil-
ities since most of the recovered isolates were similar to skin microbiota (Brady
et al, 2007, Mbim et al, 2016). Additionally, in the epidemiology of nosocomial
infections, environmental transmission has gained a central role as patients
considered more vulnerable to cross contamination often exhibited higher
morbidity and mortality (Huang et al., 2013). Relevantly, a recently published
study demonstrated that airborne sources as well as inanimate surfaces of hospi-
tals are a major reservoirs of multidrug resistant nosocomial pathogens (Mbim
et al, 2016).

5.2 Main Sources of Bacterial Aerosols in Built Environment

Bioaerosols are produced and dispersed through different processes both indoors
as outdoors and omnipresent in ambient environment. People can be exposed
to contaminants via inhalation, ingestion and dermal contact. The interest in
characterizing the microbiota of indoor environment is based on the importance
of understanding associations between occupant health and microbial exposure
in indoor settings. Because the indoor environment is a predominant habitat for
humans in the developed world (modern urbanites allocate approximately 90%
of their times indoor) most microorganisms encountered by the most human’s
lifetime will therefore be those who are present in indoor air and on indoor
surfaces. There are several factors that influence the microbiota of indoor
environments, and these determinants are discussed in detail in several other
chapters in this book (e.g. Chap. 12). Each indoor micro-environment has
unique characteristics determinated by the local outdoor air, specific building
characteristics, and occupancy and occupant behavior, including indoor activ-
ities. For this reason, the different indoor micro-environments to which a person
is exposed to and the time spent in each one determine the individual personal
exposure. Geographic location (outdoor factor) and the human occupants
(human factor) are the two major factors. However, the type of ventilation
(natural or mechanic), building design and occupant’s movement may also be
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associated with changes in the microbiota of a particular indoor environment
(Leung and Lee, 2016).

Microorganisms can penetrate the indoor environment from outdoor sources.
Different geographical locations in addition to climatic factors may be condu-
cive to the presence of specifics of bioaerosols. Furthermore, the natural
surrounding areas (urban, rural, agricultural, marine, etc.) impact the back-
ground bioaerosol concentrations. Other factors that influence the abundance of
some pathogenic microbes are the air temperature and relative humidity as well
as the source of ventilation air and occupant density. Mechanically ventilated
rooms may shape indoor microbiota differently than do naturally ventilated
spaces. Mechanical ventilation can include filters preventing the acquisition of
microorganisms and particulate from outdoors while naturally ventilated rooms
tend to contain microorganisms more similar to those from adjacent outdoor.
On the other hand, human presence and human activities play an important role
in indoor microbiota. In fact, microorganisms associated with the human gut,
with the human skin and oral and urogenital flora are present in indoor air and
surfaces acting as additional sources of the microbial community in the built
environment (Leung and Lee, 2016).

Bacterial community in indoor environment can also be affected by building
design, such as room type, floor area, floor level, and spatial relationships with
neighboring indoor spaces.

Human exposure to bacterial bioburden occurs when an individual comes into
contact with a certain concentration and type of bioaerosol during a certain period.
The currently existing data reveals a microbial variation in different types of
indoor environments such as schools, kindergartens, hospitals, swine barns, waste-
water treatment plant, residential homes, among others reviewed in (Ghosh et al.,
2015). In order to assess potential exposure hazards bioaerosols should be mea-
sured to determine type and quantity of present microorganisms. Air sampling
enables the evaluation and quantification of microbial contamination in environ-
ments however, the utilized sampling techniques and methods for microbial
identification must be adjusted for each context in order to perform valuable
assessments.

5.2.1 Environmental Sampling

Microbial sampling of air and surfaces is a fundamental and limiting factor in
bioburden analysis utilized in several contexts, namely i) to support investiga-
tions of an outbreak of disease or infection when fomites or environmental reser-
voirs are implicated epidemiologically in disease transmission, ii) to monitor a
potentially hazardous environmental condition, iii) to support research, iv) to
evaluate the effects of a control-infection protocol. Valid results of both micro-
bial contamination of air and surfaces depend intrinsically on the selection of
appropriate sampling and assay techniques. For a more detailed discussion
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on the topic of microbial sampling the reader is referred to Chap. 4 but we briefly
mention key aspects of microbial sampling also here.

5.2.2 Sampling

Currently, several sampling methods are available to perform bioburden assess-
ments of environmental samples such as air and surfaces, and numerous new
divergent methodologies are being developed. Considering the challenges pre-
sented by environmental samples, no standard protocol is yet available and sam-
pling methods must be adapted to the study design depending upon the sampling
objective.

For assessment of air bioaerosol bioburden, active sampling methods, particu-
larly impaction, impingement and filtration, are typically utilized. In these
approaches, sampling efficiency is associated with aspiration, transmission and
collection efficiency dependent upon particle aerodynamic diameter, wind velo-
city, direction and inlet characteristic, dependent upon bioaerosol particles condi-
tions. Furthermore passive approaches such as gravity sampling, based on the
deposition of airborne microorganisms into agar media, are also frequently utilized
(reviewed in Ghosh et al., 2015).

Furthermore, surface sampling allows determining the number and nature of
contaminating microorganisms on surfaces and potential environmental reservoirs
of pathogens, survival of microorganisms on surfaces and sources of environmen-
tal contamination. Surface sampling can be performed trough tape lift imprint, sur-
face swabbing with a culturette swab, or by surface bulk sample. This sampling
technique is inexpensive and permits a direct and immediate assessment; however,
the presence of microorganisms in surface does not directly confer information
regarding airborne bioburden.

5.3 Bacterial Analysis Methods

5.3.1 Culture-Dependent Bacterial Analysis

Since the 19th century the analysis and study of the structure, characteristics,
metabolism and resistances of the bacterial communities present in several envir-
onments has been performed through culture-dependent approaches, based on con-
ventional culturing followed by phenotypic and/or genotypic (e.g., sequencing,
genetic fingerprinting) identification of a selected subset of purified isolates
(Al-Awadhi et al., 2013).

In culture-based detection methods a preliminary amplification of microbial
population is encompassed, usually accompanied by an enrichment protocol.
Using selective and/or differential media, bacteria are isolated from the enrichment
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media and identification performed based on biochemical properties. Regarding
the utilized cultured media, nonselective media allow for an extensive variety of
bacteria growth (e.g., plate count agar etc.) while in selective media, which con-
tains specific inhibitors (e.g., bile salts in MacConkey agar), only specific microor-
ganism can grow. Biochemical and immunochemical tests embody the traditional
and classical methods of bacterial identification. Currently several commercial kits
are available to study the biochemical properties of bacteria in pure culture.

Moreover, in this analysis approach, standard plate count is based in the
assumption that each bacteria grows into a single colony. However, since it is
unmanageable to determine that each colony formed from individual cells plate
counts are reported as number of colony-forming units (CFU). In highly contami-
nated environments sample serial dilutions must be performed to ensure countable
bacteria. Plates can be prepared by either the pour plate method or the spread plate
method.

Culture-dependent bacterial analysis has been employed for bioaerosol
(Bacteria and Fungi) assessments in several indoor environments worldwide,
reviewed in (Ghosh et al., 2015) and was recently utilized in a study that aimed to
evaluate the prevalence and antimicrobial susceptibility profile of bacteria biobur-
den present in Hospital air and surfaces (Mbim et al. 2016).

It is currently acknowledged that although culture-dependent approaches pro-
vide microbial “material” that can be used in further studies, these methods present
considerable limitations particularly associated with the selectivity of the nutrient
media and culture conditions utilized that favors only a fraction of the populating
bacterial community and therefore underestimates the microbial prevalence and
composition in the samples under study. Despite of the e fact that, in culture-
dependent approaches only organisms that can be cultivated in vitro are identified,
this approach is still utilized to perform determinations of culturable airborne bac-
teria in environmental samples (Fang et al., 2007).

5.3.1.1 Cell Wall Markers Analysis

In bacteria the cell wall acts as a surface organelle that allows pathogens to inter-
act with their environment, in particular the cells and tissues of the infected host,
trough surface proteins and enzymes. These molecules can be used as cell wall
markers as it is detailed described and discussed in Chap. 8 “Endotoxins, Glucans
and Other Microbial Cell Wall Markers.” One of the most studied cell wall mar-
kers are endotoxins. One of the most common approaches to analyze endotoxins
is the limulous amoebocyte lysate test (LAL test) accepted by the FDA for endo-
toxin testing of pharmaceuticals and medical devices. This method can be per-
formed by gel clot assay or trough chromogenic methods such as the USP
chromogenic method, based on the activation of a protease (coagulase) by the
endotoxin, which is the rate-limiting step of the clotting cascade. Several methods
of detection such as Mass Spectroscopy (GCMS), Matrix — Assisted Laser
Desorption Ionization — Time of Flight Mass spectroscopy(MALDI-TOF-MS)
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are utilized and recently a published study performed using Raman spectroscopy,
a rapid method for chemical structure detection, identified and detected of bacteria
and bacterial endotoxin in concentrations as low as 0.0003 Endotoxin unit
(EU)/mL and 1 Colony Forming Unit (CFU)/mL, which demonstrated the sensi-
tivity and specificity of cell wall markers (Elsayeh et al., 2016).

5.3.2 Environmental Culture-Independent Bacterial Analysis

Bacterial burden associated with environmental samples has been assessed by
characterization of isolated strains, which may only account for a small fraction of
total bacterial diversity. For the past years, alternative methods of bacterial analy-
sis based on protein, DNA and/or RNA analysis have been developed in order to
increase the efficiency of bacterial identification as well as the assessment of diver-
sity in microbial communities. These methods have been developed and utilized
as alternative methodologies which according to (Dahllof et al., 2000) “provide a
new insight into microbial diversity and allow a more rapid, high resolution
description of microbial communities than that provided by the traditional
approach of isolation of microorganisms.” These new molecular approaches
include the blend of methodologies such as DGGE fingerprinting with 16S rDNA
gene sequencing for bacteria identification and correlation of banding patterns and
band numbers on DGGE gels with environmental variables. Several studies have
utilized this approach to study the microbial communities in numerous environ-
ments, such as soil, water, air, food, plant, humans, and animals, reviewed in
(Su et al., 2012). Nevertheless these methodologies also encompass several limita-
tions such as preferential amplification of upcoming species, inadequate specificity
of primers used for DNA amplification, production of single bands by multiple
strains among others (Al-Awadhi et al., 2013).

5.3.2.1 Mass Spectrometry

Mass spectrometry is utilized as a valuable method to perform measurement of
molecular weight and gives information regarding molecular fragmentation in
order to determine molecular structures. The implementation of MALDI/TOF
(Matrix-assisted Laser Desorption/Ionization) in combination with time offlight
(TOF) detectors, lead to the utilization of this methodology in biochemical as well
as microbiological analysis. In microbiology, this method has gained prominence
in the past years, particularly as a tool for identification of bacteria in samples con-
taining whole cells as a substitute to extracted protein fragments. Although the
sensitivity of the method depends on the quality of the data and the nature of the
species, published reports have indicated a > 95% success rate, demonstrating that
this technology has an effective potential in the field of environmental microbiol-
ogy. However, despite of the great advantages of the technique in terms of
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minimal sample preparation, rapid results, and small reagent costs, some limita-
tions are related to higher purchase price of instrumental equipment and impor-
tantly evaluation software and database.

5.3.2.2 Nucleic Acid Amplification

New approaches based on the analysis of bacterial genetic information with no
previous media cultivation augments the assessment of bacterial diversity in envir-
onmental samples. Currently DNA-based molecular methods such as Pulse Field
Gel Electrophoresis (PFGE) and Restriction Fragment Length Polymorphism
(RFLP) have gain relevance particularly due to their reproducibility, simplicity
and high discriminatory capacity.

Polymerase Chain Reaction (PCR)

Polymerase chain reaction (PCR) technique has been used to amplify variable
regions of the 16S rRNA gene after DNA extraction. In this methodology, similar
sized PCR-products can be separated by successive denaturizing or temperature
gradient gel electrophoresis (DGGE or TGGE) and the resultant patterns analyzed
and interpreted. In DGGE the electrophoresis occurs under gradually changing
conditions of a denaturing gradient of urea, whereas in TGGE the dsDNA is sub-
jected to an increasing time-dependent temperature gradient dependent on the
sequence loaded in the acrylamide gel. Currently, with the development of mole-
cular analysis methodologies, one of the most utilized PCR techniques is quantita-
tive real-time PCR (qRT-PCR) which is described in more detail in Chap. 6
“Analysis Approaches for Fungi in Indoor Environmental Assessments.” In qRT-
PCR target amplification and detection steps, using fluorescent dyes, occur conco-
mitantly, and the copulated software monitors thermal cycler data at each cycle
producing a quantitative amplification plot for each reaction which ensures the
identification and quantification of specific, amplified DNA fragments.

Restriction Fragment Length Polymorphism Analysis (RFLP)

Restriction Fragment Length Polymorphism designates variances in homologous
DNA sequences that can be identified through the detection of fragments with dis-
tinct lengths after digestion of the DNA samples with specific restriction endonu-
cleases. RFLP is considered a preliminary typing method that originates restriction
profiles of bacterial DNA based on random distribution of restriction sites in the
genome. This method is considered as a powerful tool to determine molecular
markers due to its specificity to single clone/restriction enzyme combinations.
PCR products are further revealed in electrophoresis and the microorganisms
present in the samples are classified according to the number and size of obtained
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fragments. However, RFLP method is still not developed to analyze whole
bioburden. Furthermore, Amplified Fragment Length Polymorphism (AFLP) is a
variant technique of RFLP method, in which specific adaptors are coupled to
enzyme restricted DNA which is successively amplified using specific primers
from the adaptor and restriction site-specific sequences.

Terminal Restriction Fragment Length Polymorphism (TRFLP)

TRFLP is a molecular methodology primarily developed to characterize bacterial
community fingerprinting in mixed-species samples. This method analyses DNA
patterns of PCR amplification products, of fluorescent labeled DNA, digested
using restriction enzymes and visualized in a DNA sequencer. The resultant pat-
terns can be analyzed trough peaks counts and comparisons in the TRFLP profile
or trough matching peaks from one or more TRFLP runs to a database of identi-
fied species.

Pulse Field Gel Electrophoresis (PFGE)

PFGE methodology is based on in sifu lysis of bacterial whole-cells in agarose
plugs that are subjected to electrophoresis. This method is able to analyze large
DNA fragments (10 to 800 kb in size) and the DNA fragments are visualized on
the gel following staining.

Denaturing Gradient Gel Electrophoresis (DGGE)

DGGE is a specific type of gel electrophoresis in which a constant heat and an
increasing concentration of denaturing chemicals are used to force DNA mole-
cules to unwind. This methodology is coupled with PCR technique (PCR-DGGE)
in which DNA amplification by genus-specific primers that target 16S rDNA
sequences is performed, followed by differentiation on DGGE gel. This approach
can be utilized for screening complex ecosystems including the identification of
uncultivable microorganisms and has the ability to analyze diverse environmental
samples in a time effective manner (Nehmé et al., 2009).

DNA Sequencing

Currently, DNA sequencing is considered one of the most accurate and reliable
methodologies for describing microbial communities and for identification of
microorganisms. With applicability in contexts were hasty and precise identifica-
tions are required, the identification of microorganisms trough 16S rRNA gene
sequencing, classified as one of the best target genes, presents a most valuable
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method. It is acknowledged that 16S rRNA sequence comprises both variable and
conserved regions. For full 16S rRNA gene sequencing, universal primers are cho-
sen from conserved region while the variable region is used for comparative tax-
onomy. However, the inability of classical DNA sequencing methods (e.g.,
Sanger) to sequence fragments superior to 1000 bp, the associated high prices and
the high purity requirements of DNA analysis presents some important limitations.
Nevertheless, new sequencing technologies have been developed (next generation
sequencing) with the aim to allow a fast/efficient technique for analysis of bacter-
ial bioburden (étursa et al.,, 2009). For more discussion on this topic see also
Chap. 6 “Analysis Approaches for Fungi in Indoor Environmental Assessments.”

Genotyping

Genotyping allows for the identification of genetic variants and can be performed
through chips or arrays, depending on the variants of interest and available
resources. The identifications of bacterial species have gained valuable advances
with the development of genotypic methods such as 16S rRNA gene sequencing
and DNA-DNA hybridization. Currently bacterial species are defined as a group
of strains sharing 70% or more DNA-DNA affinity with 5°C or fewer ATm value
(Tm is the melting temperature of the hybrid) among members of the group. In
16S rRNA gene sequencing methodology bacterial strains are considered to be the
members of different species when presenting more than 3% sequence divergence.

5.3.2.3 Granulocyte Assay

The assessment of microbial contamination can also be achieved through a cell
line (HL-60 cells) based granulocyte luminol-dependent chemiluminometric assay,
which was reported to be extremely sensitive to a wide range of microorganisms
including fungi. This methodology was proven to be appropriate to evaluate the
inflammatory potential of bioaerosols or similar environmental samples (Timm
et al., 2009).

5.3.3 Polyphasic Approach

Presently, the concept of microorganism hierarchical classification based on single
gene or a cluster of genes at times is considered obsolete in the evolution scenario.
Polyphasic approach, which comprises genotypic, chemotypic and phenotypic
data, is used to distinguish bacterial species based on morphological and biochem-
ical data supplemented with information obtained from molecular techniques.
Considering that genes are subjected to deletions, duplications, mutations, recom-
bination and lateral gene transfer, including conserved genes, the genomic
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complexity of the microorganisms is remarkably dynamic and encloses multiple
parameters. Thus, the accessibility of complete genome sequencing of more than
1000 bacteria allows for the assessment of phylogenetic evolution. Additionally,
new lines of comprehensive evolution that considers the combination of vertical
and horizontal gene transfer has been considered for bacterial phylogeny analysis
in order to further assess bacterial evolution in the concept of polyphasic approach
(Prakash et al., 2007).

5.4 Concluding Notes

The assessment of bacterial bioburden in environmental samples encounters ser-
ious challenges and limitations mostly associated with sample contamination and
the often vast bacterial diversity. Moreover, bacteria identification can differ
depending on the utilized approaches as exemplified by the study performed by
(Martin and Jackel, 2011). The codominant use of culture-dependent and culture-
independent methodologies can overcome the limitations associated with both
approaches and warrant more valuable, efficient and precise results regarding
bacterial diversity and predominance.
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Chapter 6
Analysis Approaches for Fungi in Indoor
Environmental Assessments

Jacob Mensah-Attipoe and Martin Taubel

Abstract The challenge of fungal measurements in indoor environments is com-
plex. Almost all studies that have used several methods for the assessment of
fungal exposure have only observed moderate or weak correlation between them.
These variations can be explained by the fungal life cycle with differences in spore
release and the variation in the characteristics of spores of different species, and
with differences in the target molecules used by the various fungal exposure
assessment methods. Therefore, the use of different analysis methods will provide
a different perspective on the stages of fungal growth and quantity.

Keywords Fungi - indoor - biomass markers - glucan - ergosterol - quantitative
PCR - NAHA - microscopy - cultivation - real-time monitoring

6.1 Introduction

Since we spend more than 90% of our time in indoor environments and breathe about
10 m* of air every day (Dacarro et al., 2003) our proximity and interaction with indoor
microbes, including fungi, is considerable. It has been established that indoor air qual-
ity is one of the most important factors that influence our general quality of life.
Indoor air pollution can result in health problems and even in an increase in human
mortality (Kanchongkittiphon et al., 2015, Mendell et al., 2011, Heseltine and Rosen,
2009). With respect to fungal contamination of indoor environments, the issue of
moisture damage and dampness problems in buildings and the associated microbial
proliferation and health problems observed in building occupants is the central issue.
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The interaction between humans and indoor microbes is complex, stemming
from the fact that the microbes’ amounts, activity, physiology and diversity depend
on both human activities and operational conditions of the indoor environment.
To deal with the complexity of the diverse effects of mold on health, various differ-
ent measurement strategies have been developed to assess indoor fungal
contamination. Depending on the purpose of the investigation, indoor samples,
including air, dust and surface materials, are analyzed to detect either fungal parti-
cles or specific fungal compounds. Fungal spores and/or fungal fragments may be
detected with the aim of assessing fungal exposure as such, while cell components
and metabolites of molds known to be associated with adverse health effects may
be specifically quantified to assess health risks.

6.2 Analytical Methods for Measuring Fungal Concentrations

Measurements of fungal concentrations in indoor air and on materials are impor-
tant in determining the sources and nature of fungal contamination which in turn
helps in estimating the risks associated with exposures to fungal particles in moist-
ure damaged buildings. Fungi grow differently on different building materials and
surfaces and are affected by the diverse and changing conditions in the indoor
environment. Methods that accurately estimate their amounts and also provide
qualitative information on the nature of the fungi present are of interest.

The quantitative measurements assess how many fungal cells or how much fun-
gal biomass are present on material surfaces or in the air, being determined by tech-
niques such as the culture-based methods, microscopic counts and molecular
methods, the latter targeting chemical cell wall markers of fungal biomass or fungal
DNA. These methods determine the extent of growth, sporulation and total number
of cells, or biomass (Krause et al., 2003). Total fungal biomass has been used as a
surrogate of the overall fungal exposure and can be determined using chemical
markers that are found in the fungi. Such chemical markers include ergosterol
(Szponar et al., 2003), N-acetylhexosaminidase (NAHA), (Reeslev et al., 2003,
Rylander et al., 2010), 1 — 3-f- glucan (Foto et al., 2005) and extracellular polysac-
charides (EPS) (Douwes et al., 1999; Noterman and Soentoro, 1986). Each one of
the methods is thought to provide a different perspective of fungal quantities since
they evaluate specific responses of the various stages of fungal growth.

Summary of methods used for fungal determination

Measurement Principle Short description

Cultivation Determination of the number and Determines the viable (culturable

method type of colony forming units and “alive”) spectrum of fungi and
(CFUs) on agar media. Taxonomic | bacteria. In indoor applications
identification of fungi with mostly used for determination of
Microscopy. viable fungi and bacteria from

building materials or short-term
active air samples.
(continued)
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(continued)

Measurement

Epifluorescence
Microscopy

Cell wall
components and
biomass
measurements

DNA-based
methods

Real-time
detection of fungi

Principle

Determination of the total number
of fungal spores using dyes that
stain the DNA of the fungal and
bacterial cells.

Measure surrogates of total
biomass of fungi. These methods
quantify the total amount of
cellular constituents in a sample
instead of counting cells.

Detection, profiling and quantifying
microbes targeting specific and
suitable sequence regions in their
DNA.

Detects and enumerates fungal
particles in real-time. These
methods employ either the use of
light scattering to detect any
particles or the use of biochemical
components of the cells to
conclude on biological or non-
biological origin of particles.

Short description

Determines both viable and non-
viable fungi in samples. This method
is mostly used for determining total
spore counts in samples.

Measures the total biomass of
microbes by quantifying their
cellular constituents, mostly cell
wall components. These include,
for example, ergosterol, beta-
glucans, fungal extracellular
polysaccharides, N-
acetylhexosaminidase. Almost all
sample types can be used (dust, air,
surface/material samples).

Detection is based on DNA,
therefore, not dependent on the
viability of the microbe (detects alive,
dormant and dead cells as long as
their DNA is present and detectable).
Profiling is done with DNA
fingerprinting methods, such as
DGGE, TGGE, and more recently
using various sequencing approaches.
Quantification is done with qPCR,
using primers and probes designed
for the detection of a given species,
genus or groups of taxa.

Direct measurements of fungal
particles during active sampling of
indoor air, avoiding separate steps
for analysis before the
concentration of fungal particles
can be determined. Optical
measurements involve the use of
light scattering that detect and
count all particles. The use of laser
induced fluorescence (LIF) devices,
targeting biochemical constituents,
enables the differentiation of the
origin of the particles into either
biological or non-biological.

6.2.1 Cultivation Method for Determining Fungal Growth

Traditional quantification of fungi is based on the determination of the number and
type of colony forming units (CFU), providing quantitative and qualitative data on
viable and culturable fungi from different types of samples. This method is useful
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in identifying fungi down to the genus level using microscopy of individual colo-
nies (Burge et al., 1999). It may help in providing useful information to confirm
an environmental source for an outbreak investigation. Counting culturable micro-
organisms not only allows for a quantitative, but also qualitative assessment of
exposure by identifying the genus of fungi since not all fungi pose the same
hazard. After cultivation, fungi may be identified to the genus or species level using
morphological criteria and microscopy, Matrix Assisted Laser Desorption/
Ionization-Time of Flight Mass Spectrometry (MALDI-TOF-MS) (De Carolis
et al., 2012) or DNA based methodologies.

Cultivation method has its inherent limitations, such as the inability of particu-
lar media to satisfy the specific growth requirements of certain fungal species
(Douwes et al., 2003). The choice of growth media used can contribute to substan-
tial variability of the types and amounts of species that are cultured. For example,
malt extract agar (MEA) has high sugar content and water activity allowing fast
growing fungal species to flourish on its surface. Dichloran glycerol 18 on the
other hand allows detection of a more diverse fungal flora, however excluding
fungi which require high water activity (Chao et al., 2002, Wu et al., 2000).
Cultivation method lacks the ability to detect non-culturable and dead microorgan-
isms, cell debris and microbial components, although all of those may be of health
relevance (Green et al., 2005). It has been demonstrated that by using the cultiva-
tion method, concentrations of viable fungal cells detected in relation to the total
amount of fungal cells present vary widely, depending on the type of sample (<1-—
100%) (Lee et al., 2006, Meklin et al., 2004, Toivola et al., 2002). The total quan-
tity and diversity of fungal cells are usually drastically underestimated by culture-
based methods (Bridge and Spooner, 2001, Douwes et al., 2003). In addition to
these limitations, the cultivation method is laborious and requires a long incuba-
tion time (minimum of 1 week) to detect fungal growth (Douwes et al., 2003).
The method shows poor precision and is variable among replicate samples
(Eduard and Halstensen, 2009, Mensah-Attipoe et al., 2016a). Since culture-based
methods measure only a fraction of sampled fungi, CFU counted cannot comple-
tely characterize the fungal spectrum that might influence human health and well-
being. For all of these reasons, other, culture independent approaches have been
developed to identify and enumerate fungi in indoor samples (Viegas et al., 2012,
Eduard and Halstensen, 2009).

6.2.2 Microscopic Spore Counting

To circumvent some of the limitations associated with culture-based techniques,
methods that detect both viable and non-viable cells using microscopic counting
have been developed (Palmgren, 1986, Bauer et al., 2008, Ho et al., 2005, Sattler
et al., 2001). Simple light microscopy may be used to count microorganisms, but
counting is based only on morphological recognition, which may result in severe
measurement errors (Douwes et al., 2003). For example, identification of the
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fungal spores is often difficult: only a small number of fungal spore types can
be identified with confidence at genus level, and important genera, such as
Aspergillus and Penicillium, cannot be differentiated. In epifluorescence micro-
scopy, dyes such as acridine orange which stain the spores’ DNA, are used to help
in counting spores. The dye makes the spore fluoresce when viewed under the
microscope (Thorne et al., 1994, Palmgren, 1986). The epifluorescence microscopic
spore count method has its own limitations which include the masking of spores by
large particles and the inability of some spores to absorb the dye (Burge, 1995). In
addition, the spore counting approach is time consuming, laborious and not trivial
to perform. The method is, however, relatively cheap to perform and may provide a
general indication of atypical indoor fungal growth (Douwes et al., 2003).

Electron microscopy (EM) or scanning EM can also be used and it provides a bet-
ter determination of spore counts and concentrations (Eduard et al., 1988, Karlsson
and Malmberg, 1989). Like the simple light microscopy, identification and enumera-
tion is done by morphology. There is an increased interest in identifying and differ-
entiating particles from different sources but having similar appearances which often
lead to difficulties in their quantification (Wittmaack et al., 2005). A good technique
developed to circumvent this problem is the use of SEM microscopy coupled with
energy dispersive X-ray spectroscopy (EDX). This analysis is based on determining
the elemental composition of the particles after they have been identified with SEM.
The elemental composition of biological particles differs from other particles and
they also behave differently from non-biological particles. Based on this property,
criteria for determining primary biogenic organic aerosols (PBOA) in atmospheric
samples have been developed (Matthias-Maser and Jaenicke, 1991, 1994). These
were based on the detection of minor amounts of K, P, S, Na and Ca (usually <10%
of relative element of X-ray intensity of the particle). This criterion was recently
adopted (Coz et al., 2010) to characterize PBOA in the atmosphere. Also a recent
study (Mensah-Attipoe et al., 2016b) applied this method to differentiate fragments
of biological origin from those of non-biological origin.

6.2.3 DNA-Based Methods

The last decades have seen a surge in the development of several culture-
independent, molecular, DNA based techniques supplying many advantages over
the traditional cultivation technique (Amann et al., 1995). The DNA-based
method, like the total spore count method, detects both culturable and unculturable
spores. DNA-based methods in addition, measure mycelial cells (Meklin et al.,
2004, Gonzalez and Saiz-Jimenez, 2004, Herrera et al., 2009, Yamamoto et al.,
2010). Those methods require an initial step of extracting DNA from an environ-
mental sample prior to subsequent analysis. The molecular methods most often
used in fungal studies include conventional or quantitative PCR (qPCR)
specific for fungal species or groups (Haugland et al., 2004, Zeng et al., 2000),
as well as ribosomal DNA amplicon sequencing or metagenome analysis (Tringe
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et al., 2008, Frohlich-Nowoisky et al., 2009, Liu et al., 2012, Adams et al.,
2013a, Adams et al., 2013b, Dannemiller et al., 2014b, Yamamoto et al., 2014,
Dannemiller et al., 2014a, Pitkaranta et al., 2008). In the pre-next generation
sequencing (NGS) era, DNA fingerprinting methods were based on universal fun-
gal PCR combined with denaturing or temperature gradient gel electrophoresis
(DGGE, TGGE) (Gonzalez and Saiz-Jimenez, 2004), and terminal or conven-
tional restriction fragment length polymorphism analysis (Buttner et al., 2007).
Other methods include the molecular tracer methods (Elbert et al., 2007)

The advantages of using the DNA-based methods for detecting and quantifying
fungi instead of cultivation-based methods and microscopic counts are the speed,
accuracy, and analytical sensitivity of this approach and the possibility to detect
and identify also dead or dormant microorganisms (Ettenauer et al., 2014).
Detection is based on DNA, and therefore, not dependent on the viability of the
microbe. The ability of DNA-based methods to detect dead or dormant cells is
important in indoor studies since the main exposure hazards relating to indoor
microbial contamination may not require viability. Thus, these techniques have
enabled a reliable assessment of fungal communities associated with different
materials such as wood, concrete, mineral wool, paper, or dust (Ettenauer et al.,
2012, Pifiar and Sterflinger, 2009). Quantitative PCR has provided valuable infor-
mation on the occurrence and levels of the most common indoor fungi, and exhi-
bits great potential at being able to provide quickly quantitative data on the
occurrence of the studied organisms (Meklin et al., 2004, Pietarinen et al., 2008,
Pitkdranta et al., 2011). Primers and probes are generally designed for the detec-
tion of a given genus (genus-specific primers), groups of genera (group-specific),
or for the detection of a single species (species-specific primers). The 18S riboso-
mal RNA gene and internal transcribed spacer regions (ITS) can be used in the
design of specific primers and probes because they contain sequences that are
highly conserved between members of the same species or genus, for example,
but are variable among different species or genera (Haugland et al., 2004).

There are a studies describing the exploitation of qPCR analytical methods in esti-
mating the concentrations of individual species or groups of fungi in indoor dust and
air samples (Vesper, 2007, Haugland et al., 2004, Meklin et al., 2004, Kaarakainen
et al., 2009) and building materials (Pitkdranta et al., 2011, Pietarinen et al., 2008).
For example, real-time PCR methods have been utilized to detect and quantify
Cladosporium (Zeng et al., 2006) and Aspergillus (Goebes et al., 2007) at the genus
level. Similar methods have been developed for targeting species, groups of species
or genera of common indoor fungi such as Aspergillus, Cladosporium, Penicillium
and Alternaria (Vesper et al., 2005, Meklin et al., 2007, Haugland et al., 2004).
Applying multiple PCR assays make it possible to assess the presence and amounts
of large groups of microorganisms. For instance, a quantitative PCR approach has
been developed integrating measurement of 36 fungal species commonly associated
with damp houses and background species, used to define an “environmental relative
mouldiness index” (ERMI) for houses in the United States (Vesper, 2007). It is also
important to mention in this context that PCR and qPCR are fargeted approaches
that detect only what the primer set is designed for, unlike cultivation or next genera-
tion sequencing methods, which are largely untargeted methods.
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There are well known limitations inherent to DNA based approaches referring
to biases in DNA extraction and PCR amplification that can be preferential of one
over another species or taxon (see more detail below). Quantitation in qPCR can
also have biases due to variation in target gene copy numbers in different fungal
species and genera (Herrera et al., 2009). However, results may not be affected by
these bias when primers and probes are used that target the ITS gene region and
keep the copy numbers fairly stable across varying conditions (Herrera et al.,
2009). In addition, when fungal spore suspensions of known concentrations are
used in creating standard curves for individual species rather than genera or
groups, the issue of target gene copy numbers is less pronounced.

Next generation sequencing (NGS) approaches today are widely used in fungal
ecological studies in different environments. NGS refers to a suite of different
methods carried out on different sequencing platforms, and these methods include:
sequencing of 16S rRNA and internal transcribed spacer region (ITS) amplicons
for studies of the bacterial and fungal communities, respectively (amplicon
sequencing); whole-genome sequencing for understanding an organism’s function;
and metagenomics sequencing to understand the functioning of microbial commu-
nities (Cox et al., 2013). More recently, NGS — and here thus far almost exclu-
sively amplicon sequencing of the fungal ITS regions — has been introduced to
studies of fungal communities in indoor environments. Given constant improve-
ments in sample throughput, resolution, costs per analysis and bioinformatics that
tackle the large data amounts typically produced in NGS surveys (Metzker, 2010),
the number of studies using NGS in indoor assessments is steadily increasing.
Early efforts utilizing DNA extracted from house dust samples revealed a hitherto
unknown richness and diversity of the indoor fungal flora (Amend et al., 2010,
Pitkaranta et al., 2008). Further indoor NGS studies have dealt with the ecology
and sources of fungi determined from indoor samples and also attempted to study
health implications of fungal exposure (Adams et al., 2013b, 2013c, 2015,
Dannemiller et al., 2014a, 2016a, 2016b, Lymperopoulou et al., 2016). Amplicon
sequencing has obvious advantages over other assessment methods: it is a non-
targeted method that permits detection of theoretically all fungal taxa present in a
sample, independent of viability and culturability; the method is characterized by
high resolution that allows determination of hundreds of different fungal taxa from
indoor samples; and, in case of ITS sequencing, taxonomic allocation of the fungal
sequences detected upon database comparisons is often possible to the species or
at least the genus level. Investigations that have interest in knowing which fungal
cells in a sample are metabolically active and alive versus dead, may need to use
other approaches than amplicon sequencing, as this method can at current not effi-
ciently distinguish what is dead and alive in a sample. Another issue is absolute
quantification, desirable in e.g. determining human exposure levels. NGS data are
typically presented as relative abundance of a given fungal taxon rather than total
amount of the respective fungal cells in a sample. There are further technical lim-
itations in amplicon sequencing that refer generally to DNA and PCR based
approaches and that need to be carefully considered. Selectivity in DNA extraction
as well as in the PCR amplification prior sequencing, leading to preferential detec-
tion of some taxa over others, and variation in target sequence copy number can
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introduce biases into NGS studies (Amend et al., 2010, Huber et al., 2009,
Rastogi et al., 2009, von Wintzingerode et al., 1997). Nonetheless, next generation
sequencing approaches have already revolutionized our view and interpretation of
the role of bacterial and fungal communities in human health and disease, and
similar advances can be expected from studies applying these approaches in
indoor microbial assessments.

6.2.4 Methods Measuring Cell Wall Components and Other
Indicators of Biomass

Microbial cell wall components, including fungal compounds, are discussed in
Chap. 8 “Endotoxins, Glucans and Other Microbial Cell Wall Agents” and the
reader is referred to this part of the book for more detailed information. There is a
variety of approaches that assay cellular constituents, usually microbial cell wall
agents, instead of counting culturable and/or non-culturable microbial particles.
These methods typically are used to measure surrogates of total fungal biomass;
however, in some cases the targeted compound itself may be of interest due to
potential health implications upon exposure. More or less commonly used markers
for the assessment of fungal biomass include ergosterol, (Miller et al., 1988,
Szponar et al., 2003), fungal extracellular polysaccharides (EPS) and -glucan
(Sonesson et al,, 1988, Douwes et al., 2000). Measuring the activity of
N-acetylhexosaminidase enzyme (Rylander et al., 2010, Reeslev et al., 2003) is
another way to estimate total fungal biomass. Microbial volatile organic com-
pounds (MVOCs) produced by fungi have been proposed as markers of active
fungal growth (Dillon et al., 2007, Moularat et al., 2008). Also measuring myco-
toxins, i.e. toxic fungal secondary metabolites, from indoor samples is being done,
mostly in a search for exposing agents involved in provoking adverse health
effects in occupants of moisture damaged building. These latter two categories —
MVOCs and mycotoxins — will not be discussed further here, as separate chapters
in this book have been dedicated to these agents.

There are several advantages common to these assay methods. These include:
the stability of most of the measured components, allowing — among others —
longer sampling times for airborne measurements; and not restricting the assess-
ment to only “alive” fungal material. Storing samples frozen prior to analyses is
typically not an issue, unlike for example in cultivation based approaches.
Standards can be used in many of the methods allowing sound quantification, and
typically, sensitivity and specificity of the measurement approaches is high, even
though there often is a tradeoff between those two (i.e. high sensitivity comes to the
expense of lower specificity and vice versa). Major limitations are, however, that
these methods do not allow for an identification of the fungal taxa present in a sam-
ple, but rather provide information on total fungal material present. Furthermore,
these methods do not leave fungal isolates for further investigation where needed, a
disadvantage common to all methods but cultivation.
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6.2.5 Ergosterol

Ergosterol is the major sterol present within cell membranes of fungal spores and
hyphae and is considered an indicator for total fungal biomass (Szponar et al.,
2003). This agent has been assayed in indoor dust (Saraf et al., 1997), in building
materials (Szponar et al., 2003, Gutarowska and Piotrowska, 2007), and indoor air
(Park and Cox-Ganser, 2011). As just mentioned as a common limitation when
measuring cell wall agents, also quantifying ergosterol does not provide informa-
tion about the individual fungal species present in a sample. Ergosterol contents
are measured by gas chromatography-mass spectrometry (Miller et al., 1988,
Szponar et al., 2003). The amount of ergosterol measured from a particular fungal
isolate depends on its surface area and growth conditions. It has been shown that
ergosterol is somewhat labile and thus its concentration declines after the death of
fungal spores and hyphae (Mille-Lindblom et al., 2004, Gutarowska and
Piotrowska, 2007), though it is not well understood how long ergosterol stays
stable within dead fungal cells or in different sample materials. Some studies have
shown that levels of ergosterol correlate well with total spore counts (Mensah-
Attipoe et al., 2016a). Although this method is highly specific and sensitive giving
accurate estimate of fungal amounts, ergosterol determination in samples is not
done routinely, as it is a rather expensive methodology requiring specific and
costly infrastructure and expertise and time to process and analyze samples.

6.2.6 Fungal Extracellular Polysaccharides

These are stable carbohydrates that are produced and excreted during fungal
growth and are suggested as a marker for fungal exposure. Measurements are
usually done with immunoassays and as the polysaccharides confer antigenic spe-
cificity and differ somewhat between major fungal taxa it is in theory possible to
target fungi at the genus level. For example, Douwes et al. (2003) quantified EPS
from Aspergillus and Penicillium fungi (EPS-Asp/Pen) in house dust. The authors
of that paper found a correlation between the EPS measurements and culturable
fungal spore counts. EPS-Asp/Pen in house dust serves as a marker of a somewhat
specific fungal exposure, but EPS as such is not suspected to be causally related
with poor respiratory or other ill health in children or adults. The method is not
widely used today, as the required immunoassays have been developed for
research purposes only and are not commercially available.

6.2.7 Beta-Glucan

Beta-glucans are polysaccharides found in the outer cell membrane of fungi,
higher plants and some bacteria. In the fungal cell wall, glucans comprise a
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three-dimensional network of (I — 3) and (1 — 6)-f D-linked anhydroglucose
repeat units that are connected to other carbohydrates, proteins and lipids. (1 — 3)-
B-D-glucan polymers can exist as a stable complex of three polymer strands form-
ing a triple helix. The triple helical structure is generally considered to be the pre-
ferred form in nature (Young and Castranova, 2005). From a quantitative point of
view, (1 — 3)-B-D-glucans are the main constituent, accounting for between 47%
and 60% by weight of the cell wall (Young and Castranova, 2005). Measurements
of (1 — 3)-p-D-glucan in indoor air have been done with a glucan-sensitive pre-
paration of the Limulus amebocyte lysate (LAL) assay (Iossifova et al., 2009,
2007). While the LAL test is highly sensitive, it’s specificity for fungi is somewhat
limited, as it reacts to some extent also to plant or bacterial material. Other meth-
ods for the analysis of fungal glucans have been based on antibodies. For example,
Douwes et al. (1996, 1998) developed an inhibition enzyme immunoassay (EIA),
which is specific to the (1 — 3)-glycosidic linkage and to water-insoluble glucans,
but is less sensitive than the LAL test. Glucan immunoassays that are more speci-
fic to fungal material by targeting (I — 3)-p glucan have been developed (Low
et al., 2009). Generally, glucan content in fungal cells has been shown to vary
according to the fungal species and dependent on the spore surface area (Iossifova
et al., 2008), but appears to be relatively independent of growth conditions (Foto
et al., 2004). Assessment of exposure to glucan is done both in homes and in occu-
pational context in work places. For the latter, several epidemiological studies have
reported glucans to have strong immunomodulating and inflammatory effects in
occupational, high exposure settings. Douwes (2005) asserted from his review that
the biological effects observed are not dependent on viability and that (1 — 3)-B-D-
glucans from dead organisms may thus be equally relevant in causing potential
health effects.

There have been mixed observation with exposures to (I — 3)-p-glucan and
the health effects, pointing also towards a beneficial role of glucan exposure.
Some studies have suggested beneficial impacts on the development of immune
system of infants (Iossifova et al., 2007, Schaub et al., 2006), lower prevalence of
allergic sensitization in 2—4 year olds when exposed to (I — 3)-p-glucan from
mattress dust (Gehring et al., 2007) and inverse association with wheezing symp-
toms in children (Iossifova et al., 2007, 2009). Furthermore, (Tischer et al., 2011)
found a difference in (I — 3)-f-glucan effects between countries.

6.2.8 NAHA Enzyme Activity

Measurement of the activity of -N-acetylhexosaminidase (NAHA) in fungi is
another way of measuring fungal total biomass (Rylander et al., 2010, Reeslev
et al., 2003). NAHA is present in both the growth and stationary phases of fungal
growth (Rast et al.,, 2003, Reeslev et al., 2003) and its activity is reported to
be relatively stable under appropriate storage conditions (Rylander, 2015). The
activity measurement is based on a fluorescence labeled substrate which is cleaved



6 Analysis Approaches for Fungi in Indoor Environmental Assessments 119

by the enzyme that is only present in fungi. The amount of fluorescence detected
is proportional to the amount of enzyme/biomass present, and this measurement
approach has been translated into a commercially available product (Reeslev et al.,
2003). By using enzyme activity as an indicator for fungal biomass, fungal growth
present on a building material surface or the amount of fungal biomass in air can
be determined. Since the method is fast and can be done onsite, it allows determin-
ing the extent of mould-affected materials and the efficacy of cleaning after reme-
diation efforts in the field. Beta-N-acetylhexosaminidase activity has been shown
to correlate well with the fungal molecules such as ergosterol and the phospholipid
fatty acid 18:2w6 in soil samples (Miller et al., 1988) and building materials
(Mensah-Attipoe et al., 2016a). Significant correlations have been reported
between NAHA and total spore counts in dust (Madsen, 2003, 2009) and building
materials (Mensah-Attipoe et al., 2016a); fungal biomass (by gravimetric weight)
of fungal species grown on nutrient agar; and ergosterol content of gypsum boards
(Reeslev et al., 2003) and mineral wool contaminated by fungi (Mensah-Attipoe
et al., 2016a). In a recent study (Mensah-Attipoe et al., 2015), the authors found a
good correlation between NAHA enzyme activity and cultivation method.

The NAHA method is not able to differentiate between fungal species.
Furthermore, levels of NAHA enzymes detected in air samples are usually very
low and do not represent well the fungal amounts measured. To be able to
achieve a high enough concentration in air, movement and agitation during sam-
pling (usually in the form of “aggressive” blowing, i.e., resuspension of material)
is required.

6.3 Real-Time Detection of Airborne Fungal Particles

It has been stated that a thorough understanding of the significance of microbial
exposure in indoor environments is impaired by the methodological difficulties
in identifying and enumerating various microbial components (Green et al.,
2006). Traditional bioaerosol detection methods such as the Andersen impactor
and filter sampling require a separate step for analysis after sampling and before
concentration can be determined, which results in relatively low time resolution
(Reponen et al., 2011, Gérny et al., 2002). These methods are well-established
for culture-based and microscopic analyses, and more recently also for DNA-
based analyses in the case of filter sampling. Sample collection usually only
lasts for a short period of time and thus samples collected by these methods
reflect the concentration of the target organism only at the specific time of
sampling (Reponen et al., 2007), while the great temporal as well as spatial
variation in airborne fungal concentrations are well known. Detection of target
bioaerosols in real time would allow understanding of emissions and the
temporal variation of airborne concentrations. Therefore, real time detection
techniques are needed in various fields, e.g., bioprocess monitoring (Ganzlin
et al., 2007), health related applications (Elston, 2001), and in environmental,
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defense and public health (Davitt et al., 2005, Kanaani et al., 2007, Sivaprakasam
et al., 2004, Méjean et al., 2004).

Direct reading instruments that measure particles in real-time have been used in
several laboratory studies, e.g., optical particle counters (OPCs), which measure
particle concentration in the size range of 0.3—20 um based on their light scattering
properties. The electrical low pressure impactor (ELPI), a multistage impactor,
classifies aerosol samples into size fractions over a size range of 0.07-10 um and
the Aerodynamic Particle Sizer (APS) measures the dynamic size distribution of
particles in the size range of 0.5-20 um by determining the time-of-flight of indivi-
dual particles in an accelerating flow field (Volckens and Peters, 2005). Particle
concentrations in the size range of 0.02—-1 um can be measured using the P-Trak.
This instrument measures the number concentration of particles by saturating them
with either water or alcohol vapour and cooling them so that their enlarged particle
sizes can be detected by optical methods. Although very useful in laboratory-
based studies where other particles can be eliminated, especially particles within a
certain size range, the above described instruments have limited utility in the
assessment of bioaerosol exposures because they are not very specific since
the process of distinguishing microbial and non-microbial particulate matter is
complex (Green et al., 2011).

The Laser Induced Fluorescence (LIF) technique enables real-time detection of
biological aerosol particles. LIF techniques have been developed to detect biologi-
cal warfare agents (Hairston et al., 1997). The use of LIF techniques can give
insight into the origin of the fluorescent spectral features and contribute to the
interpretation of data obtained using other fluorescence-based techniques.

The best known and most widely used LIF device is the Ultra Violet aero-
dynamic particle sizer (UVAPS). Other devices include the BioScout and Wide
Issue Bioaerosol Sensor (WIBS-3) and the waveband integrated bioaerosol sensor
(WIBS-4). The basis by which all of these devices detect relies on the fluorescence
of compounds such as reduced nicotinamide adenine dinucleotide phosphate
(NAD(P)H), flavins, melanin, carotenoids, phenols, terpenoids, and DNA
(Raimondi et al., 2009, O’Connor et al., 2011, Pohlker et al., 2012, Saari et al.,
2013, Frohlich-Nowoisky et al., 2009, Després et al., 2007), present in all living
cells but at different proportions and measured at selective wavelengths. Thus, LIF
enables the differentiation of bioaerosols from other particles because of their
fluorescence capabilities (Hill et al., 2013, Pohlker et al., 2012).

The UVAPS measures both aerodynamic particle size and autofluorescence of
a single particle. The WIBS, on the other hand, measures optical size and the auto-
fluorescence of bioaerosol particles (Gabey et al., 2010, Healy et al., 2014) by
utilizing two excitation wavelengths and by detecting two bands of fluorescence.
The BioScout measures both autofluorescence and optical particle size of single
particles using continuous wave laser diode and light scattering. Saari et al. (2014)
have used both BioScout and UVAPS to measure fungal spores in the laboratory
and found the former device to be more sensitive. This indicates that the LIF
devices have varying capabilities in detecting biological particles based on the
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wavelengths of light used and the type and amount of fluorescent compounds
present in the samples. Data obtained from the use of these devices have usually
been on fungal spores and not on small-sized fragments. This is because very little
or no fluorescence is emitted from fungal fragments compared to larger spores
(Kanaani et al., 2008, Saari et al., 2014).

Different fungal species have characteristic structures and more or less differing
biochemical compositions which in turn could influence their autofluorescence. A
variety of factors may affect the fluorescent properties of fungi under various con-
ditions. These factors include the type of the fungal species under consideration,
growth substrate, air velocity and age of the culture. A better understanding of the
effects of these factors on the fluorescent properties of fungal spores measured
with different LIF devices side-by-side would help with instrument calibration and
ease the interpretation of LIF-based field results.

6.4 Conclusion

Depending on the purpose of a measurement, an analysis approach serving that
purpose need to be chosen. For example, cultivation method accounts only for
viable spores and cells that can grow on the culture media. DNA based methods
and NGS give in-depth information of the fungi being assessed while ergosterol
content, NAHA enzyme activity and other cell wall components display the total
biomass of the fungi and indirectly estimate total exposure. Since the life cycle of
the fungi is dynamic, the different methods employed will give insight into the dif-
ferent stages of the fungal growth.
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Chapter 7
Viruses Present Indoors
and Analyses Approaches

Edna Ribeiro, Céu Leitao, Elisabete Cristovam and Ana Dias

Abstract Through human history viruses have shown enormous epidemiological
and pandemic potential as the occurrence and spread of viruses in pandemic dimen-
sions poses a threat to the health and lives of seven billion people worldwide.
Scientific evidence has associated harmful health effects to indoor air hazards recog-
nizing the existence of a vital concern in public health sector. Thus the assessment
of human exposure to biological aerosols and droplets indoor became an imperative
requirement of investigation. Environmental bioburden assessment of viruses relies
in both culture-dependent approaches that comprise classical methodologies, still
prominent and vital in the field of modern biotechnology, and culture-independent
approaches based on nucleic acid amplification techniques, which are considered
the gold standard in clinical virology. The main factor influencing indoor microbiol-
ogy is the human being and their activities. Indoor environments to be considered
are those regularly occupied by humans: residences, offices, schools, industrial
buildings, health care facilities, farming activities and other settings occupied all the
time, or in which occupant density is high. It’s well known that approximately 60%
of total human respiratory and gastrointestinal infections are acquired indoor, since
viruses have a rapid spread in the community and can be transmitted easily, espe-
cially in crowded and poorly ventilated environments, causing high morbidity and
decline in quality of life and productivity. Studies have shown that respiratory syn-
cytial virus, rhinovirus, metapneumovirus, influenza and parainfluenza virus, and
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human enterovirus infections may be associated with virus-induced asthma, leading
to diseases such as pneumonia. Gastroenteritis infectious (about 30+40% of cases)
is attributable to viruses. Rotavirus, Astrovirus, Norwalk-like viruses and other
caliciviruses are responsible for 48% of all reported outbreaks of infectious intestinal
disease. Safe working conditions are essential for healthy living, that’s why the
programmes conceived as a result of strategic and preventive policy maintenance, in
refrigeration and ventilation systems, are the determining factor for the control of
biological pollutants. Moreover, the development of highly sensitive and specific
detection and identification methodologies with capacity to be used in diverse
applications, such as diagnosis, public health risk assessment, research and for the
implementation of preventive measures and protocols are imperative.

Keywords Viruses indoor - air transmission - culture-dependent virus analysis -
culture-independent virus analysis - environmental assessment

7.1 Environmental Exposure

Indoor air pollution is a major global public health threat requiring increased hard
work, linking research to policy-making. The evidence of the effects of physical and
chemical pollutants on human health, present in the external and internal environ-
ment has no superior aggression than the existing bioaerosols. Health effects from
indoor air pollutants may be experienced soon after exposure or, possibly, years
later, according to the nature of air contaminants, being classified, in an abbreviated
approach, as physical, chemical or biological (Nazaroff, 2016).

Several studies have related hostile health effects to Indoor air hazards and ade-
quate assessment of human exposure to biological aerosols has been recognized as
an imperative requirement and a very important concern in the area of public health
(Douwes et al., 2003). Scientific evidence has showed that the air within buildings
can be more seriously polluted than the outdoor air, even in developed and industria-
lized countries, and it is well known that indoor environments occupied by humans,
contain abundant material of microbial origin, consequently, the risks to human
health may be greater due to exposure to air pollution indoors (Fisk et al., 2007).

On the other hand, investigation indicates that people spend approximately 90%
of their time indoors, with mechanical heating, cooling and ventilation systems,
influencing irrefutably the quality of life (Klepeis et al., 2001; Nazaroff, 2016).
Complex syndromes arise associated with indoor air quality, such as sick building
syndrome, building-related disease leading to loss of productivity and absence at
work. These syndromes are associated with increased incidence and prevalence of
asthma and other chronic diseases worldwide. Exposure to bioaerosol material can
cause or can contribute to several relevant diseases.

Human occupancy and activities are major factors influencing indoor microbio-
logy. Humans are important primary sources of certain bacteria and viruses. The
recent development of quantitative polymerase chain reaction (PCR) and other
RNA/DNA-based measurement technologies has permitted studies that measure
pathogenic material in indoor air (Lax et al., 2014; Nazaroff, 2016).
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7.1.1 Droplets vs Airborne

Droplet transmission is not to be confused with airborne transmission. Aerosols
are suspensions in air (or in a gas) of solid or liquid particles, small enough to
remain airborne for a prolonged period of time because of their low settling velo-
city. Droplets do not remain suspended in the air. Airborne transmission depends
on viruses from evaporated droplets or dust particles that can remain suspended in
the air for long periods. Droplet transmission occurs when viruses travel on rela-
tively large respiratory droplets (>10 pm) that people sneeze, cough, or exhale
during conversation or breathing (primary aerosolization) (La Rosa et al., 2013).
Respiratory droplets initially all move forward with the exhaled air jet; very large
droplets leave the jet quickly and fall on the ground and small droplets completely
desiccate within the jet (Tellier, 2009).

The transport and the settling of a bioaerosol are affected by its physical
properties and the environmental parameters that it encounters. Size, density and
shape of droplets or particles, air currents, relative humidity and temperature,
determine the capacity of generation of airborne bioaerosols from liquid suspen-
sions, undergo desiccation, whereas those generated as dusts or powders partially
rehydrate. The presence of moulds indicates a problem with water penetration or
high humidity. Bioaerosols can be transmitted at long distances. Small particle
aerosols, as shown during endotracheal intubation, are transmitted to persons in
the immediate area near the patient. Viruses’ inductors of Severe Acute
Respiratory Syndrome (SARS), influenza and norovirus are transmitted from
patients primarily by contact and/or droplet routes, while airborne transmission
occurs over a limited distance (Srikanth et al., 2008). Indoor—outdoor air exchange
(mechanical ventilation), penetration (air filter), deposition, sources and aerosol
resuspension, are extremely relevant for spread contamination.

Once aerosolized, aerosols viruses’ particles may travel significant distances
through buildings before being captured and retained by HVAC filters, or they pass
through as well, because most HVAC filters are not 100% efficient in capturing par-
ticles. The rapidity with which airborne viruses are inactivated during transport or
after filter capture is uncertain and merits additional study. Analysis of ventilation
filters certainly could play a role in the epidemiology of infectious diseases caused
by pathogens released into the environment, suiting all the different situations of
confinement (Goyal et al., 2011).

7.2 Viruses Indoor

The main source of indoor viruses is the human being. Viruses are spread by air cur-
rents after resuspension of material scattered by aerosols droplets or saliva. We can
say that viral infections are probably the most common acquired diseases indoor
that affect man, knowing approximately a thousand types of different viruses
involved. It is estimated about 60% of total human respiratory and gastrointestinal
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infections, with a rapid spread in the community, being a cause of high morbidity
and decline in quality of life and productivity, since viruses can be easily trans-
mitted, especially in crowded and poorly ventilated environments. It is well-known
that viruses are shed in large numbers, with transmission routes extraordinary
diverse, including direct contact with infected persons, faecal-oral transmission
(through contaminated food and water), droplet and airborne transmission, and can
survive for long periods on surfaces or fomites, emphasizing the possible role of
surfaces in the transmission of viruses (Barker et al., 2001; La Rosa et al., 2013).

For instance, faeces can contain up to 10'? viruses particles per gram and vomit
up to 107 per millilitre, so the potential transfer contamination from hands to surfaces
is frighteningly considerable. The most important source of potentially pathogenic
viral aerosol is other humans and other means, as the flushing of a toilet that can
aerosolize significant concentrations of airborne viruses. Viruses’ survival on fomites
is influenced by temperature, humidity, pH and exposure to ultraviolet light.

Particle size, depth of penetration and the minimum dosage of the agent capable
of causing disease are implicated in the infectivity. In addition, it is also important to
be conscious of the risk groups, the most susceptible to contracting infection when
exposed to microorganisms, conditioned by factors such as a weakened immune
system, the children, the elderly, the pregnant women, the chronically ill, especially
those suffering from respiratory or cardiovascular disease. Chronic obstructive
pulmonary disease (COPD) and acute exacerbations are frequent complications,
thought to be caused by interactions between host factors, bacteria, viruses and
changes in air quality producing increased inflammation in the lower airway with a
long-lasting adverse influence on health status (Celli and Macnee, 2004; Celli and
Barnes, 2007). Approximately of 50% of acute exacerbations of COPD are associated
with symptoms of viral infections of the respiratory tract by rhinovirus, respiratory
syncytial virus and influenza. Studies have shown that respiratory syncytial virus
(RSV), human rhinovirus (HRV), human metapneumovirus (HMPV), influenza and
parainfluenza virus (HPIV), and human enterovirus infections may be associated with
virus-induced asthma, leading to diseases such as pneumonia or death (Tsukagoshi
et al., 2013).

Respiratory and enteric viruses are opportunistic pathogens transmitted mainly via
other routes are able to spread via droplet nuclei or dust in certain circumstances (La
Rosa et al., 2013). Numerous studies identify the factors that are involved in the trans-
mission of infection by aerosol indoor with the correlation between the pulmonary
mechanism, the different human activities and the critical concentration of particles
expelled. A virus (H3N2) had a higher transmissibility and uncontrollable potential
than the A (HIN1) and B viruses (Chen et al., 2009; Chen and Liao, 2010).

7.2.1 Respiratory Viruses

In developing countries, acute respiratory infections, due to various viruses, is not
only the most common cause of upper respiratory infection in humans but is also
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a major cause of morbidity and mortality, leading to diseases such as bronchiolitis,
asthma and pneumonia (Tsukagoshi et al., 2013; Paba et al., 2014).

Despite all the progress of the last decades in the prevention and care of health,
respiratory infections represent one of the major causes of disease in humans. This
group remains the leading cause of outpatient consultation as well as antibiotic pre-
scription and work absence. The chronic infections, causing disability, have the most
important impact on quality of life. The main effect of the inadequate quality of
indoor air is in respiratory system. Most studies focus on the influenza virus, but in
general, we can say that a total concentration of viruses, in a variety of environments
such as classrooms, health institutions, restaurants, offices and others corresponds to
an average 4.7 + 2.5 x 10° particles per cubic meter, without significant differences
between the different indoor environments. Also, is estimated that the viral particles
inhaled daily indoor correspond approximately to 5 x 10°. Respiratory viruses can
be transported over considerable distances by air currents and be inhaled, penetrating
deep into the respiratory system (Prussin II et al., 2015).

Droplet transmission occurs when viruses travel on relatively large respiratory
droplets (>10pum) that people sneeze, cough, or exhale during conversation or
breathing, primary aerosolization. A single cough can release hundreds of droplets,
up to 40,000, at speeds of up to 50-200 miles per hour, each droplet containing mil-
lions of viral particles. Aerosol droplets travel only short distances (1-2 m) before
settlings on surfaces, where viruses can remain infectious for hours or days.
Secondary aerosolization can occur when air displacements disperse the viruses
back into the air from contaminated surfaces (La Rosa et al., 2013). Transmission
occurs through air droplets, aerosol and fomites that may come into contact with
nasal and conjunctival epithelium. The etiological viral agents involved include:
influenza virus types A and B, parainfluenza viruses types 1, 2, 3, and 4, respiratory
syncytial virus, adenovirus, and rhinoviruses/enteroviruses (Paba et al., 2014). The
acute respiratory infections are the result of active multiplication of microbiological
agents in the respiratory system when favourable conditions of the host exist. Viral
or bacterial ethology, predisposing factors related to anatomical factors, immune
changes, colonization of the naso and oropharynx, and the spread of these infections
is favoured by the continuity of the epithelia of the respiratory system and a conti-
nuum between upper and lower airways. The upper and lower respiratory infections
are in most cases (60%) of viral origin.

Adenovirus (type 4), the first virus to be isolated from indoor aerosol, was iden-
tified in 1966 in aerosol samples from the quarters of military recruits infected
with Acute Respiratory Disease (Artenstein and Miller, 1966). Since then, human
infections due to viral aerosol (or contact with contaminated surfaces) have been
studied in various environments, including office building, hospitals, restaurants,
transport systems and schools. In the last few years, other respiratory viruses have
been discovered and linked to the upper and lower respiratory tract infections:
human metapneumovirus, SARS coronavirus, HKU1 coronavirus, NL63 corona-
virus, MERS coronavirus and bocavirus.

In 2007, two novel human polyomaviruses named KIPyV and WUPyV were dis-
covered in the respiratory secretions of patients with acute respiratory symptoms.
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The outbreak of the influenza A virus (HIN1) infection in 2009 has reminded us
again of the importance of monitoring and controlling airborne microorganisms in
public facilities (Lee et al., 2012). Unlike conventional viral cell cultures, with the
introduction of the real-time PCR assay, the diagnosis of respiratory infections
improved greatly. It is possible to search for up to 21 different respiratory pathogens
including viruses and bacteria. In addition, it is possible to detect co-infections that
may have implications on disease severity or therapeutic strategies (Paba et al., 2014).

For bioaerosol particles, maybe the most important exposure pathway is inhala-
tion followed by deposition in the respiratory tract. The probability of deposition
varies with particle size, with lung morphology, and with breathing characteristics.
Airborne exposure indoors makes a meaningful contribution to the occurrence or
spread of disease.

7.2.2 Respiratory Viruses Associated with Indoor
Air Transmission

7.2.2.1 Rhinovirus

Rhinovirus (RV) is a small RNA virus belonging to the Picornaviridae family. More
than 100 immunologically distinct serotypes have been identified and new serotypes
are continuously emerging. This virus is responsible for more than 50% of cases of
common cold, being the virus with the highest morbidity among respiratory dis-
eases. In children causes bronchitis. Although the method of transmission of RVs is
in doubt, they are thought to be mainly transmitted via large droplets, but indirect
contact with contaminated fomites has also shown to transmit infection or by aero-
sols. It’s known that RV need only 10 s of contact (hand-to-hand) for infecting
another person. The recurrence of viral infections is predominantly associated with
an immune response to a serotype that does not provide immunity to reinfection
with another serotype for the same virus (Ballow, 2008).

Rhinoviruses can survive on environmental surfaces for several hours.
Infectious viruses have been recovered from naturally contaminated objects in the
surroundings of persons with RV colds. Aerosols are generated by coughing,
talking, sneezing and even simply breathing (Huynh et al., 2008). Rhinovirus
outbreaks in health care facilities, capable of determining severe infections and also
death have been documented (Maclntyre et al., 2012). RVs have also been detected
in transport vehicles (La Rosa et al., 2013). Even in the common cold, rhinoviruses
and coronaviruses predominate (Barker et al., 2001; Heikkinen et al., 2003), but
the role of rhinoviruses is the most prominent, in particular are responsible for
outbreaks of the common cold in the general community such as schools, day care
centres and hospitals (Barker et al., 2001; Heikkinen et al., 2003; La Rosa et al.,
2013). Rhinoviruses and coronaviruses also cause a greater disease burden in
elderly people living at home, compared with influenza or syncytial viruses.

The infections by rhinovirus may be triggering factors of exacerbations of
asthma, probably because they induce inflammation in airways that are already
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damaged and sensitized. Rhinoviruses were detected by RT-PCR among infants
(von Mutius, 2004), in the acute exacerbation of asthma when infection was pro-
longed (Tsukagoshi et al., 2013). Some authors describe that bronchial epithelial
patient cells with asthma are more effectively infected with RV than normal
epithelia. It was shown that viral are upregulated in the epithelial cells of patients
with allergies (Canonica et al., 1995; Tantilipikorn and Auewarakul, 2011).

7.2.2.2 Respiratory Syncytial Virus

Respiratory syncytial virus (RSV) is a single-stranded RNA virus belonging to
Paramixoviridae family. RSV infections occur all over the world and outbreaks
are common in the cold season in temperate climates and in the rainy season in
tropical climates. Is one of the most common viruses which can cause a type of
potentially lethal pneumonia in older people and is a major cause of respiratory
illness in young children producing bronchitis and pneumonia worldwide, affect-
ing about 90% of children by the age of 2 years (24), inducting a preparative stage
in the development of asthma (Tsukagoshi et al., 2013).

School-aged children often carry RSV to their homes and extent infection to
younger brothers as well as when admitted to hospital, tend to shed the virus
abundantly and for prolonged periods permitting sufficient opportunity for spread
in adults. Sometimes this virus produces a Flu-like syndrome indistinguishable
from influenza (Barker et al., 2001).

RSV is highly contagious and transmission can occur when infectious material
comes into contact with mucous membranes of the eyes, mouth or nose, and possi-
bly through the inhalation of droplets generated by a sneeze or cough. Also result
from contact with contaminated environmental surfaces, the commonest mode of
transmission in school classrooms and day care centres. Transmission with fomites
predominates over droplet contact can be transmitted by the airborne route. RSV
RNA is detected in air samples from the hospital rooms of infected patients at
large distances from the patient’s bedside. Particles containing RSV RNA were
detected in airborne throughout a health care facility, particles small enough to
remain in the air for an extended period and to be inhaled deeply into the respira-
tory tract (6). Evidence shows that direct and indirect contact is a key factor in
transmission hands, touching surfaces contaminated with fresh secretions from
RSV-infected infants (Barker et al., 2001).

7.2.2.3 Influenza Virus

Influenza virus (IV) is one of the most common and highly contagious infectious
diseases and can occur in people of any age. Influenza or flu produces an acute
infection of the respiratory system with high transmissibility and global distribu-
tion. Is a RNA virus belonging to the Orthomixoviridae family which is subdi-
vided into three distinct antigenic serotypes: A, B and C, causing moderate to
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severe acute febrile illness, resulting in variable degrees of systemic symptoms,
ranging from mild fatigue to respiratory failure and death. Strains A and B have
greatest potential epidemic, causing more versions of the flu. The flu vaccine only
protects against viruses A and B. Influenza C viruses are antigenically stable,
cause subclinical disease and do not cause epidemics. The influenza A and B have
multiple subtypes that still suffer mutations, emerging new strains with consequent
increased risk of epidemics or pandemics.

The continuing threat of pandemics by the human influenza virus suggests
an urgent and constant surveillance. Despite the vaccination continues to be
considered the intervention of containment of infection, the viruses A (HINI1), A
(H3N2) and influenza B persist with a global distribution and with such a power
of infectivity that Influenza activity management has been undertaken by the
Centres for Diseases Control. Influenza A (H3N2) has a uncontrolled and potential
infectivity demonstrating a much greater transmissibility than A (HIN1) and B
viruses (Chen and Liao, 2010). Influenza affects all age groups, but it is the elderly
and persons with underlying health problems who are at particular risk from
complications of influenza and are more likely to require hospitalization. Both
influenza virus A and B revealed to survive on hard surfaces such as stainless steel
and plastic for 24 + 48h and on absorbent surfaces such as cloth, paper and
tissues for up to 12 h (Barker et al., 2001). Asymptomatic patients shed virus and
can transmit the disease, thus creating a reservoir for the virus. Influenza virus is
transmitted by droplets, through the coughing and sneezing of infected persons,
but it can also be transmitted by airborne droplet nuclei as well as by contact,
either through direct skin-to-skin contact or through indirect contact with contami-
nated environments (La Rosa et al., 2013).

Influenza viruses have been detected in different indoor environments, homes,
schools, offices and others public buildings. Places such as hospitals, where the
presence of a susceptible population is often combined with a high population
density, may harbour high concentrations of pathogens and therefore pose a con-
siderable risk for the transmission of the virus, with potentially fatal consequences
for hospitalized patients. Schools are known to have an important role in influenza
transmission in the community since children have a higher influenza attack rate
than adults (children get the flu twice as often as adults) (Zhao et al., 2007).

On buildings ventilation systems Influenza A and B were detected (along with
other groups of viruses), meaning that contamination exists in the surrounding
environment. Several reviews consider three modes of transmission of influenza,
not mutually exclusive, by large droplets, self-inoculation of the nasal mucosa by
contaminated hands and the aerosol transmission, the mode of the greatest impact
for infection, since it requires specialized personal protective equipment. Influenza
virus RNA was directly detected in aerosol particles generated by normal breath-
ing in patients with influenza and collected through an orinasal facemask; particles
of 5 mm or less have a significant penetration into the respiratory tract all the way
to the alveolar region. Increasing evidences point towards a role for aerosol trans-
mission in the spread of influenza, at least over short distance where exposure to
both aerosol and large droplets occurs. In most settings where there is adequate
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ventilation, long-range transmission does not appear to occur so frequently
(Tellier, 2009).

The relative importance of the aerosol transmission route for influenza remains
controversial. To determine the potential for influenza to spread via the aerosol
route, the authors 6x measured the size distribution of airborne influenza A virus.
Collected size-segregated aerosol samples during the 2009-2010 flu season in a
health centre, a day-care facility and on board of aeroplanes. Filter extracts were
analysed using quantitative reverse transcriptase polymerase chain reaction. Half
of the 16 samples were positive, and their total virus concentrations ranged from
5800 to 37,000 genome copies m23. On average, 64% of the viral genome copies
were associated with fine particles smaller than 2.5 mm, which can remain suspended
for hours. Modelling of virus concentrations indoors suggested source strength of
1.6 + 1.2 x 10° genome copies m23 air h21 and a deposition flux onto surfaces of
13 + 7 genome copies m22 h21 by Brownian motion. Over 1 h, the inhalation dose
was estimated to be 30 +18 median tissue culture infectious dose (TCID50), adequate
to induce infection. These results provide quantitative support for the idea that
the aerosol route can be an important mode of influenza transmission (Yang et al.,
2011). Parainfluenza viruses (PIVs) are a further major group of respiratory patho-
gens. They cause severe colds, croup, bronchitis and pneumonia in children and
adults and in infants the virus can cause life-threatening disease. Infection is probably
spread by aerosols in addition to direct contact with contaminated surfaces. The per-
sistence of PIV on hospital surfaces contaminated with patients’ secretions was noted
as a potential source of transmission (Barker et al., 2001).

Goals for epidemiological surveillance of Influenza include supervise the cur-
rently circulating virus subtypes and offer quick response to spread of new sub-
types; follow the tendency of the morbidity and mortality to plan strategies to
reduce the burden of the disease in public health; define strategies to reduce the
occurrence of deaths; monitor the severity standard of the disease by detecting any
virulence changes.

7.2.2.4 Severe Acute Respiratory Syndrome

Severe acute respiratory syndrome (SARS) is a respiratory illness caused by a
type of coronavirus from the Coronaviridae family, which can cause mild to
moderate upper respiratory illness, such as the common cold or develop into
potentially severe pneumonia. This virus is known as SARS-CoV. The SARS
epidemic broke out in 2002-2003 in southern China, and spread to other regions
of Asia and also to Europe and North America. It caused more than 8000 infec-
tions worldwide with an approximately 10% fatality rate, along with enormous
economic losses. One or a few trivial mutations at the receptor-binding surface of
a virus may lead to dramatic epidemic outcomes by facilitating cross-species
infections and human-to-human transmission of the virus (Li, 2013). SARS is a
condition associated with substantial morbidity and mortality with patterns sug-
gesting droplet or contact transmission (Poutanen et al., 2003).
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The earliest symptom is a sudden onset of high fever. Some patients may also
have chills and headaches followed by pneumonia; others showed respiratory dis-
tress (severe breathing difficulty) and sometimes death (La Rosa et al., 2013).

The most common mode of transmission is contamination by warm air indoor,
by water droplets generated by coughs or sneezes, but may be transmitted through
the airborne route as well. Transmission in an aircraft from an infected person to
passengers located seven rows of seats ahead had been described. Aerosol gener-
ated by the building’s sewage systems is also responsible. Many health care work-
ers were infected after endotracheal intubation and bronchoscopy procedures
which often involve aerosolization. These observations indicate the possible role
of more remote modes of transmission, including airborne spread by small droplet
nuclei, and emphasize the need for adequate respiratory protection in addition
to strict contact and droplet precautions when managing SARS patients.
Contaminated fomites or hospital surfaces might contribute to spread. It is known
that these viruses may live on hands, tissues and other surfaces for up to 6 h and
up to 3 h after droplets have dried. Airborne spread of the virus appears to explain
the happened large community outbreaks of SARS (Ignatius et al., 2004; Hui and
Chan, 2010; La Rosa et al., 2013).

A novel coronavirus, MERS-CoV (NCoV, HCoV-EMC/2012), originating
from the Middle-East, has been discovered. Incoming data reveal that the virus is
highly virulent to humans. The members of this group (C) are likely to persist in
the environment for a longer period of time and possess the highest oral-fecal
components but relatively low respiratory transmission components. Oral-urine
and saliva transmission are also highly possible (Goh et al., 2013).

7.2.2.5 Adenovirus

Human adenovirus (AdV) is a non-enveloped, icosahedral virus of the genus
Mastadenovirus, family Adenoviridae. There are more than 60 types classified
into seven strains from A to G, defined via biological and molecular characteris-
tics. Clinical manifestations are highly heterogeneous, ranging from upper and
lower respiratory tract infections to gastroenteritis, pneumonia, urinary tract infec-
tion, conjunctivitis, hepatitis, myocarditis and encephalitis. The burden of disease
manifests as pneumonia, bronchiolitis, otitis media, conjunctivitis, and tonsillitis.
The adenoviral detection rates indicate the potential contamination of the environ-
ment, with adverse effects on public health. Adenoviruses can cause severe or life-
threatening illness, particularly in immunocompromised patients, children and the
elderly. Some types are capable of establishing persistent asymptomatic infections
in tonsils, adenoids, and intestines of infected hosts, and shedding can occur for
months or years (Lessa et al., 2009; Osuolale and Okoh, 2015). Adenoviruses can
occur anytime throughout the year but adenoviral respiratory infections are most
common in the late winter, spring, and early summer.

Modes of transmission are also diverse, primarily spread by the respiratory
route, person-to-person contact, fomites, and occasionally by airborne aerosols.
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Since AdVs are able to infect a wide range of tissues, they can be excreted in large
numbers in different body fluids during the acute illness, including oral secretions
and faeces. The spread by the fecal-oral route happens through the ingestion of
contaminated food or water. Small doses of AdV in aerosols resulted in infection
accompanied by febrile acute respiratory disease, sometimes with pneumonia.
Humidity affects the viability and dispersal of AdVs in aerosol. These viruses tend
to survive best at high relative humidities. Aerosols seem to be very resistant to
UV air disinfection. Adenovirus outbreaks have been documented in different
indoor environments, including health care facilities, schools, military hospitals
and barracks, throughout the year (La Rosa et al., 2013).

7.2.3 Gastrointestinal Viruses Associated with Indoor
Air Transmission

In developed countries, it is estimated that 30% + 40% of infectious gastroenteritis
cases are attributable to viruses. Rotavirus, Astrovirus, Norwalk-like viruses, also
known as small round structured viruses and other caliciviruses are responsible for
48% of all reported outbreaks of infectious intestinal disease.

7.2.3.1 Rotavirus

Rotaviruses belong to the Reoviridae family; they are segmented bicatenary RNA
viruses, which explain their genetic variability. Is the most common cause of
severe diarrhea among children, resulting in the death of over 500,000 children
annually worldwide. Rotaviral gastroenteritis is a serious public health problem in
both developed and developing countries.

The disease occurs most often in the winter, with annual epidemics occurring
from December to June. The highest rates of illness occur among infants and
young children. A large proportion of hospital admissions due to gastroenteritis in
children less than 5 years old are caused by rotavirus. Some adults acquired
rotavirus infections a few days after their children’s illnesses, suggesting that the
children rather than the parents brought infection into the home, though disease
tends to be mild. Immunity after infection is incomplete, but repeated infections
tend to be less severe than the original infection.

Rotavirus is shed in large numbers from an infected person by animate and
non-porous inanimate surfaces. Excretion of the virus can persist for up to 57 days
after diarrhea has stopped in symptomatic patients, contributing to an increase of
the number of environmental surfaces contaminated with rotavirus. It has been
suggested that low humidity and people spending more time indoors contribute to
the spread of rotavirus infections. Handwashing is a very important means of
preventing the spread of rotavirus (Barker et al., 2001; Anderson et al., 2004;
Bernstein, 2009).
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7.2.3.2 Norwalk-Like Virus

Norwalk-like viruses (NLVs), RNA virus belonging to Caliciviridae family, also
known as small round structured viruses or caliciviruses, are an important cause of
gastroenteritis outbreaks and are spread frequently through contaminated food or
water. Projectile vomiting associated with NLVs is probably a major source of
cross-infection because it is estimated that 3x107 particles are distributed as an
aerosol into the environment during a vomiting attack. Carpets can also serve as
reservoirs of infection.

Aerosols produced by vomiting can be inhaled or can contaminate hands or
work surfaces, with the potential for subsequent transfer to foods or direct hand-
to-mouth transfer. The importance of airborne transmission was demonstrated in a
recent outbreak in a restaurant where no food source was detected but an analysis
of the attack rate showed an inverse correlation with the distance from a person
who had vomited. It was found that the risk of gastroenteritis amongst workers
and customers who shared toilet facilities was twice of those who had a private
bathroom (Green et al., 2000; Barker et al., 2001).

7.2.3.3 Enterovirus

Enteroviruses (EVs) are members of the Picornaviridae family, a large and diverse
group of small RNA viruses present worldwide. In humans, EVs target a variety
of different organs causing gastrointestinal, respiratory and myocardial and central
nervous system diseases. In temperate climates, enteroviral infection occurs pri-
marily in the summer and early fall. Although the majority of infections are
asymptomatic or result in a self-limited illness, fatalities do occur, especially in
neonates or individuals with B-cell immunodeficiency. Enterovirus outbreaks in
neonatal units and school nurseries, reflects the susceptibility of infants to EVs
infection, leading to extensive discussion on control measures and interventions.
Faecal-oral transmission is the major mode of transmission. Other important
routes of transmission are person-to-person contact and the inhalation of airborne
viruses in respiratory droplets. Infectious coxsackievirus, a member of the EV
genus, in large droplets and droplet nuclei generated by coughs and sneezes as
well as in the air of rooms contaminated by such discharges, transmit this viral
infection by the airborne route. Aerosol transmission is suspected of having con-
tributed significantly to the EV epidemic which infected up to 300,000 children
and caused 78 deaths in Taiwan in 1998 (Chang et al., 2004; La Rosa et al., 2013).

7.2.3.4 Norovirus

Noroviruses (NoVs), emerging as the leading cause of epidemic gastroenteritis, are
RNA viruses belonging to the family Caliciviridae, currently subdivided into five
genogroups. NoVs are responsible for nearly half of all gastroenteritis cases and for
more than 90% of non-bacterial infection epidemics worldwide. The illness can be
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severe and sometimes fatal, especially among vulnerable populations — young
children, the elderly and the immunocompromised — and is a common cause of
hospitalization. Encephalopathy, disseminated intravascular coagulation, convul-
sions, necrotizing enterocolitis, post-infectious irritable bowel syndrome, and
infantile seizures highly contagious with a low infectious dose, occurs repeatedly.

Faecal-oral spread is the primary transmission mode and the foodborne and water-
borne transmission. Airborne transmission of NoV is also a cause of acute viral
gastroenteritis. Sources of contaminated aerosol are diverse. Droplets being inhaled
can be deposited in the upper respiratory tract, and subsequently be swallowed along
with respiratory mucus. Aerosol droplets produced during vomiting could settle onto
indoor surfaces that might then be transferred to hands of exposed individuals
through physical contact, or deposited on the floor from which they can be resus-
pended by human movement and turbulence. Aerosol droplets can also be generated
from toilet flushing. Transmission via fomites is documented. The viruses were
identified in indoor environments such as hospitals, schools, kindergartens, restau-
rants, care facilities, hotels and concert halls as well as airplanes, buses and cruise
ships (Morillo and Timenetsky Mdo, 2011; La Rosa et al., 2013).

7.2.3.5 Enteric Adenovirues

Human adenoviruses (AdV) are classified into 47 serotypes and six subgenera (A-F)
with different tropisms are associated with outbreaks of gastroenteritis in schools,
paediatric hospital and nursing homes. They may be second to rotavirus as a cause of
gastroenteritis in young children, especially newborns, mainly caused by serotypes
AdV 40 and AdV 41 of subgenus F. The clinical characteristics include watery
diarthea accompanied by vomiting, low grade fever and mild dehydration.
Institutionalized persons, immunocompromised persons and Transplant recipients
seem to be among the most severely affected, with mortality rates as high as 60%.
Respiratory symptoms are infrequent but some studies have suggested that adeno-
virus infections may be involved with chronic airway obstruction, pulmonary dyspla-
sia, myocarditis and dilated cardiomyopathy, mononucleosis-like syndromes, sudden
infant perinatal death and, perhaps most intriguingly, the development of obesity.
Although these associations may or may not be causal, understanding adenovirus
transmission seems to be the key to their further study. Adenoviruses are the most
UV-resistant viruses, and their detection is now a key indicator of water quality
(Uhnoo et al., 1990; Zlateva et al., 2005; Gray, 2006).

7.3 Healthcare Facilities Infections

Indoor air quality proves to be of great importance in hospitals due to the spread
of air microorganisms maximizing nosocomial infections. Reports about infections
correlated with the presence of viral aerosols in indoor air remain scarce. During
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and after illness, viruses are shed in large numbers in body secretions, including
blood, faeces, urine, saliva, and nasal fluid (La Rosa et al., 2013). The microbial
load in hospital indoor air is highline nuanced by the number of occupants, their
activity and the ventilation. Occupants are a potential source of microorganisms as
they shed the microorganisms from the skin squamous and the respiratory tract.
Ventilation causes dilution thus reducing the microbial load. Sinks, wash-basins and
drains, nebulisers, humidiphiers, and cooling towers are the potential sources which
colonize on the moist surfaces. Sweeping of floors, changing of bed linens and entry
into the hospital buildings through ventilation ducts also can be the sources of air-
borne microorganisms. Since exposure levels are high, this may be an issue for
immunocompromised patients (Srikanth et al., 2008).

During the 2009-2010 flu seasons, size-resolved particle samples were col-
lected on filters in a day care center and a health center. Influenza A virus was
identified in 50% of the samples with concentrations ranging from 5800 to 37,000
genomes per cubic meter and a substantial proportion of the detected viruses was
associated with fine particles (<2.5 pm) that can remain airborne for extended per-
iods and that can also penetrate and deposit deeply in the respiratory tract when
inhaled (Barker et al., 2001; Nazaroff, 2016).

Establishing how viruses are transmitted under different circumstances, and
whether transmission requires close contact, is of great importance as such infor-
mation will affect the choice of infection control measures in health-care settings
(La Rosa et al., 2013).

In a hospital paediatric unit when there was an increase in the number of
children suffering from rotavirus gastroenteritis, on the surfaces in direct contact
with children (thermometers, play mats and toys) rotavirus was detected in 63% of
samples compared with 36% for surfaces without direct contact (telephones, door
handles and washbasins). Rotavirus was also found in hand washings of 19% of
attendants of patients with non-rotavirus diarrhoea, indicating that they may have
come into contact with other attendants and patients in adjacent beds. This high-
lights the potential for contaminated hands to spread the infection (Soule et al.,
1999).

Norwalk-like virus gastroenteritis in an elderly care unit spread rapidly within
and between wards, affecting both patients and staff. Although infectious aerosols
were probably the main route of dissemination of infection within a particular
cohort of guests, contact with contaminated fomites was the most likely factor
responsible for maintaining the outbreak by forming the link between successive
cohorts (Barker et al., 2001).

7.4 Farming Activities

Farming, one of the oldest professions of mankind, is by far the one that employs
the largest number of individuals worldwide. Although outdoor country work is
supposedly healthy, farmers are at risk of respiratory diseases because of their
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work environment. It is very well established that chronic and acute respiratory
diseases have been associated with work in confinement operations, like under-
floor manure pits. Respirable dust and asphyxiating gases such as hydrogen
sulphide, carbon dioxide, methane, and ammonia in high concentrations were
measured on these area stations (Reeve et al., 2013; Manbeck et al., 2016). But
bioaerosols are recognized as a serious threat on these environments. Mice
are prevalent on farms. Faeces of deer mice can be contaminated with the
Hantavirus, which can cause a devastating infection in humans, an influenza-
like syndrome that often leads to respiratory failure. Farmers should wear protec-
tive respiratory equipment when cleaning building areas where mouse droppings
are present. Farms are also the usual sources of influenza outbreaks. Influenza
viruses infect pigs or poultry that can be transferred from animals to humans
even without a mutation. This has so far been the case of the Influenza A virus
subtype HS5N1 that, to date, only infected farmers in close contact with birds
(Cormier, 2007).

In animal slaughterhouses handling out cattle and sheep is hypothesized that
these environments would contain significant amounts of bioaerosol due to the
mechanical processes used to kill and process animals, a high degree of splashing
and fluid handling, and also a high relative humidity of the environment. Workers
on these conditions and meatworkers having exposure to a number of significant
zoonotic diseases including leptospirosis, parapoxvirus, human papillomavirus
subtypes HPV2, HPV4 and HPV7 are known to be at occupational health risk.
These workers are also affected by a higher-rate of malignancies of the lung
compared to the general population (Hall et al., 2013). Farmers and consumers of
fresh farm products from farms irrigated with river water may be at risk of
infection from adenoviruses. The findings highlight the lurking dangers of using
contaminated surface water and the need for routine monitoring of such waters for
protection of public health (Sibanda and Okoh, 2012). Workers in concentrated
animal feeding operations are at risk of adverse respiratory outcomes from expo-
sures to indoor contaminants. Is indispensable an optimal management of indoor
air quality, preventing the transmission of infectious respiratory disease to workers
and animals (Kim et al., 2005).

7.5 Analyses Approaches for Virus

7.5.1 Virus Analysis Methods

7.5.1.1 Culture-Dependent Analysis

Considering that viruses are obligate intracellular parasites, the use of culture-
dependent methods is achieved with the use of suitable hosts, such as whole

animals or cultured cells. Currently the most commonly used methods for virus
cultures are inoculation of viruses into embryonated eggs and tissue cultures.
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Inoculation of Embryonated Eggs

Virus started to be propagated in whole animals or embryonated chicken eggs
before the use of cell culture methods. Virus cultivation in embryonated eggs is
intrinsically dependent on the utilized egg, which must be sterile and the shell
should be intact and healthy. The inoculation of the samples is made by injection
into the fluid of the egg through a hole drilled in the shell. Viral growth and multi-
plication is revealed by embryo death, cell damage or through the formation of
typical pocks or lesions on the membranes. The selection of the sites of viral
inoculation in embryonated eggs is dependent of the studied virus, as each virus
has different preferential location for growth and replication.

Chorioallantoic Membrane (CAM): Virus growth and replication is indicated by
visible lesions (pocks) derived, under optimal conditions, from a single virion
and a grey white area in transparent CAM.

Allantoic Cavity: Usually utilized for growth and replication of virus for vaccine
production, provide a rich yield of influenza, some paramyxoviruses and avian
viruses isolation.

Amniotic Cavity: Virus growth and replication of virus can be analyzed by
haemagglutination assay.

Yolk Sac: Frequently utilized for growth, multiplication and isolation of
mammalian viruses.

Currently, embryonated egg inoculation is conventionally considered the “gold
standard” method for isolation and propagation of virus such as the influenza virus
(Jiangiang Zhang, 2014).

Cell Culture

Mammalian cell culture technology has become a prominent and fundamental field in
modern biotechnology, especially in the area of human health and has replaced
embryonated eggs as the preferred methodology for virus growth and replication.
Cellular cultures rely on techniques such as media changes, passaging, and transfection
under aseptic conditions to avoid contaminations (e.g. bacteria, yeast, among others).
Presently, numerous valuable cell monolayers are commercially available, and are reg-
ularly utilized in clinical laboratories for the diagnosis of virus infections. Some of the
most utilized cell are HeLLa derivative (Hep2), thesus monkey kidney cells (RhMK),
human lung fibroblasts (MRC-5), human lung carcinoma cells (A549), among others.
These cell lines are selected for their ability to support the replication of a wide variety
of clinically relevant viruses due to their ability to express cell type-specific factors
that contribute to pathology during viral infection. For instance A549 cell line is con-
sidered representative of the Alveolar Type II pneumocytes of the human lung as it
exhibits features of an ATII epithelial cell phenotype. Applying such methodology
enables the isolation of diverse viruses, such as adenovirus, CMV, RSV, influenza
A & B, parainfluenza viruses types 1 to 3, VZV, as well as the Ebola virus, severe
acute respiratory coronavirus (SARS-CoV), and human metapneumovirus (hMPV).
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The recent adaptation of cellular cultures to shell vials with subsequent direct or
indirect immunofluorescence technique has dramatically decreased the time of diag-
nostics for clinical samples from weeks to less than 48 h by staining for early antigens
of viral infections. Currently, this methodology is the most sensitive, non-molecular
viral detection method, utilized for the identification of viruses such as respiratory
viruses, enterovirus and adenovirus among others. Although embryonated chicken
egg inoculation is still considered the “gold standard” method for influenza virus iso-
lation and propagation, several primary cells as well as continuous cell lines have also
been developed for influenza virus isolation and replication (Jianqgiang Zhang, 2014).

7.5.1.2 Culture-Independent Virus Analysis
Nucleic Acid Amplification

The development of nucleic acid amplification techniques has endorsed the
advance of molecular tools for virus identification using low specimen quantity
with higher sensitivity and specificity, at the same time dramatically decreasing
the time for identification. Currently these methodologies are accepted as the gold
standard for clinical virology and have been utilized for the identification of differ-
ent viruses in environmental samples from diverse contexts.

Single Target Nucleic Acid Amplification

The fundamental principles of nucleic acid amplification techniques are based on
the thermostable polymerase-based target nucleic acid amplification which results in
the production of millions of copies of the targeted sequence. These amplification
products are then analyzed through diverse techniques. The advances in molecular
analysis techniques lead to the development of the real-time PCR where the target
amplification and detection steps, using fluorescent dyes, occur concomitantly. This
methodology uses copulated software that monitors the thermal cycler data at every
cycle and produces a quantitative amplification plot for each reaction. Thus, RT-
PCR allows the performance of viral load assays to quantitatively assess the amount
of virus in a sample. Furthermore, a modification of polymerase chain reaction,
nested polymerase chain reaction (nested PCR), has been developed in order to
decrease non-specific binding in products. This methodology encompasses two sets
of primers, used in two successive PCR runs, whereas the second set intended to
amplify a secondary target within the first run product. Currently, nucleic acid
amplification techniques are considered the gold standard for rapid and accurate
detection of viruses, compared to methodologies such as shell vial cell cultures.

Multiplex Nucleic Acid Amplification

Multiplex PCR assays were developed based on single target nucleic acid amplifi-
cation methodologies with the aim to quantify multiple nucleic acid targets using
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specific probes to diverse viral targets in a single PCR reaction, allowing the
assessment of viral co-infections. Currently, for respiratory viruses three FDA-
approved platforms for multiplex PCR assays are available.

Multiplex PCR combined with liquid-phase bead-based array technology.

Multiplex RT-PCR followed by electrochemical detection of hybridized capture
probes on gold-plated electrodes.

Multiplex-PCR preceded by nested RT-PCR with detection trough melt curve
analysis.

Sequencing and Genotyping

Currently, DNA sequencing is considered one of the most valuable, accurate and
consistent methodologies for microorganisms identification and is applied in con-
texts were quick and precise identifications are required. This method is used to
determine the exact sequence of a certain stretch of DNA. Several new sequencing
technologies have been developed (next generation sequencing) with the aim to
provide fast/efficient techniques for analysis of microorganisms bioburden.
Genotyping assays utilize a combination of PCR and nucleic acid sequencing to
identify viral genotypes. Genotyping methodology allows for the identification of
genetic variants and can be performed via genotyping chips or arrays, depending
on the variants of interest and resources available. Viral genotyping is mostly uti-
lized to provide relevant clinical data to predict therapeutic responses to antiviral
drugs and/or epidemiologic comparison.

7.5.2 Viral Contamination Assessments in
Environmental Samples

Currently, it is a consensus among researchers that methodologies based on
nucleic acid amplification techniques offer advantages compared with traditional
methods such as inoculation on embryonated eggs and cell culture, due to higher
sensitivity, specificity and fast results, which will be further discussed. A com-
parison between the different viral identification methods is presented in
Table 7.1. The efficacy of sampling methodologies for viruses in environmental
samples is still a matter of intense debate. A meta-analysis study performed with
the aim to assess the efficacy of virus concentration methods associated to the
molecular detection of adenovirus demonstrated that for detection in environ-
mental samples JPCR or Nested-PCR should be prioritized over PCR; in water
samples (e.g. rivers or lakes) ultracentrifugation should be associated with
nested-PCR and that microfiltration membrane, ultrafiltration, and gPCR must be
associated for assessment of treated and untreated sewage samples (Silva and
Melo, 2010).
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Table 7.1 Comparison of viral identification methods
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Methodologies Time Advantages Disadvantages
Embryonated eggs | Days High sensitivity, allows viral High cost, low
to growth, multiplication and isolation | efficiently, limited
weeks number of virus
Cell culture Days Identification of unknown virus Poor sensibility, high
to labor cost
weeks
Shell vial 2 days | Improved time to identification and | Limited number of
sensibility in comparing to Cell viruses
culture
Single target hours | High sensitivity, viral High costs, only
nucleic acid quantification, rapid results identifies target virus
amplification
Multiplex nucleic | hours | High sensitivity, viral Decreased sensitivity in
acid amplification quantification, rapid results, cost- relation to single target
effective PCR
Sequencing and hours | High sensitivity, rapid results Require prior knowledge

Genotyping of the variants to analyze

7.5.2.1 Viral Contamination in Water

It is currently acknowledged that viral contamination of recreational water presents
a high risk of infection and is considered a significant public health hazard.
Published studies, summarized in Table 7.2, have addressed the assessment of
virus bioburden in water environmental samples. The most commonly found
viruses in aquatics environments are enteric viruses, such as Enterovirus,
Rotavirus and Norovirus, Adenovirus and Hepatitis Virus A and C. Begier and
coworkers have correlated swimming in polluted seawater with enterovirus infec-
tion (Begier et al., 2008). For enteroviruses, the most common mode of transmis-
sion is the fecal-oral route, although aerosol transmission has also been reported.
In a similar manner, drinking water contaminated with virus, such as Norovirus,
also presents a risk for human health, highlighting the importance of good hygiene
practices with respect to water storage, Shin and Sobsey suggested that water
chlorination could inactivate enteric viruses (Shin & Sobsey, 2008). Sample con-
centration is a critical step in viral diagnosis, since the number of viral particles in
water is generally very low, which often results in false results if samples are
tested directly using PCR (Katayama et al., 2002). Therefore, some authors choose
an adsorption—elution method, followed by ultrafiltration, to concentrate the
viruses, before nested-PCR or quantitative Real Time PCR. In severally contami-
nated environments such as hospital wastewater treatment plants, Prado and
coworkers utilized PCR/RT-PCR, quantitative real-time PCR (qPCR) and genome
sequencing, after sample concentrations techniques, to assess the presence of
viruses associated with human pathologies such as acute gastroenteritis and
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Table 7.2 Virus contamination assessment in environmental water samples

Setting Sampling Methods Results References
Wastewater | Elution-abortion; PCR/RT- Rotavirus A; adenoviruses; (Prado
plants Ultrafiltration; PCR; norovirus genogroup I and II; | et al., 2011)
Concentration qPCR hepatitis A viruses

genome

sequencing
Receiving Concentration Cell Adenovirus Norovirus (Rodriguez
waters culture et al., 2012)

PCR/RT-

PCR
Urban Adsorption- RT nested | Enterovirus (Zhang
waters elution - PCR et al., 2008)
Surface Elution; Filtration; |RT-PCR Adenovirus, polyomavirus; (Fongaro
water Concentration hepatitis A virus; rotavirus A. | et al., 2012)
lagoon

hepatitis (Prado et al., 2011). In intermediate contaminated environments, such as
urban and bathing waters the assessment of microbial hazards with potential pub-
lic health risk associated with viral contamination also preferentially utilizes
nucleic acid amplification methodologies, after sample concentration.

Some authors chose to utilize the combination of culture dependent and inde-
pendent methodologies for virus identification from environmental samples. In a
study performed by Roberto A. Rodriguez and coworkers that aimed to assess
the effects of sewer overflows to the viral contamination of receiving waters,
concentrated samples were assayed for total culturable viruses using the
PLC/PRF/5 cell line with associated confirmation by PCR/RT-PCR (Rodriguez
et al., 2012).

7.5.2.2 Viral Contamination on Surfaces

Viruses can be transmitted directly from individual to individual via sneezing,
coughing and touching, or indirectly via the environment. The prevalence of
pathogenic viruses in healthcare settings potentially transmitted by airborne, dro-
plet and contact represents a significant threat for both workers’ and patients’
health. Thus, most of the presently performed studies regarding virus contamina-
tion of surfaces have focused on clinical settings, as demonstrated in Table 7.3.
The data resultant from these studies is of foremost importance since it can allow
the identification of critical locations and direct the selection of infection control
measures for health-care settings to decrease viral associated nosocomial
infections. Protocols regarding transmission based precautions in both hospital
personnel and patients are continuously updated at the international level
(La Rosa et al., 2013).
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Table 7.3 Virus contamination assessment from surface samples

Setting Sampling | Methods | Results References
Toys in daycare Swabs qRT- Coronavirus; Bocavirus; (Ibfelt et al.,
nurseries PCR Adenovirus; Rhinovirus; 2015)
Personal protective | Swabs qRT- Rhinovirus (Ling et al.,
equipment; PCR 2016)
laboratory
instruments
Intensive care unit Swabs Nested Rotavirus (Ganime
RT-PCR et al., 2012)
Invasive medical Swabs Nested HBV (Zhou et al.,
instruments RT-PCR 2006)
Hospital Swabs Nested Adenovirus; Norovirus; Torque (Carducc
RT-PCR | teno virus et al., 2011)
Pediatric primary Swabs RT-PCR | Norovirus, Astrovirus, and (Gallimore
immunodeficiency Rotavirus et al., 2008)
unit

General pediatric

ward
Pediatric primary Swabs RT-PCR | Norovirus, Astrovirus, and (Gallimore
immunodeficiency Rotavirus et al., 2006)
unit
Pediatric hospital Swabs qPCR Norovirus, Adenovirus, (D’ Arcy
Respiratory syncytial Virus, et al.,, 2014)
Rotavirus, human
metapneumovirus,
Cytomegalovirus and Torque
teno virus

7.5.2.3 Viral Aerosol Contamination

Airborne diseases are caused by pathogens transmitted through the air, that may
be spread through coughing, sneezing, resuspension of dust, spraying of liquids,
or similar activities likely to generate aerosol particles or droplets. The World
Health Organization (WHO) has suggested that aerosol exposure may be the major
route for spreading viral diseases (World Health Organization, 2010).
Environmental monitoring of airborne viruses could provide an early indicator of
dangerous viruses in the air. Filtration methods that may utilize gelatin membrane
filters, impaction collectors and impingers are usually used to collect viral aero-
sols. Sampling using air filters for several hours with posterior extraction and
nucleic acid amplification can increase the sensitivity of virus detection. Currently,
well-established filter/real-time qPCR assays are performed to successfully
measure viral aerosols. The prevalence of respiratory tract infections is intrinsi-
cally associated with respiratory viruses which account for high percentage of
pediatric as well as adult infections. A study performed in a pediatrics department
of a medical center, detected influenza A virus, human adenovirus, and enterovirus
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in aerosol samples trough filtration method combined with real-time quantitative
polymerase chain reaction (QPCR) technique (Tseng et al., 2010). In hospital set-
tings, torque teno virus has been detected in samples collected with an impactor
sampler with posterior culture in Tryptone Soy Agar (TSA) and identification
trough nested RT-PCR (Carducci et al., 2011) or trough Burkard C90M cyclone
sampler and qRT-PCR (D’Arcy et al., 2014).

Nevertheless, culture-dependent methods and nucleic acid amplification techni-
ques can also be used simultaneously. As an example, a study performed by Goyal
and coworkers utilized embryonated eggs and tissue cultures of Vero, MDCK, and
RK-13 cell lines combined with nucleic acid extraction, PCR, RT-PCR and Nucleic
acid sequencing to assess contamination of respiratory viruses (VSR, Influenza A
and B, Parainfluenza 1, 2 and 3, Rinovirus, Enterovirus, Coronavirus, Filoviruses,
Adenovirus and Orthopoxvirus) and viruses with bioterrorism potential in ventila-
tion filters from two large public buildings (Goyal et al., 2011).

7.5.3 State of the Art and Future Directions

The assessment of viral contamination and/or infections play a key role in redu-
cing global viral disease associated burden. It is currently acknowledged that the
advances and development of molecular assays such as PCR, qRT-PCR, genotyp-
ing and multiplex assays endorsed important improvements in viral assessments
regarding sensitivity, specificity, speed, simplicity and cost-effectiveness.
Nevertheless, the developments of new approaches that can provide alternatives to
evade the limitations of nucleic acid amplification techniques are of foremost
importance. In this context, currently nanobiosensors represent a new promising
tool for virus detection. This methodology, still at research stage, encompasses the
technology of viral disease biosensors with nanoparticles and nanomaterials,
focused on the development of miniaturized biosensors with high sensitivity, spe-
cificity, and stability. This state of the art technology aims to deliver an alternative
tool for effective and rapid viral disease diagnosis with no requirement of highly
trained personnel or heightened laboratory facilities (Kizek et al., 2015).

7.6 Concluding Notes

During the last two decades, there has been increasing concern within the scienti-
fic community over the effects of indoor air quality on human health. Everything
looked definitive when vaccines were produced, diseases had the end announced,
but the truth is that infections insist on persisting in our common environment
although the better knowledge.

Changes in building design formulated to improve energy efficiency have
meant that modern homes and offices are frequently more airtight than older



7 Viruses Present Indoors and Analyses Approaches 151

structures. Indoor pollutants can emanate from a range of sources and we know
much less about the health risks from indoor air pollution than we do about those
attributable to the contamination of outdoor air (Jones, 1999).

The indoor environments to be considered are those ordinarily and commonly
occupied by humans: residences, offices, schools, industrial buildings, hospitals
and other settings occupied a high proportion of the time, or in which occupant
density is high (Hanski et al., 2012). Biological hazards to man arise from expo-
sure to high concentrations forms of bio-aerosols and three major groups of dis-
eases associated with bio-aerosol exposure are infectious diseases, respiratory
diseases and cancer. Current knowledge is unclear regarding risk to cancer
whether these excess risks occur from exposures to biological agents or are due to
various chemicals used in industries (Srikanth et al., 2008).

Acclimated environments have an artificially multitude of chemical compounds
(toxic, carcinogenic, radioactive) and biological (pathogenic) issued by a variety
of sources, depending on the physical conditions (air humidity, air temperature,
inadequate ventilation) of the environment. The air recirculation phenomenon is
responsible for the increase of pathogenic microorganisms in the order of 1000 to
100,000 times in relation to the external air (Lee et al., 2006). Incorrect cleaning
filters and ducts of air conditioning provide the development of microbial particles
including viruses that may lead the occupants of air-conditioned environments
contracting respiratory infections or allergic diseases. Viruses can persist in suffi-
cient number to act as sources of infection for several hours, weeks or even
months.

The level of information and awareness of agricultural health and safety risks,
disease, and injury prevention among the dairy farmers is low. Training on health
and safety in agriculture field is urgently needed.

Safe working conditions are essential for healthy living. The lack of a preven-
tive policy maintenance programmes in refrigeration and ventilation systems is the
determining factor for the occurrence of biological pollutants. Take corrective
actions preventing the spread of pathogens by the airborne route requires the use
of special air handling and ventilation systems, such as airborne infection isolation
rooms to contain and then safely remove the infectious agents. In addition, respira-
tory protection with validated and certified equipment is recommended (Fisk
et al., 2007).

Environments have been studied more extensively than other issues due to their
greater clinical significance. However, more work is still needed to provide a
clearer picture regarding the rates of viral diseases transmission, airborne transmis-
sion in particular, in closed environments, and potential ways for reducing the
levels of indoor viral pollution and transmission must be investigated. Studies
including homes, non-industrial workplaces and public buildings, are scarce
(Prussin II et al., 2015).

Ventilation filters of two large public buildings were sampled to determine the
presence of human respiratory viruses by polymerase chain reaction and reverse-
transcription polymerase chain reaction. Nine of the 64 filters tested were positive
for influenza A virus, two filters were positive for influenza B virus, and one filter
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was positive for parainfluenza virus 1. Filters are installed in HVAC systems of
buildings to protect ventilation equipment and maintain healthy indoor air quality.
These filters process enormous volumes of air. Building HVAC filters may be
used as a method of detection for airborne viruses. They may yield valuable infor-
mation on the epidemiology and aerobiology of viruses in air that can report to the
development of methods to prevent airborne transmission of viruses (Goyal et al.,
2011). Regrettably, several investigations have revealed that many HVAC installa-
tions have a lot of operational and maintenance problems. Numerous practical
recommendations for design and operation of HVAC systems are needed.
Following the recommendations will result in less pollution and increased indoor
environmental quality (Hanssen, 2004). Basic strategies of source control should
not to make indoor air sterile but keep indoor environments dry, maintain good
hygienic conditions in ventilation systems, apply effective filtration on mechanical
supply ventilation, and use masks in the event of respiratory illness. The impor-
tance of hands in the transmission of viruses is well recognized and many of the
studies relate specifically to handwashing.

The number of asthma patients in most industrial countries has greatly increased,
resulting in a morbidity rate of around 10—15% of the population. May be aerosol
transmission is responsible for the most severe cases of disease involving viral infec-
tion of the lower respiratory tract (Tellier, 2009; Tsukagoshi et al., 2013).
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