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Foreword

Exposure to airborne fungal spores and other propagules in the environment, whether
this occurs indoors or outdoors, in the workplace or in the home, is an everyday
occurrence that may lead to a wide range of disease manifestations in humans and
animals. These include mycoses, mycotoxicoses, and allergies. Improving our
understanding of the role of the environment in the causation of these diseases is
a critical need in the formulation and evaluation of intervention and prevention
strategies to reduce their impact on global public health and medical care.

Recognition of the central importance of the environment as a source of
human infection has come about, at least in part, as a result of the emergence
of an unprecedented number of ubiquitous environmental fungi as major causes
of disease. These hitherto “harmless” organisms have come to constitute the
predominant group of life-threatening fungal pathogens seen in individuals
whose immunity is impaired as a result of either an underlying disorder or its
treatment. Most of these infections follow inhalation of spores from the air, and
the lungs are the most common site of initial damage. Exposure to contaminated
air may occur during hospitalization, especially if there is ongoing construction
or renovation work, but infection arising from exposure to airborne fungal spores
in the home or workplace may be more frequent.

It has long been established that some larger fungi are poisonous (or hallucino-
genic), but many microfungi also produce mycotoxins in animal feed and human
food. Contamination can occur throughout the entire food chain, from the crop in
the field, through storage and shipping, to processed foods. Depending on dosage
and duration of exposure, these nonvolatile metabolites can induce acute or chronic
disease in farm animals and humans. Mycotoxicoses were first recognized and
studied in the developed world, but many countries have adopted regulations to
limit mycotoxin exposure. As a consequence, these diseases now mostly occur in
developing countries in the tropics where environmental conditions, such as high
temperatures and humidity, favor mold growth and toxin production.

Much progress has been made in improving analytical procedures for myco-
toxins and in developing safer production chains in the animal feed and human
food industries, at least in developed countries. However, as the production and
distribution of our food shift from localized production and consumption toward
an increasingly globalized network of distribution, mycotoxins in animal feed
or human food now have the potential to pose a serious health risk to consumers
throughout the world.

XXi



xxii  Foreword

That there is a causal relationship between exposure to mold-contaminated
indoor and outdoor environments and adverse health effects has been difficult to
prove, owing to coexposure to many other components of bioaerosols. The only
exceptions to this are the various infections and allergies, such as asthma, rhinitis,
and sinusitis, for which a specific link between the outcome and the causal agent
has been well established. Excessive indoor dampness is not by itself a cause of ill
health, but damp indoor environments can favor mold growth in homes, offices,
schools, and other buildings. However, it is frustrating that, despite extensive
research, there is still insufficient or inadequate epidemiological or toxicological
evidence to allow us to determine whether an association exists between the
presence of molds and/or mycotoxins in damp indoor environments and adverse
health effects in otherwise healthy adults.

This book provides a valuable service to all who are concerned with fungal
diseases, whether with mycoses, mycotoxicoses, allergies, or other potential
adverse health effects. 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 con-
cerned with this increasingly important and diverse field of mycology. Increased
awareness of this field will be critical if the resources needed to develop success-
ful intervention and prevention strategies are to be acquired. Only then will we be
able to reduce the substantial public health burden of these diseases.

David W. Warnock

Faculty of Medical and Human Sciences,
University of Manchester, Manchester,
United Kingdom.



Chapter 1

Cellular Constitution, Water
and Nutritional Needs, and
Secondary Metabolites

Robert A. Samson
CBS-KNAW Fungal Biodiversity Centre, Uppsalalaan, Utrecht, The Netherlands

Recent taxonomic treatments show that fungi and animals both belong to the group
Opisthokonta.!? Fungi are considered the sister group of animals and part of the
eukaryotic crown group that appeared about a billion years ago. Fungi share with
animals the ability to export hydrolytic enzymes that break down biopolymers,
which then can be absorbed for nutrition. Fungi live in their own food supply
and simply grow into new food as the local environment becomes exhausted
of nutrients. The organisms traditionally regarded as “fungi” belong to three
unrelated groups: the true fungi in Kingdom Fungi (Eumycota), the Oomycetes,
and the slime molds.

Our current knowledge shows that there are approximately 100,000 described
species, but a conservative estimate of the total number of fungal species
thought to exist is 1.5million.** However, Blackwell’ has indicated that until
recently, estimates of numbers of fungi did not include results from large-scale
environmental sequencing methods. Newer estimates based on data acquired
from several molecular methods have predicted that as many as 5.1 million spe-
cies of fungi may exist.%’

In this chapter a summary of important fungal structures and characters is
given, with emphasis on the fungi that play an important role in environmental
mycology. For more detailed information on fungi the reader should consult
books on introductory mycology.®-13

FUNGAL STRUCTURES
Mycelium

The mycelium consists of hyphae, and the type of hyphae is characteristic of
specific groups of fungi. Fungi that lack cross walls (nonseptate; aseptate;

Environmental Mycology in Public Health. http://dx.doi.org/10.1016/B978-0-12-411471-5.00001-6
Copyright © 2016 Elsevier Inc. All rights reserved. 5



6 SECTION | I General Fungal Characteristics

coenocytic) are found, for example, in the Zygomycetes. In Ascomycetes and
Basidiomycetes, species form septate hyphae, with perforations at the septa,
called septal pores. These allow the movement of cytoplasm and organelles
from one compartment to the next. The type and complexity of the septal pore
are characteristic of specific groups of fungi. Yeasts are unicellular, although
some species with yeast forms may become multicellular, in the majority of
the cases through the formation of strings of connected budding cells known
as pseudohyphae. Hyphae elongate almost exclusively at the tips, growing out-
ward from the point of establishment. As a result of apical growth, hyphae are
relatively uniform in diameter, and mycelium that grows in an unimpeded manner
forms a circular colony on solid substrates that support fungal growth.

Sporangiospores

The asexual propagules that form inside a sporangium, which can be mostly
spherical or cylindrical, through a process involving cleavage of the cytoplasm
are named sporangiospores. These spores are thin walled, one celled, hyaline,
or pale in color, and usually globose or ellipsoid in shape. One to 50,000
sporangiospores may be formed in a single sporangium. When mature, spo-
rangiospores are released by breakdown of the sporangial wall, or the entire
sporangium may be dispersed as a unit. Sporangiospores are produced by
fungi of the Chytridiomycetes and Zygomycetes groups, as well the Oomy-
cetes, a group of fungi that is phylogenetically unrelated to the true fungi.
The sexual propagation of the fungi that produce sporangiospores occurs via
the zygospore. The zygospores serve as resting and survival propagules and are
found rarely in cultures of common fungi.

Conidiophores and Conidia

Many species that are relevant to environmental mycology are “anamorphic
fungi.” This is the current terminology for those fungi that used to be called
Fungi imperfecti, Deuteromyces, Hyphomycetes, Coelomycetes, etc. These
names were used for fungi of the Ascomycetes or Basidiomycetes that lack
a sexual state, but phylogenetic studies have shown that within many genera,
sexual and asexual species are closely related. Hence there is now a change
in the nomenclature of fungi, which is based on the one fungus—one name
concept.'*1° In some genera, such as Aspergillus and Penicillium, with teleo-
morph connections (Eurotium, Neosartorya, Eupenicillium, etc.), the selec-
tion of the current nomenclature of the species follows the anamorphic name,
for example, Aspergillus and Penicillium.'7-'8

Anamorphic fungi were also artificially grouped based on their morphologi-
cal structures, such as the presence of solitary conidiophores, synnemata, or
conidiophores produced within pycnidia. Phylogenetic studies have also shown
that within genera or even species these different structures may occur and



Cellular Constitution, Water and Nutritional Needs Chapter | 1 7

therefore these, sometimes distinct, morphological structures cannot be used
for distinguishing genera or even species.

Among the anamorphic fungi various types of conidiogenesis can be seen.
The patterns of conidiogenesis are described in detail by Cole and Samson.”
How conidiogenesis takes place in a fungus is relevant to the mode of sporula-
tion, number of conidia produced, and distribution of these propagules. A com-
mon type of conidiogenesis is through the phialide, which can produce masses
of conidia in dry chains or conglomerates (e.g., Aspergillus, Penicillium) or
in so-called slimy heads (e.g., Stachybotrys, Fusarium). Other fungi are char-
acterized by thallic, blastic, or poroconidia (e.g., Geotrichum, Cladosporium,
Alternaria).?’

In addition to the phialide, conidia can be formed from different types of
conidiogenous cells, which can be formed singly on hyphae, on the surface of
aggregated hyphal structures, or within various types of fruiting bodies. Pyc-
nidia and acervuli are fruiting bodies inside which conidia are formed. Sporo-
dochia and synnemata are other examples of fruiting bodies on which conidia
are formed. Conidium-forming fungi are primarily Ascomycetes, although they
can also be found as anamorphic Basidiomycete species. A good example
is Wallemia sebi, which belongs to a separate family, Wallemiomycetes, and is
very common in indoor environments and on low water activity food.

For many years it was assumed that the spores/conidia and perhaps large
mycelial fragments were the source of exposure to fungi’! and that spore count-
ing could be used for exposure assessment. However, it has been demonstrated
that fragments significantly smaller than spores (down to 0.1 um) are released
from the mycelia of infested materials.?>> These fragments can be liberated in
numbers hundreds of times higher than the number of spores, with no correla-
tion between the numbers of released fragments and spores.?* It is important to
consider exposure to the small fungal fragments when assessing exposure to
fungal allergens.

Ascomata and Basidiomata

The ascoma (plural: ascomata) is the fruiting body of an Ascomycete and
mostly consists of very tightly interwoven hyphae and may contain asci, each
of which typically contains four, eight, or more ascospores. These fruiting bod-
ies are most commonly bowl-shaped (apothecia), spherical (cleistothecia), or
flask-like (perithecia), closed or with an opening. Genera such as Byssochla-
mys are characterized by naked asci, which lack an ascoma wall. A basidioma
(plural: basidiomata) is the fruiting body of a Basidiomycete and consists of a
multicellular structure that bears the spore-producing hymenium. Basidiomata
are characteristic of the hymenomycetes; rusts and smuts do not produce such
structures. Epigeous (aboveground) basidiomata that are visible to the naked
eye are commonly referred to as mushrooms, while hypogeous (underground)
basidiomata are usually called false truffles.
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Chlamydospores

Chlamydospores are survival structures formed from an existing hyphal cell
or a conidium that develops a thickened wall and cytoplasm packed with
lipid reserves. The thickened cell walls may be pigmented or hyaline, and
chlamydospores develop singly or in clusters, depending upon the fungus.
Chlamydospores are passively dispersed, in most instances when the mycelium
breaks down. Chlamydospores are formed by many different groups of fungi
and are often found in aging cultures.

Sclerotia

Compact aggregations of hyphae differentiated into an outer, pigmented rind
and an inner mass of hyaline cells, called a medulla, are called sclerotia. Such
fungal structures contain food reserves and are a type of survival propagule
produced by a number of fungi in the Ascomycetes and Basidiomycetes. Scle-
rotia are mostly neglected as important fungal structures, because they are not
distinctly present in most fungal isolations.

Sclerotial development has a role in dormancy and is also considered an
important condition for sexual development.?® Asci and ascospores can be found
in sclerotia in species in the Aspergillus sections Flavi*’* and Circumdati,**-!
showing that these structures are important for propagation. In these fungi,
ripe asci can be obtained by mating or are produced after an extended time of
incubation.

Sclerotia are also regarded as important in view of the production of specific
compounds. Metabolites from the sclerotia of a non-aflatoxigenic strain of
Aspergillus flavus showed substantial antifeedant activity against insects.??
Arthropod predation is recognized as a selective force that has shaped the chem-
ical defense systems of A. flavus and other sclerotium-producing fungi.

Wicklow and Shotwell?? examined the distribution of aflatoxins among the
conidia and sclerotia of toxigenic strains of A. flavus and Aspergillus parasiticus
and found that the substantial aflatoxin levels in conidia could place agricultural
workers exposed to dust containing large numbers of A. flavus conidia at risk.
Cellular ratios of aflatoxin B to aflatoxin G; were nearly identical in conidia
and sclerotia even though levels of total aflatoxins in these propagule types may
have differed greatly. Aflatoxin G; was detected in the sclerotia of all A. flavus
strains but in the conidia of only one strain. Each of the A. parasiticus strains
examined accumulated aflatoxin G, in both sclerotia and conidia.

Frisvad et al.’* could induce the production of sclerotia by certain strains of
Aspergillus niger when grown on Czapek yeast agar with raisins, on other fruits,
or on rice. In strains in which sclerotia were found, up to 11 apolar indoloter-
penes of the aflavinine type were detected, which had not been reported before
for strains of A. niger. The induction of sclerotium formation can thus be a way
of inducing the production of new secondary metabolites from previously silent
gene clusters.
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GROWTH CONDITIONS

Some fungi are symbionts or parasites on other organisms, but most species
grow on land and obtain their nutrients from dead organic matter. The majority
of species obtain their food by secreting enzymes, which partially digest the
food extracellularly, and then absorbing the partially digested food to complete
digestion internally.

Nutrients

Unlike plants, which use carbon dioxide and light as sources of carbon and
energy, respectively, fungi meet these two requirements by assimilating pre-
formed organic matter; carbohydrates are generally the preferred carbon
source. Fungi can readily absorb and metabolize a variety of soluble carbo-
hydrates, such as glucose, xylose, sucrose, and fructose. Fungi are also char-
acteristically well suited to using insoluble carbohydrates such as starches,
cellulose, and hemicelluloses, as well as very complex hydrocarbons such
as lignin. Many fungi can also use proteins as a source of carbon and nitro-
gen. To use insoluble carbohydrates and proteins, fungi must first digest these
polymers extracellularly. Saprobic fungi obtain their food from dead organic
material; parasitic fungi do so by feeding on living organisms (usually plants),
thus causing disease.

Water

Most fungi require very high water availability and rapidly dry out, or
senesce, under dry conditions. However, fungi are also able to tolerate much
lower water availability than other organisms. Survival at low water activity
level (extremely low osmotic potential) has been studied in relation to food
spoilage. Spoilage by xerophilic molds has proved to be a very common
food contamination problem. The most xerophilic organism, Xeromyces
bisporus, can grow at a water activity (a,,) of 0.62,3° while many other spe-
cies such as Eurotium, Aspergillus, Wallemia, and Penicillium commonly
contaminate low water activity products (a,, 0.75-0.90). Xerophilic molds
are also extremely common in indoor environments but are often neglected
and not found if the detection method uses high water activity isolation
media.

The mechanisms that enable functionality under osmotic stress are related
to the presence of compatible solutes. Compatible solutes such as glycerol and
other polyols are stored in high concentrations in the cell, which counters the
effects of water loss. Glycerol appears to protect enzymes from the accumula-
tion of sodium ions and loss of water, both of which may denature them. Polyols
may also protect membranes. Xerophilic fungi use compatible solutes to main-
tain water potential in the cell, though their rates of metabolism and thus growth
are extremely slow.
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pH

For most fungi, a pH range of 5.5-6.5 seems to be suitable for their maximum
growth and sporulation, but the hydrogen environment of fungi is difficult to
study because they change the pH of their environment as they grow. A typical
example is A. niger, which produces citric and other organic acids and thus low-
ers the pH of the substrate. Some species increase and others decrease the pH of
their medium. The pH of the medium is important because it influences mineral
availability, enzyme activity, and membrane function. Generally speaking, fungi
can tolerate a wide range of pH.

Oxygen

In general, fungi require oxygen to survive, but they are also able to use fer-
mentation when they lack oxygen. The fungi include species that are obli-
gately aerobic or obligately anaerobic (e.g., rumen fungi). However, many
fungi lie between these extremes, with the capacity to function facultatively
under aerobic and anaerobic conditions. Oxygen is used for oxidative metabo-
lism, to generate energy. However, it is also essential for the biosynthesis of
sterols, unsaturated fatty acids, and some vitamins. Thus, while many fungi
can exist under anaerobic conditions and respire fermentatively, they also
have the capacity to transport oxygen or the products of respiration through
their cytoplasm.

Temperature

Fungi can normally tolerate the range of temperature of the environment from
which they are taken. Their response to temperature is quite varied, however.
Active growth will usually be associated with a limited range of temperatures.
There are different definitions of temperature requirements, but those fungi that
grow between 15 and 35 °C are usually called mesophilic, and those growing
above this range are termed thermophilic. Those that grow at low temperatures
(<5°C) are called psychrophilic. Many fungi remain alive for extended periods
at temperatures unsuitable for growth. Temperature affects lag time, specific
growth rate, and yield in quite different ways for each fungus. High or low
temperatures may cause the fungi to enter dormancy, and reversion to original
temperatures may be insufficient to restore metabolic activity.

The spores of some fungi also survive exposure to extreme temperatures
when they are dry. This capacity is referred to as thermostability, and it is found
widely among the fungi.

The fungi that function in extreme aridity, extreme temperatures, and saline
conditions are stress-tolerant species. Ascospores of Byssochlamys, Talaromy-
ces, Neosartorya, and other Trichocomaceae are known to be heat resistant and
can cause major spoilage problems in heat-treated food products and beverages.
Ascospores can survive temperatures of up to 120 °C.30-38
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Light

Light has an important influence on fungal growth in specific cases. The effect of
UV (ultraviolet) radiation on spore and fruiting body formation and phototropic
release is a clear example of the importance of light. Overall, light does not play a
major part in the metabolism and growth of fungi. For the cultivation and sporula-
tion of common species, light seems not to be a limiting factor, and most anamor-
phic fungi on food and in indoor environments develop well in the dark. However,
light might have an impact on the production of metabolites. It has previously
been shown that the biosynthesis of the mycotoxins ochratoxin A and B and of
citrinin by Penicillium is regulated by light. In wheat that was contaminated with
an ochratoxin A-producing culture of Penicillium verrucosum and treated with
blue light after a preincubation by the fungus, the concentration of the preformed
ochratoxin A was reduced by roughly 50% compared to the control and differed
by >90% compared to the sample that was incubated further in the dark.?”

UV radiation can reduce the viability of conidia, especially in air. Park et al.*
found that 600 mWs/cm? of UV at 260nm could potentially be used for the
inactivation of A. niger, Penicillium citrinum, and Cladosporium cladosporioi-
des in dried fishery food products. Levels of fungi growing on insulation within
air-handling units (AHUs) in an office building and levels of airborne fungi
within AHUs were measured before the use of germicidal UV light and again
after 4months of operation. The fungal levels following UV operation were
significantly lower than the levels in control AHUs.*!

FUNGAL METABOLITES

The diversity of fungi is reflected in the variety of fungal metabolites, but it
seems that certain groups are able to produce more metabolites than others.
For example, Frisvad*? showed that species of Aspergillus, Penicillium, and
Talaromyces are particularly productive organisms for secondary metabolites.
A comparison with other genera shows that most secondary metabolites have
been reported from Aspergillus (1984), from Penicillium (1338), and from
Talaromyces, (316). Two other common genera, Fusarium (507) and Trichoderma
(438), produce fewer secondary metabolites.

Frisvad*? preferred the term exometabolites for secondary metabolites and
defined this term as small molecules produced during morphological and chem-
ical differentiation that are outwardly directed, that is, secreted or deposited in
or on the cell wall, and accumulated. This contrasts with endometabolites (pri-
mary metabolites), which fluctuate in concentration and are either transformed
into other endometabolites or feed into exometabolites, exoproteins, exopoly-
saccharides, or morphological structures. While endometabolites can be found
for almost all species of fungi, exometabolites, exoproteins, and exopolysac-
charides are taxonomically delimited and produced in species-specific profiles.
Some metabolites can occur as both endo- and exometabolites, for example,
citric acid.
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The biosynthetic pathways involved are also diverse, including polyketides,
sesquiterpenes and diterpenes, diketopiperazines, cyclic peptides, f-lactams,
and combinations of these pathways. Many of these compounds have biological
activity that may be harmful, such as mycotoxins and phytotoxins, or beneficial,
such as antibiotics and other pharmaceuticals.

Toxins in Food

There is a vast literature on mycotoxins, and numerous monographs have been
published.***” A wealth of information is available about the fungal toxins pro-
duced in food. Many books and papers have been published on the occurrence,
toxicity, and detection of these compounds. Wu et al.”? recently reviewed the pub-
lic health impacts of food-borne mycotoxins. Although there are approximately
400 compounds described and considered to be toxic, the most important myco-
toxins known today are (1) aflatoxins, which cause liver cancer and have also
been implicated in child growth impairment and acute toxicoses; (2) fumonisins,
which have been associated with esophageal cancer and neural tube defects; (3)
deoxynivalenol and other trichothecenes, which are immunotoxic and cause gas-
troenteritis; and (4) ochratoxin A, which has been associated with renal diseases.

Toxins in Indoor Environments

There are many reports on the occurrence of mycotoxins in the indoor environ-
ment. Although species of the indoor mycobiota have the potential to produce toxic
metabolites, much of the information in many publications or on the internet is not
correct. The reported data mostly refer to species that grow on food (and can pro-
duce toxins on specific substrates), but it is important to know, however, whether
the same species can produce toxic metabolites when grown on building material.
Nielsen and Frisvad®! have reported that the number of species producing toxins in
the indoor environment is actually small. They also explained that mycotoxin pro-
duction on materials occurs at high water activity (a,,>0.9 on the material surface),
but significant mycotoxin production will occur only above an a,, of 0.95.

Sorensen et al.’? found that the conidia of Stachybotris chartarum contain
trichothecene mycotoxins. In view of the potent toxicity of the trichothecenes,
the inhalation of aerosols containing high concentrations of these conidia is
considered to be a potential hazard to health. However, exposure is highest from
dry materials and decaying biomass. Therefore the worst case scenario is con-
secutive water damage, in which large quantities of biomass and mycotoxins
are formed, followed by desiccation of the biomass. In such a situation, many
conidia and small fungal fragments will become aerosolized and will be depos-
ited all over the building, including the building envelope.

Xerophilic species are common indoor fungi,?” and these molds are not known
to produce important toxins in food. However, the metabolites they produce
when growing in indoor environments have not been thoroughly investigated.
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Slack et al.”? reported that Eurotium species could produce neoechinulin A and
B, epiheveadride, flavoglaucin, auroglaucin, and isotetrahydroauroglaucin as
major metabolites. These compounds possess toxic properties, but the relevance
to human exposure is not yet known. Furthermore Desroches et al.”* have found
that Wallemia strains from the built environment in Canada can produce a num-
ber of metabolites, including the known compound walleminone and a new
compound, wallimidione (1-benzylhexahydroimidazo[1,5-a]pyridine-3,5-dione).
Based on an in silico analysis, wallimidione is likely to be the most toxic of the
metabolites reported to date from W. sebi.
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Fungi are very common in buildings affected by moisture problems. While bacte-
ria need relative humidity (RH) levels higher than 90% and the constant presence
of water, fungi thrive at RH levels between 75% and 85%.'

Fungi colonize a given material when their spores germinate and their
hyphae and mycelia grow in or over the material. This growth usually ends with
a massive spore production. Spore formation is important for survival, replica-
tion, and fungal dispersion and spores are often regarded as the most prevalent
airborne fungal particles.”

Based on their small size and large number, fungal spores are classified as a
bioaerosol.? Always present in the atmosphere, their concentration changes with
environmental conditions. Production and spore release vary drastically from
species to species, which influences dissemination in the air and on surfaces.?
Aspergillus and Penicillium spores may remain indoors for long periods of time,
while Stachybotrys spores soon diminish their concentration based on the inter-
pretation of results from air samples analyzed by culture media.*

Spores can be actively or passively released; their further fate depends on the
wind.>® Owing to their size, fungal spores can cover enormous distances using
air currents’ and remain in the atmosphere for a long time.

The distance transported is unimportant for the development of fungi unless
the viability of the spores plays a role’’; even a dead spore can contain an
allergen for humans.'? Spore sizes range typically between 2 and 56 pum among
species and may vary even within a species. However, airborne spores may have
a smaller size than quoted in manuals, since these data usually refer to the size
of hydrated spores, whereas spores rapidly desiccate when dispersed in air.'?

The main exposure route of fungal spores is inhalation. The size, shape, and
surface structure of the individual or aggregated spores are of major importance
for their aerodynamic behavior and define where they are deposited in the air-
ways. A substantial finer fraction may reach the alveoli, whereas the larger spore
types (>7-10 pm) do not. Owing to their size, aggregates and bigger spores such

Environmental Mycology in Public Health. http://dx.doi.org/10.1016/B978-0-12-411471-5.00002-8
Copyright © 2016 Elsevier Inc. All rights reserved. 17
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as those from Alternaria genera'!' may deposit to a greater extent in the lower
and upper airways rather than in the alveoli.

The specific gravity may have some influence on the aerodynamic diameter
(AED), since the density of spores varies from 0.4 to 1.5g/cm3. Air humid-
ity also has an impact, as the AED is increased by 11-27% at 100% RH. No
changes have been observed at RH ranging from 30% to 90%.'> This means
that inhaled spores may increase in size in the airways, which has some effect
on where they are deposited, but it is not known how rapid fungal spores absorb
water. Many spores are actually hydrophobic.!?

Spores may be released in aggregated chains or clumps that have larger
AEDs than single spores. However, the correlation between increase in AED
and aggregate size is relatively small.!? Spores from genera such as Fusarium
and Stachybotrys are produced in slimy aggregates, which are dispersed out-
doors by raindrops (splash dispersal). The sticky spores may adhere and infect
nearby plants or fall to the ground. Spores from these species can also be found
airborne, probably released from plant material by mechanical friction during
harvest and further handling of grain and straw.!!

Experimental studies have demonstrated that smaller fragments can also be
released from fungal cultures by an air stream. This has been shown for several
species, for example, Aspergillus versicolor, Cladosporium cladosporoides, Peni-
cillium melinii, Streptomyces albus, Trichoderma harzianum, and Ulocladium sp.,
but not Penicillium chrysogenum.'*'8 Previously, Sorenson et al. (1987)!° reported
the liberation of hyphal fragments from cultures of Stachybotrys chartarum. The
fungal origin of these fragments is supported by the detection of fungal antigens
in the particle size fraction that contained only fragments'® and by the staining
of fragments with a DNA/RNA fluorochrome.'® Environmental and occupational
studies indicate that even large hyphal fragments may have been overlooked.?’?!

Dispersion of viable spores and fungal structures is very dependent not only
on their dimension,” but also on their biological features,”>>* air temperature,
oxygen availability, presence of nutrients, and texture> and also vibrations on
the surface where they land.?¢

Fungi release their spores into air streams or as a reaction to unfavorable
situations such as a sudden shift in RH or even to reach new sources of nutri-
ents. Some spores possess a thick wall and are kept aggregated by a slimy sub-
stance, which makes them heavy and difficult to be transported by air. Such is
the case of Fusarium, Acremonium, and Exophiala. On the other hand, fungi
such as Penicillium and Cladosporium have dry-walled spores, easy to dissoci-
ate and very light, making them very easy to disperse.?’ In the specific case of
the Cladosporium genera, the small spore’s size also contributes to dispersion
and makes it very common in air samples®® and on moist surfaces.?® Thus, it is
possible to separate spores into two distinct groups: the wet spores of fungi such
as Stachybotrys, Acremonium, and Trichoderma and the dry spores represented
by fungi such as Penicillium, Aspergillus, and Cladosporium. Dry spores can
exist in large amounts and are easily airborne and inhaled; wet spores, produced
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in slimy aggregates, are not. The type of spore does not depend on water
consumption by the fungi—it is an intrinsic feature of the fungal species.*

Wet spores are frequently associated with visible colonies that exist on walls
and surfaces. This feature also influences the methodology chosen for deter-
mining their presence. When it is necessary to assess fungal contamination in
a case of health complaints it is justifiable to take only surface samples, as the
most relevant pathogenic and toxigenic fungi (as S. chartarum) are more likely
to be found on walls and other surfaces than in air samples.?” In several studies,
Stachybotrys spores were not identified through air collection methodologies
but were isolated in surface samples from the same locations.?!

Water requirements are also determinants for the preferential location of
fungi. Aspergillus fumigatus, being more demanding in terms of water than
A. versicolor, for instance, is more likely to be found on moist surfaces than in
air samples?? and is, therefore, a good indicator of indoor fungal growth!!-

In addition to A. fumigatus, A. flavus and A. niger have also been detected
in the water systems of hospital settings, at both hot and cold water sources.??
When Aspergillus spores are disseminated they stay in the air for quite a long
time and they can contaminate all the surrounding surfaces.?*3* The spores are
very light, desiccation-resistant, and easily airborne.*®> Inhalation can occur
directly or by colonization of the intermediate region of the nasophararinx.’*

Compared to Aspergillus and Penicillium, Alternaria spores are produced in
much smaller quantities and, as such, are not as frequently found in the air as
they are on surfaces.’” Several fungal species, especially those belonging to the
Cladosporium and Aspergillus genera, can be disseminated through particles.
While these genera are usually isolated in indoor environments and are, often, a
result of indoor contamination, Cladosporium species originate mostly in out-
door air.’® Acremonium is rarely found in air samples and is most frequently
isolated from surface samples.?’

Fungal spores present in outdoor air can also be found indoors. Indoor spore
levels may, however, be increased by unintended fungal growth or by handling
of moldy materials.!!

Considering that the main source of fungal spores indoor may be the outdoor
air, one must be aware that the content of fungal spores of every taxon in outdoor air
is characterized mainly by a specific seasonal and daylight cycle.?® Among other
things, these cycles depend on climate and weather conditions,* the accessibility
of fresh substrates for the development of the fungus, the circadian daylight and
darkness cycle, and other hard-to-define environmental factors.*® Airborne fungal
spores occur throughout the year, but the seasonal cadence and their spectrum of
composing species depend on the climate.*! In a moderate climate the maximum
concentration of most spores occurs in summer or early autumn.*” In Europe, dif-
ferences in the pattern of these phenomena are fairly inconspicuous.** In tropical
and subtropical regions the greatest abundance of spores is noted in cold months
(November—February) and the smallest in the warm ones (May—September).**
Daily concentrations may differ significantly in the following seasons and in
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different habitats. The differences may concern seasonal sums of total spores,
the concentrations, and the duration of seasons, as well as the time of maximum
occurrence.* Weather conditions affect sporulation, dispersal, and deposition of
spores and these elements correlate with one another. Conditions that prevailed a
few days earlier frequently influence current concentrations.*!

In some professional activities that cause dust formation, one must consider
dust particles as a vehicle for fungi and their respective metabolites, as exempli-
fied in the following.

When feeding occurs in swine production systems, abundant organic dust par-
ticles are dispersed into the air and kept suspended for a long time or deposited
on the floor owing to gravitational sedimentation.*® Consequently, fungi and their
metabolites, such as Volatile organic compounds (VOCs) and mycotoxins, will
probably display the same behavior.*’* In addition, dust deposition and humid-
ity on the walls and ceilings of poorly maintained buildings from swine produc-
tion systems may facilitate microbial growth and proliferation. If these sources
become aerosolized, an increase in fungal contamination will take place.””

Some of the tasks developed in the poultry industry, such as bringing the
animals to the slaughterhouse, present an increased occupational risk. This
is a manual activity and the poultry naturally spread their wings to resist the
movement, which, in turn, is a very effective way of generating litter dust and
consequently increasing the exposure to fungi and mycotoxins.’'=53 Although
mycotoxins are not volatile, they are associated with the presence of mold
spores or particles when present in the air’s breathable fraction.’* In these set-
tings, other tasks, such as spreading new litter, and the litter turnover present
also increase occupational risks owing to dust aerosolization—fungi and myco-
toxins included.”>-%

Particles also play a crucial role in fungal/metabolite dispersion in the cork
industry. Various stages of cork transformation influence the type of fungal con-
tamination owing to changes in environmental parameters.’’-%0 Other activi-
ties with higher exposure to particles also contribute to a higher exposure to
fungi and their metabolites. In the waste industry, for instance, which is prone
to particles,®'~%* a high simultaneous presence of various mycotoxins has been
reported® and, more recently, high values of aflatoxin B1 were found in the
serum of waste workers.°® Previously, other research also provided important
data concerning the presence of ochratoxin A in workers’ blood.5”

In short, there are many ways for fungi to disperse: by air, but also by other
dispersion methods. This chapter outlined the most obvious and relevant con-
texts, but did not cover the singularities of specific occupational contexts. Those
will be addressed in the chapter concerning occupational exposure.
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Chapter 3

Fungal Infections

Cristina Verissimo
Reference Laboratory for Parasites and Fungal Infections, Department of Infectious Diseases,
National Institute of Health, Lisbon, Portugal

A variety of data support the concept that certain opportunistic fungal infections
are increasing in frequency over time. Several reasons have been proposed for
the increase in invasive fungal infections, including the use of antineoplastic
and immunosuppressive agents, broad-spectrum antibiotics, prosthetic devices,
grafts and more aggressive surgery. Patients with burns, neutropenia, acquired
human immunodeficiency syndrome (AIDS) and pancreatitis are also predis-
posed to fungal infection.'=

Fungal infections can be classified in several ways; the most widely used
classifies them according to the initial site of the infection.®

SUPERFICIAL FUNGAL INFECTIONS

These infections arise from a pathogen restricted to the stratum corneum, with
little or no tissue reaction.” According to several authors, dermatophytoses are
among the most common human infections.®10 The term is used to describe
infections of the skin and nails caused by a restricted group of related fila-
mentous and keratinophylic fungi, the dermatophytes, which are also known
as the ringworm fungi.® The prevalence of these infections varies greatly but it
is estimated that at least 10—-15% of the world’s population may be infected by
dermatophytes.®

The term tinea can be used to define superficial infection caused by derma-
tophytic fungi. According to the infected body site, these may be the follow-
ing: tinea corporis (torso), tinea manum (hands), tinea pedis (feet), tinea cruris
(groin), tinea capitis (scalp), and tinea unguinum (nails). The etiologic agents
of the dermatophytoses are classified into three anamorphic (asexual or imper-
fect) genera of the anamorphic class Hyphomycetes (formerly Deuteromycota,
or Fungi imperfecti)—Epidermophyton, Microsporum, and Trichophyton.'' This
group is able to cause infections in humans and can be classified according to their
natural reservoir as anthropophilic, zoophilic, and geophilic, as they are adapted
mainly to humans, warm-blooded animals, or soils, respectively (Table 1).!1-13
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Copyright © 2016 Elsevier Inc. All rights reserved. 27
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TABLE 1 Classification of Dermatophyte Fungi According to Their Natural

Reservoir

Genus
Epidermophyton
spp

Trichophyton
spp

Microsporum
sPp

Anthropophilic
species

(area of
endemicity)

E. floccosum
(worldwide)

T. concentricum
(Southeast Asia,
Melanesia,
Amazon area,
Central America,
Mexico)

T. gourvilii (Central
Africa)

T. kanei

T. megninii
(Portugal ,
Sardinia)

M. audouinii
(Africa)

M. ferrugineum
(East Asia, East
Europe)

Adapted from Weitzman and Summerbell."

Zoophilic
species
(typical host)

T. equinum
(horse)

T. mentagrophytes
(rodents, rabbit,
hedgehog)

T. sarkisorii
(Bactrian camel)
T. simii (monkey,
fowl)

T. verrucosum
(cattle, sheep,
dromedary)

M. canis (cat, dog)
M. equinum
(horse)

M. gallinae (fowl)
M. persicolor
(fowl)

Geophilic
species

E. stockdaleae

T. ajelloi

T. flavescens

T. gloriae, T.
longifusum

T. phaseoliforme,

T. terrestre
(complex)

T. vanbreuseghemii

M. amazonicum
Microsporum
anamorph of A.
cookiellum

M. boullardii

M. cookei

M. gypseum
(complex of three
species)

M. nanum

M. praecox

M. racemosum
M. ripariae

M.
vanbreuseghemii

Tinea capitis is the most common dermatophytic infection of the scalp,
affecting mainly children. Microsporum canis, a zoophilic dermatophyte, is
still the most common causative agent of finea capitis reported in Europe.!* 1
Trichophyton rubrum and Trichophyton mentagrophytes are the most common
dermatophytes species isolated from nails; these results are corroborated by
several studies,!>~!7 although molecular techniques have revealed that several
T. mentagrophytes isolates were in fact Trichophyton interdigitale.
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Other nondermatophyte fungi can cause superficial infections of skin and
nails, because of their ability to degrade keratin,®%'%!° namely fungi such as
Chrysosporium spp., Neoscytallidium dimidiatum, Scopulariopsis spp., Fusarium
spp., and Aspergillus spp., which are described by several authors as being agents
of dermatomycosis.®” The incidence of these infections is difficult to assess from
published work but it is estimated that Scopulariopsis brevicaulis may account
for about 3% of cases of onychomycosis.® Aradjo et al.” report that 4.5% of the
total cases of onychomycosis infections are caused by emerging fungi, namely
Fusarium sp., Neoscytallidium sp., Trichosporon beigelii, and Curvularia sp.?

SUBCUTANEOUS INFECTIONS

The intact skin surface presents an effective barrier to many potentially patho-
genic agents, but superficial trauma resulting from maceration or minor abrasion
may provide an entry route for a range of pathogenic fungi, causing subcutane-
ous infections.!?

Subcutaneous infections involve the dermis, subcutaneous tissues, and bone.
These infections are heterogeneous but all are caused by penetrating trauma
of the skin and are acquired as a result of the implantation of organisms that
grow as saprobes in soil and decomposing vegetation.! The disease may remain
localized or spread to adjacent tissues, dissemination may occur, but it is a rare
condition in immune-competent hosts.

These mycoses are rarely observed in Europe, where most cases are observed
in returning travelers, aid workers, archaeologists, and immigrants.2’

Few studies report the occurrence of deep mycosis in Africa, where the num-
ber of subcutaneous infections may thus be underestimated and where this prob-
lem requires an increasing awareness.”!

The main subcutaneous fungal infections include sporotrichosis, chromo-
blastomycosis, mycetoma, lobomycosis, rhinosporidiosis, subcutaneous zygo-
mycosis, and subcutaneous phaecohyphomycosis.?

Sporotrichosis is a subcutaneous infection caused by a dimorphic fungus: the
species complex of Sporothrix schenckii,>> which commonly occurs in nature
on dead plant material as a saprophyte. Although worldwide in distribution, it
grows primarily in warm temperate and tropical climates.?* The predominant
clinical manifestation of the disease is lymphocutaneous sporotrichosis, which
occurs chiefly in those whose occupation or vocation involves contact with veg-
etation and soil. This form of the disease is generally associated with immune-
competent individuals.

Mycetoma is a syndrome involving cutaneous and subcutaneous tissues, fascia,
and bone and is caused by soil-inhabiting bacteria (actinomycotic mycetoma) or
fungi (eumycetoma). The disease is known as “Madura foot” or maduromycosis.>>2¢

Regions above the equator have the highest prevalence and incidence for
these infections. The disease is also seen in Central America, India, and all
across Africa, especially in Sudan.?!-20
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FIGURE 1 Lesion on left hand of liver transplant
recipient caused by Alternaria infectoria (Susana Brds,
Dermatology Service, Central Hospital, Lisbon, Portugal).

Approximately 50% of all cases of mycetoma are caused by true fungi,
the most common of which are Madurella mycetomatis and Trematosphaeria
grisea. Disease caused by Madurella is underestimated but socioeconomically
important.”> Less frequent etiologic agents of mycetoma include Acremonium
kiliense, Exophiala jeanselmei, Leptosphaeria senegalensis, Pseudallescheria
boydii, the teleomorph of Scedosporium apiospermum, and species included
in more than 10 other fungal genera. The other 50% of infections called acti-
nomycosis or actinomycotic mycetoma are caused by aerobic Actinomycetes,
primarily Actinomadura madurae and Nocardia brasiliensis.

Phaeohyphomycosis is a subcutaneous infection generally found in tropical
and subtropical zones, mainly in populations that do not routinely wear shoes.
It is caused by darkly pigmented (dematiaceous) molds, which form thick-
walled, dark-colored, multicelled structures called muriform cells or sclerotic
bodies in tissue. Several dematiaceous molds have been associated with sub-
cutaneous lesions. The most common etiologic agents are Cladophialophora
carrionii and Fonsecaea pedrosoii. Less common pathogens include Fon-
secaea compactum, Phialophora verrucosa, Rhinocladiella aquaspersa, E.
Jeanselmei, Exophiala spinifera, Exophiala dermatitidis,” and Alternaria
infectoria (Figure 1).

INVASIVE FUNGAL INFECTIONS

Invasive fungal infections can be divided in two distinct groups: the endemic or
dimorphic mycoses that are caused by true pathogenic fungi such as Histoplasma,
Coccidioides, Penicillium marneffei and opportunistic infections caused by
molds and yeast, that are saprophytes, which invade only immune-compromised
hosts.»*?7 In approximately 90% of cases the lungs are the portal of entry, with
nasal sinuses and the skin accounting for the remainder of cases.*>%’
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Over the past 30years, there have been significant changes in the incidence
and epidemiology of invasive fungal infections as a result of growing numbers of
patients with a variety of risk factors (e.g., transplantation, chemotherapy, HIV
infection, and use of corticosteroids or new immunosuppressive agents).! 32831

Yeasts and molds are now among the 10 most frequently isolated pathogens
among patients in intensive care units. !>’

Candida spp. and Cryptococcus spp. are the yeasts most frequently isolated
in clinical practice.’**33 Invasive Candida infections originate most frequently
from endogenous reservoirs in patients with lowered host defense; however,
exogenous infections can also occur and in hospitalized patients are frequently
transmitted via the hands of health care workers.?”-32

Aspergillus spp. are ubiquitous fungi with a worldwide distribution in nature.
The most common species of Aspergillus causing human disease are Aspergil-
lus fumigatus, Aspergillus flavus, Aspergillus niger, and Aspergillus terreus.
Other species can cause disease, but A. fumigatus accounts for approximately
90% of all cases of life-threatening infections.!-*! Invasive aspergillosis has a
higher prevalence among bone marrow-transplanted patients and is frequently
life threatening with high rates of mortality and morbidity associated.3!-33

Non-Aspergillus molds such as Zygomycetes can generate a clinical picture
indistinguishable from other fungi.’*° The molds of the class Mucormicotina
(former Zygomycetes) have worldwide distribution and can be found in soil
and decaying organic matter. Some species of this group are responsible for
acute and relatively rapid, aggressive, fatal, angioinvasive diseases called zygo-
mycosis or mucormycosis, especially in immune-compromised hosts.?” The
most common species causing angioinvasive zygomycosis is Rhizopus arrhizus
(Rhizopus oryzae). Sinopulmonary involvement is predominant among those
with infection; however, in diabetic individuals rhino-orbital and rhinocerebral
zygomycosis is often described.®

Fusarium, a soil fungus, can enter the body through the respiratory system
or via severe onychomycosis but has also been connected with venous access
devices, its prevalence being clearly higher in patients who carry a central
venous catheter?’-*® because of its ability to form biofilms.

Scedosporium, another emerging pathogen, has become recognized as a
potent etiologic agent of severe infections in immune-compromised and occa-
sionally also in immune-competent patients. Currently Scedosporium infections
are among the most common deep mold infections.?”

Most of the fungi have global distribution; however, some pathogenic fungi
such as Histoplasma capsulatum, Histoplasma duboisii, Blastomyces dermatiti-
dis, Paracoccidioides brasiliensis, Coccidioides immitis, Coccidioides posadasi,
P. marneffei, and S. schenckii have arestricted geographical distribution. 23244041
All of them are dimorphic fungi, since they have the ability to change their mor-
phology from mycelial fungi (saprophytic form) in nature to the yeast form (para-
sitic form) at 37 °C. Dimorphism is in fact considered a virulence factor, since it
gives to fungi the ability to adapt to the human body environment. Table 2 sum-
marizes the geographical distribution and natural habitat of these fungi.
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TABLE 2 Geographical Distribution and Natural Habitat of

Dimorphic Fungi

Dimorphic Geographical Natural Mode of
Fungi Distribution Habitat Infection
Penicillium East and southeast Asia, Bamboo rats and Inhalation of
marneffei including southern soils conidia
China, Hong Kong, and
Thailand
Histoplasma North, Central, and Soil enriched Inhalation of
capsulatum South America; east Asia; with bird or bat conidia
Australia; and the African droppings
continent
Histoplasma Central Africa Unknown Traumatic
duboisii (probably soil introduction
and plants) with
contaminated
material
Sporothrix North and South Soil and plants Inoculation
schenckii America, South Africa, and sphagnum by trauma
and East Asia moss
Blastomyces South, central, and Wet soils with Inhalation of
dermatitidis southeastern regions of high organic spores
North America but also content and acid
Central and South America pH
and parts of Africa
Paracoccidioides South and Central Soil, but little is Inhalation of
brasiliensis America known about its spores
natural habitat
Coccidioides Southwestern United Soil dust from Inhalation of
immitis States, Central and parts of hot arid regions arthrospores

central South America

Inhalation of spores is the most common pathway for these infections. The
organisms gain access to the respiratory tract and, depending on the individual
immune system status, they can cause mild to severe lung infections or even
widespread infections that can be fatal if not treated.>¢
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ALLERGIC DISEASE AND FUNGAL SENSITIZATION

Allergic diseases constitute a leading cause of chronic disease in both
children and adults. According to the World Health Organization, hun-
dreds of millions of people (10-30% of population) suffer from rhinitis,
and 300 million from asthma, with a negative impact on quality of life and
growing socioeconomic costs. Epidemiological research has shown a dra-
matic increase in allergic disease prevalence, about 30-40%, especially in
children.! The International Study of Asthma and Allergies in Childhood
(ISAAC) Phase III, a 7-year cross-sectional study, reports sharp increases
in their prevalence, especially in the 6- to 7-year-old age group compared to
the 13- to 14-year-old age group.?

Allergic diseases are associated with a predisposition to producing IgE-
mediated responses to widespread and harmless environmental substances
(allergens), resulting from a complex gene—environmental interaction. These
disorders include allergic rhinitis (AR), asthma, atopic dermatitis (AD), and
food allergies, which frequently present together. Clinical manifestations can be
diverse, in both location and severity, ranging from uncomfortable symptoms to
systemic reactions. Mites, animal dander, pollens, foods, latex, drugs, and insect
venoms are considered the major allergens.?

The current global environmental changes will be affecting pollen counts,
stinging insects, and molds related to allergic diseases.!

The prevalence of sensitization to fungi among the general population is fairly
unknown. In an epidemiological survey on a cohort of 4962 respiratory subjects,
the prevalence of fungal sensitization was estimated to be about 19.1% by means of
skin-prick test, with positive tests to at least one of the seven selected fungal species
(Alternaria, Aspergillus, Candida, Cladosporium, Penicillium, Saccharomyces,
and Trichophyton).*

Environmental Mycology in Public Health. http://dx.doi.org/10.1016/B978-0-12-411471-5.00004-1
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Spores released by fungi can be found in both indoor and outdoor environ-
ments. Exposure can occur through contact with saprophytic species or by eat-
ing mushrooms (even those not poisonous).*

Unlike other allergenic sources (pollens, mites, animal dander), fungi can
cause direct infections, either localized or systemic, and toxic-irritant effects
due to secondary metabolites, beyond their role as allergens in severe respiratory
diseases and hypersensitivity disorders.*>

IMMUNE RESPONSE AND HYPERSENSITIVITY TO
FUNGAL EXPOSURE

Fungi are responsible for a broad spectrum of clinical manifestations arising
from hypersensitivity reactions in addition to IgE-mediated response. Although
the old Gell and Coomb’s classification divides the reactions into four types,
more than one mechanism can be involved in the pathogenesis of hypersen-
sitivity reactions, particularly in fungal diseases. Type I, or immediate, reac-
tions (IgE-mediated) are implicated in AR, asthma, allergic bronchopulmonary
aspergillosis (ABPA), and allergic bronchopulmonary mycosis (ABPM). Type
II, or antibody-mediated, cytotoxic reactions are related to autoimmune dis-
orders. Type III, or immune complex-mediated, reactions are responsible for
hypersensitivity pneumonitis (HP) and aspergilloma development. Type 1V, or
delayed hypersensitivity, T-cell-mediated, reactions occur in contact dermatitis,
ABPA, and HP. As a result, fungal colonization either in the sinuses (allergic
fungal sinusitis) or in the bronchi (ABPA), as well as HP, may induce both T
and B cell responses.®

Among the over 100,000 fungal species recognized, about 80 genera have
been shown to induce Type I reactions in atopic individuals. The most rele-
vant fungi, as allergenic sources, belong to the Ascomycota, mainly the genera
Alternaria, Aspergillus, and Cladosporium. The other genera, belonging to the
Basidiomycota, seem to be less important, with the exception of Malassezia,
which plays an important role in patients with AD.°

ALLERGIC RHINITIS

AR is an extremely prevalent condition associated with exposure to inhaled
allergens, causing a combination of sneezing, rhinorrhea, nasal congestion, and
itching.

There is no conclusive evidence of a direct relationship between fungal
exposure and clinical manifestations of AR. Nevertheless, symptoms seem
to be correlated with IgE-mediated hypersensitivity, by positive skin tests or
serum levels, to the common outdoor fungi (Alternaria and Cladosporium).
Children with rhinoconjunctivitis sensitized to Alternaria have mainly noc-
turnal nasal symptoms, mostly in the summer, when environmental concen-
trations of Alternaria are higher.” In a French children cohort, integrated in
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ISAAC Phase 11, sensitization to Alternaria was associated with AR indepen-
dent of asthma.?

Indoor spore levels of Cladosporium and Aspergillus were associated with
increased risk of allergic sensitization, and sensitized children who are exposed to
high levels of these fungi are prone to having symptoms of rhinoconjunctivitis.’

ALLERGIC FUNGAL RHINOSINUSITIS

Allergic fungal rhinosinusitis (AFRS) is a localized hypersensitivity condition
resulting from fungal growth in an area of abnormal tissue drainage, mostly
caused by Aspergillus species. The characteristics of AFRS are equivalent to
those of ABPA. The mucus of these patients can contain fungal hyphae, and
even though commonly associated with Aspergillus fumigatus, other fungi can
be implicated, such as Curvularia.

AFRS has specific diagnostic criteria that distinguish it from typical chronic
sinusitis and include mucus with eosinophils (demonstrating noninvasive fungi-
allergic mucin), skin hypersensitivity to specific fungal allergens and increased
total serum IgE level, nasal polyposis, and characteristic radiographic findings.’
Computed tomography can show complete opacification of at least one parana-
sal sinus, a typical heterogeneity of the signal within involved sinuses, and the
expansion and attenuation/erosion of the bone with displacement of adjacent
anatomic compartments. '”

Treatment includes systemic corticosteroids and surgery to remove allergic
mucin, but recurrences are common, unless therapy to control inflammation is
maintained.

Chronic rhinosinusitis can also be attributed to fungal sensitivity, particu-
larly to Alternaria species, although these organisms might be found in healthy
individuals.

ASTHMA

Asthma is an inflammatory airways disease that may be worsened by numer-
ous factors. Among the allergic causes or triggers, fungi have a predominant
role. Sensitization to fungal allergens has been recognized as a risk factor for
its development, persistence, and severity, particularly that to Alternaria alter-
nata.'' Exposure to fungal spores (mainly in the outdoor environment) is associ-
ated with asthma exacerbation in children.!> Home dampness has the potential to
increase the proliferation of fungi. Several studies have demonstrated a consistent
association between indoor fungal exposure and asthma symptoms, suggesting
that children living in damp houses or those with visible fungal growth have an
increased risk of having lower respiratory tract symptoms (particularly cough and
wheezing) and airway hyperresponsiveness.!3-1> Prospective studies have shown
that infants at high risk for developing asthma who are exposed to high levels of
Penicillium are at significant risk for wheeze and persistent cough.'©
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Studies have suggested that outdoor fungal exposure is as important as
indoor exposure, if not more so, in increasing asthma symptoms and risk of
exacerbations.!” Children with higher outdoor exposure to spores in the first
3 months of life are at increased risk of early wheezing.'® Despite this evidence,
the dampness promotes development of other organisms such as bacteria and
dust mites along with fungi, so its impact on respiratory symptoms is not com-
pletely unequivocal. Studies have been performed to evaluate the levels of indoor
and outdoor fungi during the months that followed Hurricanes Katrina and Rita.
Homes more damaged by flooding showed higher fungal growth compared to
those less affected. Nevertheless, no increase in adverse health outcomes has
been observed.'® The HEAL Study characterized post-Katrina exposures to
mold and allergens in children with asthma and identified the presence of Alter-
naria antigens in 98% of homes, with elevated concentrations in half of them.
It was previously known that Alternaria at high exposure levels was associated
with the onset of childhood asthma, but to assess if Alternaria in these situations
is a significant asthma trigger will require further investigation.’

ALLERGIC BRONCHOPULMONARY ASPERGILLOSIS

ABPA is an inflammatory disease that arises in patients with asthma or
cystic fibrosis. It is caused by an immunologic reaction to Aspergillus antigens,
mainly A. fumigatus, a ubiquitous indoor and outdoor fungus, which colonizes
the tracheobronchial tree of asthmatic patients as a result of poor clearance of
airway secretions.

This disorder is characterized by frequent asthma exacerbations, recurrent
transient chest radiographic infiltrates, peripheral blood eosinophilia, and devel-
opment of bronchiectasis. The presence of pulmonary infiltrates along with
eosinophilia distinguishes this condition from the underlying asthma or even
cystic fibrosis, but the differential diagnosis includes other symptoms known as
PIE (pulmonary infiltrates with eosinophilia) syndrome.

Patients may experience chronic wheezing, chest discomfort, cough with
sputum production of brownish mucous plugs (containing fungal hyphae), and
systemic symptoms such as fever and malaise.

ABPA may affect around 13% of asthmatic patients.?! The bronchial colo-
nization by A. fumigatus can induce a mix of hypersensitivity reactions (Types
I, 111, and IV) that are responsible for causing symptoms from asthmatic exac-
erbations to fatal pulmonary damage. The pulmonary impairment can lead to
irreversible end-stage fibrosis.

Although several clinical diagnostic criteria have been established, serologi-
cal findings confirming sensitization to A. fumigatus are essential to confirm
or exclude the disease. Screening of sensitization to A. fumigatus should be
routinely performed by skin-prick test and/or serum-specific IgE. The most
sensitive diagnostic test is A. fumigatus-specific IgE level, so all patients
with poor controlled asthma should be screened with this test to allow early
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diagnosis.'® Furthermore, recombinant allergens may contribute to a more
accurate diagnosis.®

The diagnosis of ABPA does not require positive cultures for A. fumigatus,
because the presence of serological and radiological findings is enough. However,
multiple fungi can colonize the airways of patient with ABPA and frequently there
is a dissociation between colonizing and sensitizing species. This should be taken
into account in treatment, particularly regarding resistance to fungicides.??

The management of ABPA depends on the control of asthma, to prevent
exacerbation and particularly the occurrence or enlargement of bronchiectasis.
Corticosteroids are the treatment of choice, being frequently required prolonged
courses of oral therapy. Antifungals may be used in selected cases. The use of
fungicides, namely azoles, such as itraconazole, is reserved for patients with
recurrent exacerbations and glucocorticoid-dependent disease. '’

Allergen immunotherapy with A. fumigatus is normally avoided because of
potential development of immune complex disease, but this has not been sys-
tematically studied. Omalizumab may eventually be a therapeutic option in the
near future.”

ABPM resembles ABPA, because this syndrome also includes severe
asthma, total and pulmonary eosinophilia, increased levels of total and specific
IgE, and bronchiectasis. Airway fungal colonization may be induced by other
fungi (Candida, Penicillium, and Curvularia).

A new phenotype of asthma has been described as “severe asthma with fun-
gal sensitization” (SAFS), which is considered a diagnosis of exclusion.?* This
condition seems to respond to an oral antifungal (itraconazole), as a clinical trial
demonstrated improvement in quality of life in about 60% of patients.?> Further
research will be needed to assess the value of these options.

ATOPIC DERMATITIS

AD is a chronic inflammatory and extremely pruritic skin disorder with a
complex pathophysiology. Malassezia yeasts stimulate keratinocytes to pro-
duce several cytokines, in a species-dependent manner. The role of these
organisms in AD is still under intense investigation. Current data have
shown that at least Malassezia sympodialis has the ability to induce AD in
susceptible individuals. Along the evolution of the disease, sensitization
to Malassezia allergens can lead to the production of Malassezia-specific
IgE. This sensitization is specific for the skin manifestations and does not
occur in atopic patients with mainly respiratory symptoms. IgE-binding
allergens have been identified for M. sympodialis, Malassezia furfur, and,
lately, Malassezia globosa.”® In a cohort of patients with AD patients
who reacted positively to an intradermal skin test using M. furfur extract,
83.3% of them had elevated serum levels of IgE to purified Mal f 4, a major
M. furfur allergen.”” Malassezia sympodialis, which colonizes the skin of
both AD and healthy individuals, has been associated with IgE-mediated
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sensitization exclusively in patients with AD. The disrupted skin barrier facili-
tating allergen uptake may be the reason for this specific sensitization.® Cul-
tures of skin samples to assess the distribution of Malassezia species on the
skin of patients with AD or psoriasis (PS) and healthy volunteers showed that
AD patients yielded exclusively M. sympodialis isolates, whereas M. furfur
isolates were observed only in PS patients. The isolation of M. sympodialis
was more frequent among AD patients and healthy volunteers than among PS
patients.?8

OTHER DISEASES

There are other diseases related to occupational fungal exposure. This group
includes HP, farmer’s lung, bagassosis, and mushroom worker’s lung, which
result from exposure to thermophilic Actinomycetes found in hay, bagasse, and
mushroom compost, respectively.

HP, also referred as extrinsic allergic alveolitis, can present as three far over-
lapping forms—acute, subacute, and chronic. It is an uncommon but relevant
allergic disease that can be related to high-level fungal exposure, usually in an
occupational setting, although it can be associated with other inhaled sources
(organic dust of bacterial, vegetable, or avian origin). This disease seems to
be a cell-mediated (delayed) hypersensitivity. Allergen-specific precipitins are
related to exposure and might contribute to the acute noninfectious episodes of
interstitial pneumonitis (alveolitis), which may produce restrictive irreversible
lung disease. Exposure to domestic specific indoor fungal spores is an extremely
unlikely cause of HP that occurs only in rare situations of workplace exposure or
resulting from some contamination at home.

DIAGNOSIS OF FUNGAL-RELATED ALLERGIC DISEASES

The diagnosis of fungal sensitization can be made with skin-prick tests and/or
by evaluating specific IgE levels, including A. alternata, A. fumigatus, Clado-
sporium species, and Penicillium chrysogenum.

Fungal sensitization is significant and clinically relevant, but the lack of
standardized fungal allergenic extracts compromises the diagnosis. There are
many problems with the standardization of fungal extracts, including commer-
cial and technical issues.

Several tests have been developed to detect circulating antibodies against
allergens in sensitized patients. In vitro methods, such as enzyme-linked immu-
nosorbent assay or InmunoCAP®, provide evidence for specific IgE. Discrep-
ancies between results of skin test and allergen-specific IgE determinations
have been reported.?” The reliability of in vitro tests is uncertain, because it is
not possible to get the extracts used to produce the in vitro test system as a skin
test solution, and comparison of skin reactivity with specific IgE levels is of
paramount importance to exclude cross-reactivity.® Significant improvements
should be made in in vivo and in vitro diagnostic tools.
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TREATMENT

Avoidance is the first measure to put into practice. Nevertheless, fungal expo-
sure mainly occurs in the outdoor environment, so complete avoidance is quite
impossible. Otherwise, indoor exposure can be better controlled by improving
indoor air quality and cleaning visible fungal growth with chlorine-containing
bleach solutions and detergent.

Although there is little evidence of immunotherapy for fungal allergens
and, overall, it is not recommended, trials with A. alternata and Cladospo-
rium herbarum extracts have suggested some clinical benefit.> Subcutaneous
immunotherapy has been used, but additional studies are required. In a 3-year
prospective clinical trial, double-blind and placebo-controlled, with children
and adolescents who were allergic to only A. alternata, immunotherapy using
standardized A. alternata extract has reduced symptoms of and medication for
asthma and rhinoconjunctivitis without serious side effects. The active therapy
was generally well tolerated, the most common side effect being local edema at
the site of injection in four patients after 11 injections (1.1% of all injections).*

A 3-year randomized controlled study using sublingual immunotherapy in
patients with A. alternata respiratory allergies (AR with or without mild-to-
moderate asthma) showed it to be efficacious and well tolerated (17% reported
side effects, in general mild and transient).’!

In a Spanish prospective study, 36 patients with respiratory allergy (rhinitis
alone or associated with asthma), monosensitized to fungi, received specific immu-
notherapy, which was administered mostly by the subcutaneous route (80%) and in
the remaining cases by the sublingual route. The profile of sensitization included
Alternaria, Aspergillus, or Penicillium and combinations of two or more, mainly
Alternaria and Cladosporium. Treatment was well tolerated, without severe adverse
effects either during the induction phase or during the first 12 months.?>

Considering that most patients sensitized to fungi have severe asthma, either
inhaled or oral corticosteroids are commonly used to control symptoms. Exac-
erbation of ABPA, ABPM, or SAFS is also treated with corticosteroids, orally
for a few weeks, added to inhaled corticosteroids. The role of inhaled corticoste-
roids is particularly relevant in reducing exacerbation and controlling asthma.
Antifungal agents can be used to eradicate fungal colonization, although their
effects should be further investigated.®
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Chapter 5

Mycotoxicoses
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Exposure to mycotoxins may cause toxic syndromes called mycotoxicoses, which
may affect various systems according to the target organs of the mycotoxin.
Mycotoxicoses are much more frequent in tropical than in moderate regions
because high levels of humidity and temperature favor the growth of molds and
mycotoxin production. This effect is enhanced by the lack of an appropriate control
of mycotoxins throughout the whole chain of food production, but their toxicity is
more pronounced in malnourished persons and children. Mycotoxicosis occur-
ring in a single individual is usually not recognized because its diagnosis requires
sophisticated equipment, and medical doctors are not educated to recognize them.
Mycotoxins as causative agents of disease should be taken into consideration
when the disease appears in several persons and is not connected with some other
causative agent, such as microorganisms.

Mycotoxicoses may be acute and chronic. Acute mycotoxicoses are caused
by exposure to high amounts of mycotoxins that have acute toxicity properties.
Historically, acute mycotoxicoses were common even in moderate temperature
zones, causing epidemics that devastated entire regions, sometimes influenc-
ing the course of human history.! Nowadays, they still appear in tropical coun-
tries with equal severity and high mortality. In acute mycotoxicoses, symptoms
appear quickly and, if exposure continues, the outcome may be fatal. Chronic
mycotoxicosis is the consequence of long-term exposure to smaller amounts of
mycotoxins. The initial phase of exposure is frequently insidious and without
obvious initial symptoms.

Owing to the introduction of good agricultural practices, ergotism (mycotox-
icosis caused by ergot alkaloids), which has caused the deaths of large numbers
of people, has not been seen in temperate zones for centuries.> Some mycotoxi-
coses, such as the serious neurological disease called sugarcane disease, which
affects children in China and is caused by 3-nitropropionc acid, have not been
recently reported, although they probably still appear. Kwashiorkor and Reye
syndrome were erroneously considered to be mycotoxicoses caused by aflatox-
ins. This chapter means to provide a short overview of symptoms, prognosis,
and outcome of human mycotoxicoses.

Environmental Mycology in Public Health. http://dx.doi.org/10.1016/B978-0-12-411471-5.00005-3
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AFLATOXINS

Aflatoxins are a group of mycotoxins mostly produced by Aspergillus flavus and
Aspergillus parasiticus. Among them, the most frequently found and the most
toxic is the highly hepatotoxic AFB1. In India and Kenya, AFB1 has caused
several outbreaks of acute aflatoxicosis with high mortality rates (10-60%),>*
the most recent occurring in Kenya in 2004. The initial symptoms are high tem-
perature, vomiting, and abdominal pain followed by anorexia, depression, jaun-
dice, diarrhea, and photosensitivity. If exposure continues, jaundice progresses
rapidly with hepatosplenomegaly, ascites, and coma. At postmortem the main
lesions are consistent with acute liver injury. The consequences of long-term
exposure to lower amounts of AFB1 are chronic liver injury, cirrhosis, ascites,
and primary hepatocellular carcinoma (HCC). The risk of HCC increases 25- to
30-fold when exposure to AFB1 is combined with hepatitis B or hepatitis C
virus. In Africa, children are exposed to aflatoxins already in utero, with the
peak of exposure after complete weaning. Early exposure to aflatoxins is con-
nected with impaired growth, decreased immunity, and interference with pro-
tein metabolism and nutrition, which probably causes a higher mortality rate in
young adulthood.’

The International Agency for Cancer Research classified the mixture of
natural aflatoxins (AFB1, AFB2, AFG1, and AFG2) as a group Al carcinogen
(sufficient evidence for carcinogenicity in humans), whereas AFM1 (metabolite of
AFB1 with carcinogenic activity 10 times lower than that of AFB1) was classified
as possibly carcinogenic to humans (group 2B).%’

FUMONISINS

Fumonisins are group of 15 mycotoxins produced by Fusarium molds (mostly
Fusarium verticilloides and Fusarium moniliforme). The most frequently found
member of this group is fumonisin B1. It interferes with the metabolism of
sphingolipids.® In a single FB1-caused acute intoxication, only gastrointestinal
symptoms (diarrhea, vomiting, borborygmus) were reported. Chronic exposure
to FB1 is connected to a high rate of neural tube defects (brain and spinal cord
malformations) in regions where the main food is maize, which is frequently
contaminated with FB1 (South Texas, USA; Mexico; Guatemala; China; and
South Africa).” FBI is also supposed to be the causative agent of esophageal
cancer in some parts of Africa (Transkei region) and primary liver tumors in
China. FBI is classified as possibly carcinogenic to humans (group 2B).°

OCHRATOXINS

Ochratoxins are a group of mycotoxins produced by Penicillium verrucosum
and various species of Aspergillus molds (Aspergillus alliaceus, Aspergillus
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auricomus, Aspergillus carbonarius, Aspergillus glaucus, Aspergillus melleus,
Aspergillus niger) that contaminate crops in the field, leading to field and stor-
age ochratoxins contamination. There is a single reported case of acute och-
ratoxicosis in humans that resulted in acute renal failure. Chronic exposure to
the most toxic ochratoxin A (OTA) is suspected to be the chief causative agent
of Balkan endemic nephropathy (BEN) and urothelial tumors found very fre-
quently in the BEN region.!?

ZEARALENONE

Zearalenone (ZEA) is produced by some Fusarium species. This is a myco-
toxin with low acute toxicity in experimental animals and there is no report
of acute toxicity in humans.!! Symptoms of chronic exposure are caused by
interactions of ZEA and its metabolites with estrogen receptors. Premature
telarche (development of breasts in young girls) with precocious pseudopuberty
has been seen in young girls in Costa Rica exposed to residues of ZEA in meat
(used as a growth-promoting compound). Premature telarche in girls and male
gynecomastia were reported in Hungarian children consuming naturally ZEA-
contaminated “healthy” food.

TRICHOTHECENES

Trichothecenes are a group of about 170 mycotoxins produced mostly
by molds of Fusarium strains, although some strains from Trichoderma,
Trichothecium, Myrothecium, and Stachybotrys may also produce them.
In the former Soviet Union in the 1930s, epidemics of T-2 mycotoxicosis
called alimentary toxic aleukia appeared with severe gastrointestinal symp-
toms that lasted 3-9days.!” In the second stage, the symptoms improved
but the anemia, thrombocytopenia, and leukopenia increased during several
weeks. If exposure continued, the third stage with necrotic lesions in air-
ways and gastrointestinal tract with infections and hemorrhages developed
and was fatal in 60% of patients. The fourth is the stage of recovery. There
are still cases of trichothecenes mycotoxicosis with mild symptoms in small
communities in tropical countries.

A summary of the mycotoxins discussed in this chapter is presented in Table 1.

Acute mycotoxicoses are serious, sometimes fatal diseases, that appear only
sporadically in tropical countries. In developed countries scientists are more
concerned about the continuous human exposure to various mycotoxins with
genotoxic and carcinogenic properties in experimental animals. There is no
single, simple, and cheap method for decontamination of several mycotoxins in
food and therefore human exposure could be avoided only by prevention of food
contamination with molds.



TABLE 1 Most Common Producers of Mycotoxins, Target Organs of Toxicity, and Symptoms of Mycotoxicoses

Mycotoxin

Aflatoxins (AFB1)

Fumonisins (FBT)

Ochratoxins (OTA)

Zearalenone

Trichothecenes (T-2
toxin)

Producers

Aspergillus flavus
Aspergillus parasiticus

Fusarium verticilloides
Fusarium moniliforme

Penicillium verrucosum
Aspergillus alliaceus
Aspergillus auricomus
Aspergillus carbonarius
Aspergillus melleus
Aspergillus niger

Fusarium spp.

Fusarium spp.
Trichoderma spp.
Trichothecium spp.
Myrothecium spp.
Stachybotrys spp.

Symptoms
Target Organ Acute Toxicity
Liver Gastrointestinal disturbance,
jaundice, photosensitivity,
hepatosplenomegaly, ascites,
coma, death
- Diarrhea, vomiting, borborygmus
Kidney Acute renal failure

Endocrine system -

Hematopoietic
tissues

Signs of myelotoxicity

Chronic Toxicity

Chronic liver injury,
cirrhosis, ascites, liver
carcinoma

Brain and spinal cord
malformations
Esophageal cancer

Chronic renal injury
in Balkan endemic
nephropathy

Girls: Premature
telarche, precocious
pseudopuberty
Boys: Gynecomastia
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The epidemiology of invasive mycoses or invasive fungal diseases (IFDs) is in
continuous transformation. Social changes together with medical and surgical
advances have improved the hope and quality of life in many countries. However,
these advances also have brought with them the onerous toll of an increase in the
number of people at risk for an IFD.

Fungi probably appeared a billion and a half years ago and it is estimated
that the number of fungal species far surpasses a million, the vast majority still
unknown. These microorganisms have been able to adapt and survive in exten-
sive ecological niches with the presence of decomposing organic matter. Most
people in regular contact with fungi do not suffer any IFD, despite their ubiquity.
However, there is a growing population with diseases or underlying factors that
predispose to IFD. Despite the current progress in diagnostic methods and the
availability of new antifungal drugs there has not been a decrease in the incidence
and mortality of IFDs.! IFDs can be caused by more than 100 different species of
fungi, although 20 species are the most common etiologies. Invasive candidiasis
is the most frequent mycosis in most patients and hospitals.” Invasive aspergillosis
is more frequent than candidiasis in bone marrow transplant (BMT) recipients,
especially if they receive prophylaxis with an antifungal, such as fluconazole,
without activity against Aspergillus.>* In persons infected with the human immu-
nodeficiency virus (HIV) or suffering from acquired immunodeficiency syndrome
(AIDS), especially those who do not receive antiretroviral treatment, cryptococ-
cosis is more frequent than candidiasis.’ Other fungi such as Pneumocystis, Fusar-
ium, and Rhizopus can cause devastating illnesses. In addition, the list of emerging
fungi grows continuously, including yeasts and pseudoyeasts (Trichosporon, Sac-
charomyces, Rhodotorula, Saprochaete, etc.), mucorales (Mucor, Rhizomucor,
Absidia, Cunninghamella, etc.), hyaline molds (Acremonium, Lomentospora,
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Scedosporium, Scopulariopsis, Paecilomyces, Trichoderma, etc.), and dematia-
ceous fungi (Alternaria, Bipolaris, Curvularia, Exophiala, Exserohilum, etc.).?

A small group of fungi, belonging to the genera Candida and Malassezia, is
part of the human microbiota and can cause endogenous superficial or invasive
mycoses depending on the patient’s immune status. Invasive candidiasis occurs
when Candida enters the bloodstream, usually through the intestinal mucosa.
Exogenous fungal infections are acquired by inhalation of airborne conidia that
can multiply and spread from lung to other organs. The high number of conidia
present in the air and the low incidence of invasive mycoses reflect the high effi-
ciency of human defensive mechanisms, eliminating the large number of conidia
to which most people are exposed. Other major routes of entry for fungi in the
human body are through contact with fungal propagules in soil or present in some
animals (dermatophytes), fungal implantation by a trauma or punctures with thorns
or splinters (Mucorales, Lomentospora, Scedosporium, or Sporothrix), ingestion
and colonization of the digestive tract (Candida, Mucorales, and Microsporid-
ium), and entering the bloodstream through needles or catheters used for intrave-
nous administration of drugs or nutrition, prostheses, or other biomedical devices
or surgical procedures (Candida, Geotrichum, Malassezia, Saprochaete, etc.).
Some human activities favor superficial and subcutaneous mycoses. For example,
tinea pedis is more common in athletic, military, and other professions that wear
shoes that keep a constant humidity in the feet. Conversely, these dermatomycoses
are less frequent in people who wear open shoes, such as sandals. Other superfi-
cial mycoses that affect inguinal and crural skin are more common in sedentary
people, such as office clerks or taxi or bus drivers. Cutaneous mycoses are more
common in regions with warm and humid climates. Mycetoma is observed more
frequently in the feet of people with professional activities related to agriculture
or forestry work, and the entry of the fungus is facilitated by penetrating injuries
caused by thorns, splinters, nails, stones, bites, etc. In many of these mycoses, such
as sporotrichosis, malnutrition, chronic alcoholism, debilitating diseases, and/or
immunodeficiency can be involved and facilitate the spread and severity of fungal
infection. From the door of entry, fungal invasion of contiguous tissues or spread
to other organs through the blood or lymph depends largely on the health status
of the patient and is more frequent in those individuals with significant immu-
nodeficiency. In some mycoses, usually endogenous ones such as candidiasis or
essentially exogenous ones such as mucormycosis or fusariosis, it may be difficult
to specify the time and place of acquisition of infection because the incubation
periods of most opportunistic mycoses are long, vague, or unknown.'

The annual incidence of IFD estimated per 100,000 people is 7-20 for inva-
sive candidiasis, 3—6 for cryptococcosis, and 1-3 for invasive aspergillosis.
However, there are significant epidemiological variations between countries
and between hospitals in the same country that must be related both to local
characteristics of the disease and its risk factors and to differences in the medi-
cal practices (speed of diagnosis, guidelines for treatment, prophylaxis, etc.) of
the medical and surgical services. The annual incidence of less frequent fungal
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infections has been estimated to be 0.2 annual cases of mucormycosis per
100,000 inhabitants, 0.12 cases of other hyalohyphomycosis (caused by Fusar-
ium and other hyaline filamentous fungi), and 0.1 cases of phaeohyphomycosis
(caused by Bipolaris, Exophiala, and other dematiaceous filamentous fungi).'=

Patients at higher risk are those admitted to intensive care units (ICUs); those
who use prostheses, catheters, or other intravenous devices; those who receive vari-
ous immunosuppressant treatments or antineoplastic chemotherapy; and the recipi-
ents of BMT or solid organ transplants (SOT).%*° In addition, there are opportunistic
fungal infections due to infection by HIV and AIDS, mainly in those countries
where antiretroviral treatment is not fully available. These IFDs include crypto-
coccosis, candidiasis, histoplasmosis, and penicilliosis.” At present, although IFDs
in HIV-infected persons have declined dramatically in countries with better social
and health care, in many countries of sub-Saharan Africa and Asia, the number of
people suffering from cryptococcosis and other IFDs continues to increase.”’

The classical division of invasive mycoses is as cosmopolitan or endemic.
However, transoceanic travel, migration of people and animals, clearance
of new land for human settlement, and the modification of the environment
together with regional and global changes in climate are causing significant
changes in the geographic distribution of IFDs. The emergence of cryptococ-
cosis caused by Cryptococcus gattii on Vancouver Island and in western Canada
and in the states of Washington and Oregon (USA) is considered an important
infectious danger for inhabitants and tourists. These areas are far from the usual
ecological niches of C. gatrii.!-” Enlargement of habitat related to the high adap-
tive capacity of fungi such as Coccidioides immitis and Coccidioides posadasii
to more extreme conditions has led to an increase in coccidioidomycosis in the
southwestern United States and northwestern Mexico.??

Potentially pathogenic fungi can be isolated at all geographic latitudes and
in all natural or human environments. However, it is difficult to specify clearly
on many occasions whether the IFD is nosocomial or community acquired. The
drift of many hospital treatments to their realization in the home of the patient
is becoming more frequent. In addition, many ambulatory patients remain, dur-
ing a time that can be extended, in a so-called day hospital to receive a session
of chemotherapy or radiation therapy, among other treatments, which earlier
forced the hospitalization of the patient. For this reason, many researchers pre-
fer to call them generically “IFDs associated with health care.” Some IFDs are
usually endogenous, such as candidiasis, others are essentially exogenous, such
as mucormycosis, but it may be difficult to specify when and where exactly the
origin of invasive mycoses is. Attributed mortality is high, ranging from 30% in
invasive candidiasis to more than 50% in invasive aspergillosis, and can reach
90-100% in mucormycosis or scedosporiasis.'™ Most of these patients suffer
from significant immunodeficiency or are hospitalized for severe underlying
diseases. Among the more predisposed are newborns of low weight (immu-
nological immaturity); the elderly (immunosenescence); patients treated with
major surgery, especially of the digestive apparatus, BMT, or SOT; patients
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with any kind of immunodeficiency or chronic disease who receive high or pro-
longed doses of corticosteroids and other immunosuppressive agents; patients
with chronic inflammatory diseases or autoimmune diseases who are treated
with monoclonal antibodies; critical patients admitted to the ICU; and HIV-
infected individuals with advanced infection who receive no treatment with
antiretroviral drugs (Tables 1-3).126

TABLE 1 Predisposing Factors for Invasive Fungal Diseases

Factor Mycoses

Environment: air, earth movement with organic Histoplasmosis
matter in decomposition (powder) in forests, Coccidioidomycosis
gardens, urban works, housing repair, etc. Paracoccidioidomycosis

Blastomycosis
Hyalohyphomycosis
Phaeohyphomycosis

Food, water, and other beverages Aspergillosis
Mucormycosis
Infection by Saccharomyces,
Rhodotorula, Trichosporon
Hyalohyphomycosis
Phaeohyphomycosis

latrogenic origin: hands, clothes, tools and Candidiasis
instruments, objects and surfaces—fomites Mucormycosis

Alteration or breakage of anatomical barriers Candidiasis
(surgery, catheters, chemotherapy, assisted Aspergillosis

ventilation, hemodialysis, peritoneal dialysis, etc.)

Maodification of the microbiota (antimicrobial Candidiasis
treatment) Aspergillosis
Dysfunction of the phagocytic activity of Candidiasis
neutrophil leukocytes (quantitative or Aspergillosis
qualitative neutropenia) Trichosporonosis
Geotrichosis
Hyalohyphomycosis
Phaeohyphomycosis
Cellular immunodeficiency (HIV infection and Cryptococcosis
AIDS) Pneumocystosis

Histoplasmosis
Coccidioidomycosis

Immunological immaturity (neonates and infants) Candidiasis
and immunosenescence (elders)

Diabetes and other metabolic disorders Mucormycosis
Candidiasis



Risk Groups for Acquiring Fungal Infections Chapter | 6 57

If we take as an example the oncohematological patients, one of the major
at-risk populations, these patients can be grouped as regards the main factors of
risk into three categories: those who belong to the host, environmental factors,
and those related to antimicrobial treatments used.>* Host factors include the
stage of immunosuppression, dysfunction of vital organs, microbial coloniza-
tion, and reactivation of latent infections. Risk factors related to the surrounding
environment of the patient include the fungal load in the air, in food, and on
objects. Finally, the antifungal prophylaxis schemes selected, or iatrogenic fac-
tors used as antibacterial or antiviral treatments, are important to elucidate what
fungal pathogens may be involved in the etiology (Table 4).

TABLE 2 Predisposing Factors for Invasive Fungal Diseases in
Hematological Patients

Clinical Condition Factors
State of Neutropenia (intensity, duration, and dynamic)
immunosuppression Lymphopenia (intensity, duration, and dynamic)
Cellular and humoral immunodeficiency
Malnutrition
Senescence

High doses of antineoplastic chemotherapy or corticoids

Immunosuppressant drugs (alemtuzumab, infliximab,
anti-thymocyte globulin, etc.)

Infection by immunomodulatory viruses
(cytomegalovirus, Epstein-Barr virus, human
herpesvirus-6, human herpesvirus-7, human
herpesvirus-8)

Dysfunction of organs Alteration of mucosa (mucositis) and skin by
radiotherapy, chemotherapy, graft versus host disease,
herpesvirus infections, vascular catheters

Renal and/or hepatic failure

Digestive tract obstruction

Hyposplenia or asplenia

Respiratory distress secondary to viral infections

Microbial colonization Use of broad-spectrum antibiotics
and/or reactivation of Antacid use
latent infections Prolonged hospital stay

Foreign objects

Ciliary dysfunction

Reactivation of latent infection by mycobacteria,
Toxoplasma, cytomegalovirus, Epstein—Barr virus,
herpesvirus simplex, varicella-zoster virus, hepatitis B
virus, or hepatitis C virus

Increased iron deposits in the reticuloendothelial system
(bone marrow, liver, etc.)

Previous invasive fungal infection
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TABLE 3 Factors and Populations at Risk of Developing Invasive

Candidiasis

General factors

Severity of acute illness (high APACHE values)

Age (infants <1 year and elderly >65 years)

Major surgery (primarily gastrointestinal)

Prolonged stay in ICU

Catheters and other intravascular devices

Serious underlying diseases: diabetes mellitus, liver
cirrhosis, malnutrition

Multiple blood transfusions

Intravenous nutrition

Mechanical ventilation

Factors in high risk patients Premature newborn with low weight (<1500g)

Significant and prolonged neutropenia

Central venous catheter

Antineoplastic chemotherapy

Therapy with corticosteroids or immunosuppressive drugs

Pancreatitis, visceral perforation, etc.

Renal failure and/or hemodialysis

Polytraumatism

Extensive burns

Broad-spectrum antibiotics

Multiple colonization by the same species of Candida
in various body locations

TABLE 4 Factors and Populations at Risk of Developing an Invasive

Aspergillosis

Factor

Patient groups

Neutropenia

Phagocytic dysfunction

Cellular immune deficiency

Therapy with corticosteroids and other immunosuppressive drugs
Mucocutaneous barrier breaks

Environmental exposure (high conidia concentrations)

Neutropenia (<500 neutrophils/mm? during >10days); acute
myeloid leukemia or allogeneic bone marrow transplant

Graft versus host disease treated with immunosuppressive drugs

Solid organ transplantations: lung>heart> intestine> liver > kidney

HIV infection/AIDS without antiretroviral treatment and <100 CD4/ul

Chronic granulomatous disease

Biological therapy using monoclonal antibodies: alemtuzumab
(anti-CD52) and infliximab, adalimumab and etanercept (anti-TNFa)

Nonhematologic critical patients

Chronic obstructive pulmonary disease undergoing chronic
corticoid treatment

Liver cirrhosis, advanced liver disease

Major and/or complex surgery
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IFDs adopt very different clinical presentations ranging from fungemia and

peritonitis to more localized infections, such as lung infections or meningoen-
cephalitis. Many of these are associated with the presence of catheters, prosthe-
ses, and other intravascular devices that facilitate both the access of the fungus
to the bloodstream and tissues and the development of chronic septic foci. The
great complexity of patients presenting important risks of IFD and the growing
diversity of pathogenic fungi are major diagnostic and therapeutic challenges.
Adequate knowledge of the etiology and epidemiology of these IFDs is one
of the fundamental foundations for making an early and correct diagnosis and
establishing the most appropriate treatment for each patient.
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EXPOSURE PATHWAYS AND ROUTES OF INFECTION IN
HUMANS

Fungi are ubiquitous in the outdoor environment and grow on a wide variety of
natural substrates such as wood, vegetation, soil, water, and dust during heavy
excavation and construction.! The elevated temperatures found in composting
vegetation are selective for thermophilic species. In general these fungi are unable
to utilize cellulose and lignin. They are characterized by rapid germination. There
are approximately 3300 species of currently known soil fungi. For many years
there has been the view that most soil fungi were cosmopolitan and that species at
a particular site were selected only by various soil parameters. It has also been the
view that most fungal species would potentially spend part of their life in the soil.
This view has now been modified considerably, as very many plant-parasitic spe-
cies are never isolated from the soil. This is particularly pertinent when consider-
ing pathogenic fungi. These properties of wide ecologic distribution, rapid growth,
and thermotolerance are of particular importance in developing human disease.

Fungal growth in indoor environments such as water-damaged homes,
schools, children’s day care centers, offices, and hospitals poses a severe
hygienic problem and is a potential human health risk. Inhalation of spores,
hyphal fragments, and allergens produced by filamentous fungi from indoor air
leads to irritative and nonspecific symptoms in sensitive persons.”> Long-term
exposure to these fungal propagules and allergens may cause severe, debilitat-
ing disease, and fatal infections, such as asthma, allergic diseases, alveolitis,
and invasive pulmonary disease, and have an impact on other chronic pulmo-
nary diseases, for example, chronic obstructive pulmonary disease.

Most commonly, pathogenic fungi gain entry to the body through the respi-
ratory tract. Conidia are deposited in the nasal turbinates and may be inhaled

Environmental Mycology in Public Health. http://dx.doi.org/10.1016/B978-0-12-411471-5.00007-7
Copyright © 2016 Elsevier Inc. All rights reserved. 65



66 SECTION |1

into the pulmonary alveoli. In the case of primary cutaneous fungal disease, for
example, primary cutaneous aspergillosis, conidia are introduced directly into
abraded or occluded skin. They then proliferate and can disseminate.
Nosocomial outbreaks of fungal disease, such as hospital-related Aspergillus
infections, have been linked to construction or renovation work, as well as to
contaminated ventilation systems. However, most cases of aspergillosis in hos-
pitalized patients are sporadic in nature and it is much more difficult to deter-
mine whether these infections are acquired inside or outside the hospital setting.

Superficial Infections

These are infections limited to the outermost layers of the skin, the nails and
hair, and the mucous membranes.! The principal infections in this group are
the dermatophytoses and superficial forms of candidosis (also known as candi-
diasis). These diseases affect millions of individuals worldwide, but there are
regional variations.

DERMATOPHYTOSIS

Unlike most other fungal infections, dermatophytosis is a contagious, host-to-host
transmissible disease of humans and animals. Infection with an anthropophilic
dermatophyte is acquired by direct or indirect contact with an infected individ-
ual. Indirect transfer may occur via the floors of communal bathing facilities or
on shoes, clothing, brushes, towels, bedding, and other fomites. Dermatophyte
arthroconidia can remain viable in the environment for long periods of time and
the interval between deposition and transfer to another host may be considerable.

Infection with a zoophilic Microsporum or Trichophyton species is often
the result of direct animal-to-human contact. These dermatophytes may then
be transmitted among humans to a limited extent. Infection can also occur as
a result of environmental contamination by an infected domestic pet or when
buildings, gates, fence posts, or implements are contaminated by farm animals.
Infection with geophilic dermatophytes, such as Microsporum gypseum, is
uncommon, and involves transmission of a soil-borne inoculum to humans or
other animals. Occasional outbreaks of human disease, originating from con-
taminated soil, have been reported.

SUPERFICIAL CANDIDOSIS

In most cases, superficial Candida infection is derived from the individual’s own
endogenous reservoir in the mouth, gastrointestinal tract, lower genital tract, or
skin. In some cases, however, transmission of organisms from person to person
can occur. For instance, neonatal oral candidosis is more common in infants born
of mothers with vaginal candidosis, which suggests that infection occurs when the
infant takes in some of the vaginal contents during parturition. The hands of moth-
ers and health care workers are another potential source of neonatal infection.
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MYCOTIC KERATITIS

The etiological agents of keratomycosis are widespread in the environment,
being commonly found in indoor and outdoor air, in the soil and dust, and
on decomposing plant matter. Human infection usually follows the traumatic
implantation of spores into the corneal epithelium. Much less commonly, it
results from their inadvertent introduction during surgical procedures, such as
corneal transplantation.

OTOMYCOSIS

The etiological agents of otomycosis are commonly found in indoor and out-
door air, in the soil and dust, and on decomposing plant matter. Their prevalence
varies with climatic conditions, but warm humid environments support their
growth, and the human ear canal is ideal for their proliferation.

Opportunistic and Systemic Infections

The organisms that cause systemic fungal infection can be divided into two
distinct groups: the true pathogens and the opportunists.! The first of these
groups comprises a handful of organisms, mostly dimorphic fungi, that are
able to invade and develop in the tissues of a normal host with no recogniz-
able predisposition. The principal diseases are blastomycosis, coccidioido-
mycosis, histoplasmosis, and paracoccidioidomycosis. The second group, the
opportunists, consists of less virulent and less well-adapted organisms that
are able to invade the tissues of only immunocompromised hosts. Although
new species of fungi are regularly being identified as causes of disease in
immunocompromised patients, five diseases still account for most reported
infections: aspergillosis, candidosis, cryptococcosis, mucormycosis, and
pneumocystosis.

ASPERGILLOSIS

Inhalation of Aspergillus spores is the usual mode of infection in humans. The
incubation period is unknown. Less frequently, infection follows the trau-
matic implantation of spores, as in corneal infection, or direct inoculation
from contaminated dressings. Inhalation of contaminated water aerosols dur-
ing patient showering has been suggested as an additional potential source of
infection.

The etiological agents of aspergillosis are ubiquitous in the environment and
the likelihood that infection will occur following inhalation or implantation of
spores largely depends on host factors. Invasive aspergillosis has emerged as a
major problem in several groups of immunocompromised patients. The like-
lihood of aspergillosis developing in these individuals depends on a number
of host factors, the most important of which is the level of immunosuppres-
sion, whether this manifests as profound or prolonged neutropenia, as in graft
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versus host disease in hematopoietic stem cell transplant (HSCT) recipients, or
as rejection in solid organ transplant (SOT) recipients.

SYSTEMIC CANDIDOSIS

In most cases invasive Candida infection is endogenous in origin, but trans-
mission of organisms from person to person can also occur. In the health care
setting, the main mechanisms of cross infection include direct patient-to-patient
transmission; transmission from a colonized or infected person to a recipient
via a third person, often a health care worker; transmission from a colonized
or infected person to another individual via a medical device; and more or less
simultaneous transmission to two or more patients from a common source, such
as contaminated intravenous infusions. In most reports of outbreaks or cross
infections due to Candida albicans in intensive care unit (ICU) patients, the
suspected or proven source has been the hands of health care workers. Out-
breaks of Candida parapsilosis infection among ICU patients have been linked
to nosocomial acquisition via medical devices, such as vascular catheters, and/
or parenteral nutrition. There are also a number of reports of C. parapsilosis
cross infection related to hand carriage by health care workers.

CRYPTOCOCCOSIS

Inhalation of airborne propagules from an environmental source is the usual
mode of infection with Cryptococcus neoformans and Cryptococcus gattii in
humans and animals. However, it remains unclear whether the infectious par-
ticles are small desiccated acapsular yeast cells or basidiospores of the teleo-
morph stage of the fungus. It is thought that the encapsulated yeast cells are too
large to penetrate the upper respiratory tract.

Outbreaks, investigations of which have helped to elucidate the sources,
incubation periods, and risk factors for other fungal infections such as histo-
plasmosis, have not been described for C. neoformans infection. Thus, although
bird roosting sites have been clearly implicated in outbreaks of histoplasmosis,
the association of C. neoformans infection with exposure to pigeon droppings,
the best recognized of the putative environmental risk factors for this disease, is
mostly derived from information on the isolation of the fungus from the envi-
ronment, not from studies that attribute disease to this exposure. The incubation
period for C. neoformans is unknown and could be weeks, months, or even
longer. Estimated incubation periods for outbreak cases of C. gattii infection
among residents of Vancouver Island, BC, Canada, and elsewhere have ranged
from 2 to 13 months (median 6—7 months).

MUCORMYCOSIS

Most human infections follow inhalation of spores that have been released into
the air, and the lungs and nasal sinuses are the most common initial sites of
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infection. Infection may also follow cutaneous or percutaneous inoculation of
organisms, either through traumatic disruption of skin barriers or as a result
of catheter insertion or injections. Less frequently, infection follows ingestion of
contaminated food. Many of the etiological agents of mucormycosis are ubiq-
uitous in the environment and the likelihood that infection will occur following
inhalation, implantation, or ingestion of spores largely depends on host factors.

PNEUMOCYSTIS JIROVECII PNEUMONIA

Pneumocystis infection is acquired by inhalation, but it remains unclear whether
the source of infection is environmental or person-to-person spread. No envi-
ronmental form or cycle of Pneumocystis has been found, but animal models
and nosocomial case clusters among immunosuppressed patients suggest that
airborne transmission from one host to another is important. Epidemiological
studies showing the clustering of Pneumocystis jirovecii-specific genotypes
with patients’ place of residence are consistent with the hypothesis of airborne
person-to-person transmission of the organism.

BLASTOMYCOSIS

Inhalation of Blastomyces dermatitidis spores is the usual mode of infection in
humans. The incubation period, which has been estimated from outbreaks in
which exposure occurred over a limited time period, is 4-6 weeks. Occasional
cases have followed traumatic cutaneous inoculation.

Outbreaks of blastomycosis are uncommon, but have provided us with
important information on risk factors for development of the disease. Most
reported point-source outbreaks have been associated with occupational and
recreational activities, often along streams or rivers, and have resulted from
exposures to moist soil enriched with organic matter. Apart from outbreaks,
blastomycosis is more commonly seen in adults than in adolescents or children.
Those at greatest risk for blastomycosis are middle-aged men with outdoor
occupations, such as construction or farming, or recreational interests, such as
hunting or fishing. As with outbreaks, sporadic cases often involve exposures
that occur near freshwater. In some reports, the incidence of sporadic infection
has been reported to be much higher among African Americans, although it is
unclear whether this is due to genetic risk factors or increased exposure.

COCCIDIOIDOMYCOSIS

Infection is thought to occur when Coccidioides arthroconidia from disrupted
soil are inhaled. The incubation period, which has been estimated from point-
source outbreaks in which exposure occurred over a limited time period, ranges
from 1 to 3weeks. In contrast to histoplasmosis, once individuals have recov-
ered from Coccidioides infection, they are usually immune to reinfection. How-
ever, later reactivation of quiescent lesions can occur in persons who become
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immunocompromised. Coccidioidomycosis is not contagious but person-to-
person spread has occurred by transmission from an organ donor to a recipient.

The major risk factor for infection is environmental exposure. The risk of
infection depends on a number of factors including the nature of the environ-
mental site, the activities performed, and the duration and degree of dust or soil
exposure. Longer and more intense exposures may lead to a shorter incubation
time and usually result in more severe pulmonary disease. Human infection has
been associated with ground-disturbing activities, such as building construc-
tion, landscaping, farming, archaeological excavation, and numerous recre-
ational pursuits. Natural events that result in the generation of dust clouds, such
as earthquakes and windstorms, have been associated with an increased risk of
infection and have resulted in large outbreaks.

HISTOPLASMOSIS

Inhalation of Histoplasma capsulatum spores is the usual mode of infection in
humans. The incubation period, which has been estimated from point-source
outbreaks in which exposure occurred over a limited time period, is 1-3 weeks.
In cases of reinfection, the incubation period appears to be shorter (4-7 days
after exposure). Histoplasmosis is not contagious but person-to-person spread
has occurred by transmission from an organ donor to a recipient.

The major risk factor for development of infection with H. capsulatum is
environmental exposure. The risk of infection depends on a number of factors
including the nature of the environmental site, the activities performed, and the
duration and degree of dust or soil exposure. Longer and more intense exposures
usually result in more severe pulmonary disease. Most reported outbreaks have
been associated with exposures to sites contaminated with H. capsulatum or
have followed activities that disturbed accumulations of bird or bat droppings.
These include building construction, cleaning, renovation and demolition, soil
excavation, spelunking, and clearing sites harboring the fungus. In many cases,
however, infections with H. capsulatum do not involve major disturbance of
infected soil. Mild dust exposure can also result in outbreaks or sporadic cases
of histoplasmosis.

PARACOCCIDIOIDOMYCOSIS

Inhalation of Paracoccidioides brasiliensis spores is believed to be the usual
mode of infection in humans. However, in a few cases infection may be the
result of traumatic inoculation. The infection is thought usually to be acquired
during the first two decades of life, but clinical disease is uncommon in this
age range. The incubation period is unknown, but it is clear that the fungus can
remain dormant for very long periods in the lymph nodes following asymp-
tomatic primary infection. Among more than 70 reported cases of imported
paracoccidioidomycosis diagnosed in nonendemic countries, the latency period
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ranged from 4 months to 60years with an average duration of asymptomatic
infection of 14 years.

Diseases of Implantation—Subcutaneous Infections

These are infections of the dermis, subcutaneous tissues, and adjacent bones that
generally show slow localized spread.! They usually result from the traumatic
implantation of saprophytic fungi from soil or vegetation. More widespread
dissemination of the infection, through the blood or lymphatics, is uncommon
and usually occurs only if the host is in some way debilitated or immunocom-
promised. The principal subcutaneous mycoses are mycetoma, sporotrichosis,
phaeohyphomycosis, and chromoblastomycosis. These infections are most fre-
quently encountered among the rural populations of the tropical and subtropical
regions of the world, where individuals go barefoot and wear the minimum of
clothing.

CHROMOBLASTOMYCOSIS

Minor trauma, such as abrasions or wounds due to thorns or wood splinters,
is often sufficient to introduce the many environmental fungi associated with
chromoblastomycosis. The incubation period is unknown, but the disease is rare
in children and adolescents exposed to the same environmental conditions as
adults with the disease. This suggests a long latency period before signs of dis-
ease begin to appear.

ENTOMOPHTHOROMYCOSIS

It is still uncertain how entomophthoromycosis is acquired, but subcutaneous
infection is thought to follow traumatic inoculation. Minor trauma, such as a
thorn prick or an insect bite, is often sufficient to introduce the organism. Basid-
iobolomycosis is unusual among subcutaneous fungal infections in that it is
more common in children and adolescents than in adults. As with other subcu-
taneous fungal infections, most affected individuals are otherwise normal, and
there does not appear to be any predisposition apart from exposure. It is thought
that gastrointestinal disease is acquired through ingestion of soil, animal feces,
or food contaminated by either. Potential risk factors include prior ranitidine use.

MYCETOMA

Infection results from the traumatic implantation of the pathogen into the skin
or subcutaneous tissue. In some cases the organisms are introduced on thorns
or wood splinters; in others infection is due to later contamination of the wound
with soil organisms. The initial lesion appears several months after the trau-
matic incident, but patients most commonly present for medical attention with
long-standing infection.
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SPOROTRICHOSIS

Infection usually follows the traumatic implantation of Sporothrix schenckii into
the skin or subcutaneous tissue. Minor trauma, such as abrasions or wounds due
to thorns or wood splinters, is often sufficient to introduce the organism. Zoo-
notic sporotrichosis occurs with exposure to infected animals, most commonly
cats. Infection has also been transmitted from uninfected animals that transfer
the organisms from soil through scratching or biting. The initial lesion usu-
ally appears 1-4 weeks after inoculation. Pulmonary and disseminated forms of
infection, although uncommon, follow spore inhalation.

PHAEOHYPHOMYCOSIS

Subcutaneous infection is the most frequently reported form of phaeohypho-
myecosis. It is thought to result from the traumatic implantation of the causative
fungus into the subcutaneous tissue. Minor trauma, such as abrasions or wounds
due to thorns or wood splinters, is often sufficient to introduce the organism.
Less commonly, it may occur as a result of hematogenous dissemination of
invasive disease in an immunocompromised individual. The incubation period is
unknown. The principal etiological agents include Bipolaris species, Exophiala
Jjeanselmei, Exophiala (Wangiella) dermatitidis, and Phialophora species, but
many less common mould have also been reported to cause this condition. Most
cases occur sporadically in otherwise healthy individuals, often in older men
with outdoor occupations, but infections have also been reported in immuno-
compromised individuals, such as SOT recipients. These patients may be at
increased risk of subsequent dissemination.

HYALOHYPHOMYCOSIS

The mechanisms by which human Fusarium infection is acquired are not well
understood. The incubation period is unknown. There are several suggested
routes of transmission, including inhalation, implantation following trauma,
and acquisition via contaminated intravascular devices. In some cases, it has
been found that the source of disseminated Fusarium infection in an immu-
nocompromised individual was a preexisting nail infection or a localized skin
infection. The isolation of Fusarium species from hospital water supply and dis-
tribution systems has led some experts to suggest that inhalation of bioaerosols
generated during showering could be an important source of invasive infection
in HSCT recipients and other immunocompromised individuals.

Species of Scedosporium are ubiquitous in the environment and the like-
lihood that infection will occur following inhalation from the air, inhalation
or aspiration of contaminated water, or implantation of spores largely depends
on host factors. There are also several reports of acquisition via contaminated
intravascular devices. The incubation period is unknown. Trauma is the major
risk factor for localized Scedosporium infection in the immunocompetent indi-
vidual. In addition to infection of the subcutaneous tissue and bone (mycetoma),
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cases of endophthalmitis, osteomyelitis, and arthritis have been reported follow-
ing the traumatic introduction of the organism. Unlike other opportunistic mould
pathogens, Scedosporium species can cause pneumonia in immunocompetent
individuals following aspiration of polluted water. Hematogenous dissemina-
tion to the brain is a frequent complication.

Infection with Talaromyces marneffei (formerly known as Penicillium
marneffei) is thought to follow inhalation of spores that have been released from
thus far unidentified environmental sources into the air. The incubation period is
variable, but it is clear that the fungus can sometimes remain dormant for long
periods following asymptomatic primary infection. In contrast, cases have been
reported in infants and children with the acquired immunodeficiency syndrome
(AIDS) in which disseminated infection occurred within a few weeks of expo-
sure to the organism.

Animal Models and Routes of Infection

Animal models are important tools in the study of infections caused by fungi
and have been comprehensively reviewed.* With the primary aim of mimicking
clinical disease, there are a number of choices that an investigator needs to make
before beginning a study. These include the choice of animal species, fungal
species, and route of infection to emulate the type of clinical infection being
modeled. The ethics of using laboratory animals and a more detailed discussion
of the various aspects of designing a model have been discussed at length pre-
viously.* Animal models can be designed for specific studies on pathogenesis,
host response, and therapeutic intervention, with the model differing possibly in
host species or fungal species based on the questions being asked by the inves-
tigator. Thus, defining what it is the investigator is trying to accomplish will
determine how the model needs to be designed. For most studies, the mouse is
the species of choice for a number of reasons. However, other animals such as
rats, rabbits, hamsters, dogs, cats, and birds have been used.

As noted in the first part of this chapter, there are several routes by which
humans and animals are exposed to potential fungal pathogens. However, a
prospective study of these exposures is almost impossible because outbreaks
are usually unexpected and often not all exposed individuals develop clinical
disease. It is desirable to understand the events of a natural exposure to a fungal
pathogen, and many animals are equally or more susceptible to the infections
than are humans. Although the use of sentinel animals might be possible, it is
not practical, in that no disease may develop or few animals become ill, mak-
ing statistically valid studies almost impossible. Thus, to allow a practical and
valid study, laboratory animals are used and exposed to the fungal pathogens
via specific routes of infection to mimic natural exposures. Exposure to poten-
tially pathogenic fungi from the environment occurs in several ways, including
inhalation, ingestion, and direct contact through skin, mucous membranes, or
cornea. In addition, exposure to a fungal pathogen can occur by translocation
of normal flora from the skin or intestinal tract under the right circumstances.
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INHALATIONAL MODELS OF INFECTION

A majority of the serious infections caused the primary fungal pathogens (i.e.,
Coccidioides, Histoplasma, Blastomyces, and Paracoccidioides), as well as
more opportunistic pathogens (e.g., Aspergillus, Cryptococcus, Scedosporium,
Penicillium, etc.), are acquired via inhalation. To study infections acquired
through exposure by inhalation, the infecting organism is inoculated via the
respiratory tract. There are three methods used to infect the animals by this
route and several species of laboratory animals have been used to study a variety
of infections.*3

The first method is the simplest to perform and is the intranasal administra-
tion of the infectious inoculum to the animal. If done in mice, the animal is
anesthetized to a plane of anesthesia that eliminates the swallow reflex using
isoflurane fumes or with injectables such as a cocktail of ketamine and xylazine.
The animal is held upright and the mouth held shut and a small volume of fungal
suspension (10-50pl) placed on the nares. The animal will inhale the droplets
into the lungs. A critical aspect is the plane of anesthesia. If it is too deep, the
animal may not inhale deeply and if it is too light the animal will tend to swal-
low much of the inoculum.

A second method for inducing pulmonary exposure is the use of intratra-
cheal administration. Again, this method requires anesthesia and most often a
minor surgical incision above the trachea. The fungal inoculum is injected using
a tuberculin syringe directly into the trachea, which has the advantage of no loss
of organisms. After injection the skin incision is closed with sutures or staples.
Similar to this method is the use of a catheter inserted into the trachea or an
atomizer cannula.

The third method of inhalational exposure is through the use of a chamber
to disperse the infecting conidia and allowing the animal to breathe naturally.
This method has been used very successfully in studies of pulmonary aspergil-
losis done in mice.*® Exposure by this method results in deeper penetration of
the conidia into the lungs and an even distribution of infection, whereas the
intratracheal and intranasal methods can result in uneven distribution of organ-
isms. However, this method also requires the proper chamber and mechanism to
disperse the conidia.”!”

MUCOSAL MODELS OF INFECTION

Although acquisition of fungal infection through ingestion is not common,
mucosal C. albicans infection is common in immunosuppressed patients and
in untreated human immunodeficiency virus-infected patients. C. albicans is
part of the normal skin and gut flora of many individuals and causes orogas-
tric mucosal infection when the immune system is compromised or the bal-
ance of normal flora has been altered by high-dose antibacterial therapy or the
mucosal layer is damaged by anticancer therapies.!! Two models of mucosal
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disease are relevant.*!> The first utilizes severe combined immunodeficiency
mice that are allowed to drink an inoculum of C. albicans for a period of 24 h;
C. albicans is not part of the normal flora of mice. A mucosal infection is estab-
lished in the superficial layers of the mucosa throughout the gastrointestinal
tract from the tongue to the colon. However, in this model the organisms do
not translocate into the bloodstream, mimicking disease in AIDS patients. In a
second model the mucosal epithelium is damaged by high-dose 5-fluorouracil
treatment and, after infection, the animals not only have the orogastric infection
but also develop systemic disease in the kidneys and liver because the organism
has translocated across the gut and into the bloodstream. This model is similar
to the disease in cancer chemotherapy patients.

Vaginitis due to C. albicans is also a mucosal infection and can be mod-
eled in estrogenized female mice or rats.'3'# The animals are given estradiol
to induce estrus and then inoculated intravaginally with a suspension of yeast.
Maintenance of the infection over more than 1week requires periodic dosing
with the estradiol.

DIRECT INFECTION

Dermatomycosis is one of the most frequent fungal infections worldwide and
acquired by exposure of the skin to the organisms in the soil or on hard surfaces in,
for instance, shower facilities. The organism enters the skin through small breaks
in the keratinized surface and establishes a superficial infection. Both mice and
guinea pigs have been used for modeling these infections, which are initiated by
applying a suspension of conidia to lightly abraded skin. The infections are acute
to the surface of the skin, but both will self-resolve within weeks.!>

Other fungal infections, such as eumycetoma and sporotrichosis, can occur
after puncture of the skin to inoculate the organisms into the subcutaneous tissue.
Models of these diseases are lacking with respect to the subcutaneous part of the
infection, and animals are often infected parenterally. More work is needed in
these diseases to develop models that more readily mimic human disease.

CONCLUSIONS

As should be evident from the information presented in this chapter, natural
exposure to various fungal infections is a common occurrence. The study of
these exposures and their epidemiology is a very important aspect of human
health care and for the prevention of these diseases where possible by avoidance
or by hygiene practices. It should be remembered that these practices apply to
both humans and animals. The use of laboratory animals to model the infections
resulting from natural exposures is critical to our better understanding of the
pathogenesis and progression of these infections, as well as for studies on
the development of preventative or curative therapies.
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INTRODUCTION

Fungi are eukaryotic microorganisms that are ubiquitous in the environment.
Most of them produce large quantities of spores and fungal material can easily
be released into the air both through intrinsic/natural mechanisms and through
external events such as human activities. Thus, airborne fungi are found at low
concentrations in the air of environments, considered as lowly contaminated,
such as outdoor air, office buildings, and homes.!> High levels of airborne
fungi are also found in various occupational sectors in which materials contain-
ing fungi are handled.* For example, in the food industry, some specific fungus
species are essential for production processes and are deliberately added, and
their growth is generally controlled and confined. In the agricultural or waste
management sectors, environmental fungi colonize and grow on organic mat-
ter without any human control. Fungi play a major role in the decomposition
of organic matters and are greatly involved in waste and composting. They are
also present in agriculture (grain harvesting and handling, vegetable cultivation,
animal farming) and industries (wood processing), sometimes in very high con-
centrations, but here they are considered as contaminants. Indeed, all workers
who handle organic matter (vegetal or animal) are potentially exposed to a high
airborne fungal load. The incidence and abundance of fungal species depends
on the natural selection acting on these very complex microbiological commu-
nities, and several parameters are involved.

Airborne fungal particles found at occupational settings consist of spores,
mycelium fragments, and debris that are present as single particles or complex
aggregates. Once in suspension in the air, fungal particles can be inhaled by
exposed workers and cause diverse symptoms including allergies, irritation, and
opportunistic infections.>¢ Irritation of the eyes, nose, and throat, as well as
cough, are often reported as short-term effects of exposure to airborne fungi,
whereas longer exposure is associated with increased risks of chronic diseases.®

Environmental Mycology in Public Health. http://dx.doi.org/10.1016/B978-0-12-411471-5.00008-9
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The link between exposure to fungi and occupational diseases is often difficult
to prove owing to coexposure to other components of bioaerosols.

To prevent these adverse health effects, characterization of occupational
airborne fungal exposure is essential. In most studies, the presence and quanti-
fication of airborne fungi is assessed either by the culture of viable and cultur-
able fungal particles (called colony-forming units or cfu) on nutrient agar or by
counting the total number of spores collected on a filter using a microscope. It is
also possible to assess fungal contamination by measuring f-D-glucans, which
are components of the fungi’s cell walls. Levels of exposure depend on various
factors, which are important to identify. The purpose of this chapter is to review
the fungal concentrations found in highly contaminated work environments
and to highlight the main determinants. The review focuses on scientific stud-
ies published between 2000 and 2014. It will also review the most frequently
encountered fungal species and the more exposing tasks.

FUNGAL AEROSOLS IN ANIMAL CONFINEMENT BUILDINGS

Modern animal farming seems to require bigger and bigger installations hous-
ing more and more animals. For example, it is no longer rare to find pig or
poultry farms housing more than 1000 animals, and installations with more
than 10,000 animals are common in certain countries. Most of the time, these
animals are kept in enclosed buildings for their entire lives and the accumu-
lation of organic dust is difficult to control. Aerosolization of settled dust
occurs easily as animals move about and workers do their jobs. Organic dust is
composed of both nonviable particles (originating from food, litter, feces, skin
squames, etc.) and viable particles such as viruses, bacteria, and fungi. Many
studies have quantified and/or identified airborne fungi in livestock farms.
Most fungi samples were taken at stationary points and reflected airborne
concentrations, not workers’ personal exposure. This is an important point
because it is known that concentrations based on personal samples measured
directly in a worker’s breathing zone are usually higher than ambient concen-
trations measured by stationary sampling in the workplace.” However, this has
not always been substantiated.® Direct impact onto nutrient agar is by the far
the most widely used procedure for assessing the fungal content of bioaero-
sols. This usually involves sampling air for short periods (between 0.5 and
5min), but daily variations are not taken into account.

Pig Farms

The intensity and variability of personal exposure to organic dust among pig
farmers depends on the farm’s characteristics and the farmer’s work activi-
ties. For instance, activities related to feed handling, as well as high-pressure
water cleaning, increase exposure to organic dust.” The use of dry feed, slat-
ted floor coverings, and neutral ventilation systems is important factors related
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to increases in dust exposure.’ Dust exposure is also increased during specific
work tasks involving intense animal handling (castration, teeth cutting, han-
dling sick animals, etc.) and pig load-out.'!! In temperate regions, a seasonal
effect is also reported, with an increase in airborne dust and/or bioaerosol con-
centrations during the winter period.”'2!3 However, the inverse has also been
found.!#!5 Basinas et al.” demonstrated that in Denmark, a 10°C increase in
outdoor temperature was associated with a decrease in dust exposure as high as
30%. The authors suggested that this might be attributable to the higher ventila-
tion rates used in higher temperatures. Table | shows a data synthesis of 14 stud-
ies carried out in 12 different countries and published between 2000 and 2013.
Results using culture-dependent methods (direct impact of culturable fungi on
nutrient agar) vary between studies: from <102 to 48 x 103 cfu/m?3. When count-
ing by microscope (total fungal particles collected on filters), sampling time
is higher (usually between 60 and 240 min) and results vary between 5.8 x 103
and 8760 x 103 cells/m3. One study,'® which sampled air over a very long period
(48h) on a glass fiber filter and counted fungal particles in a counting cham-
ber, revealed a very high fungal concentration of 12 x 105 cell/m?. This study’s
culture-based count showed that only 0.4% of the fungi on the nutrient agar
used were viable. As discussed above, the seasonal effects observed in some
studies leave us with contradictory results, which deserve further investigation.

One study!” reported no differences in airborne fungi concentrations between
different types of piggeries (breeding, farrowing, nursery, growing, and finish-
ing). In Poland, Sowiak et al.'® showed that fungal concentrations were higher
in pig farms using a litter bed system than in those using a pit manure system
(18 x 103 vs 0.9 x 103 cfu/m?) and that manual feed distribution led to higher fun-
gal concentrations than mechanical feeding (8.4 x 103 vs 0.6 x 103 cfu/m3). The
influence of litter was also shown in Canada,'® where pig farms with sawdust
beds generated higher fungal concentrations than conventional barns with slat-
ted floors (48 x 103 vs 0.86 x 103 cfu/m?3).

The diversity of fungal genera found in pig farms is extremely variable
from one study to another. It seems that each pig farm has its own specific and
dynamic fungal community. However, Table 1 shows that Aspergillus sp. and
Penicillium sp. were present in all the pig farms studied. Cladosporium sp. and
Scopulariopsis sp. were also very present.

Poultry Farms

Large-scale production has also led to increased bird densities in poultry
houses.? As in pig farms, concentrations of airborne organic dust in poultry
houses depend on work activities and farm characteristics. Types of work activi-
ties in poultry farms are fewer than in pig farms because less animal care is
needed. The stage at which birds are growing rapidly (4-6weeks) is impor-
tant because the biomass of feces and feather dandruff increases sharply during
the fattening period. For workers, the load-out for slaughter also generates a



TABLE 1 Methods, Arithmetic Mean, Geometric Mean (or Median), Range (Min-Max), and Fungal Species Identified in Pig Farms

in Various Countries

Country Method
Portugal Culture
Switzerland Culture
Denmark Culture
Counting
Chamber
PCR and
sequencing
Poland Culture
Korea Culture

AM (103 cfu/m3)

3.21
2.26
2.16
7.38

5.7

1200

15.5 (Total fungi)
10.7 (Respirable
fungi)

0.631 (Winter)
9.2 (Summer)

GM or
Median
(103 cfu/m3)

ND

0.77

2.7
1.5

0.454
7.1

Min-Max
(103 cfu/m3)

(0.02-52)

(0.2-108)
(0.02-70)

(0.07-2.5)
(0.9-22.7)

Species (Most

Frequent) Remarks References

Aspergillus Viegas et al.”!

versicolor Sabino et al.??

Scopulariopsis

brevicaulis

Penicillium sp.

ND Masclaux
etal.!?

Penicillium sp. Kristiansen

S. brevicaulis etal.'®

Stachybotrys

chartarum

Chrysosporium

Aspergillus

eurotium (65%)

Wallenia

Mucorales

Russulales

ND Sowiak et al.>

Aspergillus sp. Jo and Kang'#

Cladosporium sp.
Penicillium sp.
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Finland

Canada

United
States
lowa

United
States
Ohio

Korea

Culture

Culture

Culture

Culture
Counting
on
cellulose
ester
membrane

Culture

NDs

48
(Litter = sawdust)
0.86 (Slatted floor)

ND

4.1/2.0 (Summer/
winter)

14.2/5.8 (Summer/
winter)

3.14 log (cfu/m?3)

2.0-1100

ND

28.3 (Hoop
building)

20.5
(Conventional)

ND

(0.2-3500)

(2.1-428)
(2.1-209)

Aspergillus sp.
Penicillium sp.
Cladosporium

Scopulariopsis sp.

Aspergillus sp.
Acremonium
Beauveria

Cladosporium sp.

Muco sp.

Scedosporium sp.
Scopulariopsis sp.

Penicillium sp.
Paecilomyces
Petriella

ND

Aspergillus sp.
Penicillium sp.
Basidiospore

Cladosporium

ND

Traditional
and
composting
Swineries

Personal

exposure

Rautiala
et al.?*

Létourneau
etal.!?

Thorne et al.2>

Lee et al.2®

Kim et al.2”

Continued
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TABLE 1 Methods, Arithmetic Mean, Geometric Mean (or Median), Range (Min-Max), and Fungal Species Identified in Pig Farms
in Various Countries—cont’d

Country Method
Denmark Counting/
CAMNEA
Culture
Taiwan Culture
Germany Culture
Counting/
CAMNEA

ND =not done.

AM (103 cfu/m3)

ND

1.7 (Andersen
microbial sampler)
3.3 (All-glass
impinger)

3.8 (Polycarbonate
filters)

0.22
540

GM or
Median
(103 cfu/m?3)
8760 (Total
cell/m?

380 (Viable
fungi)

ND

0.13
440

Min-Max
(103 cfu/m?3)

(0-140,000)
(0-4300)

(0.248-4.3)
(1.0-6.4)
(0.8-10.1)

(0.06-0.62)
(170-1200)

Species (Most
Frequent)

Aspergillus sp.
Cladosporium
Penicillium sp.

Cladosporium sp.
Aspergillus sp.
Alternaria
Penicillium sp.
Fusarium

ND

Remarks

Comparison
of three
sampling
methods

Test of
biofilter
efficacy

References

Radon et al.?®

Chang et al.'”

Martens
et al.2?

s3umas [euonednddQ |1 | NOILDIS +8
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significant increase in exposure to organic dust.>’ There are two main types of
poultry production: farms housing laying hens for egg production and farms
with broilers for meat production. Animals are kept either directly on the floor
or in cages. Table 2 shows the airborne fungal concentrations measured in
poultry farms in nine countries (11 studies in total). Results range between 97
and 440x 103 cfu/m3. In contrast to pig farms, seasonal influences have rarely
been investigated in poultry farms. Monthly variations were found in Croatia,
with the highest concentrations measured in June and the lowest in September
(85.6x103 vs 0.75x 103 cfu/m3). The influences of other parameters were not
reported. As in pig farms, the same four genera were predominant: Aspergillus
sp., Penicillium sp., Cladosporium sp., and Scopulariopsis sp. However, a study
performed in Texas®!' using pyrosequencing of airborne fungal DNA showed
that the predominant species was Sagenomella sclerotialis, which represented
37% of the 14 identified fungi species. Aspergillus ochraceus and Penicillium
Jjanthinellum represented only 14% and 13%, respectively.

Dairy Farms

In dairy farms, animals do not stay in enclosed buildings throughout their entire
life cycle and animal population densities (animals per square meter), as well
as the total number of animals per farm, are usually lower than those observed
in pig and poultry farms. Milking activities represent an important daily task
during which animals are very active and thus generate a lot of organic dust.
A 2014 study’? showed that exposure to organic dust was higher when fully
automatic milking was used, as well as during repenning of animals, handling
of feed and seeds, and handling of silage and when spreading bedding. In big
Californian dairies (more than 1000 cows), the time spent rebedding is associ-
ated with higher inhalable dust concentrations than the time spent milking.??
In the Netherlands, personal exposure to airborne dust is higher in barns utilizing
compost bedding compared with those with sawdust bedding.3* Table 3 presents
the results of four studies that measured airborne concentrations of fungi in
enclosed barns. In France, seasonal variations in levels of several fungal species
were observed, and peaks of fungal contamination were observed during straw
handling.?> This study also detected airborne aflatoxins and showed that farm-
ers could possibly be exposed to Stachybotrys chartarum during routine barn
work. In Romania, the level of fungi was higher in barns with bedding than in
those without (19.1x 103 vs 3.2 x 103 cfu/m?).3¢ In India, a monthly survey car-
ried out over 2 years showed seasonal variations in the levels of total airborne
and culturable fungi, with higher measurements in winter, late summer, and
the rainy season.’” Lee et al.!> compared fungal exposure in various animal
farms by using personal sampling. They showed that, on average, dairy farmers
were not exposed to levels very different from those of pig and poultry farmers.
Aspergillus sp., Penicillium sp., and Cladosporium sp. were the most frequently
encountered species in dairy farms.



TABLE 2 Methods, Arithmetic Mean (AM), Geometric Mean (GM) or Median, Range (Min-Max), and Fungal Species Identified
in Poultry Farms in Various Countries

Country

Croatia

Poland

Portugal

United
States
North
Carolina

France

Method

Culture

Culture
Culture

Culture

Culture

Culture

AM
(103 cfu/m?3)

0.8-85.6

ND

ND

3.0
7.4-17.0

0.161

(CIP 10-M
sampler
0.097

(Airport MD8

sampler)

GM or
Median
(103 cfu/m3)

Min—-Max
(103 cfu/m?3)

ND

1.3-23.49
(Stationary)
7.6-30.44
(Personal)

ND

(0.123-10.8)
(0.131-82.9)

ND

Species (Most
Frequent)

ND

17 Genera
identified but
without indication
of frequencies

Scopulariopsis
brevicaulis
Rhizopus sp.
Penicillium sp.
Aspergillus sp.

Cladosporium
Fusarium
Yeast
Fusarium
Acremonium

Aspergillus sp.
Penicillium sp.
Alternaria sp.
Scopulariopsis sp.
Cladosporium

Remarks

Sampling
twice a
month during
1year

Stationary
and personal
sampling

Inside the
poultry house
Outside the
poultry house

Comparison
of samplers
and culture
growth

temperature

References

Matkovic
et al.’®

Lawniczek-
Walcyk
et al.??

Viegas et al.*0

Wang-Li
etal.#!

Nieguitsila
et al.*?
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Poland

Croatia

United
States
Texas

United
States
Ohio

South
Africa

Switzerland

ND =not done.

Culture

Culture

DNA
pyrosequencing

Culture
Counting on
cellulose ester
membrane

Culture

Counting/
CAMNEA
Culture

4.1-3.6

12.7-25.9

28
18

0.7

ND

ND (4.9-68.4)

689 cells/m3
255 cells/m?
248 cells/m?
1810 cells/m3

ND

(0-4.3)
20,000 cells/ (0-1,100,000)
m? (total fungi) (14-11x107)
440 (Viable
fungi)

Aspergillus sp.
Penicillium sp.
Alternaria sp.
Cladosporium
Fusarium sp.

Penicillium sp.
Fusarium sp.
Aspergillus sp.
Mucor sp.
Rhizopus sp.
Scopulariopsis sp.

Saganomella
Aspergillus
ochraceus
Penicillium
janthinellum
Total

Cladosporium
Aspergillus sp.
Penicillium sp.
Basidiospore

ND

Eurotium sp.
Thermophilic
fungi

Measurement
of 1gG to
various

molds

Sampling on
a mannequin

Personal
exposure

Comparison
inside/outside

Plewa and
Lonc*

Rimac et al.**

Nonnenmann
et al.’!

Lee et al.?®

Venter et al.*®

Radon et al.?8

£8 8| 191deyd saoe|dyiop pajeulweluo) AlysiH



TABLE 3 Methods, Arithmetic Mean, Geometric Mean (or Median), Range (Min-Max), and Fungal Species Identified in Dairy Farms in
Various Countries

GM or
AM (103 cfu/ Median Min-Max Species (Most
Country Method m?3) (103 cfu/m3) (103 cfu/m3) Frequent) Remarks References
France Culture ND 0.0648-0.076 (0.002-0.59) Aspergillus fumigates Mycotoxin Lanier et al.?>
Aspergillus glaucus measurement
Cladosporium
cladosporioides
Penicillium
chrysogenum
Stachybotrys
chartarum
Ulocladium
chartarum
Romania Culture 16.1 15.4 (2.7-41) Aspergillus sp. Morning Popescu et al.*®
24.1 21.8 (5.8-78.5) Penicillium sp. Evening
Cladosporium sp.
Yeast
United Culture 39/0.3 ND ND Aspergillus sp. Personal Lee et al.?®
States Counting (Summer/ Penicillium exposure
Ohio on cellulose winter) Basidiospore
ester 36/0.9 Cladosporium
membrane (Summer/
winter)
India Culture 0.165-2.22 ND ND Aspergillus sp. Monthly Adhikari et al.®
Count (Viable fungi) Penicillium sp. evolution of
0.233-2.98 Cladosporium sp. presence of
(Total fungi) Alternaria each species

Nigrospora sp.
Periconia sp.

ND =not done.
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FUNGAL AEROSOLS IN SAWMILLS

In sawmills, exposure to organic dust is high.***® Before sawing, timber is very
often kept outdoors under damp conditions that favor mold and bacterial growth.
When timber is handled and sawn, fungi are aerosolized. Fungal concentrations
up to 10°-107 spores/m> have been reported.**! Table 4 presents the airborne
fungus concentrations measured in sawmills in various countries. A Korean
study®? comparing the levels of airborne fungi in various work sectors reported
that levels in sawmills were higher than in either the livestock feed industry or
metalworking fluid handling plants, with levels reaching up to 30x 103 cfu/m3.
Very similar airborne concentrations of fungi were also observed in Switzerland,
where all of the 37 sawmills studied exceeded the occupational exposure guide-
line value of 1000 cfu/m?3. In Croatia, Klaric et al.>* observed seasonal differences
in fungal levels in two sawmills. Average concentrations were significantly higher
in April, May, and July than in other months (September, November, Decem-
ber, and February), with a minimum of 160cfu/m? measured during the winter
period and a maximum of 14 x 103 cfu/m3 measured in July. In Norway, Rhizopus
has been shown to be the most abundant mold,’*>* with a maximum count of
10x 10°spores/m3.°° Wood trimmers in those high-exposure sawmills had sig-
nificantly higher levels of Rhizopus microsporus-specific IgG and IgA antibodies.
Rhizopus and Penicillium were the most abundant in Finnish sawmills,** whereas
Penicillium predominated in Canadian®” and Swiss sawmills.” In Poland, Penicil-
lium citrinum was predominant in sawmills processing deciduous wood, whereas
Aspergillus fumigatus predominated in sawmills processing coniferous wood.”’ In
Canada and Poland, debarking work stations were the most highly contaminated
by mold (up to 15x 103 cfu/m3 and mean of 15.3x 103 cfu/m’, respectively), in
comparison to planning, sawing, and sorting.”'’ In Poland® airborne concentra-
tions of fungi were higher in fiberboard and chipboard factories than in sawmills
(33.5%x 103 and 10.1x 103 cfu/m? vs 4.2 x 103 cfu/m?, respectively).

FUNGAL AEROSOLS IN WASTE SECTORS

Fungal Exposure during Collection, Sorting, and Recycling
of Waste

Household waste represents a mix of components including biodegradable mat-
ter (kitchen and food waste), often called “biowaste,” and nonbiodegradable
matter (paper, cardboard, glass, plastics, cans, textiles, etc.), often called “dry
waste.” Wastes sorted at the source and nonseparated wastes are collected and
transferred to specialized centers to be recycled and recovered. These waste
recycling centers (WRCs) also treat similar wastes from municipal organiza-
tions, offices, hospitals, industry, etc. The nonrecoverable fraction of waste is
generally sent to landfills or incinerators for ultimate disposal. The recycling
process embraces several steps and involves both mechanical and manual
operations for waste collection, transfer loading, crushing, and sorting.



TABLE 4 Methods, Arithmetic Mean, Geometric Mean (or Median), Range (Min-Max), and Fungal Species Identified in Sawmills in Various

Countries

Country

Croatia

Korea

Canada

Norway

Switzerland

Poland

Poland

ND =not done.

Method

Culture

Culture

Culture

Microscopic
spore
observation

Culture

Culture

Culture

AM (103 cfu/
m3)

1.6-7.3

ND

83

14.776

33.5 (Fiber board
factory)

10.1 (Chipboard
factories)

4.2 (Deciduous
wood)
3.9 (Coniferous
wood)

GM or
Median
(103 cfu/m3)

2.2

Min-Max
(103 cfu/m3)

(0.16-14)

(0.108-30.9)

(0-1700)

(1.0-10,000)

(9.5-30)

Species (Most
Frequent)

Penicillium sp.
Paecilomyces spp.
Chrysonilia sitophilia

ND

Penicillium spinulosum
Penicillium myczinski
Penicillium fellutanum
Eupenicillium sp.

Penicillium sp.
Aspergillus sp.

Aspergillus fumigatus
Penicillium sp.
Cladosporium

A. fumigatus
Penicillium sp.

Remarks

Comparison
with work
sectors

Only
Rhizopus
microsporus

References

Klaric et al.>*

Park et al.>?

Duchaine and
Mériaux®'

Rydjord et al.>®

Oppliger et al.>3

Dutkiewicz

et al.>®

Dutkiewicz
et al.””
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Domestic waste usually contains high quantities of fungi that are able to
develop on organic matter and can be aerosolized when wastes are handled. The
emission of fungal aerosols during waste recycling operations has been reported
in several studies. The mean ambient concentration of airborne fungi in Korean
recycling centers was measured at 1.8 x 10*cfu/m3.5° A study carried out in two
municipal solid waste treatment plants in Finland revealed ambient concentra-
tions from 470 to 2.9 x 10° cfu/m? for airborne culturable fungi and from less than
the limit of detection (LOD) to 2.7mg/m? for airborne dust.®” Similar ambient
levels were reported in another study carried out in Finland,®' and lower levels
were measured during glass bottle recycling in Canada.®> Exposure of workers
handling waste has also been reported. Thus, individual exposure to airborne
culturable fungi among waste collectors in Quebec was found to be between
4.8x103 and 1.0x 105 cfu/m3.93 Lower levels of exposure to fungi (<1.8x 10*cfu/
m?) were found among waste collectors in Germany.** In Finland, individual
exposure to bioaerosols of workers handling waste (including waste collectors
and compost workers) was from <LOD to 2.0x 10°spores/m? for fungi (micro-
scopic counts), from 2 to 220ng/m? for (1,3)-B-D-glucans, and from <LOD to
6.6mg/m?> for inhalable dust.®> Exposures of domestic waste collectors in the
Netherlands were from 260 to 3.1 x 10*ng/m? for (1,3)-p-p-glucans and from 0.2
to 9.1 mg/m? for inhalable dust.®® In Germany, individual exposures to airborne
fungi were measured up to 6.2x 10°cfu/m? during recycling of textiles, up to
1.8x 100 cfu/m? during sorting and recycling of paper and paperboard, and up to
3.2 x 10°cfu/m?3 during sorting and recycling of plastic wastes.®” Gladding et al.®
reported bioaerosol measurements in WRCs in England and Wales treating a
mixture of household and commercial waste materials. They found individual
exposure levels from <LOD to 137 ng/m? for (1,3)-B-b-glucans and from <LLOD to
62.6mg/m? for inhalable dust.’® Waste handlers working in a paper sorting plant in
Denmark were found to be exposed to airborne fungi at levels between 1.5 x 10*
and 4.5x10°cfu/m3.° Exposure levels between 2.4x10* and 1.1 x 105 cfu/m?
were recorded during waste recycling and sorting in Korea.”"

The work tasks at greatest risk of exposure included unloading, crushing, sorting,
and maintenance operations. The main airborne fungi isolated in recent studies have
belonged to Penicillium sp., Aspergillus niger, A. fumigatus, Cladosporium sp., and
Chrysonilia sitophilia.®0%71 Few studies suggested seasonal variation in expo-
sure.**72 Exposure to bioaerosols in WRCs is associated with a range of adverse
respiratory health effects, including upper airway inflammation, allergic asthma,
and allergic rhinitis.5>°0-68 However, data on exposure and health are scarce, making
it difficult to determine the precise role of fungi in these reported symptoms.’3

Fungal Exposure Associated with Waste Composting

Composting is a natural process involving the biological degradation of
organic wastes (green waste, household waste, sewage sludge, etc.) under
aerobic conditions. It leads to a reduction in waste volumes and produces
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a valuable end-product for agriculture and gardening. The process is based
on the proliferation of high concentrations of microorganisms and the devel-
opment of complex microflora as temperatures increase (up to 60-70°C).
Thus, thermophilic bacteria and fungal microorganisms in compost have been
reported at levels of up to 105-107 cfu/g of matter.”*7> Composting plants vary
greatly in size, type of waste composted, design, and degree of enclosure.”
Published molecular biology studies have brought new perspectives on the
biodiversity of the microbial community involved in the composting process.
These studies revealed that the fungal taxa that appeared most abundantly
fluctuated according to such factors as type of waste, type of process, and the
stage of that process. They included genera such as Chaetomium, Cladospo-
rium, Scytalidium, Thermomyces, Arthrographis, Fusarium, Aspergillus, and
Penicillium.”-78

Waste and compost handling during the process (compost turning, shred-
ding, screening, movement of vehicles, etc.) has been shown to release air-
borne microorganisms into the ambient air of composting facilities. Thus, a
wide range of concentrations of airborne fungi have been reported in compost-
ing facilities treating household wastes, green wastes, wood chips, sewage,
biowastes, or the products of anaerobic digestion. Concentrations of meso-
philic fungi were measured from 1.0x 102 to 5.0 x 10°cfu/m? in France,”"-!
from 480 to 1.7x10*cfu/m? in the United States®> and from 1.2x10% to
3.0x10%cfu/m? in Austria.®? A mean concentration of 4.0x 10°cfu/m? was
reported in a study carried out in Germany.®* For airborne thermophilic fungi,
ambient concentrations were measured from <LOD to 3.4x 107 cfu/m? in
France’ 8! and at a mean concentration of 3.0 x 10° cfu/m? in Germany.%* Air-
borne levels of A. fumigatus were found between the LOD and 1.9 x 105 cfu/m?
in various countries.3%35-87 One specific study was carried out in the vehicle
cabins of different composting facilities, with reported ambient concentra-
tions from 7.5x 102 to 5.7 x 105 cfu/m3.8% High personal exposure levels to
airborne fungi (up to 107 cfu/m?), to inhalable dust, and to (1,3)-p-D-glucans
were measured in Canada, France, Germany, and the Netherlands.%3-89-°1 The
dispersion of bioaerosols to populations neighboring composting plants is
also a concern.”?

Several studies have identified shredding, pile turning, and compost screen-
ing as specific activities that emit heavy loads of bioaerosols.”®-*293 The abun-
dance of Aspergillus, Thermomyces, and Penicillium in bioaerosols generated by
composting activities has been revealed by several studies based on both culture
methods®?** and molecular methods.?>%¢ Jobs that have already been described
as subject to exposure include driving in vehicles with cabins8?-2097.98 ag well
as clearing up spilled soil and performing maintenance.”’ Indeed, bioaerosol
exposure in composting facilities has been associated with increased respira-
tory disorders and dermal pathologies among compost workers.3%-90:100 Thus,
preventive measures are required in composting plants to improve employee
protection from exposure to fungal aerosols.
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FUNGAL AEROSOLS IN THE FOOD INDUSTRY
Dry Meat

Fungi are involved in the production of dry meat products such as dry-cured
sausages, salami, and ham. For example, the production process for dry sau-
sages begins with grinding the fresh meat pieces, followed by blending the
ground meat with the curing ingredients and microbial inoculants. The subse-
quent meat paste is then stuffed into natural or synthetic casings to form sau-
sages that are hung on trolleys. In some processes the sausages are watered with
a commercial starter culture containing fungi (Penicillium nalgiovense or Peni-
cillium chrysogenum). In other processes, the surface inoculation step is not car-
ried out and products directly undergo the next processing stage. The sausages
are incubated at optimal temperature and humidity for the time necessary for
the fermentation and transformation of the meat. Once the fermentation step is
complete, the sausages undergo a drying cycle (by lowering air humidity and
enhancing air circulation) to remove excess moisture from the products. Fungal
growth occurs on the surface of dry meat products during this process. Specific
operations such as curing can be included in the process. Products can also be
brushed manually or mechanically to remove fungi from their surfaces. They
are then handled for packaging and shipment. Operations are usually performed
in workshops dedicated to more than one step.

Typically, dry meat products are spontaneously colonized by a heteroge-
neous mycoflora including several genera and species. However, the diversity
of the mycoflora that develops depends on the type of meat products, the pro-
cesses, the configuration of workshops, and the season. The fungi most fre-
quently isolated from dry sausage casings are Penicillium sp. (P. nalgiovense,
P. chrysogenum, Penicillium olsonii, Penicillium verrucosum, Penicillium
viridicatum, Penicillium nordicum, Penicillium solitum, Penicillium oxalicum),
Eupenicillium crustaceum, and Eurotium amstelodami.'?'-103 Ochratoxin A has
also been reported on such products.!®' These genera, and others, have been
found on salami and cured-meat products.'%* The surface mycobiota contributes
to the product’s appearance, and the development of its organoleptic properties
is driven by microbial metabolic activity (proteolysis, lipolysis, etc.). The use of
commercial starter cultures of P. nalgiovense or P. chrysogenum usually ensures
standardized final products and prevents the proliferation of undesired micro-
organisms such as pathogenic bacteria and mycotoxins that produce molds.!'?%

Whatever the production process used, the handling of moldy products may
lead to the release of fungal spores, fragments, debris, products, and compounds
into workshop air. Data regarding concentrations of airborne fungi during the
production of fermented and dried meat and the associated occupational expo-
sure are scarce. In a dry-sausage production plant in Italy, concentrations of air-
borne fungi were found at 10° and 108 cfu/m? during the maturation—drying step
and the brushing step, respectively.!% The airborne fungi most isolated were
P. chrysogenum, Penicillium notatum, Aspergillus versicolor, Mucor mucedo,
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and Cryptococcus laurentii. Another Italian study reported concentrations up to
1.1x10%cfu/m? in the production of salami, the dominant fungi being Penicil-
lium camemberti.'"7 Lower concentrations (<1.0x 103 cfu/m3) were measured
in other studies.!%® Qualitative bioaerosol assessments were also done by col-
lecting the air samples by sedimentation directly on petri dishes. The results
from those samples can be considered, but this method is not suitable for bio-
aerosol studies carried out for risks purposes.'%109

Cases of hypersensitivity pneumonitis have been reported among workers
in dry meat product workshops. Some of these cases were ascribed to occu-
pational exposure to fungi from the surface mycoflora of dry sausages, espe-
cially P. nalgiovense.''%!! Fungi were also incriminated in allergies observed
among workers carrying out a similar activity.''? In a factory producing salami,
similar symptoms were attributed to P. camemberti.'7 Penicillium camemberti
was also involved in asthma among workers packaging dry sausages.''3 Fungi
belonging to Penicillium sp. produce large amounts of conidia that can be eas-
ily aerosolized during such processes and several allergenic species have been
identified in the genera.''*

Fungi in Wineries and Wine Cellars

Fungi are well-known components of the bioaerosols in wine production and stor-
age cellars. They are usually found on the surfaces of walls and wine bottles'!>
and may be released into the air during work operations and air movements in
cellars. Published studies revealed moderate ambient concentrations ranging from
55 to 1.6x 10*cfu/m? in Austria’”-'1¢ and from 57 to 2.5 103 cfu/m? in France.!!”
Airborne culturable fungi from wine cellars are also characterized by a high bio-
diversity, with dominant genera belonging to Penicillium, Aspergillus, Cladospo-
rium, Phialophora, Phoma, Trichoderma, and Ulocladium. The occurrence of
allergenic fungi suggests possible health hazards among workers and risks for the
alteration of wine quality during production and storage.

Fungal Aerosols during Cheese Production

Cheeses are food goods produced by curdling milk using bacteria or enzymes.
The resulting curds are drained, processed, and cured and ripened in a range of
ways and using numerous techniques that lead to thousands of varieties around
the world. Fungi also play a fundamental role during cheese production, espe-
cially during the ripening of washed rind cheeses (Reblochon, Saint-Nectaire,
etc.), blue-veined cheeses (Roquefort, etc.), or mold rind cheeses (Camembert,
Brie, etc.). They rapidly grow over the cheese’s surface, preventing the growth
of contaminants as well as promoting the development of flavor and other
organoleptic features.!!” The biodiversity of fungi on cheeses depends on the
type of cheese and on the ripening conditions; the most cited fungi belong to
Penicillium, Acremonium, Alternaria, Aspergillus, Cladosporium, Geotrichum,
Mucor, Rhizopus, and Trichoderma.%0-116-118-120
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These fungi may be aerosolized when cheeses are handled during ripen-
ing or packaging, but data regarding occupational exposure of cheese work-
ers to fungi are scarce. One study reported ambient concentrations of airborne
fungi in ripening cellars of up to 2.5 x 10*cfu/m? when pressed, cooked cheese
(Comté) was brushed; up to 2.0x 103cfu/m? during the storage of similar
cheeses (Emmental); and up to 4.0 x 10* cfu/m? during the storage of soft cheese
(Mont d’Or).'2! Lower concentrations, from 90 to 6.1 x 10?cfu/m?3, were found
in a Brazilian cheese production plant,'? and below 7.5 x 102 cfu/m? during the
production of pressed, uncooked cheeses.!?*12* A 2014 study carried out in a
French cellar during the ripening of natural-rind cheeses revealed high expo-
sure to fungi, from 1.0x 10* to 2.0x 108 cfu/m3, with the dominant fungi being
Mucor fuscus and Penicillium sp.'?>

That study suggested that cheese workers (brushers, selectors, packagers,
etc.) may be exposed to high microbial levels and that additional studies are
required for a better characterization of exposure in the sector. Several cases of
the development of hypersensitivity pneumonitis to fungi among cheese workers
have been described.!?0:1?7

Fungi in Other Food Production

Very few data have been published about other occupational environments
in which fungi could be aerosolized from food products. For example, con-
centrations from the LOD to 1.5x 103 cfu/m3 were recorded during grape
stemming and crushing.!?® Moderate ambient concentrations of airborne
fungi (mean values between 23 and 3.0 x 103 cfu/m?) were found in a noodle
factory.'?! The main fungi present were yeasts belonging to the Cladospo-
rium, Penicillium, and Aspergillus taxa, and noodle factory atmospheres
also contain flour, flavorings, and other ingredients. Furthermore, fungi and
mycotoxins have been found in spices and herbs used as food industry ingre-
dients,'2%-130 and bioaerosol exposure of workers handling such products
may be an issue. Further investigations may be required in such occupational
environments.

FUNGAL AEROSOLS DURING PLANT AND GRAIN HANDLING
Exposure to Airborne Fungi during Grain and Cereal Handling

Grain and cereal harvesting, handling, and shredding generally release large
amounts of airborne particles including dust and fungi. High ambient fungal
levels have been reported during threshing.!?! Studies carried out in Norway
revealed high exposures to fungal spores (microscopic analysis) from the LOD
to 6.4 x 10°spores/m3 (Ref. 131) and up to 5.2 x 10° spores/m? (Ref. 132) during
threshing and storage of different grains. Mycotoxin-producing fungi were
also detected.!?? Exposures to airborne fungi were found between 1.8 x 103 and
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1.3 x 107 cfu/m? during grain handling in the United States.'> Lower levels were
reported during grain handling in eastern Poland.!3! Grain grinding and flour
processing were also shown to be activities that expose workers to dust, fungi,
and mycotoxins. 34136

Exposure to Airborne Fungi during Herb Processing

Processing of herbs has also been associated with a high concentration of air-
borne fungi. Ambient concentrations up to 6.3 x 10° cfu/m? were measured dur-
ing cleaning, cutting, grinding, sieving, sorting, and packing of various herbs
used for production of spices, medications, and cosmetics.'3” Ambient levels
between 10 and 1.0x 105 cfu/m? were found in farm air during processing of
peppermint and chamomile plants, with Alternaria alternata as the dominant
fungus.'31138 Airborne fungi were found at a concentration of 9.7 x 10* cfu/m?
during thyme threshing and associated with a case of allergic alveolitis and
occupational dermatitis.!3%140 Health effects among valerian growers exposed
to herb dust were also reported.'#!

Exposure to Airborne Fungi in Greenhouses

A growing interest has been paid to bioaerosols produced during work in green-
houses. Indeed, high individual exposure levels to airborne dust (up to 15 mg/m?)
and fungi (up to 8.7 x 107 cfu/m?3) were measured in greenhouses producing and
packaging vegetables (tomatoes, cucumbers, cabbage, etc.) as well as plants
and flowers.!*>-1%6 Fungi were also found, using a nonquantitative method, in
the air of a botanical garden.!*” Exposure was found to depend on the work
task, the type of crop, and its growth stage and open-field versus closed working
spaces.

Exposure to Airborne Fungi during Peat Moss Processing

Peat moss is a production mainly composed of organic matter colonized
by a large population of microorganisms. Ambient concentrations were
measured up to 441.7mg/m3 for inhalable dust and up to 1.0x 108 cfu/m?
for mesophilic fungi during sieving, mixing, and bagging.'*® A high inci-
dence of mold sensitization of workers is suggested in peat moss processing
plants.'#?

CONCLUSIONS

Fungi are ubiquitous in the environment and are able to colonize a wide range
of ecological niches including plants, grains, and animals, as well as anthropo-
genic environments such as wastes. Their metabolic properties are also exploited
in the food industry. This review of 14 years’ literature shows that workers in
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many occupational sectors are exposed to moderate, high, or very high levels
of airborne fungal particles. Such exposures are reported in a wide variety of
occupational settings, including animal confinement buildings; swine, dairy,
and poultry farms; sawmills; recycling centers; composting facilities; cheese-
ripening cellars; greenhouses; flour mills; etc. The exposures generally occur
during specific work tasks involving the handling of contaminated materials as
well as operations promoting the release of large amounts of fungal particles
into the air (brushing, shredding, turning, etc.).

Results of different studies are difficult to compare. Indeed, many differ-
ent methods are used to collect and analyze airborne fungi and results can be
highly variable depending on the methodology. Collection of airborne fungi is
based on impaction, impingement, or filtration. Several media are used (dif-
ferent nutrient agars, different types of filters). Air is sampled at different vol-
umes, at different flow rates, and for different durations. Culture-dependent
analyses differ in temperature and length of incubation, whereas non-culture-
dependent methods use different techniques (counting chamber, coloration
with fluorescent or nonfluorescent dyes, DNA amplification, pyrosequenc-
ing, etc.). Each method has its advantages, disadvantages, and limitations.
Methods for the quantitative assessment of airborne levels of noninfectious
microorganisms in highly contaminated work environments were comprehen-
sively discussed by Eduard and Heederik.!>° The development of international
standards would be a very important step forward because it would allow
the reliable comparison of exposures between different occupational environ-
ments around the world.

Fungal particles measured in occupational environments include spores,
hyphal fragments, debris from these entities, and associated compounds such as
glucans and mycotoxins.? Inhaled particles may be deposited in the respiratory
tract and exposures have been associated with health disorders.”> There are no
occupational exposure limit values admitted at an international level. Guide-
lines exist, but they are currently based on culture-dependent methods, which
are now recognized to underestimate true concentrations. Moreover, it is glob-
ally accepted that fragments of fungi or dead fungal cells can still have aller-
genic, toxic, or irritating properties, and thus they must be taken into account
for bioaerosol exposure characterization in occupational hygiene situations. In
the future, those characterizations should include the measurement of airborne
mycotoxins?'*" or the detection of mycotoxin metabolites in biological samples
using biomarkers. !

Fungal exposures found in highly contaminated environments often exceed
the guideline values recommended by the pertinent local authorities. Technical
protective measures are not always easy to put in place, and wearing individual
respiratory protection is not always possible. Harvesting grain, washing cheese,
and handling salami seem to be the occupational situations with the most potential
for exposure, with levels of up to 108 to 10° cfu/m?.
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Chapter 9

Fungi in Low-contamination
Occupational Environments

Aino Nevalainen, Anne Hyvdrinen
National Institute for Health and Welfare, Department of Health Protection, Living Environment
and Health Unit, Kuopio, Finland

INTRODUCTION

There are no health-based, generally accepted threshold levels for indoor or
outdoor fungal concentrations and, therefore, the concept of “high” and “low”
fungal levels has no precise administrational or regulatory content. However,
there are a lot of data presenting observed concentrations of various indoor and
outdoor locations, and based on this knowledge, one can draw conclusions and
make a rational assessment of the quantities of concentrations that are observed.

Most occupational environments with definitely large concentrations of
fungi are those where organic or biological material is processed or treated.
They almost always contain other biological materials as well, such as bacteria,
amoebae, and plant- and animal-derived materials. Examples of such environ-
ments are agricultural settings, solid waste, and wastewater treatment facilities,
and many food processing industries. How do the “low-contamination” settings
differ from these environments? In the occupational environments with low
contamination, no professional, large-scale treatment of such material is being
done. This does not mean that the low-level settings would be free of fungal
contamination; it is only that their sources of contamination are different, such
as outdoor air, building-related factors, and occupant-related factors.

Whereas measured fungal concentrations are strongly linked with the meth-
ods used, and fungal concentrations vary greatly within a location depending on,
e.g., season and climate, one can perhaps use a rule of thumb that what is meant
by a typical “low” concentration is between the orders of magnitude of 10°
and 103 cfu/m?3. The concentration ranges in highly loaded environments often
exceed these levels by several orders of magnitude. It must be kept in mind,
however, that fungal concentrations have great variation in time and space. Even
in highly contaminated environments, the measured levels may be low for long
times and increase only during certain phases of work, and in low-concentration
environments, sporadic local peaks of concentration can be observed.

Environmental Mycology in Public Health. http://dx.doi.org/10.1016/B978-0-12-411471-5.00009-0
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Indoor occupational environments with low fungal contamination are offices,
schools, day care centers, hospitals and other institutions, shops, museums, and
recreational facilities. Also, industrial environments where no organic materials
are processed may be low in their fungal concentrations. In all these, those who
work in the environment in question are exposed to the fungal contamination of
that building, whether caused by outdoor contamination, building-related fac-
tors, or activities carried out in the building.

In indoor environments with low fungal contamination, occupants may
have many adverse health effects that are linked to fungal and other microbial
contamination. Major risk factors for such outcomes are dampness or moisture
problems of the building that lead to mold growth, which are strongly asso-
ciated with respiratory and other health outcomes.> This phenomenon, exten-
sively documented in the literature, concerns not only residences but also other
buildings that are the focus of this chapter. Many allergic, immunotoxic, and
toxic reactions have been reported in connection with building dampness, as
summarized by, e.g., the World Health Organization” and the Institute of Medi-
cine® and as reviewed by, e.g., Mendell et al.* After the publication of these
extensive documents, further evidence on mold and dampness as risk factors
for occupants’ health have been reported by, e.g., Norbick et al.> (concerning
residences).

It is important to realize, however, that even if adverse health effects are
strongly linked to dampness, moisture, and fungal growth (mold), the causal
connections between the outcome and the agent exposed to are not yet clear.
This is repeatedly brought forward in the documents summarizing the present
knowledge of dampness and mold. Therefore, we cannot present the health out-
comes as something “caused by fungi,” but rather as symptoms and diseases for
which dampness, moisture, and consequent microbial growth are risk factors.
The approach used in this chapter deals with the aspects of fungal contamina-
tion and behavior of fungi in indoor environments, and less emphasis is put on
the health aspects that are presented elsewhere in this book.

MEASUREMENT ASPECTS

When discussing fungal concentrations or exposure assessment or observing a
contamination, it is fundamentally important to understand the complexity of
fungal measurements, i.e., the quantification of fungi and the qualitative aspect
of fungal measurements. The approaches used may vary greatly depending on
the purpose of the study. Fungal measurements always include two phases: sam-
pling and analysis.

Samples of fungi in an indoor environment can be taken using many different
methods. The selection of the method should be done by planning the purpose
and approach of the sampling so that the result would best give the answer to the
question that is asked before the sampling. Different approaches are needed, for
example, whether the aim is to measure, e.g., peak exposures, personal exposure
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of a single employee, or long-term average exposure; to locate and verify fun-
gal growth on surfaces and building materials; or to investigate a whole school
building versus a single classroom.

Airborne exposure is assessed with air samples can be taken, e.g., with cas-
cade impactors, with impingers, or on filters. Passive collection of settling par-
ticles or collection of house dust may also be relevant techniques for certain
purposes. Collection methods of airborne microbial samples have been exten-
sively reviewed by Reponen et al.® and Méheust et al.” among others.

Fungal concentrations in indoor air vary constantly in time and space (e.g.,
Hyviirinen et al.,® Frankel et al.,” and Mentese et al.!?) for many reasons, includ-
ing climate and weather, building-related factors, and the activities of the occu-
pants. Therefore, a sufficient number of samples is critical to obtain a relevant
estimate of the concentration. To obtain a reliable estimate of the indoor air
fungal concentration, 11 samples during a minimum of two periods are needed®
or, in another estimate, 16 samples over four time periods.!!

Repeated sampling campaigns are especially needed when using short time
sampling. Only when the investigator has a good knowledge of the “normal” lev-
els in the indoor environment in question, it is possible to check whether those
levels are exceeded using a smaller number of samples. However, usually a min-
imum of three samples are needed for a good assessment of air concentration.
The detection and enumeration of fungi by filter samples have been described
in standard 16000-16 of the International Organization for Standardization.'?

Settling plates that are left open for a defined period of time can be used for
a rough assessment, but the method is only semiquantitative at its best. Another
possible way to assess airborne exposure is to sample house dust by passive
collection of settled dust,'>'4 enabling longer sampling times. Dust samples
can also be collected by vacuuming from, e.g., surfaces and floors.'>-'® Sam-
pling can also be targeted to the whole indoor environment including various
surfaces, which gives more alternatives for describing the fungal content of the
location in question. Surfaces can be sampled with cotton swabs, adhesive tape,
electrostatic wipes, or vacuuming.'’

Another approach in microbial sampling, used especially in cases of sus-
pected or observed dampness- or moisture-related mold growth, is to take sam-
ples of the damaged materials. This is a way to verify the location of the source
of fungal contamination.'8:1°

Any time a sample is taken for fungal assessment, one must have something
to compare the result with. In practical situations of hygienic monitoring of
indoor spaces, adequate reference materials should be collected to be able to
interpret the “meaning” of the results. The idea is that the result is informative
from a contamination point of view only if the concentration is higher than
“normal” or if the mycobiota of the sample differs from what is considered
normal. If the investigator does not have previous reference data for compari-
son and assessment of the result, he or she should take reference samples from
another room, another surface, or undamaged material. When air sampling is
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conducted, outdoor air should always be sampled in parallel with the indoor
samples, as outdoor air is a major source of indoor fungi and outdoor concentra-
tions vary greatly.

After sampling, fungal concentrations can be assessed as amounts of viable
propagules, as numbers of total spore counts, or as amounts of their DNA pres-
ent. Among indirect ways to quantify fungal material are measurement of ergos-
terol, which is a chemical marker of fungal material,>*>! and determination of
fungal extracellular polysaccharides (EPS).?2>3 Both these methods can be used
to quantify the fungal material in a sample, ergosterol for total biomass and EPS
for that of certain genera, e.g., Penicillium and Aspergillus.

The fungal speciation can be done from cultured samples, and certain genera
and groups of fungi may also be assessed by direct microscopy.’”-'2* Sequenc-
ing methods provide information about the microbial communities in the sam-
ple, but at present, there is not much background material produced with these
methods to provide a practical solution for public health purposes. Single fungal
species or genera can be quantified with quantitative polymerase chain reaction
(qPCR),* but to benefit from these fast and specific methods, previous infor-
mation is needed on what is actually being looked for.” Methods that aim to
specifically quantify fungal components with certain biological characteristics
are measurement of (1,3)-p-p-glucan, a fungal cell wall component with immu-
notoxic properties,> or fungal allergens.?°

All these methods are used in the published literature. Since they all
measure different things and the results are expressed in different units, the
comparison or meta-analysis of the available data is difficult. The major-
ity of the information currently available on fungal contamination in vari-
ous low-contamination environments is culture-based data and therefore, the
summaries of the various environments are mainly based on reports using
culture-based methods.

It is also evident that a single number expressing the concentration does not
have any universal meaning as related to health. For example, a fungal concen-
tration of 1000 cfu/m? is “low” if measured outdoors in an environment with a
lot of vegetation and warm weather, but it is considered very high in an office
environment with mechanical ventilation in a moderate or cold climate.

FUNGAL SPECIES IN INDOOR ENVIRONMENTS

As Samson?’ summarizes in a 2011 book on fungal growth in indoor environ-
ments, “the mycobiota of indoor environments contains about 100-150 species
which is a small fraction of the more than 100,000 species of described fungi.”
The fungi that are most commonly observed in indoor air are those that produce
a lot of dry spores, for example, the genera Penicillium, Cladosporium, and
Aspergillus. They occur commonly in outdoor air, and they are also present in
practically all samples taken from indoor environments. In addition, a number
of other genera are usually found in lower numbers.
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Some fungi can be considered indicators of moisture-related mold growth.?
They are not part of the commonly found “normal” mycobiota but appear in con-
nection with microbial growth that acts as a source of such fungi. Well-known
fungi that typically grow on wetted building materials are, e.g., Acremonium,
Aspergillus, Chaetomium, Cladosporium, Mucor, Penicillium, Paecilomyces,
Stachybotrys, Trichoderma, Ulocladium, and yeasts.!*2%30 It is worth noting
that the common fungal genera may also grow on moist materials. In such a
case, the growing mold acts as an additional source of these fungi, which may
be seen as air concentrations higher than normal or as an unusual rank order of
the genera in indoor air.

In hospitals, species of Aspergillus are a special concern as it is an opportu-
nistic pathogen for immunocompromised patients. Its occurrence in hospital air
is usually considered outdoor contamination and the control strategies focus on
the filtration of intake air.

Our understanding of indoor microbial communities is currently making great
progress because of the increased use of noncultural, DNA-based methods such
as large-scale sequencing of the microbiomes.?'3> These new data will deepen the
understanding of indoor microbiomes and provide information about the fungal
sources and the behavior of fungal material in indoor and outdoor environments.

GENERAL ASPECTS OF FUNGAL CONTAMINATION

Hygienic assessment of airborne fungal contamination in a low-concentration
occupational environment is strongly bound to the location. Therefore, the
investigator should be aware of what are the typical, “normal” ranges of con-
centrations and what is the usual fungal content, “normal” mycobiota, in the
building type in question in his or her own region. Most data available today
have been analyzed with culture-based methods, and therefore the ideas pre-
sented in this chapter are also mainly based on experiences and studies using
those methods. It should be kept in mind, however, that “total” levels of airborne
microbial particles are 10—100 times higher than those observed with culture-
based methods.?33* Furthermore, the fungal communities analyzed by sequenc-
ing the entire fungal DNA present are much more diverse than what is seen by
culture-based or morphological observation.?!

A microbial concentration in an indoor environment can be considered ele-
vated if it exceeds the normal level by at least one order of magnitude. Signs of
an unusual fungal content are both the occurrence of fungal genera or species
that are not normally observed in the environment in question and an unusual
rank order of the genera or species.!®3 The rationale behind this approach is
that, whereas each location has its typical, “normal” levels and speciation of
fungi that originate from “normal” sources, an unusual observation tells about
an unusual source that can be interpreted as contamination.

Studies on the biological quality of indoor environments have shown that
each environment has its own typical levels of fungi and typical, characteristic
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mycobiota in indoor air, on surfaces, and in house dust. Air concentrations vary
in time and space depending on, e.g., multiple sources, air currents, and activi-
ties within the space. Instead, the concentrations on surfaces and in house dust
are more stable and do not vary on an hourly or daily basis. The “normal” con-
centrations and mycobiota are results of the following factors.

ESSENTIAL SOURCES OF INDOOR FUNGI

The main source of background fungi in indoor environments is outdoor air.
Fungi are always present in outdoor air, and fungal particles enter indoors
through ventilation systems, through open doors and windows, and through
cracks in the construction. Fungal transport from outdoors is also caused by
occupants, both on their feet and on their clothes and hair. In occupational envi-
ronments, there rarely are pets such as cats and dogs that would add to the fun-
gal transport on their feet and fur.

Fungi are monitored worldwide in outdoor locations for the purposes of
allergen reports, and a lot of data on the occurrence and concentrations of major
outdoor fungi have been accumulated during the long periods of such moni-
toring. Typically, the main sources of outdoor fungi are vegetation and soil,
and consequently, fungal concentrations are higher in warmer regions than in
colder climates. Fungal occurrence has seasonal variation typical to different
geographical regions, and occasional episodes of unusual fungal occurrence are
recorded that are due to unusual weather conditions, for example, sand storms.
Indoor concentrations of fungi are usually lower than those outdoors, as the
building envelope acts as a filter to a certain extent. If the building is equipped
with mechanical ventilation with a filtered air intake, the indoor concentrations
are much lower than those outdoors.

Indoor sources of fungi that occur in most environments are house plants.
Plant leaves have fungi on their surface, and the contribution of plants to the
indoor fungi may also depend on the quality of the soil and the cleanliness of
the pots. Any organic material that is handled in indoor rooms may be sources of
fungi. Examples of such materials in nonresidential environments are plant mate-
rial, moss or soil that may be used for children’s craft projects in schools, or fruit
that is peeled and eaten in offices or class rooms. Food items and biological waste
are handled on a larger scale in institutional kitchens and, to some extent, in cof-
fee rooms of the employees. In a study by Andersen et al.'? the species found in
moldy materials were much the same as those generally observed in food items,
suggesting the important role of food items as a source of indoor fungi.

ROLE OF VENTILATION IN FUNGAL CONTAMINATION
OF INDOOR SPACES

Ventilation is necessary for any indoor environment. The ventilation system
of a building provides fresh air for the occupants and removes moisture and
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contaminants by the particles or gaseous chemicals that are produced within the
building. Ventilation may be based on gravity only, or it may be a mechanical
system with either mechanical exhaust alone or mechanical intake and exhaust.
As mentioned earlier, the building envelope may act as a filter for outdoor fun-
gal particles, resulting in lower fungal concentrations indoors than outdoors. If
the ventilation system has a mechanical intake, it is equipped with a filter that
removes outdoor air particles from the air coming indoors. This is how venti-
lation may greatly decrease the levels of fungi that are present in the indoor
environment. The other way in which ventilation decreases fungal material is
by removal along with the exhaust air.

In large modern buildings, the ventilation system is usually combined with
heating and cooling functions. This may be an additional factor contributing
to fungal contamination of the system. Improperly maintained cooling sys-
tems may accumulate condensed water that becomes highly contaminated with
microbial growth. Cases of hypersensitivity pneumonitis have been reported?°
in connection with contamination with Penicillium. Even aging of the ventila-
tion system was a risk factor for respiratory symptoms in a case reported from
Brazil, although no extreme fungal contamination could be observed.?’

Ducts and filters of the ventilation system may be sources of fungal contami-
nation if not maintained properly. Air filters, being made of porous materials,
may be good habitats for microbial growth if enough moisture is present. In such
events, a filter may be a source of indoor fungal propagules®® or volatile com-
pounds.*” Fungi may also grow on the inner surface of ducts. This does not depend
on duct material because fungal growth takes place if the duct surface is moist.*

Also infectious agents may be spread via a ventilation system. A review?!
concluded that there is strong and sufficient evidence to demonstrate an asso-
ciation between ventilation, air movements in buildings, and the transmission
of infectious diseases in buildings. Although the review emphasized bacterial
and viral infections, the risk is similar for fungal infections, for example, in
hospitals. Fungal infections may be fatal for immunocompromised patients, and
fungal contamination can be harmful for both patients and personnel in operat-
ing rooms and other facilities.*

Recommendations for maintenance and service of ventilation systems have
been developed to guarantee the proper function of the systems and protection
of the building occupants.*?

CARPETS

Wall-to-wall carpets may act both as a sink and as a source of indoor fungi.
In a study by Foarde and Berry,** carpeted and tile flooring in schools were
compared for one year. Carpet was shown to be a significant sink for fungi, as
the airborne concentrations were significantly lower than in the school with tile
flooring; the geometric mean (GM) and geometric standard deviation (GSD)
of the fungal concentrations were 50 (2.4) and 160 (3.1) cfu/m3, respectively.
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A significant difference was also observed in total spores, 1200 (2.8) spores/m>
versus 2700 spores/m?, and in airborne 1,3-p-glucan concentrations, 0.2 (1.4)
ng/m?3 versus 0.5 (1.3) ng/m?, respectively. As expected, the surface dust loading
of carpet floor was much higher than that of tile floor: 1,3-p-glucan concentra-
tions were 1,200,000 and 50,000 ng/m?, respectively. However, this difference
could not be seen as culturable fungi.

Settled spores can be resuspended into the air by human activity. Normal walk-
ing on a carpet or activity such as vacuuming can significantly increase spore
counts.* The extent of resuspension is dependent not only on flooring type but also
on the fungal genus; the spores have various sizes and aerodynamic properties.*
Also, area rugs may be similar to carpets.”!*” The accumulation of fungal agents is
derived by the activities and characteristics of the location, e.g., influence of poten-
tial sources such as cellars, food items, and level of cleaning. Frequent vacuuming
has been noticed to decrease glucan, EPS, and ergosterol levels in floor dust.234748

FUNGAL GROWTH DUE TO MOISTURE OR DAMPNESS

A major indoor source of fungal contamination is mold growth, caused by
dampness or other means of excess water accumulation into the structures or
surfaces of the building. Mold in all kinds of buildings is common everywhere
in the world.> The main consequence of mold growth is the health effects that
occur in mold-contaminated indoor environments. In low-contamination work
environments such as offices, schools, and hospitals, it is causing occupational
diseases such as asthma, fungal allergy, hypersensitivity pneumonitis, and other
health outcomes.**->! It is not known what the agents of exposure causing these
health effects are, nor are the pathophysiological mechanisms revealed.

Mold growth consists of various organisms, including fungi, bacteria, amoe-
bae, and other organisms. It also includes metabolites of the growing organisms,
for example, volatile organic compounds and microbial toxins. Mold growth
may be seen by the naked eye; or its presence may be assessed as signs of water
intrusion or moisture, such as condensation, leakage, or discoloring of wood;
or mold may be observed by its characteristic odor. There are no commonly
agreed metrics to assess the extent of mold growth, but quantitative measure-
ments can be used to, e.g., measure the moisture content of materials or the
fungal concentration of surfaces, damaged materials, or indoor air. In fungal
measurements, qualitative assessment of viable fungal genera and species is
also typically imperative to identify an unusual contamination. Aspects of mold
growth in buildings are extensively presented in several documents.'8-2

GENERAL OBSERVATIONS ON THE DATA FROM
LOW-CONTAMINATION ENVIRONMENTS

There are quite a number of studies that provide data from various occupa-
tional environments in different regions. However, the overall picture of the
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concentration ranges and the many factors affecting them is still obscure. Most
of the data represent a limited number of buildings, and only a few large-scale
studies have been reported. Another aspect that limits the clarity of the overall
conclusions is the great number of sampling methods, culture media, and cultur-
ing conditions that have been used in various studies. In the absence of gener-
ally accepted “golden standard” methods, different versions of measurement
methodology mean that the results are not comparable in a precise way.

Those studies that have focused on the variation of fungal concentrations have
invariably reported a remarkable variation in time and location in air concentra-
tions of a given building. Within-building, between-building, and seasonal varia-
tions may all be of importance.®~'%-33 This large variation highlights the important
implications of using a well-thought-out sampling strategy with a sufficient num-
ber of samples whenever fungal measurements of indoor air are needed.

In the following, examples of fungal concentrations in various low-contam-
ination occupational environments are presented. The studies referred to were
made in different countries in various regions of the world representing different
climatic conditions.

OFFICES

Offices may be located in large, mechanically ventilated buildings or in smaller
buildings with various ventilation solutions. Office work does not usually con-
tain handling of any organic material, and therefore, there are no specific bio-
aerosol sources connected to this kind of work. The fungal concentrations in
office environments are mostly dependent on the building and ventilation type,
amount of human traffic, type of flooring and—as always—the climatic factors.
Existence of dampness or moisture-related fungal sources may be a cause for
unusual fungal findings.

Tsai et al.”3 studied 100 office buildings in the United States for their indoor
fungal concentrations. Arithmetic means (standard deviations (SD)) of concen-
trations of viable fungi in indoor and outdoor air were 100/680 (230/840) cfu/m3.
Corresponding total counts of spores were 270/6540 (1190/6780) spores/m?3.
Fewer groups of fungi were observed indoors than outdoors, and a seasonal
variation was seen as more groups of fungi in summertime.

Similar findings of the fungal levels have been reported from other stud-
ies. Gots et al.** reported an average fungal concentration of 233 cfu/m? from
149 noncompliant commercial buildings in the United States. An example of
extremely low concentrations of viable fungi can be seen in wintertime samples
in northern climates. During the cold weather and snow cover, the outdoor fun-
gal concentrations are very low and this can be seen in indoor air as well. In a
study of 77 Finnish office buildings, both buildings with known mold problems
and those without were investigated. In mold-free buildings, 90% of the air
samples had fungal concentrations <15 cfu/m3, and even in those with moisture-
related mold growth, only 20% of the samples exceeded 100 cfu/m3.53
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The indoor concentrations of fungi are usually lower than those outdoors,
and fewer types of fungi are usually observed. These findings support the gen-
eral conclusion that some of the outdoor air fungi are filtered by the ventilation
system and by the building envelope. This is, however, highly dependent on
the type and efficiency of the ventilation system and on the construction of
the building. Seasonal variation is usually seen as higher concentrations and as
more fungal groups in summertime. This kind of seasonal variation has been
widely documented.’

SCHOOLS AND DAY CARE CENTERS

Both in schools and in day care centers for younger children, a number of studies
have focused on the connections between indoor air pollutants and the respira-
tory health of the children. Only a few studies have focused on the occupational
health of the teachers and other personnel, but they report on occupational health
problems associated with exposure to mold in school buildings.’®7 Although
no conclusive knowledge exists on the possible link between fungal exposure in
these premises and the health of the occupants, the studies often report fungal
concentrations that can be used in hygienic evaluation of the indoor air quality.

A multicenter study in five European countries included fungal measure-
ments in schools using nuclepore filters as a sampling method. Mean fungal
concentrations (SD) were highest in Reims, France, 685 (310) cfu/m?, and low-
est in Uppsala, Sweden, 78 (33) cfu/m3% The concentrations were almost an
order of magnitude higher in all southern European schools than in those of
northern Europe.

In subtropical regions such as Taiwan, the fungal concentrations are remark-
ably higher than in colder climates. The GM of fungal counts was 9672 cfu/
m? in winter and 4389 cfu/m? in summer as measured from schools of asth-
matic and nonasthmatic children.”® In Singapore, where the authors describe
the climate as being hot and humid, a large survey of day care centers was
conducted. The fungal concentrations were shown to be dependent on the type
of ventilation. For example, in 59 centers with natural ventilation, mean (SD)
fungal concentrations were 820 (1312) cfu/m?3, whereas in the 19 centers with
air conditioning, the numbers were 677 (1151) cfu/m3% Interestingly, most out-
door concentrations of fungi were relatively close to those indoors. In a study
carried out in Paris, the GM (GSD) of fungal concentrations in play rooms of
day care centers varied between 120 (1.8) cfu/m? in winter and 353 (2.4) cfu/m?
in summer.5!

Thus, the concentrations in warm or hot climates may be one to two orders
of magnitude higher than those observed in cold or moderate climates. This
shows the importance of regional and local approaches in the evaluation of
indoor fungal contamination. The same guideline numbers cannot be applied
throughout the world, because the effect of outdoor fungi on the normal back-
ground concentrations of indoor air is overwhelming.
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HOSPITALS AND INSTITUTIONS

In hospitals, fungal contamination is a special concern owing to the risk of noso-
comial fungal infections, caused especially by Aspergillus species.®> Therefore,
the ventilation systems with high-efficiency filtration of intake air aim to pre-
vent the entrance of outdoor air fungi into the hospital air. However, fungal con-
tamination from outdoor air cannot be totally eliminated, and occasional indoor
sources are also possible. Particular concerns in hospitals are renovations and
construction activities within the premises, as well as nearby land excavation.®

Air measurements are a way to monitor the efficiency of the control mea-
sures. Fungal concentrations have been reported to be mainly under 10 cfu/m3
% or, in other studies, to vary but remain usually under 100 cfu/m3.!% Also,
higher concentrations have been observed: in a case study of one hospital, fun-
gal concentrations were lowest in nursing stations, 37 =17 cfu/m3, and highest
in the orthopedic operations room, 97 +217 cfu/m3.° Falvey and Streifel® also
reported on occasional bursts of fungal contamination during which the air-
borne counts exceeded the mean by 3 SD.

Thus, the fungal levels in hospitals appear to be generally lower than those
in offices, schools, and other such public spaces. This shows the effect of more
strictly controlled ventilation systems and more rigid cleaning practices. From
the point of public health, hospitals are a specific type of building with unique
types of activities compared with schools, offices, and public buildings, and
specific practices are needed to ensure their safe indoor air quality.

Similar levels of airborne fungi have been reported from Portuguese elderly
care centers.%” Lowest levels were observed in bedrooms, 32 cfu/m?, and highest
in the storage areas, 228 cfu/m3. On surfaces, 40 different fungal species were
observed, with Penicillium and Aspergillus species being most prevalent.

OTHER LOCATIONS

The importance of tailored, location-specific hygiene programs and approaches
to controlling fungal contamination was well presented in an 11-year monitor-
ing study of a university canteen.®® The fungal concentrations, while having
seasonal variations similar to most other indoor environments, were decreased
from several hundreds of cfu/m3 to mostly <100 cfu/m?, a result of controlled
changes in construction practices and regular hygiene training of the employees.

EXPERIENCES FROM INTERVENTIONS

Intervention studies have usually been connected to cases in which damp-
ness, moisture, and mold contamination has been eliminated by renovations
of the contaminated building. Resulting from such remediations, decreases in
adverse health outcomes have often been reported as reviewed by Sauni et al.®”
Decreases in indoor contamination have also been reported in many studies as
well as decreases in immunotoxic properties of airborne particulate matter.””
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These studies support the hypothesis that fungal contamination that is harmful
to the health of the occupants can be eliminated or at least decreased by renovat-
ing the mold damage and that the process has a positive effect on the building
occupants.

As a general principle, problems with dampness, moisture, and mold con-
tamination cannot be solved by means of disinfection. Disinfection chemicals that
are generally targeted at destroying pathogenic bacteria are usually not effective
against fungi and their spores. In addition, the cause of such mold growth is the
accumulation of water for some reason. If this accumulation is not stopped by
proper repairs, the mold will rapidly grow again after any disinfection effort.

The success of mold renovations can be assessed by repeated measurements
of the indoor air, and changes in the occupants’ health by repeated questionnaires.
Meklin et al.”! monitored two school buildings going through various repairs. For
both schools, a reference building was also monitored. Indoor air concentrations
of a thoroughly renovated school decreased from GM 22.6 to GM 6.3 cfu/m?,
reflecting after renovations the levels of the reference school building. It was con-
cluded that the sources of fungi that had caused the elevated levels were suc-
cessfully removed. Instead, the other index school building could be only partly
repaired because of insufficient funding for the repair process. In that school,
concentrations were even slightly increased (from GM 18.5 to GM 23 cfu/m?),
which can be considered a sign of an “unsuccessful” mold remediation.

Similar changes in symptom profiles were also seen in the questionnaire
data of the students and teaching personnel; symptoms were decreased in the
thoroughly renovated building more than in the school undergoing only partial
renovation. Each time, the same questionnaire was used for both index schools
and the two reference schools. In another study, the health of the teachers was
documented in a school that underwent a mold remediation.”® During the fol-
low-up of 3years, the incidence of self-reported bronchitis and conjunctivitis
decreased in the index group in parallel with the decrease in fungal concentra-
tions to a normal level.””

The majority of the microbiological data from intervention studies have
been obtained using culturable methods. The few studies so far that report such
results using DNA-based or other nonculturing methods do not challenge the
conclusions of the studies using culture-based methods. For example, while
monitoring the result of a school renovation, a significant decrease in concen-
trations of 13 fungi was observed using qPCR as reported by Roponen et al.”’
A decrease in the airborne fungal component (1,3)-f-D-glucan was reported as
a result of renovation of a day care center with microbial growth problems.”

The fact that a great number of methods are available for fungal analyses
should not confuse the good practices of fungal assessments. It is difficult to
compare results of various sampling or analyzing methods. Different methods
have different capacities for collection and observation of various fungi. In
practice, although ideally the best methods should be used, the most important
principle is to use exactly the same method when comparing the result to results
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of reference measurements. Therefore, it is essential to be consistent in creating
the database that is used for public health monitoring, i.e., recognizing a situa-
tion of undesired fungal contamination.

Furthermore, using a consistent methodology allows not only the recogni-
tion of fungal contamination but also the verification of the success of control
measures. The importance of comparative sampling before and after remedia-
tion in assessment of the success of the remediation project was also empha-
sized by Kleinheinz et al.”* According to these authors, “there should not be any
abnormally high level of one organism present in a remediated sample versus
its comparative samples.” To ensure the relevance of a comparison of concen-
trations, postremediation comparative samples must be taken using the same
method and from the same locations and under similar conditions.

An important conclusion of these studies is that air measurements, if carried
out to a sufficient extent, can be used to monitor the microbiological quality of
air in different situations and to assess the hygienic status of a building. The
use of reference buildings, although it makes the measurements extensive and
labor-intensive, helps in the assessment of the results, i.e., to give the answer to
the question, “are these concentrations within the normal range or do they show
a contamination of the indoor air?”

The use of surface samples is often a simpler and inexpensive way to moni-
tor the fungal contamination of indoor spaces.!>!® Whereas fungal concentra-
tions in surface samples do not constantly vary owing to the many factors that
affect air concentrations, they may serve as adequate tools for fungal monitor-
ing in many situations. The same principle of comparative sampling applies
here as well: the use of similar methods and similar techniques allows the com-
parison of the results.

APPLICATION OF GUIDANCE REFERENCE VALUES
FOR FUNGAL CONTAMINATION

In low-contamination indoor environments, we cannot conclude that “fungi are
causing” certain health effects. The only exceptions are fungal infections or aller-
gies for which a specific link between the outcome and the causal agent can be
established. Otherwise, there are no conclusive data showing that certain concen-
trations of fungi—assuming the concentrations are not massively high—would
per se cause any specific health effect. Neither are there any dose—response data
for concentrations of common airborne fungi, although links between certain
levels of fungi and some health outcomes are sporadically reported.

Instead, a consistent observation is that respiratory symptoms are strongly
connected with growing fungi, “mold,” a phenomenon caused by building
dampness or excess moisture. Dampness, moisture, and mold may occur in
any type of building, including all kinds of occupational environments. Such
mold growth always includes not only fungi but also bacteria and other organ-
isms, as well as various microbial metabolites, but it is unclear what the roles
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of various agents may be in the development of symptoms. Also, it is very well
documented that mold growth and its surrogate, signs of water intrusion, lead
to a number of adverse health effects including wheeze and increased risk of
asthma.”* Building dampness and mold should be controlled and prevented as
part of environmental public health programs.

When suspecting fungal contamination due to moisture and mold damage,
the visual and technical inspection of a building forms the basis of the iden-
tification of the problem.'® Suspected microbial growth can be verified with
bulk samples from surfaces and building materials. An inspection should also
include observations of potential risk structures in hidden areas. Air sampling is
typically conducted to reveal potential hidden sources.

To control problems in the building in the future, remediation should always
consist of both removal of the existing mold and repair of the original cause of the
water accumulation, be it leakage, condensation, or another building-related prob-
lem. Technical repair measures are necessary to eliminate potential health risks. This
is an area in which public health practices are linked with building maintenance and
building management practices as well as occupational health services. Such links
are not often traditionally very close but are necessary to ensure the proper renova-
tions and elimination of other exposures that are related to building mold.

It is evident that in the absence of known causal links between fungal agent
exposure and specific health outcomes, or their dose-response relationships, no
numerical health-based reference values for indoor airborne fungi can be given.
However, reference numbers may be useful in the detection of unusual fungal
contamination in the indoor environment. A summary of various guideline num-
bers that have been given for fungal concentrations is presented in Rao et al.”

The examples presented in this chapter from studies around the world
prompt the apparent conclusion that indoor fungal concentrations are strongly
dependent on location, climate, season, and even type of building and its ven-
tilation, as well as the methods of sampling and analysis. Therefore, the public
health-related hygienic monitoring of indoor spaces must be based on reference
data that are produced on a regional basis, taking into account the parameters
mentioned. The data must be assessed on both a quantitative basis (concentra-
tions) and a qualitative basis, observing the species and their mutual prevalence
ratios. As soon as the reference database includes data on normal ranges in
each building type, unusual contamination can be identified with routine-type
sampling procedures. Having said this, one must never forget to take outdoor
samples in parallel with the indoor sampling, as the outdoor air, with its greatly
varying fungal concentrations, is always worth comparison.

IMPORTANCE OF INDOOR ENVIRONMENTAL
INVESTIGATIONS IN PUBLIC HEALTH

Environmental investigations are needed for many kinds of purposes in pub-
lic health. Hospitals are a specific group of buildings in which both the safety
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of patients and the well-being of employees are criteria of the environmental
hygiene activities. In such environments, the contamination that must be con-
trolled is caused by pathogens or opportunistic species. The environment must
be monitored to locate a possible contamination or to verify the success of con-
trol measures. On such occasions, air sampling may be the primary means of
investigation.

All kinds of buildings may have fungal problems due to dampness or mois-
ture accumulation and subsequent mold growth. Experience from various
regions of the world has taught that basic principles of action are very similar
in the recognition and remediation of the problem, but in each region, these
principles must be applied to the local conditions. 83376

If dampness-related mold is the target of the investigations, the first steps
should be technical inspections of the building for signs of dampness and mois-
ture and for the functioning of the ventilation system, to assess and locate the
cause and site of damage. This inspection is done by a technical professional
familiar with the building’s functions. Using construction-relevant methods
allows the finding of the causes of the moisture problems and the creation of a
basis of reasonable renovations and their planning. However, the hygienic qual-
ity of indoor air or a possible microbial growth on building materials cannot
be assessed by these methods, and microbiological measurements are needed.
Technical inspection and measurements are then followed by surface or mate-
rial sampling for microbial analysis of suspected locations. Only to complement
these measures, if needed, is microbial sampling of the indoor air relevant, as in
cases of damage hidden behind a surface.

Characterization of the fungal concentrations and mycobiota of the indoor
environment may reveal a situation of contamination as elevated levels, as an
occurrence of an unusual species, or as an unusual rank order of the species.
Fungal measurements are also a useful way to show the success of remediation.
Using a suitable set of samples taken before and after the repair measures, the
success of the process can be verified. Such monitoring should be part of any
renovation or decontamination project.

Measurements of airborne fungi may be needed to show an unusual contam-
ination of indoor air in many types of occupational environments. The approach
may also be to document the exposure of an individual employee or group of
employees. Well-conducted microbial measurements may be costly and labor-
intensive and this may limit their applications even if needed for the purposes of
the building investigations. Whatever method is used for sampling and analysis,
the main principle is to take a sample where contamination is suspected and to
always take another sample from a similar but unsuspected location for com-
parison. For good practice in public health, the investigator should also have a
reference database to which the results of an individual case are compared. Such
a database should include data from various indoor environments that belong
to the building stock to be monitored, including information about the range
of normal concentrations and their seasonal variation and the corresponding
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information about the mycobiota. This kind of database is a useful tool for
revealing causes of health complaints, in verifying the success of remediation
measures, and in the prevention of indoor-related health problems.

REFERENCES

1.

Goérny R, Dutkiewicz J. Bacterial and fungal aerosols in industrial environments in Central and
Eastern European countries. Ann Agric Environ Med 2002;9:17-23.

. WHO. Guidelines for indoor air quality: dampness and mould. Copenhagen: WHO Regional

Office for Europe; 2009.

. IOM (Institute of Medicine). Damp indoor spaces and health. Washington D.C: NAS Press; 2004.

4. Mendell MJ, Mirer AG, Cheung K, Tong M, Douwes J, et al. Respiratory and allergic health

10.

12.

13.

14.

15.

17.

effects of dampness, mould, and dampness-related agents: a review of the epidemiological
evidence. Environ Health Perspect 2011;119:748-56.

. Norbick D, Zock J-P, Plana E, Heinrich J, Svanes C, Sunyer J, et al. Mould and dampness in

dwelling places, and onset of asthma: the population-based cohort ECRHS. Occup Environ
Med 2013;70:325-31.

. Reponen T, Willeke K, Grinshpun S, Nevalainen A. Biological particle sampling. In: Kulkarni

P, Baron PA, Willeke K, editors. Aerosol measurement, principles, techniques and applica-
tions. 3rd ed. Holbroken, New Jersey: John Wiley & Sons, Inc.; 2011.

. Méheust D, Le Cann P, Reboux G, Millon L, Gangneux JP. Indoor fungal contamination:

health risks and measurement methods in hospitals, homes and workplaces. Crit Rev Microbiol
2014:40:248-60.

. Hyvirinen A, Vahteristo M, Meklin T, Jantunen M, Nevalainen A, Moschandreas D, et al. Temporal

and spatial variation of fungal concentrations in indoor air. Aerosol Sci Technol 2001;35:688-95.

. Frankel M, Beko G, Timm M, Gustavsen S, Hansen EW, Madsen AM, et al. Seasonal variations

of indoor microbial exposures and their relation to temperature, humidity, and air exchange
rate. Appl Environ Microbiol 2012;78:8289-97.

Mentese S, Rad AY, Arisoy M, Gullu G. Multiple comparisons of organic, microbial, and fine
particulate pollutants in typical indoor environments: diurnal and seasonal variations. J Air
Waste Manag Assoc 2012;62:1380-93.

. Burge HA. The fungi. In: Indoor air quality handbook. New York: McGraw Hill; 2001.

p. 45.1-33.

ISO. ISO 16000-16. Indoor air—Part 16: detection and enumeration of moulds—sampling by
filtration. Geneva: International Organization for Standardization (I1SO); 2008.

Wiirtz H, Sigsgaard T, Valbjorn O, Doekes G, Meyer HW. The dustfall collector — a simple
passive tool for long-term collection of airborne dust: a project under the Danish Mould in
Buildings program (DAMIB). Indoor Air 2005;15(Suppl. 9):33-40.

Noss I, Wouters IM, Visser M, Heederik DJ, Thorne PS, Brunekreef B, et al. Evaluation of a
low-cost electrostatic dust fall collector for indoor air endotoxin exposure assessment. Appl
Environ Microbiol 2008;74:5621-7.

Macher JM. Review of methods to collect settled dust and isolate culturable microorganisms.
Indoor Air 2001;11:99-110.

. Karvonen AM, Hyvirinen A, Gehring U, Korppi M, Doekes G, Riedler J, et al. Exposure to

microbial agents in house dust and wheezing, atopic dermatitis and atopic sensitization in early
childhood: a birth cohort study in rural areas. Clin Exp Allergy 2012;42:1246-56.

Thorne PS, Metwali N, Avol E, McConnell RS. Surface sampling for endotoxin assessment
using electrostatic wiping clothes. Ann Occup Hyg 2005;49:401-6.



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Fungi in Low-contamination Occupational Environments Chapter | 9 123

Prezant B, Weekes D, Miller JD, editors. Recognition, evaluation and control of indoor mold.
Fairfax, USA: American Industrial Hygiene Association; 2008.

Andersen B, Frisvad JC, Sondergaard I, Rasmussen IS, Larsen LS. Associations between fun-
gal species and water-damaged building materials. Appl Environ Microbiol 2011;77:4180-8.
Sebastian A, Larsson L. Characterization of the microbial community in indoor environments:
a chemical-analytical approach. Appl Environ Microbiol 2003;69:3103-9.

Hyvirinen A, Sebastian A, Pekkanen J, Larsson L, Korppi M, Putus T, et al. Characterizing micro-
bial exposure with ergosterol, 3-hydroxy fatty acids, and viable microbes in house dust: determi-
nants and association with childhood asthma. Arch Environ Occup Health 2006;61:149-57.
Douwes J, van der Sluis B, Doekes G, van Leusden F, Wijnands L, van Strien R, et al. Fun-
gal extracellular polysaccharides in house dust as a marker for exposure to fungi: relations
with culturable fungi, reported home dampness, and respiratory symptoms. J All Clin Immunol
1999:103:494-500.

Giovannangelo ME, Gehring U, Nordling E, Oldenwening M, van Rijswijk K, de Wind S,
et al. Levels and determinants of beta (1->3)-glucans and fungal extracellular polysaccharides
in house dust of (pre-)school children in three European countries. Environ Int 2007;33:9-16.
Fairs A, Wardlaw AJ, Thompson J, Pashley CH. Guidelines on ambient intramural airborne
fungal spores. J Investig Allergol Clin Immunol 2010;20:490-8.

Pitkdranta M, Meklin T, Hyvirinen A, Paulin L, Auvinen P, Nevalainen A, et al. Analysis of fun-
gal flora in indoor dust by ribosomal DNA sequence analysis, quantitative PCR, and culture. Appl
Environ Microbiol 2008;74:233—44.

Shi C, Belisle D, Miller JD. Quantification of the Aspergillus versicolor allergen in house dust.
J Immunol Methods 2011;372:89-94.

Samson RA. Ecology and general characteristics of indoor fungi. In: Adan OCG, Samson RA,
editors. Fundamentals of mold growth in indoor environments and strategies for healthy living.
The Netherlands: Wageningen Academic Publishers; 2011.

Samson RA, Flannigan B, Flannigan ME, Verhoeft AP, Adan OCG, editors. Health implica-
tions of fungi in indoor environments. Amsterdam, The Netherlands: Elsevier; 1994.
McGregor HJ, Miller JD, Rand T, Solomon J. Mold ecology: recovery of fungi from certain
moldy building materials. In: Prezant B, Weekes D, Miller JD, editors. Recognition, evaluation
and control of indoor mold. Fairtax, USA: American Industrial Hygiene Association; 2008.
Hyvirinen A, Meklin T, Vepsildinen A, Nevalainen A. Fungi and actinobacteria in mois-
ture damaged building materials — concentrations and diversity. Int Biodeterior Biodegr
2002;49:27-37.

. Pitkdranta M, Meklin T, Hyvérinen A, Nevalainen A, Paulin L, Auvinen P, et al. Molecular

profiling of fungal communities in moisture-damaged buildings before and after remediation —
comparison of culture-dependent and —independent methods. BMC Microbiol 2011;11:235-50.
Adams RI, Miletto M, Lindow SE, Taylor JW, Bruns TD. Airborne bacterial communities in
residences: similarities and differences with fungi. PLoS One 2014;9:¢91283.

Toivola M, Nevalainen A, Alm S. Personal exposures to particles and microbes in relation to
microenvironmental concentrations. Indoor Air 2004;14:351-9.

Luoma M, Batterman SA. Characterization of particulate emissions from occupant activities in
offices. Indoor Air 2001;11:35-438.

The Ministry of Social Affairs and Health. A guide for healthy housing. Guidance documents
of the Ministry of Social Affairs and Health 1/2003. Helsinki, Finland; 2003 (in Finnish).
Bernstein RS, Sorenson WG, Garabrant D, Reaux C, Treitman RD. Exposures to respirable,
airborne Penicillium from a contaminated ventilation system: clinical, environmental and epi-
demiological aspects. Am Ind Hyg Assoc J 1983;44:161-9.



124 SECTION | Il Occupational Settings

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Graudenz GS, Kalil J, Saldiva PH, Gambale W, Latorre Md Mdo R, Morato-Castro FF, et al.
Upper respiratory symptoms associated with aging of the ventilation system in artificially ven-
tilated offices in Sao Paulo, Brazil. Chest 2002;122:729-35.

Kemp PC, Neumeister-Kemp HG, Lysek G, Murray F. Survival and growth of microorganisms
on air filtration media during initial loading. Afm Environ 2001;35:4739-49.

Schleibinger H, Ruden H. Air filters from HVAC systems as possible source of volatile organic
compounds (VOC) — laboratory and field assays. Atm Environ 1999;33:4571-7.

Buttner MP, Cruz-Perez P, Garrett PJ, Stetzenbach LD. Dispersal of fungal spores from three
types of air handling system duct material. Aerobiologia 1999;15:1-8.

LiY, Leung GM, Tang JW, Yang X, Chao CY, Lin JZ, et al. Role of ventilation in airborne
transmission of infectious agents in the built environment — a multidisciplinary systematic
review. Indoor Air 2007;17:2-18.

Araujo R, Cabral JP, Rodrigues AG. Air filtration systems and restrictive access conditions
improve indoor air quality in clinical units: Penicillium as a general indication of hospital
indoor fungal levels. Am J Infect Control 2008;36:129-34.

Brief RS, Bernath T. Indoor pollution: guidelines for prevention and control of microbiologi-
cal respiratory hazards associated with air conditioning and ventilation systems. Appl Ind
Hyg 1988;3:5-10.

Foarde K, Berry M. Comparison of biocontaminant levels associated with hard vs. carpet floors in
nonproblem schools: results from a year long study. J Expo Sci Environ Epidemiol 2004;14:S41-8.
Buttner MP, Stetzenbach LD. Monitoring airborne fungal spores in an experimental indoor
environment to evaluate sampling methods and the effects of human activity on air sampling.
Appl Environ Microbiol 1993;59:219-26.

Shorter C. Fungi in New Zealand homes: measurement, aerosolization & association with chil-
dren’s health Ph.D. Thesis. New Zealand: University of Otago; 2013.

reproducibility, and seasonal variation of ergosterol levels in house dust. 2014. http://dx.doi.org/
10.1111/ina.12078.

Sordillo JE, Alwis UK, Hoffman E, Gold DR, Milton DK. Home characteristics as predictors of bac-
terial and fungal microbial biomarkers in house dust. Environ Health Perspect 2011;119:189-95.
Jaakkola MS, Jaakkola JJK. Indoor molds and asthma in adults. Adv Appl Microbiol 2004;
55:309-38.

Akpinar-Elci M, White SK, Siegel PD, Park JH, Visotcky A, Kreiss K, et al. Markers of upper
airway inflammation associated with microbial exposure and symptoms in occupants of a
water-damaged building. Am J Ind Med 2013;56:522-30.

Seuri M, Husman K, Kinnunen H, Reiman M, Kreus R, Kuronen P, et al. An outbreak of respi-
ratory diseases among workers at a water-damaged building. Indoor Air 2000;10:138-45.
Adan OCG, Samson RA, editors. Fundamentals of mold growth in indoor environments and
strategies for healthy living. The Netherlands: Wageningen Academic Publishers; 2011.

Tsai FC, Macher JM, Hung YY. Biodiversity and concentrations of airborne fungi in large US
office buildings from the BASE study. Arm Environ 2007;41:5181-91.

Gots RE, Layton NJ, Pirages SW. Indoor healths: background levels of fungi. ATHA J
2003;64:427-38.

Salonen H, Lappalainen S, Lindroos O, Harju R, Reijula K. Fungi and bacteria in mould-damaged
and non-damaged office environments in a subarctic climate. Atmos Environ 2007;41:6797-807.
Patovirta R-L, Husman T, Haverinen U, Vahteristo M, Uitti JA, Tukiainen H, et al. The reme-
diation of mold damaged school — a three-year follow-up study on teachers’ health. Cent Eur J
Public Health 2004;12:36-42.


http://dx.doi.org/10.1111/ina.12078
http://dx.doi.org/10.1111/ina.12078

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Fungi in Low-contamination Occupational Environments Chapter | 9 125

Rudblad S, Andersson K, Stridh G, Bodin L, Juto JE. Slowly decreasing mucosal hyperreactiv-
ity years after working in a school with moisture problems. Indoor Air 2002;12:138-44.
Simoni M, Cai GH, Norback D, Annesi-Maesano I, Lavaud F, Sigsgaard T, et al. Total viable
molds and fungal DNA in classrooms and association with respiratory health and pulmonary
function of European schoolchildren. Pediatr Allergy Immunol 2011;22:843-52.

Su HJJ, Wu PC, Lin CY. Fungal exposure of children at homes and schools: a health perspec-
tive. Arch Environ Health 2001;56:144-9.

Zuraimi MS, Tham KW, Chew FT, Ooi PL. The effect of ventilations strategies of child care
centers on indoor air quality and respiratory health in Singapore. Indoor Air 2007;17:317-217.
Roda C, Barral S, Ravelomanantsoa H, Dusseaux M, Tribout M, Le Moullec Y, et al. Assess-
ment of indoor environments in Paris child day care centers. Environ Res 2011;111:1010-7.
Morris G, Kokki MH, Anderson K, Richardson MD. Sampling of Aspergillus spores in air. J
Hosp Infect 2000;44:81-92.

Cheng SM, Streifel AJ. Infection control considerations during construction activities: land
excavation and demolition. Am J Infect Control 2001;29:321-8.

Sautour M, Sixt N, Dalle F, L’ollivier C, Calinon C, Fourquenet V, et al. Prospective survey of
indoor fungal contamination in hospital during a period of building construction. J Hosp Infect
2007;11:367-73.

Falvey DG, Streifel AJ. Ten-year air sample analysis of Aspergillus prevalence in a university
hospital. J Hosp Infect 2007;67:35-41.

Azimi F, Naddafi K, Nabizadeh R, Hassanvand MS, Alimohammadi M, Afhami S, et al. Fungal
air quality in hospital rooms: a case study in Tehran Iran. J Environ Health Sci Eng 2013;11:30.
Viegas C, Almeida-Silva M, Gomes AQ, Wolterbeek HT, Almeida SM. Fungal contamination
assessment in portuguese elderly care centers. J Toxicol Environ Health A 2014;77:14-23.
Osimani A, Aquilanti L, Tavoletti S, Clementi F. Microbiological monitoring of air quality in a
university canteen: an 11-year report. Environ Monit Assess 2013;185:4765-74.

Sauni R, Uitti J, Jauhiainen M, Kreiss K, Sigsgaard T, Verbeek JH, et al. Remediating buildings
damaged by dampness and mould for preventing or reducing repiratory tract symptoms, infec-
tions and asthma. Cochrane Rev J 2013;8:944—-1000.

Roponen M, Meklin T, Rintala H, Hyvarinen A, Hirvonen MR. Effect of moisture-damage
intervention on the immunotoxic potential and microbial content of airborne particles and on
occupants’ upper airway inflammatory responses. Indoor Air 2013;23:295-302.

Meklin T, Putus T, Pekkanen J, Hyvarinen A, Hirvonen MR, Nevalainen A, et al. Effects of
moisture-damage repairs on microbial exposure and symptoms in schoolchildren. Indoor Air
2005;15(Suppl. 10):40-7.

Haverinen U, Husman T, Toivola M, Suonketo J, Pentti M, Lindberg R, et al. An approach
to management of critical indoor air problems in school buildings. Environ Health Perspect
1999;107:509-14.

Airborne Rylander R. (1->3)-Beta-D-glucan and airway disease in a day-care center before and
after renovation. Arch Environ Health 1997;52:281-5.

Kleinheinz GT, Langolf BM, Englebert E. Characterization of airborne fungal levels after mold
remediation. Microbiol Res 2006;161:367-76.

Rao CY, Burge HA, Chang JCS. Review of quantitative standards and guidelines for fungi in
indoor air. J Air Waste Manag Assoc 1996;46:899-908.

Howden-Chapman P, Bennett J, Siebers R, editors. Do damp and mould matter? Health imapcts
of leaky homes. He Kainga Oranga/Housing and Health Research Programme. Wellington:
University of Otago; 2010. Aotearoa, New Zealand: Steele Roberts Publishers.



Chapter 10

Domestic Environment
Indoor Mycobiota As a Public Health Risk Factor

Elena Pieckova
Slovak Medical University, Limbovd, Bratislava, Slovakia

Depending on their lifestyle, modern people are used to spending up to 90% of
their entire time in some indoor environment. Various indoor factors can contribute
to many health symptoms in occupants, including the so-called building-related
illnesses, i.e., allergic, infectious, toxic, or inflammatory diseases, leading even
to precancer.! All of these might be caused by chemicals, viruses, bacteria (espe-
cially gram-negative endotoxins), or fungi. A complex mixture of health troubles
and general discomfort affecting occupants of certain buildings is known as sick
building syndrome (SBS).! SBS symptoms are nonspecific and usually depend
on various indoor microclimate characteristics—temperature, relative humidity
(RH), dust, cigarette smoke, ventilation, building materials, and furnishings—
but also on the personality characteristics (e.g., satisfaction in the work, ability
to establish and maintain reliable professional relationships, etc.) of the affected
persons. The etiological role of fungi in the health troubles connected with stay-
ing in certain buildings has not been fully clarified yet. Monitoring of exposure to
indoor fungi is rather complicated owing to a lack of standard practical methods
for evaluating how the indoor microclimate, outdoor surroundings, and micro-
scopic fungi affect one another.

Molds are found almost everywhere in our environment, both outdoors and
indoors. They can grow on just about any substance, as long as moisture and
oxygen are available. Visible or cryptic mold growth may occur when excessive
moisture accumulates in buildings or on building materials, including carpets,
ceiling tiles, insulation, paper, wallboard, wood, or surfaces behind wallpaper
or in heating, ventilation, and air conditioning systems. Figure 1 illustrates an
expert search for a source of an unpleasant moldy smell in a new-built home.
Finally, Penicillium chrysogenum overgrowth on the back side of plasterboard
ceilings and walls was identified as the causative agent.

Figure 2 shows results of tests for antifungal properties of common building
materials. The tests were performed according to ISO 846: 1997 E with Aspergillus
versicolor.> The fungus developed visible growth onto almost all materials tested

Environmental Mycology in Public Health. http://dx.doi.org/10.1016/B978-0-12-411471-5.00010-7
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Moldy smell

FIGURE 1 Searching for a source of indoor moldy smell, Penicillium chrysogenum identified as
the agent.

under the experimental conditions (water activity of 0.75, 0.8, or 0.94 for a duration
of 1-3months). Wood and lime plasters revealed the highest antifungal resistance.
Figure 3 presents the results of the same tests as mentioned above, but materi-
als covered with a sterile house dust were used. Such conditions mimic real indoor
environments; the dust serves as an additional source of nutrients for the molds.
Again, wood and inorganic (lime) plaster showed the best antifungal properties.
It is impossible to eliminate all molds and fungal propagules from indoor
environments. However, moisture control is the most important strategy for
reducing indoor mold growth. The dampness of the substrate is one of the cru-
cial conditions for a mold’s survival. Their optimal water activity in substrate
ranges between 0.60 and 0.99. The ability of Penicillium spp. and Aspergillus
spp., so-called first colonizers, to grow on/in common house dust under RH of
76—80% can probably explain their dominant prevalence even in healthy build-
ings (see also Figures 2 and 3). The secondary (Cladosporium spp., Alternaria
spp., Chaetomium spp., 85% RH needed) and tertiary colonizers (Fusarium
spp., Acremonium spp., yeasts, optimal RH above 90%) are able to biodeterio-
rate any building material under optimal thermal and moisture conditions.’—
An example of the plots obtained from microclimate detectors placed in a
moldy apartment for 10days is given in Figure 4. Peaks of RH represent rising
humidity due to cooking activity without proper exhaustion. The temperature
falls when windows are opened.
Presented in Figure 5 is a 5-year mycological study carried out in 72
Slovak flats with indoor mold problems. The percentages represent the relative
numbers of flats with a certain average quantity of indoor airborne mycobiota



- growth on building materials
ISO 846: 1997 E

FIGURE 2 Tests of antifungal properties of building materials—model fungus Aspergillus versicolor and its growth on material surfaces (0, no growth;

5, total surface overgrown).
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- growth on dusty building materials

B A. versicolor

FIGURE 3 Test of building materials’ susceptibility to fungal growth while being dusty. According to ISO 846: 1997 E, Aspergillus versicolor as the

model fungus.
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FIGURE 4 Automatic drawings from an indoor microclimate detector in a moldy apartment.
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FIGURE 5 Quantitative (R) and qualitative (L) analysis of 72 Slovak moldy apartments over
Syears.

(given at the right—R) and qualitative mycological analysis (illustrated at the
left—L) of the same flats (indoor air, surfaces) is shown—aspergilli, penicillia,
cladosporia, and alternariae clearly dominate.

Another significant parameter related to moisture in building materials is the
dew point temperature. Water condenses in cooler air around surfaces that are
below the dew point. Dew points on inner wall surfaces under various thermal
and humidity conditions in an apartment in Bratislava, Slovakia, are illustrated
in Figures 6 and 7.
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Critical surface temperature to
promote fungal growth
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FIGURE 6 Calculation of dew point (or critical surface temperature to promote fungal growth)
and its source data.
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FIGURE 7 Automatic plots of indoor microclimatic conditions in a moldy flat over 3 months with
the calculated dew point line (red). Measured surface temperatures of the building wall are almost
always under the calculated critical ones. Thus, it is no wonder the wall had become moldy.
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Ventilation
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FIGURE 8 Continual vent opening causing cooling of the wall above, resulting in mold on it.

Building materials contain certain amounts of the so-called steady moisture,
which is absorbed from the surrounding air. This absorbed humidity is depen-
dent on temperature, RH, porosity of material, and presence of hygroscopic
salts. The building material becomes the source of humidity when its humidity
is higher than the steady moisture. In this instance, the moisture of building can
be high even when the RH is low.

The main sources of moisture in buildings are:

e Capillary action of moisture: imperfections in the hydroisolation of the build-
ing subsoil and inadequate reduction of moisture causing wetness in the con-
struction of the building subsoil;

e Improper or insufficient ventilation: continual vent opening—the cause of fun-
gal growth on the wall above a window (statistical analysis of these household
microclimate conditions: critical indoor air temperature <20 °C, p=0.03, critical
surface temperature to promote fungi <12.6°C at RH >50% related at the level
p=0.001) (Figure 8);

e Rain: in roof constructions and in breaches in circumferential walls;

e Leaks in sanitary installations: at uncaulked joints of sanitary distribution sys-
tems, damaged outlet baths, washbasin, and kitchen sink;

e Condensation of water on internal surfaces of construction: in places with sur-
face temperature lower than the dew point (Figures 9 and 10).

e Activities inside the building: an excessive amount of flowers, aquaria,
vapors, laundry, cooking, and lack of “natural” (micro)ventilation owing to
sealed windows, i.e., additional moisture sources. Figure 11 shows house-
hold activities and habits contributing to elevated RH (over 50%) that might
promote indoor fungal growth (when the critical surface temperature drops
below 12.6°C under given microclimatic conditions). The most potent
sources of extra moisture indoors seem to be babies/toddlers, pets (intensive
breathing), and indoor plants (watering).
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FIGURE 9 Thermovisualization of a thermal bridge with AT=6.8 °C at the low corner of a room.
According to the STN EN 13 187.
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FIGURE 10 Severe mold growth on walls as a consequence of thermal bridges with the critical
surface temperature <12.6 °C at RH >50%. Statistical probability of undesired fungal colonization
at p<0.001.

Based on the above-mentioned occupant behavior at home, it is possible to
rank house rooms according to their fungal growth risk as given in Figure 12.
So, kitchen and bathrooms present the highest risk.

Currently, a general approach to the study of the mechanisms of fungal
effects on human beings is becoming more urgent. Such an approach includes
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FIGURE 11 Dwelling occupants’ activities elevating indoor humidity.
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FIGURE 12 Diagram of fungal overgrowth possibility in particular house rooms (the lowest in the
living room) under favorable microclimatic conditions.

the immunosuppressive influence of f-glucans from fungal cell walls as well
as toxic and irritative effects of their exo- and endometabolites—mycotoxins
and/or volatile organic compounds (VOCs).” Regarding mycotoxins with
rather well-characterized toxicity (including carcinogenicity, mutagenicity,
teratogenicity, cytotoxicity, and immunosuppression) after ingestion or dermal
exposure, it has been found that an adverse biological effect can be caused by
inhalation of a dose one-tenth the amount of one taken orally.®

Water-damaged building materials are often contaminated with fungi that
produce detectable levels of mycotoxins, which may be aerosolized (material
detritus, dust particles, most of them within respirable range) and contribute
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to indoor air pollution.*!9 Tuomi et al.'' analyzed 17 mycotoxins from 79
bulk building materials collected from water-damaged buildings. Their results
showed that sterigmatocystin was present in 24% of the samples, trichothecenes
in 19% of the samples, and citrinin in three samples. Aspergillus versicolor was
found on most sterigmatocystin-containing samples, and Stachybotrys char-
tarum on the samples in which satratoxins were present. Indoor mycobiota,
particularly A. versicolor—the most frequent indoor colonizer under central
European housing conditions'? (Figures 13 and 14), also have the capacity to
contribute to the indoor levels of irritant VOCs. The spectrum of volatiles pro-
duced varies with microenvironmental condition (temperature, RH, substrate)
and the presence of other microbes as well.!?

Indoor A. versicolor

> frequency — flats > 1986 yr - p=0.05
- N orientation, living rooms

- laundry drying + exhaust —
p<0.05

- general cleaning once/yr, regular
cleaning less frequent

- without room plants & pets

FIGURE 13 Household characteristics enabling Aspergillus versicolor indoor colonization and
their statistical potential.

- molecular epidemiology
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FIGURE 14 Molecular epidemiological analysis of Aspergillus versicolor indoor and related out-
door isolates. HVAC, heating, ventilation, and air conditioning.
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Figure 13 summarizes housing conditions favoring A. versicolor indoor inci-
dence. This fungus—as a xerophilic one—does not insist on humidity extremes
(room plants, pets, or improper ventilation as additional moisture sources are not
necessary). It is apparent that lower indoor temperatures owing to the northern
orientation of the affected rooms and dusty surroundings because of less fre-
quent cleaning were sufficient to promote the occurrence of the fungus. More-
over, spores of A. versicolor and Penicillium sp. retained their viability on
different plasters after 40days to 3 months, i.e., until the end of the particular
experiment that was being carried out.>*

Molecular epidemiological analysis (RAMP) of A. versicolor indoor and
related outdoor isolates clarified their relations. Some indoor ones were of out-
door origin, whereas others came from the same indoor source (Figure 14).

The metabolite synthesis of fungi depends on the quality of construction
materials.'*!> In our previous study on tracheal organ cultures of one-day-old
chicks, varying ciliostatic activity was found in chloroform extracts of biomass
from building materials (mineral wool, plasterboard, cardboard) inoculated
with cultures of molds of indoor origin (P. chrysogenum, Penicillium palitans,
Trichoderma viride, Stachybotrys sp., and A. versicolor). Generally, extracts
from fungal growth on materials composed of finely divided cellulose were
more active than those from growth on mineral wool.!® The only data available
on the ciliostatic activity of pure indoor mold metabolites involve sterigmato-
cystin, from A. versicolor and Chaetomium spp., which is one of the most active
metabolites examined.!”!8 Tt is proven that more than 90% of the A. versicolor
isolates are able to produce sterigmatocystin (Figure 15).
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FIGURE 15 Top: direct microscopy of moldy plaster. Bottom: pure fungal culture. Right:
LC-MS/MS analysis of extrolites yielded sterigmatocystin peaks.
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FIGURE 16 In vitro debilitating effects of crude chloroform extracts of Aspergillus versicolor
metabolites.

There is a great need to better understand the adverse health effects of short- and
long-term exposure to fungal metabolites and to determine whether health effects
are reversible.!” Studies so far have dealt with the spores, with respect to extracted
solid toxicants, including mycotoxins, after respiratory exposure. According to pre-
vious experiments, it became apparent that pulmonary inflammation, or cytotoxic
damage to alveolar type II cells and alveolar macrophages (AMs) (particularly sen-
sitive) was related to methanol-soluble as well as chloroform-soluble toxins.2%-23

Crude chloroform extracts of the A. versicolor secondary metabolites pre-
vented tracheal ciliary beating in vitro within 24 h. They also caused coarsen-
ing of T II rat lung cells (analyzed by lectin histochemistry) (Figure 16). Both
mechanisms are involved in the upper airways’ self-cleaning processes.

When applied intratracheally in dimethyl sulfoxide, the same extracts showed
concentration-dependent cytotoxic effects on lung tissue (DNA damage and oxi-
dative stress in the cells and significantly higher proportion of free cytosolic
and lysosomal enzymes cathepsin D and alkaline phosphatase). On the other
hand, the phagocytic activity and viability of AMs were significantly depressed.
Together with overproduction of young immature AMs, the parameters indicate
the inflammatory potential of the extrolites, too (Figure 17).

The effects were statistically even more significant when extracts of cocul-
ture of A. versicolor and S. chartarum were used (Figure 18).

Why was S. chartarum used in the experiments? In an investigation of
fatal infant idiopathic pulmonary hemorrhage outbreaks in the United States,
particular fungal isolates were found to be toxic in vitro. Later studies showed
that S. chartarum produced cytotoxic and immunosuppressive macrocyclic
trichothecenes (stachybotryotoxins) and spirocyclic drimanes that caused
inflammation and hemorrhages in the respiratory tract and intestines of labo-
ratory animals. In this case, isolates of Memnoniella echinata (producer of
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FIGURE 18 In vivo pulmonary toxicity of metabolites of coculture of Aspergillus versicolor and
Stachybotrys chartarum in rats—cytotoxic and inflammation-inducing effects.

griseofulvin) and A. versicolor (carcinogenic sterigmatocystin) were detected
as well.?* It was this case in particular in which smoking was identified by
epidemiologists as a factor in increased health risk for fungal intoxication.?
Experimental conditions of sub- or chronic exposure to the toxins and inclu-
sion of other environmental factors (tobacco smoke) better mimic the real

indoor exposure scenario.?®
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We performed tests on the in vivo toxicity of extrolites of A. versicolor
grown together with S. chartarum (intratracheally instilled) in rats subjected
to tobacco smoke simultaneously and 6 weeks before the experiment. All
bioindicators of cytotoxic and inflammatory injury (including inflammatory
cytokines release) were then changed positively. Thus, the general toxic effect
was more pronounced in this group compared with the group not exposed to
smoke (Figures 19 and 20).
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FIGURE 19 In vivo toxicity of fungal metabolites together with tobacco smoke—cytotoxic potential.
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FIGURE 20 Inflammatory damage of rat lung tissue after being exposed to fungal metabolites
(Aspergillus versicolor+ Stachybotrys chartarum) and tobacco smoke for 3 days.
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PREVENTIVE MEASURES

There is a high need to control moisture in both new and existing constructions
owing to the significant health consequences resulting from dampness. Damp-
ness and mold in buildings is undoubtedly a significant public health problem
with substantial economic impact.?’

Indoor fungal prevention consists of:

e provision of suitable air circulation by periodic ventilation (ventilation sys-
tem, exchange air by opening windows);

e repairs, remodels, construction of spaces and buildings to eliminate all sources
of humidity;

e periodic building maintenance;

e use of suitable impermeable materials for flooring;

e adjustment of climate conditions of buildings by correct regulation of
fumigation and humidity (maintain below 60% RH, ideally 30-50%, if
possible);

e adjustment for correct function of cooker hoods in kitchens and regular
defrosting, washing, and disinfecting of refrigerator and freezer;

e performance of periodic cleaning of spaces (use suitable cleaners and
disinfectants, regular disposal of waste) (according to our findings, the
mycologically nonproblematic apartments usually undergo general deep
cleaning more frequently than the moldy ones (Figure 21));

e proper storage of materials (e.g., objects should not be stored in close contact
with walls);

e periodic control of occurrence of molds.”®

Figure 22 presents the World Health Organization’s recommendations for
building and maintaining sustainably healthy indoor environments from the
myco- and mycotoxicological point of view.>
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FIGURE 21 Microclimatic (including risky) parameters in the flats according to their cleaning mode.
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FIGURE 22  General WHO recommendations for indoor mold prevention (2009).
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INTRODUCTION

Conceptually, occupational exposure happens after the exposure of an individual
to harmful chemical, physical, or biological agents that occurs as a result of one’s
occupation. According to this concept, there is convincing evidence that some
mycotic diseases are associated with occupational exposure to fungal agents.
Among them, the respiratory mycotic diseases, such as cryptococcosis, histoplas-
mosis, paracoccidioidomycosis, coccidioidomycosis, and blastomycosis, result
from the exposure of workers to the fungal agents, mostly in the form of particles
or dust. In addition, a good example of an occupational fungal disease is sporotri-
chosis, which is regarded as an occupation-related disease that usually occurs in
the form of isolated cases or small outbreaks. This fungal disease involves peo-
ple exposed to plants or soil rich in organic matter and, occasionally, laboratory
technicians.!> However, there is a high proportion of mycotic cases that do not
report any occupational exposure through the patient’s working life. In this chap-
ter, we focus on examples of mycotic diseases acquired from nonoccupational
exposure, all of them associated with domestic and environmental exposure.

CRYPTOCOCCOSIS

Together with the clinically relevant species within the fungal genera Aspergillus
and Candida, the two Cryptococcus species Cryptococcus gattii and Cryptococcus
neoformans are major causes of fungal morbidity and mortality worldwide. The
yeast genus Cryptococcus contains more than 100 species, but only C. gattii and
C. neoformans are known as frequent sources of disease, and only a handful of case
reports have described the involvement of other cryptococcal species.? It has been
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estimated that annually nearly a million human immunodeficiency virus (HIV)-
infected individuals develop cryptococcal meningitis, and an estimated approxi-
mately 625,000 patients will not survive this fungal infection.* The majority of
cryptococcal infections are a result of inhalation of the disease culprit, followed by
hematogenous dissemination, and if untreated it finally enters the central nervous
system with fatal consequences.’ Cutaneous infections are less often reported and
are frequently related to a traumatic introduction of infectious particles.®’

Until the early 1980s cryptococcal infections were rarely reported, but with
the onset of the HI'V pandemic the number of infections rose to high levels, espe-
cially in sub-Saharan Africa.*> Based on a plethora of epidemiological studies,
it has been observed that C. neoformans is the major cause of cryptococcal
disease worldwide; this pathogen mainly infects humans and animals that have
a compromised immune system.’ On the other hand its sibling, C. gattii, is the
major cause of cryptococcal infection among immunocompetent patients; this
species was previously reported only in (sub)tropical areas but since the turn of
the twenty-first century it has been on the rise in temperate climate zones.?'0

In addition to the difference in host predilection, both cryptococcal species
differ also in terms of ecology, genetics, and physiology.>!'! C. neoformans has a
global distribution pattern and is mainly associated with bird excreta, especially
that from pigeons. Cryptococcal cells cannot multiply within the gastrointestinal
tract of pigeons but they have the ability to proliferate on nitrogen-rich excreta
from which desiccated yeast cells and/or basidiospores disperse into the environ-
ment.'213 C. gattii, which was until the beginning of this century regarded as a
tropical pathogen, has a distribution pattern that spans all tropical and subtropi-
cal areas, as well as regions that have a climate similar to that of Mediterranean
Europe.®!0 In 1990 the environmental niche of C. gattii was found to be decaying
wood of Eucalyptus trees, a genus that originated in Australia, from where this
tree was globally exported to numerous countries.'* At that time, it was assumed
that C. gattii was globally distributed via this route, but this was disputed by the
culturing of C. gattii from decaying wood obtained from a Guettarda acreana
tree in the pristine Amazon rain forest.!> A large-scale environmental screening
survey, initiated after the sudden onset of an ongoing and expanding C. gattii out-
break in the temperate climate zone of British Columbia, Canada, revealed that
many more tree species harbor C. gartii.'®!'7 Environmental sampling has shown
that C. gattii is present in high concentrations in the air and soil that surrounds
trees. It was also observed that C. gattii can survive in seawater and that a variety
of sea animals have developed C. gattii infection, as well.

In a study performed in 2001, it was shown that in early childhood, nearly all
individuals had developed antibodies against C. neoformans and thus that they
had been in contact with this yeast.!® However, C. neoformans cells can remain
dormant in the human body for decades until the immune system has become
attenuated. This was also observed for the primary pathogen C. gattii, which
was found to remain dormant for months up to decades until the moment that
the host’s immune status became weakened owing to another illness.”-!”
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C. gattii can be present in the environment in high concentrations and it is
not surprising that not only inhabitants of the affected outbreak areas develop
cryptococcal diseases, but also tourists who briefly visit these localities develop
infections.®!92! C. gartii has been isolated from recreational areas, as has
been shown by an environmental sampling study on the Iberian Peninsula that
revealed that the strains obtained were genetically indistinguishable from those
isolated from clinical and veterinary sources, including those isolated from sev-
eral small outbreaks in Spain.”-2%>23

Reports from occupational exposure and subsequent cryptococcal infections
are rare and mainly describe infections after exposure of the patient to Crypto-
coccus-contaminated bird excreta, especially those patients who have been in
close contact with birds.'2242% Another category of individuals who are at risk
for cryptococcal disease are those working in forestry, especially those working
in areas known to have a high airborne concentrations of cryptococcal cells, and
those subjects who work with wood and/or plant material.”-16-30-31

Histoplasmosis

Histoplasmosis is a serious community-acquired infection in the United States
and in several Latin American countries.?” This fungal disease is caused by the
dimorphic fungal pathogen Histoplasma capsulatum, which displays two dis-
tinct morphological forms, filamentous and yeast forms, depending on the nutri-
tional factors and temperature.>® The majority of H. capsulatum biomass exists
in the soil as a saprophytic mold, especially under alkaline conditions (pH 5-10)
and temperatures between 20 and 30 °C. Usually the fungus is associated with
soil enriched with organic nitrogen sources such as animal excrement, espe-
cially that from bats and chickens.?*3> In fact, H. capsulatum has been isolated
from several protected environments, such as caves, abandoned construction
sites, and chicken coops. However, H. capsulatum does not cause disease in
birds, so their role in the environmental spread of H. capsulatum is probably
due to fungal carriage on their feathers, beaks, or claws. On the other hand,
bats are fungal reservoirs, because they harbor the fungus in their intestinal
mucosa and release H. capsulatum in their feces.’*3% In addition, histoplas-
mosis can occur in bats, with lethal consequences. Contaminated soil has been
found to be the source of infection for both humans and animals such as dogs,
cats, horses, cattle, pigs, rodents, and marsupials.’> H. capsulatum infection is
typically acquired by the inhalation of microconidia after disturbance of con-
taminated soil or excreta. For this reason, histoplasmosis is generally not asso-
ciated with person-to-person spread of the disease. Although rarely reported,
histoplasmosis can be acquired by cutaneous inoculation of the fungus3°—*! and,
even more unusually, vertical transmission can occur, given that there is one
such case report known from the literature.*> In the mold form H. capsulatum
is composed of hyaline septated hyphae that produce the two different asexual
reproduction structures of macroconidia and microconidia. The latter are the
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assumed infectious propagules, as their size of 2—6 pm is well suited to deposi-
tion into distal alveoli. Upon entry into a susceptible host, the microconidia
rapidly convert to the pathogenic budding yeast-like form, which can also be
cultivated in laboratory medium at 37 °C. Inhalation of the conidia can result
in pulmonary histoplasmosis and, in some cases, severe disseminated disease
and death. The risk of infection with H. capsulatum depends on the time of
contact and the activity performed associated with soil disruption or involving
bird or bat guano, such as farming, soil excavation, spelunking, construction,
renovation, demolition, and cleaning sites harboring the fungus.** In addition,
the presence of bats in caves, attics, ceilings, and roofs, as well as bird nests and
abandoned chicken and poultry houses is epidemiologically important as it can
increase the chance of human acquisition of H. capsulatum.

Histoplasmosis has long been recognized as a common recreational disease
among cavers in North America, but reports indicate an increase in the number
of cases in individuals who were engaged in other forms of adventure tour-
ism and ecotourism. Outbreaks of histoplasmosis have been reported among
traveling U.S. residents after trips to Central and South America.** Since 2010,
epidemics of acute respiratory histoplasmosis have frequently been reported
from several countries, the majority associated with contact with migratory bird
excreta or bat guano.*->! Histoplasmosis is one of the most common systemic
mycoses in Brazil, where epidemiological surveys have been carried out using
the histoplasmin skin test, which indicated that this mycosis is endemic in all
surveyed areas.’> As of this writing, 161 cases of H. capsulatum infection have
been associated with outbreaks that occurred in various Brazilian regions. Of
these, 14 outbreaks were identified in Rio de Janeiro State. Although the epide-
miology of histoplasmosis has been well studied there, cases of histoplasmosis
in Brazil may be underestimated, suggesting that the endemic areas are more
widespread than previously thought.

A variety of procedures have been used for decontaminating infected areas
of H. capsulatum growth. Regular cleaning of locations with the potential to
become a source of infection would be the first preventive measure in histoplas-
mosis. Appropriate masks should be worn by individuals at risk of exposure at
suspicious sites. In a situation of high risk of exposure to H. capsulatum anti-
fungal prophylaxis can be indicated. Sites that have been proven to be contami-
nated can be proscribed and decontaminated. The most successful method is to
spray the affected sites with 3% formalin solution. However, this procedure has
the side effect that it can cause environmental damage.

SPOROTRICHOSIS

Sporotrichosis is a subcutaneous mycosis that has long been recognized as the
gardener’s disease, because the infection is in most cases a result of the inocu-
lation of the fungus Sporothrix spp. by thorns, stings, scrapes, and minor inju-
ries. Certain occupational and leisure activities such as floriculture, horticulture,
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gardening, hunting, agriculture, mining, and others facilitate the exposure to the
fungus and have over the past years been associated with sporotrichosis.>?

For several years, sporotrichosis was described as a disease caused by the
single species Sporothrix schenckii.> However, studies based on polyphasic
taxonomy showed that this single species could be divided into several cryp-
tic sibling species, which were named Sporothrix brasiliensis, Sporothrix glo-
bosa, Sporothrix luriei, Sporothrix mexicana, and Sporothrix schenckii sensu
stricto.”* These species present variations in virulence,” antifungal susceptibil-
ity,”% and the clinical aspects of sporotrichosis.>’

In 1998, in the state of Rio de Janeiro, Brazil, an epidemic of sporotrichosis
was recognized and involved several cities.”® In these endemic areas, the fungus
was found not to be transmitted in the classical way, i.e., through plants, contam-
inated soil, or timber, but rather through scratches or bites from or other contact
with domestic cats infected with S. brasiliensis.”’->° This form of propagation of
the disease has led to several unusual clinical manifestations of sporotrichosis.>”

The domestic cat (Felis catus) is the animal species most affected by sporo-
trichosis. Between 1998 and 2012, around 3800 cases were diagnosed in a refer-
ence center for this mycotic infection in Rio de Janeiro, Brazil. In this epizootic
occurring in Rio de Janeiro, male, unsterilized, young adult cats with access to
the extradomiciliary environment constitute the animal group most susceptible
to this mycosis. This occurs because the feline transmission of S. brasiliensis
occurs mainly after fights involving an infected cat.%” Different from humans
and dogs, the skin lesions of cats have a high fungal burden, which is one of
the most important factors that make the cat an important source of Sporothrix
spp. infection of humans and other animals.®! Respiratory signs are most fre-
quently seen, mainly sneezing, which was observed in approximately 40% of
the cases.%

Human sporotrichosis can be classified into the following clinical forms:
fixed cutaneous, lymphocutaneous, disseminated cutaneous, and extracutane-
ous.”> Nonoccupational sporotrichosis in Rio de Janeiro, Brazil, is associated
with a high number of disseminated cutaneous cases of the infection. In this
scenario, 9% of the patients present this clinical form, which is rarely seen in
other areas. This can be explained by multiple inoculations (bites, scratches) of
the fungus by naturally infected cats.®? In addition, sporothrichosis is a serious
problem in patients co-infected with HIV.* An HIV infection aggravates spo-
rotrichosis, with a higher incidence of severe disseminated cases and a higher
number of hospitalizations and deaths.%

China represents another important endemic area for sporotrichosis.®
Although occupational sporotrichosis prevails in this area, there are some
reports of nonoccupational infection by S. globosa, the main agent of sporo-
trichosis in Asia.%” In a study conducted at Jilin province (northeast China),
activities such as stacking cornstalks or reeds at home and burning them for
heating the house and cooking food in colder seasons were risk factors related to
sporotrichosis. Because of this epidemiological scenario, women are the group
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most affected by this subcutaneous mycosis in China, unlike other countries in
which occupational sporotrichosis occurs.

Under epidemic or endemic nonoccupational situations, the medium- and
long-term control of sporotrichosis requires basic educational measures that
emphasize the responsible ownership of animals and reproductive control pro-
grams for the cat population.®” The owners of infected cats should be advised
about the risks of transmission and appropriate prevention measures, particu-
larly the use of gloves when handling the cat, and cleaning the environment
with sodium hypochlorite. In addition, the carcasses of dead animals should
be incinerated to avoid environmental contamination.®® Human patients suf-
fering from a trauma caused by scratches and/or bites of infected cats should
seek medical advice immediately. Correct diagnosis and early treatment are
the key to reducing the transmission of Sporothrix spp. between animals and
humans.>?
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Urban Settings

Fungi in Archives: A Double Concern

Ana Catarina Pinheiro
Pharmacy Department, Centro Hospitalar do Algarve, Faro Unit, Portugal

Composed of thousands of genera and species, fungi are ubiquitous and particu-
larly relevant because of their strong adaptability and resilience to less favorable
environments. Although they are incredibly beneficial in some areas, the world
is more accustomed to see fungi as threats to health, and it is not wrong to think
so. However, it is not just human health that is in jeopardy when close contact is
established with some species of fungi or their presence is maintained in contami-
nated environments. Fungi can hydrolyze a wide variety of polymers as a result of
their efficient degrading enzymes.!> As an organic material, paper is susceptible
to biodeterioration by microfungi, especially by those known to be cellulolytic, or
cellulose degrading.>

In archives and libraries, the presence of fungi can therefore be detrimental
to both the health of the individuals who work there and the documents and
book safe kept on the premises. This duality makes it of the utmost importance
to know the environment where books are kept and where people consult them
or tend to their care.

The subject of the impact of fungal growth on the health of workers and
attendees of libraries and archives has been mentioned for almost a century, but
despite its relevance there is still a lack of information concerning the fungal
population in libraries and archives (either quantitatively or qualitatively) and
its relation to health issues.

One of the first records on this concern dates back to the 1915 August 23 issue
of Every Week, in which Rose Murray, one of the six women referred to in the
article “Women Who Hold Down Unusual Jobs,” is described as “‘the only woman
in the world who holds the position of physician and surgeon to ‘sick’ books [...].
She is the ‘doctor” for all the volumes in the New York Free Public Library. There
is a very lively element of danger in her position, because books, like people, derive
their sickness largely from germs and microbes. That is why Miss Murray goes
about her work dressed just like a surgeon at an operation. Her equipment consists

Environmental Mycology in Public Health. http://dx.doi.org/10.1016/B978-0-12-411471-5.00012-0
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of a huge apron and a veil of cheesecloth.” The image that illustrates the text shows
a woman nearly enveloped in a white gown, with only her eyes and hands and the
bottom of her dress showing.* Was she right in her choice to protect herself heavily?

According to some authors, the most common malaises reported by staff
working in libraries, archives, or book-containing premises are dermatitis, rhi-
nitis, allergies, asthma, allergic bronchopulmonary aspergillosis, and hypersen-
sitivity pneumonitis.’ In a museum environment, Wiszniewska et al.® concluded
that 30% of museum employees were sensitized to at least one of the fungal
allergens tested and that the prevalence of allergic symptoms among subjects
was relatively high and frequently related to specific sensitization. High-level
exposure to airborne viable fungi (10°colony-forming units (CFU)/m3) was
determined to be the cause in a case of organic dust toxic syndrome in a museum
staff handling moldy books.”

In most studies on indoor fungal contamination, four main measures are
applied: total viable mold counts, total mold counts (viable and nonviable), spe-
cific mold species (qualitative or quantitative), and f3-(1,3)-d-glucan level ($-1
to -3) glucans are components of the fungus cell wall and are considered potent
inflammatory agents® responsible for hypersensitivity reactions.’ For the first
three options, several methods can be chosen: gravitational deposition (Durham
sampler, Tauber trap, or simple Petri dishes); and impact (of which the Andersen
sampler is the most popular), suction, filtration, electrostatic precipitation, thermal
precipitation, and impingement.'?

The resulting samples can be analyzed using the traditional culturing meth-
ods of incubation and microscopic analysis or by molecular biology techniques,
which are capable of going further in terms of fungal identification and sorting
out the nonviable fraction. Whenever possible, the best option is to perform both
analyses.

To determine the atmospheric allergen load (3-[1, 3]-d-glucan level included),
immunological techniques such as enzyme immunoassay and enzyme-linked
immunoassay are frequently used.!' Some authors'? consider air sampling to be
the best method to determine fungal contamination.

In 1997, Zyska'® performed an extensive review of fungi encountered and
identified in archives. The results presented in the 1997 compilation refer to an
analysis on books, documents, and air dust/samples identified by conventional
culturing methods. Some of the fungi encountered are common air contaminants,
such as Penicillium sp. or Cladosporium sp.; others can be considered detrimental
to human health, such as Stachybotrys chartarum or Aspergillus fumigatus.

Figure 1 summarizes the air sample results compiled by Zyska'? and Gallo
et al.'* to which new data were added by Aira,'® Borrego et al.,'®!” Bueno et al.,'®
Gambale et al.,'” Harkawy et al.,2" Jain,?' Lugauskas and KrikStaponis,*? Pinheiro
et al.,>>27 Rakotonirainy et al.,”® Ruga et al.,” Valentin,’ and Wlazlo et al.**

Posing a risk for documents preservation, many of the fungi most commonly
encountered in archives and libraries are capable of degrading cellulose: the
genera Aspergillus, Chaetomium, and Alternaria are included in this group.?
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FIGURE 1 Air samples performed in four Portuguese archives and analyzed in terms of frequency (presence per total number of samples) and maximum number
of CFU per cubic meter.
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Capitelli et al.’! performed a quantitative aerial study; average counts in
all locations varied between 350 and 1416 CFU/m?. For conservation pur-
poses, Dutch guidelines defend the need for awareness when the level crosses
100CFU.3?

Health-risk levels suggested in the literature vary greatly among authors and
through the years. For the World Health Organization, the maximum concentra-
tion is 150 CFU/m3.33 According to Holmberg,** 2200 CFU/m? sets the limit for
a healthy environment; for Ohgke et al.,?® levels higher than 100 CFU/m? are
a sign of internal contamination; and for Reynolds et al.,’® 500 CFU/m? is the
maximum acceptable concentration. More recently, Kldnova®’ recommended
treating higher than 2000 CFU/m? as a health threat.

In Portugal, Ordinance 353A/2013,’® December 4, which regulate a
building’s climatic certification, stipulates that the fungal load should never
exceed the 500 CFU/m?; the presence of a mixture of relatively uncommon
species should not exceed 150 CFU/m3, and one considered uncommon spe-
cies (Acremonium sp., Chrysonilia sp., Trichothecium sp., Curvularia sp. and
Nigrospora sp.) should not exceed 50 CFU/m3. The presence of potentially
toxinogenic fungi such as Stachybotrys chartarum (Stachybotrys atra), Fusar-
ium moniliforme or Fusarium culmorum, Aspergillus versicolor, A. flavus,
A. fumigatus, A. niger, A. ochraceus, A. terreus, and Trichoderma viridae, and
potentially pathogenic fungi such as Histoplasma capsulatum, Cryptococcus
neoformans, Blastomyces dermatidis, and Coccidioides immitis are a sign of
an environment of low(er) quality. Only air samples are accounted for in these
guidelines, but the information highlights the need for fungal identification
and not just mere quantification. The established relation between the mini-
mum amount of spores that can cause serious allergic reactions and the fungal
species has been reported by Valentin et al.” as between 100/m? for Alternaria
alternata and 3000/m? for Cladosporium herbarum, which reinforces the idea
of identification rather than quantification only.?"

Table 1 shows only the most common genera; the potentially problematic
species (Valentin et al.}; Ordinance 353A/20133%) A. alternata, Aspergillus
glaucus, Aspergillus niger, A. fumigatus, and Aspergillus versicolor, Chaeto-
mium globosum, Cladosporium herbarum, Penicillium brevicompactum, and
Stachybotrys atra have all been identified.

In archives and libraries, some studies were performed using just an analy-
sis of surfaces. In Maggi et al.,*” the most represented genera were Aspergillus
(A. fumigatus included), Cladosporium sp., Penicillium sp., Chaetomium
sp., and Alternaria sp. An average of 10 CFU was determined per sampled
area (24 cm?).

In some cases, no difference in exposure—effect relations is observed when
exposure assessment is based on air or dust samples,’ but it can be useful to
couple both methods because some fungi such as Stachybotrys sp. can be
difficult to isolate in an air sample even when present in the studied envi-
ronment.*'*2 A study performed by Zielinska-Jankiewicz** in 2008 included
both air and surface samples. Cladosporium and Penicillium were the most
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TABLE 1 Most Identified Fungal Genera in Air Sampling Studies.
Nomenclature Changes Have Deemed Obsolete Some of the Fungi
Mentioned in the Consulted Sources: Cephalotrichum (Now Doratomyces
sp.), Cephalosporium (Now Acremonium sp.); Chloridium (Now
Ramichloridium sp.), and Hormiscium (Now Torula sp.). In the Torula
Genera Some Species Are Now Classified as Belonging to the Exophialia,
Candida, Rhodotorula, Cladophialophora, or Cryptococcus Genera

Number of Studies
Where Fungus Was
Identified Fungal Genera

0 Mentioned as common by the literature: Acrothecium
sp., Chaetomella sp., Coprinus sp., Gymnoascus sp.,
Pellicularia sp., Ramichloridium sp., Rhizoctonia sp.,
Serpula sp., Thielavia sp., Torula sp.

1 Acremoniella sp., Basipetospora sp., Beauveria sp.,
Bispora sp., Ceratosporum sp., Chalastospora sp.,
Cryptococcus sp., Dactylella, Doratomyces sp.,
Dreschelera sp., Emericella sp., Gonytrichum sp.,
Graphium sp., Harpographium sp., Heterocephalum
sp., Hormographiella sp., Microsporum sp., Monascus
sp., Monosporium sp., Mortiriella sp., Pestalotia sp.,
Prohytroma sp., Scedosporium sp., Scolecobasidium sp.,
Sepedonium sp., Sporodiniella sp., Sporotrichum sp.,
Sporothrix sp., Syncephalastrum sp., Trycophyton sp.,
Verticillium sp., yeasts

2to4 Arthrinium sp., Aureobasidium sp., Candida sp.,
Chrysonilia sp., Chrysosporium sp., Epicoccum sp.,
Eurotium sp., Gliocladium sp., Helminthosporium sp.,
Humicola sp., Mucar sp., Mycelia sterilia, Myrothecium
sp., Neurospora sp., Nigrospora sp., Oidiodendrum sp.,
Phoma sp., Rhodotorula sp., Rhizomucor sp., Stachybotrys
sp., Stemphylium sp., Trichocladium sp., Trichothecium
sp., Ulocladium sp., Wallemia sp.

5to7 Acremonium sp., Botrytis sp., Chaetomium sp., Curvularia
sp., Fusarium sp., Paecilomyces sp., Trichoderma sp.,
Rhizopus sp., Scopulariopsis sp.

8to 10 Alternaria sp., Aspergillus sp., Cladosporium sp.,
Geotrichum sp., Penicillium sp.

prevalent genera. Twelve species were regarded as potentially pathogenic for
humans: eight had allergic properties, and 11, toxic properties. Quantitatively,
the levels reached from 2.3 x 103 CFU/m?3 for air samples to 8—10 CFU/100 cm?
for surface samples.
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Sampling surfaces is also the best choice when looking for dermatophytes.
These are fungi capable of degrading the keratin existing in soil; hence, the name
keratinophylic.** These fungi can contaminate and invade living tissues, causing
dermatomycosis. None of the three genera (Microsporum, Trichophyton, and
Epidermophyton) were found in previous studies. However, this does not mean
that special handling procedures should be dismissed, because Mesquita et al.*>
identified in a paper sample Toxicocladosporium irritans, a fungi that produces
ample amounts of volatile metabolites and causes a skin rash within minutes of
opening an inoculated dish.

At the Jasna Géra monastery library, Harkawi et al.*® concluded that maxi-
mum viable fungal aerosol concentrations did not exceed 100 CFU/m? but
A. niger and A. versicolor were present in the sampled air. The settled dust
showed a different microbial structure with only five fungal genera and/or spe-
cies encountered and a different prevalence distribution. The analysis performed
on the dust samples achieved a maximum of 10,000/m?2.

Pinheiro et al.?*-2¢ performed a study on four Portuguese archives and sam-
pled both surfaces and air samples (quantitatively and qualitatively). Regarding
air samples, the number of CFU per cubic meter never exceeded 500 CFU/m?.
Indoor contamination (fungi not present in the control outdoor samples) was
present in all of the studied settings. The indoor/outdoor ratio, another param-
eter considered in Ordinance 353A/2013, was above 1 in 21% of samples.

Compared with the global results presented in Table 1, yeasts stand out as
one of the most commonly present in air samples retrieved from archives. The
other most represented fungi follow the trend depicted in Table 1, with Penicil-
lium sp. and Cladosporium sp. taking the lead. From the Aspergillus group,
A. versicolor is the most represented; this fungus is known to be able to produce
mycotoxins in an indoor environment.® Some of the fungi identified and recog-
nizably involved in the degradation of paper can produce mycotoxins, which
may pose a health problem to staff and visitors of libraries, galleries, and muse-
ums.*> From the initial compilation performed by Zyska (1997),'3 19% could
generate health issues.*> Also, many of the sampled locations are not ventilated
and conditions for the accumulation of metabolites are ideal.

Many studies focused on indoor health issues, and the production of myco-
toxins is directed at trichothecenes, although this group of metabolites is inter-
esting only when growth of Stachybotrys occurs.*’ Stachybotrys was absent
from the air samples but was identified in the swab samples of one of the studied
settings. Moreover, when comparing the air sample results with the surface sam-
ples (Figure 2), most of the fungal spectra would be lost without both studies.

As in other settings, although recognizably important, it is still not clear the
effect biological agents have on the human health and heritage conservation in
archives.

In these particular institutions, there is still a long way to go because two
different populations must be protected. Interactions established between fungi
and written heritage are still confusing and, similar to what has been found for



u Acremonium sp. = Altermaria sp.

u Alternaria dltermata u dlternaria arborescens

u Altermaria dianthicola u Arthrivium sp.

w Arthrographis sp. u Aspergillus sp.

u Aspergillus candidus u Aspergillus flavus
= Aspergillus fimigatus = Aspergillus niger
= Aspergillus ochraceus = Aspergillus penicillioides
u Aspergillus restrictus u Aspergillus sydowii
u Aspergillus terreus Aspergillus versicolor
w Awreobasidium » Beauveria sp.
u Botrytis sp. u Chaetomium
= Chalastospora (gossypi) Chyysonilia sp.
= Chrysonilia sitophila = Chrysosporiwm sp.
u Cladophialophora sp. u Cladosporium
u Cwvularia sp. Emericella sp.
u Emericella nidulans (anem: A. nidulans) Epicoccum nigrum
u Ewrotium sp. u Evrotium amstelodami
= Ewotium chevdlieri (Anam: A. chevalieri) Ewrotium herbariorion (anam: A. glaucus)
= Exophidlia sp. Fusaritn sp.
u Geomyces sp. u Geotrichion sp.
u Gliocladium Graphium sp.
u Hormographiella aspergillata Mucor sp.
u Mycelia sterilia = Nigrospora sp.
" Paecilomyces sp. Penicillium sp
= Phialemoniwn sp. Phialophora sp.

: Phoma sp. u Phoma glomerulata
Ramichloridium sp. Rhizomucor sp.
Rhizopus sp. Rhizopus stolorifer
Rhodbotorula sp. Scedosporium sp.
Scopulariosis sp. Scytalidium sp.
Scytalidium dimidiatum Stachybotrys atra
Stemphyliwn sp. Trichoderma sp.
Trichoderma longibrachiatum Trichotheciwn sp.
Ulocladium sp. Wallemia sebi
Yeasts

FIGURE 2 Total fungi genera/species found in all four Portuguese archives. The inner circle represents the results obtained with the air samples and the outer
circles correspond to the spectra found in the surface samples. The outermost circle depicts fungi that are common to both air and surface samples. Four fungi were
solely present in the air surfaces: Geotrichum, Chalastospora, Wallemia sebi, and Rhizopus stolonifer. Eurotium amstelodamii is still under study to ascertain the
corresponding anamorph (ICPA, http://www.aspergilluspenicillium.org/index.php/eurotium).
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humans, probably complex. Despite the existence of health issues and symp-
toms, data on human exposure and effects on staff and visitors of archives and
libraries are scarce.

The fact that there is international recognition of the importance of indoor

fungal communities has led to major developments in the area. The scientific
community is now closer to running relevant epidemiological studies to
establish a dose-response exposure level and design robust standards.
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INTRODUCTION

As reported in previous chapters, fungi cause a wide range of human illness. They
can cause allergies and respiratory diseases, including pneumonia and asthma. In
North America, asthma rates have been increasing and part of this increase can be
attributed to molds that trigger and exacerbate asthma through the inhalation of their
spores, fragments, and proteins and the volatile organics that they release. Fungi are
also notoriously associated with cutaneous infections of the skin, nails, and hair,
estimated to affect 25% of the world’s population at any given time. Fungi also
infect the mucosal tissues; the respiratory, urinary, and intestinal tracts; the central
nervous system; and even the blood. Not including the high incidence of cutaneous
and subcutaneous infections, fungi are responsible for over 200million additional
infections yearly.! Given the wide range of illness with variable modes of entry, all
routes of exposure, including the most common of ingestion, skin, and inhalation,
should be considered when evaluating health risks from fungi.

When it comes to disease transmission in the environment, one distinguish-
ing feature of fungi is the association with sediment and soil environments.
Fungi are a natural part of the environment, playing a critical role in decompos-
ing organic matter. They grow on land and in aquatic environments and their
main source of energy comes from organic carbon sources. As such, fungi are
significant from a human health perspective. Fungi can multiply within the
human body, which is typically an environment protected from highly energetic
light frequencies. This environmental context allows the existence of many
pathogenic forms of fungi, with organic matter serving as a growth medium—
whether it comes from cells or organic matter found in soil and sediment. It is
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this ability to enter and grow within human tissue that makes it important to
understand the distribution of fungi in areas where human contact is likely.

Intimate contact between humans and soil is common in farming and planting.
Such activities are usually conducted by adults, who may utilize personal protection
(such as gloves) and who should undertake personal hygiene practices to minimize
exposures. Our focus in this chapter is on children, a vulnerable population, known
for intimate contact with sediments in public play places, including sandpits, sandy
areas at playgrounds, and also recreational beaches. In such areas, children are com-
monly observed to sit, lie, and dig in the sand. Contact with the sand in these areas
is not only accepted but expected, given the various toys sold that consist of play
buckets and shovels to encourage contact and play with sand. Play should continue
to be encouraged, but there may be reasons to protect or modify designated play
areas to retard excessive fungal growth or encourage the practice of better hygiene
after these play activities. Also, there may be a need to emphasize discouraging
incidental hand-to-mouth ingestion and to protect food from contamination in these
environments in situations in which the risk of illness may be high.

Although playing with sand is common in public places, rarely is sand moni-
tored for its ability to transmit disease.> Only a handful of studies have evaluated
the risk of disease transmission through sand, and these studies have typically
focused on evaluating the transmission of bacterial and protozoan illnesses and, to
a lesser extent, viral illnesses.? The information required to understand the risk of
disease transmission by fungi through sand play is essentially nonexistent, poten-
tially owing to the lack of fundamental or mechanistic data necessary to conduct
risk assessments. The objective of this chapter is to identify information gaps in
assessing public health risks from fungi found in public places (beyond air and
living organisms), to provide recommendations toward monitoring sands in public
play places, and to develop potential mitigation strategies. One common method
to assess public health risk from microorganisms is the quantitative microbial
risk assessment (QMRA), which will serve as the framework from which we will
identify information gaps for assessing public health risks.

QUANTITATIVE MICROBIAL RISK ASSESSMENT

The QMRA is a defined process for evaluating risk. It consists of four steps (Fig-
ure 1), including hazard identification, exposure assessment, dose—response, and
risk characterization.* Hazard identification within the QMRA framework of this
chapter requires the identification of fungal pathogens, including their transmission
routes and the types of diseases caused by them. For fungi to cause disease, humans
must be exposed. Exposure can occur through various routes including inhalation,
ingestion through hand-to-mouth activities, and skin contact, in which the skin can
be intact or injured (e.g., wounds and abrasions). Sand and sediment, being abra-
sive, can be of particular concern given their propensity to promote wounds. Addi-
tional exposure routes relevant to child play behavior include contact with eyes. The
term dose is generally defined in terms of the number of fungal organisms ingested
or inhaled during the exposure period, the number that enter the body through
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Hazard Identification

Identify fungi of public health
significance that are most
commonly found within sand
and soils of public places

/4 N

Exposure Dose-Response
Quantify behaviors that would lead Define illness outcomes
to ingestion, dermal contact, and relative to amount of fungal
inhalation of fungi during child exposure
play in public places
Risk

Determine acceptable level
of risk for fungal infections
of interest

FIGURE 1 Four primary steps of quantitative microbial risk assessment. Modified from Masters
and Ela.”

injured skin, and, potentially, the number of organisms that come in contact with
skin or eyes for local effects. Response corresponds to the illness that ensues from
the exposure and resulting dose. Different people respond differently to infectious
agents, and so, typically, response is defined in terms of a continuum that expresses
the probability of infection as a function of the number of pathogens per exposure.
Risk is computed from the probability of infection coupled with information about
the expected dose. Because of the uncertainty in the parameters used, risk is usually
expressed as a range.

Additional details of each of the four steps in the risk assessment process in
the context of fungi and children’s exposure in public places are described below.

Hazard Identification

A literature review was conducted to identify the fungi that are most commonly
identified within sands and soils of public places with an emphasis on sum-
marizing studies that evaluated sandpits, beach sands, school yards, and public
parks. The fungi that were detected at frequencies greater than 10% are sum-
marized in Table 1. Fungi appearing consistently among the 20 studies included
as part of the review are listed as follows in alphabetical order.



TABLE 1 Summary of Fungi Found in Parks, Beach Sands, and Sandpits

Fungus Name

Acremonium sp.

Alternaria
alternata

Aphanoascus
fulvescens

Arthroderma
multifidum

Aspergillus sp.

Relevant
Route of
Exposure

Contact

Inhalation

Contact

Unknown

Inhalation,
food
consumption

Human Health
Effects

Rare in humans;

inflammation of joints

or bone

Allergen

Infections of hair

Unknown

Allergic and lung

disease, food toxicity

Detection
Frequency
(%)

12.6

53.4

19.0

67.8

28

78.5
25

30.4

100
29

22.1

14.8

Medium
Public parks soil

Beach sand
in volcanic
environment

5 Ligurian beaches

Sandpits

Soil at parks

Sandpits

Soil of national
parks

Ipanema Beach

Beaches

Soil in public
gardens and parks

Beach sand
in volcanic
environment

Beach sands

Location

Shiraz, Iran

Madeira
archipelago,
Portugal

Northwestern
Mediterranean

Turin, Italy

Pavia Province,
Italy

Turin, Italy

Slovakia

Rio de Janeiro,
Brazil

South Florida

Rome, Italy

Madeira
archipelago,
Portugal

Portuguese coast

References

56

57

58

59

60

59
61

62

63

64

65
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Chrysosporium
anam. A. cuniculi

Candida albicans

Candida
guilliermondiii

Candida glabrata

Candida
parapsilosis

Candida sp.

Candida tropicalis

Chaetomium
murorum

Contact

Contact

Contact

Contact

Unknown

Unknown

Dermatophyte

Oral and genital
infections

Cutaneous infections
with rare systemic
infections

Rare infections of
urogenital tract and
bloodstream

Wound and tissue
infections and sepsis of
immunocompromised
patients

Infections of the
mouth and genital
areas

Rare; blood infections

Unknown

24.4

Not specified
1.4
11.1

17.1

22.7

Frequent
66.7
38

30 primary Schools
and 15 public
parks

Beach sand
Beach sand

Beach sand

Beach sand

Beach sand

Beach sand

Beach sand
in volcanic
environment: 2010

Beach sand
Beach sand

Beaches

Madras City, India

Oahu, Hawaii
Oahu, Hawaii

South Florida

South Florida

South Florida

Portuguese coast

Madeira
archipelago,
Portugal

South Florida
South Florida

Terragona city
and outskirts,
Catalunya, Spain

67
68
47

47

47

65

57

63
47

69

Continued
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TABLE 1 Summary of Fungi Found in Parks, Beach Sands, and Sandpits—cont’d

Fungus Name

Chrysosporium
sp.

Chrysosporium
asperatum
(Myceliophthora
vellerea)

Chrysosporium
evoluceanui

Chrysosporium
indicum
(Trichophyton
indicum)

Relevant
Route of
Exposure

Contact

Unknown

Contact

Contact

Human Health
Effects

Some cause infections

of skin, hair, nails

Unknown

Infection of skin, hair,

nails

Infection of skin, hair,

nails

Detection
Frequency
(%)

13.1
50

80.0

12.5

233

6.9

25
50.1

45.5

Medium

Public parks soil

Soil of national
parks

Soil in public
gardens and parks

Beaches

Soil at parks

Sandpits at 21
kindergarten
schools and 8
public parks

Sandpits

Soils from gardens,
parks, and animal
yards

Soil at parks

Location
Shiraz, Iran

Slovakia

Rome, Italy

Terragona city
and outskirts,
Catalunya, Spain

Pavia Province,
Italy

West Bank of
Jordan

Turin, Italy

Western Australia

Pavia Province,
Italy

References

56
61

64

69

60

70

59
71

60
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Chrysosporium
keratinophilum
(Trichophyton
evoluceanui)

Chrysosporium
pannicola

Chrysosporium
pannorum

Chrysosporium
tropicum
(Sporotrichum
exile)

Contact

Contact

Contact

Contact

Dermatophyte, rarely
pathogenic

Infection of skin, hair,
nails

Dermatophyte

Infection of skin, hair,
nails

20.7

42.8
25

48.8

54.2

26.6

40

50
87

63

Sandpits at 21
kindergarten
schools and 8
public parks
Sandpits

Soil of national
parks

30 primary schools
and 15 public
parks

13 elementary
schools and 7
public parks

Soil at parks

Soil at parks

30 primary schools
and 15 public
parks

Sandpits

Public parks and
gardens

Beaches

West Bank of
Jordan

Turin, Italy

Slovakia

Madras City, India

Isfahan, Iran

Pavia Province,
Italy

Pavia Province,
Italy

Madras City, India

Turin, Italy

Terragona city and
outskirts, Catalunya,
Spain

Terragona city
and outskirts,
Catalunya, Spain

70

59
61

66

72

60

60

66

59
69

69

Continued

€1 | 491dey) juswuoiAUg [BUOHERIODY

Ll



TABLE 1 Summary of Fungi Found in Parks, Beach Sands, and Sandpits—cont’d

Fungus Name

Cladosporium sp.

Cladosporium
cladosporiodes

Clonostachys
rosea

Coniothyrium
fuckelii

Cryptococcus
neoformans

Relevant
Route of
Exposure

Inhalation

Inhalation

Unknown

Unknown

Inhalation

Human Health
Effects

Rarely pathogenic,
allergen

Rarely pathogenic,
allergen

Unknown

Rare, one case of liver
infection

Lung infection,
meningitis

Detection
Frequency
(%)

62.2

32.1

25

10.7

19.0

Medium

30 primary schools
and 15 public
parks

Soil at parks

Beach sand
in volcanic
environment: 2011

5 Ligurian beaches

Sandpits

Soil of national
parks

Sandpits

Avian-
contaminated soils

Children’s
recreational sites

Location

Madras City, India

Pavia Province,
Italy

Madeira
archipelago,
Portugal

Northwestern
Mediterranean
Turin, Italy
Slovakia
Turin, Italy

Oahu, Hawaii

Lodz, Poland

References

66

60

57

58

59

61

59,73

68

74
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Diheterrespora
sp.

Engyodontium
album

Fusarium sp.

Ceomyces
pannorum

Geotrichum
candidum

Gliocladium
roseum

Malbranchea sp.

Unknown

Unknown

Food,
contact

Contact

Inhalation

Unknown

Unknown

Rarely pathogenic,
one case of blood
infection.

Some produce
toxins; some produce
infection in nails and
cornea

Infection of skin and
nails

Geotrichosis lung
illness

Unknown

60.0

25

23.8

12.6

100

10.2

35.7

25

14.2

Soil in public
gardens and parks

Soil of national
parks

Public parks soil

Ipanema Beach

Beaches

Beach sand
in volcanic

environment: 2010

Sandpits

13 elementary
schools and 7
public parks

Sandpits

Soil of national
parks

Sandpits

Rome, Italy

Slovakia

Shiraz, Iran

Rio de Janeiro,
Brazil

South Florida

Madeira
archipelago,
Portugal

Portuguese coast

Turin, Italy

Isfahan, Iran

Turin, Italy

Slovakia

Turin, Italy

64

61

56

62

63

57

65

59,75

72

59

61

59

Continued
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TABLE 1 Summary of Fungi Found in Parks, Beach Sands, and Sandpits—cont’d

Fungus Name

Microsporum sp.

Microsporum
cookei

Microsporum

gypseum
(Arthroderma

gypseum)

Relevant
Route of
Exposure

Contact

Human Health
Effects

Nonpathogenic

Infection of skin, hair,
nails

Detection
Frequency
(%)

25

21.7

34.3

17.2

Not specified
51.1

10.7
27

50

Medium

Soil of national
parks

Soils from gardens,
parks, and animal
yards

Soil in public
gardens and parks

Sandpits at 21
kindergarten
schools and 8
public parks

Beach sand

Soil at parks
Sandpits

Public parks and

gardens

Beaches

Location

Slovakia

Western Australia

Rome, Italy

West Bank of
Jordan

Oahu, Hawaii

Pavia Province,
Italy

Turin, Italy

Terragona city
and outskirts,
Catalunya, Spain

Terragona city
and outskirts,
Catalunya, Spain

References

61

71

64

70

67

60

59
69

69
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Microsporum
vallerea

Myceliophthora
costantin
(Ctenomyces
serratus)

Mycelium sterile
dematiaceum

Paecilomyces sp.

Paecilomyces
carneus

Paecilomyces
farinosus

Contact

Infection of skin, hair,
nails

30.7

88.6

48.8

20

25

14.4 detect

229

25

10.7

Soils from gardens,
parks and animal
yards

Soil in public
gardens and parks

30 primary schools
and 15 public
parks

13 elementary
schools and 7
public parks

Soil at parks

Soil of national
parks

Soil at parks

Sandpits
Soil in public
gardens and parks

Soil of national
parks

Sandpits

Western Australia

Rome, Italy

Madras City, India

Isfahan, Iran

Pavia Province,
Italy
Slovakia

Pavia Province,
Italy

Turin, Italy

Rome, Italy

Slovakia

Turin, Italy

71

64

72

60

61

60

59

64

61

59

Continued
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TABLE 1 Summary of Fungi Found in Parks, Beach Sands, and Sandpits—cont’d

Fungus Name

Paecilomyces
lilacinus

Penicillium sp.

Penicillium
citrinum

Penicillium
funiculosum

Phialophora sp.

Relevant
Route of
Exposure

Cutaneous

Inhalation

Inhalation

Human Health
Effects

Rare

Allergen

Produces respiratory
toxin

Detection
Frequency
(%)

46.4
100

12.4

16.2

100

41.9

17.3

10.1

14.2

10.7

Medium
Sandpits

Soil of national
parks

Public parks soil

Ipanema Beach
Beaches

Beach sand

in volcanic
environment: 2010
5 Ligurian beaches
5 Ligurian beaches

Sandpits

Sandpits

Location

Turin, Italy

Slovakia

Shiraz, Iran

Rio de Janeiro,
Brazil

South Florida

Madeira
archipelago,
Portugal

Northwestern
Mediterranean

Northwestern
Mediterranean

Turin, Italy

Turin, Italy

References

59

61,76

56
62

63

57

58

58

59

59

ainsodxg [euonednddO-uoN 111 | NOILDIS 81



Pochonia
chlamydosporia

Rhinocladiella
pedrosoi

Rhizophlyctis
rosea

Rhodotorula
glutinis

Rhodotorula
mucilaginosa

Scopulariopsis Contact

brevicaulis

Sterile mycelia

Trichophyton Not

ajelloi applicable
(Arthroderma

uncinatum)

Nail infection

Nonpathogenic

25

44

17.9

Frequent

1.1

40.3

52.2

60.7
100

8.0

Soil of national
parks

Sandpits

Soil from national
parks, urban
reserves and
gardens, and
agricultural lands

Children’s
recreational sites

Beaches

Beach sand

Beach sand
in volcanic
environment: 2010

Soil at parks

Sandpits

Soil of national
parks

Soils from gardens,
parks, and animal
yards

Slovakia

Turin, Italy

New South Wales,
Australia

Lodz, Poland

South Florida

Oahu, Hawaii

Madeira
archipelago,
Portugal

Pavia Province,
Italy

Turin, Italy

Slovakia

Western Australia

61

59

77

74

63

68

57

60

59

71
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TABLE 1 Summary of Fungi Found in Parks, Beach Sands, and Sandpits—cont’d

Fungus Name

Trichophyton
cutaneum

Trichophyton
mentagrophytes

Trichophyton
terrestre

Relevant
Route of
Exposure

Contact

Contact

Human Health
Effects

Infections of the skin,
hair, nails

Infection of skin, hair,
nails

Dermatophyte?

Detection
Frequency
(%)

34.4

50

80.0

0.8

6.9

Not specified
37.7

25

31.1

Medium

Soil at parks

Soil of national
parks

Soil in public
gardens and parks

Beach sand

Sandpits at 21
kindergarten
schools and 8
public parks

Beach sand

30 primary schools
and 15 public
parks

Soil of national
parks

Soil in public
gardens and parks

30 primary schools
and 15 public
parks

Location

Pavia Province,
Italy

Slovakia

Rome, Italy

Oahu, Hawaii

West Bank of
Jordan

Oahu, Hawaii

Madras City, India

Slovakia

Rome, Italy

Madras City, India

References

60

61

64

68

70

67

66

61

64

66
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Aspergillus sp. are known to cause allergic responses and lung infection in
immune-compromised populations. Specifically, Aspergillus fumigatus and
Aspergillus flavus are known to produce aflatoxin, which is both a toxin and a
carcinogen when consumed in food. Of the 20 studies evaluated, five detected
Aspergillus sp. For the four beach studies that reported detection, the frequency of
detection varied from 15% to 100%. The detection rate (2.9%) was lower for the
one study that detected Aspergillus within the soil of public gardens and parks.

Candida sp. were detected in beach sands in five studies. The specific species
detected included C. albicans, C. guilliermondii, C. glabrata, C. parapsilosis,
and C. tropicalis. C. albicans is mainly associated with infections of the mouth
(thrush) and genital areas. C. guilliermondii, C. glabrata, C. parapsilosis, and
C. tropicalis are considered to be opportunistic, infecting immunocompromised
individuals and surgical patients. Illnesses can be systemic with C. guilliermondii,
also associated with cutaneous infections; C. glabrata, associated with infections
of the urogenital tract and bloodstream; C. parapsilosis, associated with tissue
infections and sepsis; and C. tropicalis, associated with blood infections.

Some species of Chrysosporium are associated with infections of the skin,
hair, and nails. Chrysosporium sp. were detected in 10 of the 20 studies that
included samples from beaches, park soil, soil from public gardens, soil from
schools, and sandpits utilized by young children. The species detected included
C. asperatum, C. evoluceanui, C. indicum, C. keratinophilum, C. pannicola,
C. pannorum, and C. tropicum. The vast majority of these species are classified
as dermatophytic fungi, which are known for causing skin diseases.

Cryptococcus neoformans was detected at two sites corresponding to chil-
dren’s recreational sites and another corresponding to avian-contaminated soil.
C. neoformans can cause serious illness of the lung and can cause meningitis.

By far, the fungi detected most frequently was Microsporum sp., with the
Microsporum gypseum species dominating. Microsporum sp. are dermato-
phytes that can cause skin ailments such as tinea and ringworm. Within the
11 studies documenting the detection of Microsporum, four reported detection
within beach sites, whereas all 11 studies reported detection within soils.

Penicillium sp. were detected in six studies, five focused on beach sands and
one focused on public park soil. The frequency of detection within the beach
sites ranged from 10% to 100%. The frequency of detection at the public park
was 12%. Penicillium sp. produce known allergens. One of the species identi-
fied, Penicillium citrinum, even produces citrinin, a cell-respiratory mycotoxin
responsible for yellow rice fever in humans.

Trichophyton sp. include species that are nonpathogenic (Trichophyton
ajelloi) and those that are pathogens (Trichophyton cutaneum, Trichophyton
mentagrophytes, and Trichophyton terrestre). The pathogenic forms are known
to cause infection of the skin, hair, and nails. Of the 20 studies evaluated, six
detected pathogenic forms. 7. cutaneum was documented in one beach sand
study, T mentagrophytes was documented in three studies, and 7. terrestre was
documented in three studies.
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Trichosporon sp., in particular Trichosporon cutaneum, are known to cause
a harmless hair infection. Systemic infections have been documented in immu-
nocompromised individuals. Trichosporon sp. were documented in three stud-
ies that evaluated sandpits, children’s recreational beach sites, and beach sand.

Exposure Assessment

Exposure is typically assessed through the evaluation of various exposure
scenarios and by quantifying the factors that contribute to the correspond-
ing exposure. Factors considered to compute the magnitude of expo-
sure include the time, frequency, and duration of exposure corresponding
to that scenario as well as human behavior parameters and human char-
acteristics. An excellent resource for exposure factors information is the
U.S. Environmental Protection Agency’s Exposure Factors Handbook.
This handbook has extensive information concerning ingestion of drink-
ing water, ingestion of water while swimming, food intake, mouthing fre-
quency and duration, soil and dust ingestion, inhalation rates, skin surface
areas, and soil adherence to skin. The handbook also includes information
about typical activities such as time indoors versus outdoors, time play-
ing on dirt, and time playing on playgrounds. Another excellent source
of information is the EPA’s Consolidated Human Activity Database
(CHAD), which includes detailed diaries of daily behavior for over 30,000
individuals (http://www.epa.gov/heasd/documents/chad_fact_sheet.pdf). CHAD
documents the amount of time individuals spend in the various activities.
Although there is a wealth of information available in the Exposure Factors
Handbook and in CHAD, the exposure parameters do not address the
amount of time in contact with soil, sand, and sediments during play in
public places. Also, data are limited on the amount of time children spend in
public places such as beach sites, parks, and school yards.

The factors needed to estimate exposure through ingestion, dermal contact,
and inhalation can be expressed through a series of formulas.® Exposure is
defined as what comes into contact with the human boundaries and dose is what
makes it into the body. Readily available algorithms often combine both expo-
sure and dose by using human parameters such as inhalation rates and uptake
rate. To illustrate the computation methods, below are classic equations used to
estimate the dose of a microbial contaminant (number of fungi per exposure)
through ingestion (D), dermal contact (D), and inhalation (D;):

Dy =Cs X IRy X CF (1)

Dy = Cs X SA x AF X CF 2

1
D; =C X () X IR, X ET (3)
PEF


http://www.epa.gov/heasd/documents/chad_fact_sheet.pdf

184 SECTION | 111 Non-Occupational Exposure

where:

Dy, Dy, and D; are the exposure dose from soil or sand ingestion, dermal con-
tact, and inhalation, respectively (number of fungi per exposure);

C, is the contaminant concentration (number of fungi per kilogram of sand or
n/kg);

IR, is the soil or sand intake rate (mg/event);

IR, is the inhalation rate (m3/h);

SA is the skin surface area available for exposure (cm?/event);

AF is the adherence factor of sediment to skin (mg/cm? per event);

PEF is the soil-to-air particulate emission factor (m*/kg);

ET is the exposure time (h/event); and

CF is the conversion factor (10-°kg/mg)

Soil ingestion rates, IR, have been identified as the most variable parameter
when computing risk from contaminated soils at playgrounds, parks, and picnic
areas.” Many factors can influence the value of IR,. For example, the amount of
sand that transfers to the child’s skin is dependent on the condition of the sand
and the condition of the child’s hand (where moisture plays a significant role
in soil/sand adherence) and the time and pressure of contact.®"'2 Soil/sand can
also be ingested through mouthing of objects.!? Additional factors to consider
include the number of times a child puts his or her hand in his or her mouth,
licks his or her fingers, or touches the outer boundaries of his or her mouth. Xue
et al.'* compiled and evaluated hand-to-mouth activity from nine different stud-
ies. They found 6.7-28 contacts/h for hand-to-mouth behavior during indoor
settings and 2.9—14.5 contacts/h for outdoor settings. The ranges were observed
to be age related. Risk computations should also consider a subgroup of the
child population that is known for ingesting abnormally large amounts of soil.
This subgroup, characterized as pica, crave and eat nonfood items, such as sand
and dirt. For a child to be considered pica the amount of nonfood items ingested
must be higher than what is considered normal for a particular age. Pica is most
common in children between the ages of 2 and 3 years and in people with devel-
opmental disabilities.!> Average soil ingestion rates for children can vary by a
factor of 50, with pica children located at the upper end of the spectrum. Given
the role in driving risk, efforts are needed to better define IR, in the context of
child play behavior in public places. Simplified algorithms are needed that con-
sider the ranges caused by differences in children’s age and pica behavior and
differences in sand/soil conditions.

Dermal exposure can result in infection by fungi through surface contact on
the skin given that some fungi, in particular dermatophytes, can colonize skin.
Others may need to enter through abrasions or wounds to cause infection.!'® The
equation above corresponds to skin surface infections. For skin surface infec-
tions, the number of fungi per skin surface area depends upon the surface area of
skin exposed, SA, and the adherence of the soil/sediment to skin, AF. Skin can
be exposed through direct contact with the sediment or through deposition from
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air containing suspended sediment particles. The amount of direct contact and
possible deposition from air should be evaluated to better estimate exposures
during child play scenarios in public places.

Fungi can also potentially be inhaled during play activities. The amount
inhaled would be dependent upon the child’s inhalation rate, IR,, which would
depend upon the level of physical activity and the amount of sediment sus-
pended in the air (1/PEF). The significant exposure or dose would correspond
to the amount of sediment that actually makes it into the nasal contact boundary
and, ultimately, into the lungs. Depending upon the mode of infection, the fungi
can potentially colonize within the nose or lungs.

Other potential exposure routes relevant to children’s play behavior include
inhalation of dust from sediments and potential contact with eyes, when the dust
contains fungi. For eye exposure, fungi would need to transfer to the hand prior
to when the child rubs his or her eye. There is also the possibility of exposure by
having sediments blown directly into the eye from contaminated air. These fac-
tors should also be evaluated when considering the potential risk of eye infec-
tions during child play scenarios in public places.

Dose—Response

The recommended dose—response relationship that relates illness outcomes rela-
tive to the amount of microbes in contact with skin or eyes, ingested, or inhaled
is available for some microbes. The relationship typically used is an exponential
relationship: P;,s=1—exp(—kN), where P, is the probability of infection, N is the
number of pathogens per exposure, and & is the probability of a microbe infect-
ing,* although other more complex relationships can be used. The units of N are in
absolute numbers for oral and inhalation exposures and in numbers per unit surface
area for dermal and eye exposures. In reviewing the consolidated dose-response
literature established specifically for QMRA (http://qmrawiki.msu.edu/), dose—
response relationships have been identified for many bacteria, for several viruses,
for a few protozoa, and for prions. No dose—response data are available for fungi
within the consolidated QMRA database.

In a review of the literature, Eduard!” summarized many studies conducted
on animals plus the epidemiological literature focusing on human occupational
exposures. In his review, he defined lowest observed effect levels for Asper-
gillus and Penicillium species for allergic and other respiratory responses and
listed allowable concentrations for Candida and Cryptococcus species. There
are additional primary papers that focus on a particular fungal pathogen. For
example, Ward et al. (2010)'® identified threshold values for allergic asthma
responses to Penicillium chrysogenum within a murine model. Rehman et al.'”
induced infection of C. albicans in mice through a dose of 5x 10° viable blasto-
spores. The majority of the literature focuses on providing dose-response data
of fungal inhibition (response) by antifungal agents (dose). In some cases, dose
(fungi)-response (illness) information can be gleaned from these drug-focused


http://qmrawiki.msu.edu/
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studies as long as such evaluations require the initiation of illness among the
study population. For example, in a study focused on testing the efficacy of
the antifungal agent fluconazole, Larsen et al.2” induced meningitis through the
injection of approximately 700 colony-forming units of C. neoformans directly
into the cranial vault of their test mice, causing infection.

Risk Characterization

Risk characterization combines information from the exposure assessment and
dose-response to estimate a probability of illness. Risk can be computed deter-
ministically whereby one value is provided for each step in the exposure assess-
ment and for dose-response, or it can be computed stochastically. Stochastic
simulations take into account the distribution of parameters for each step in the
process. For example, in the case of hand-to-mouth ingestion, it would consider
the number of times the hand is put in the mouth per exposure period, the amount
of fungi adhered to the hand either directly or through sand, the amount of the
hand put in the mouth, the amount of fungi transferred from the hand into the
mouth, and ultimately the amount swallowed. Each parameter in this process has
uncertainty. This uncertainty can be defined by a probability distribution. Sto-
chastic methods incorporate the probability distribution for each parameter in the
risk computation, thereby providing an overall estimate of risk in terms of a range
of values within a set confidence interval. A very common stochastic method of
analysis is based upon a Monte Carlo method. The Monte Carlo method is a pro-
cess that computes risk many times (on the order of 10 to 10° iterations). For each
iteration, the simulation randomly chooses the value of a parameter from its distri-
bution. Confidence limits can then be placed on the estimated risk from all of the
iterations. Typically, the range is given in terms of 95% confidence limits, which
implies that there is a 95% probability that the true value lies within this range.
Acceptable levels of risk depend upon the severity of the illness. For terminal ill-
nesses, acceptable risks are traditionally on the order of 105 or 10-°. However,
for less severe health outcomes, such as self-limiting gastrointestinal ailments,
acceptable risk can be as high as 1.9x 1072, the risk value used to establish swim-
ming advisories in the United States.?!

DISCUSSION/CONCLUSIONS

The QMRA is a useful tool for evaluating health risks from microbiological
agents. The steps of the process require an identification of the hazard, expo-
sure, and dose—response and the subsequent computation of risk. Microbial risk
assessment has been widely used to evaluate several different means of disease
transmission including airborne routes*>2> and waterborne routes. Waterborne
routes include studies focused on drinking water sources,?°® recreational
water,?33 storm water,>* and multiple-use waters.’> These studies generally
focus on surrogates of pathogenic diseases, the fecal indicator bacteria,?” or on
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direct measures of pathogens, including bacterial pathogens,?- viral patho-
gens,2028:30.33.34 and protozoan pathogens. As of this writing, no study is avail-
able that evaluates the transmission of fungal pathogens through waterborne
pathways.

Another common application of QMRA is to evaluate risks from food
intake, especially foods that have been undercooked?® or contaminated with
wastewater,?’ animal waste,?® or unknown sources.’® Again, these studies gen-
erally focus on evaluating bacterial,’”-3® viral, and protozoan pathogens*® and
helminth eggs.” A few studies have evaluated fungal risks associated with food
contaminated with Aspergillus sp.** and Fusarium sp.*!

The bulk of microbial risk assessment from solid media is focused on land
application of animal- or sewage-derived waste*>*3 or fomites.** For sediment,
sand, and soil ingestion, the vast majority of studies focus on risks from chemi-
cal constituents.”*> Very few?4¢ consider microbial illness from contact with
soils and sediments. Doorduyn et al.*® evaluated risks from bacterial pathogens
(Salmonella sp.). Shibata and Solo-Gabriele® evaluated risks from the proto-
zoan pathogen Cryptosporidium, the viral pathogen enterovirus, and the bacte-
rial pathogen Staphylococcus aureus. No studies evaluated risks from fungal
infections through nonfood solid media.

Although fungal risk assessments have been conducted in the context of
food, none have been conducted in the context of sediment/sand exposure.
Thus, there is a clear void in evaluating fungal risks from environmental expo-
sures, including water and sands/sediments in public places. There is a need
to assess and compile dose—response data available for the various fungi to
facilitate fungal risk assessments. Dose—response should be consolidated for
pathogenic fungi frequently detected in these environments (e.g., Aspergillus,
Candida, Chrysosporium, Cryptococcus, Microsporum, Penicillium, Tricho-
phyton, Trichosporon). There is a void in defining exposure factors specific to
child play behaviors in these settings. Studies should be conducted to evalu-
ate the levels of exposure of children who play in sandpits, parks, and beach
sands to confirm the estimates obtained through scenario assessments as rec-
ommended through the QMRA. Children in beach environments are particu-
larly vulnerable because of their play activities with sediments/sands in these
settings. Given this vulnerability, more effort is needed to quantify levels of
fungi, especially within the intertidal zone area and the supratidal zone imme-
diately above the high-tide line, which is where microbe levels are typically
the highest,*’*8 and whether these fungi are capable of transferring to children
who play in these areas.

Because many environmental assessment studies have found many different
types of fungi, future risk assessment should also consider the impacts of cumu-
lative exposures. If different fungi within the sediment/sand are characterized
by the same disease endpoint, the cumulative effects of the exposure to these
fungi should be considered in an effort to evaluate overall impacts from contact
with sediment and sand during child play activities.
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Other chapters address specific situations (endemic species, propagation,
and resistance to antimicrobial agents) in an environmental context that may
ultimately be extrapolated to sand, although is yet to be documented in scien-
tific references.

Recommendations

To provide guidance to the public health community, we further recommend the
computation of guidance fungi levels in sand/sediment media using a QMRA
approach. This can be conducted in a fashion similar to what has been done for other
microbe groups in sand.? In brief, the procedure requires the definition of accept-
able risk levels, which would depend upon the severity of the disease (102 to 1079).
The procedure also requires documenting the various exposure factors involved in
the scenario (children playing with sand) and, also, knowledge of dose-response
for the various fungal pathogens considered to be of greatest risk. To improve the
estimates, we recommend studies that document children’s microactivity behav-
iors during play with sand and sediment. Digital video-recording/video-translation
techniques have been previously used to estimate exposures for children in residen-
tial and farmworker settings.*>° Work is recommended to apply this same tech-
nology to evaluating children’s activity patterns (e.g., frequency and duration of
contact and, importantly, the sequence of soil to skin, hand to mouth, and object
to mouth contact) and, therefore, the realistic potential for exposure to microbes,
including fungi, during play with sediments and sands. We recommend a consolida-
tion of fungal dose-response data, similar to what has been prepared for viruses,
bacteria, and protozoans, for inclusion within databases used to compute risk (e.g.,
http://qmrawiki.msu.edu/). We recommend additional studies to evaluate the influ-
ence of abrasions and wounds on the adherence and uptake of fungi and ultimate
impacts on contracting fungal infections. From this information, allowable levels of
fungi can then be computed to establish guidelines for sands in public play areas.
Potential mitigation strategies can then be developed to address areas characterized
by excess risk. Mitigation can be in the form of improving hygiene activities after
exposure*®>1-5% and protecting the sediment and sands from conditions that would
promote fungal contamination and fungal growth. Also the microbial flora of sands
used during beach renourishment should be considered when sand is replaced at
eroded beaches. Ultimately, a risk assessment should be conducted as part of all
mitigation strategies to confirm whether they reduce risk to acceptable levels.
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Chapter 14

Hospital Environment

Raquel Sabino

National Institute of Health Dr. Ricardo Jorge, Infectious Diseases Department, Lisbon, Portugal

The hospital environment has been suggested to play a crucial role in the
epidemiology of nosocomial fungal infections. As molds reproduce by releasing
spores into the air, the probable sources of fungal spores are ventilation, air con-
ditioning systems, occupants and visitors, dust, ornamental plants, flowers, fresh
fruit, food, water, and building works in and around hospitals.! The ubiquitous pres-
ence of fungi is a potential health threat because transmission occurs via contact,
ingestion, aspiration of contaminating particles, aerosolization of potable water, or
the hands of health-care workers. Fungi are important causes of life-threatening
infections in immunocompromised patients and may lead to severe or fatal out-
comes. In many cases there are multiple factors that predispose these patients to
infections, such as neutropenia induced by therapy or bone marrow involvement,
hypogammaglobulinemia, T-cell dysfunction, and mucosal damage. In general,
patients with hematologic malignancies such as leukemia or lymphoma are more
severely immunocompromised and at higher risk of developing invasive mycoses
than those with solid tumors. Among patients with hematological malignancies,
20-50% have evidence of invasive fungal infections at autopsy.” As fungi become
increasingly more resistant to the limited antifungal agents available, an alternative
or additional means to control fungal infections is to decrease the exposure of the
patient to these microorganisms, thereby preventing an infection from occurring.’
Aspergillus and Candida species account for most fungal infections in
immunocompromised patients (Table 1). However, life-threatening infections
caused by emerging pathogens such as Trichosporon beigelii, Fusarium spe-
cies, Scedosporium apiospermum, species belonging to class Mucormycotina
(former Zygomycetes and agents of mucormycosis), and Malassezia furfur are
increasing in frequency (Table 1). Although Candida infections are more com-
mon than infections caused by filamentous fungi, the number of deaths caused
by these last is higher.*® The mortality rate attributed to candidemia varies
between 8% and 53% in halogenous blood cell transplant recipients, whereas
in disseminated infections caused by filamentous fungi such as Aspergillus,
Fusarium, and Mucormycotina species, this rate varies between 56% and 95%.*

Environmental Mycology in Public Health. http://dx.doi.org/10.1016/B978-0-12-411471-5.00014-4
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TABLE 1 Most Frequent Fungal Species Associated with Nosocomial
Infections”?

Candida C. albicans Other yeasts Blastoschizomyces
ERRE R
C. glabrata Cryptococcus
neoformans
C. guilliermondlii Malassezia spp.
C. kefyr Rhodotorula spp.
C. krusei Saccharomyces spp.
C. lusitaniae Trichosporon spp.
C. parapsilosis Class Lichteimia spp.
o Mucormycotina .
C. tropicalis Cunninghamella
Spp.
Aspergillus A. fumigatus Mucor spp.
Spp.
e A. niger Rhizopus spp.
A. terreus Rhizomucor spp.
A. flavus Dematiaceous Alternaria spp.
; molds . .
Other Acremonium spp. Bipolaris spp.
hyaline . ;
analldls Fusarium spp. Curvularia spp.
Paecilomyces spp. Cladophialophora
Spp.
Scedosporium spp. Exophiala spp.
Scopulariopsis spp. Phialophora spp.

Trichoderma spp.

Because nosocomial fungal infections are rapidly progressive, there is a
critical need for more efforts toward prevention, early diagnosis, and effective
treatment of these infections. Of these, preventive measures are of major impor-
tance in the control of nosocomial fungal infections, including environmental
surveillance and strict application of cleaning procedures. Training health-care
workers and improving their knowledge about fungal infections also has special
importance in prevention and controlling nosocomial fungal infections.!

Few studies have attempted to correlate the level of fungal pollution with the
occurrence of specific diseases among patients or hospital staff. The degree of
contamination by fungi in the hospital environment may increase dramatically
in combination with various factors, such as geoclimatic factors, the presence of
contamination sources, and a favorable microclimate. Because exposure to fungi
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can cause serious health problems, it is clearly essential to evaluate the degree
of contamination in the various environments and to use those evaluations to
determine the risk of infection for patients and staff alike.”

CONTAMINATION SOURCES

There are two main sources for fungal contamination in hospital environments:
external (outdoors) and internal (indoors). Most fungi present indoors originate
in external environments®’ but some do not. Indoor sources include building
materials, foodstuffs, flower pots, pipes or other water distribution systems,
heating, building ventilation, air conditioning systems, and dust.'0-12

The number and species of fungi present in the hospital environment depends
on the number of people using the facilities, including patients, medical staff,
and visitors; the types of activities performed; the presence of organic matter;
the levels of humidity and temperature indoors; and the season of the year.!?
Overall, a high inoculum of a nosocomial pathogen in a cold room with high
relative humidity represents the best situation for its survival.

All activities performed inside buildings may vary the fungal particles pres-
ent. Cleaning, construction work, and any other major dust-raising activities
have a particular impact.® For example, fungal pollution in operating theaters
was found to be influenced by the possible contamination of the sterilization
rooms to which they are normally directly connected. Indeed, the activities
performed in these rooms, such as the washing of surgical instruments, are
conducive to the creation of a microclimate (high relative humidity and air tem-
perature, as well as the release of droplets) that favors fungal growth.”

Numerous studies have demonstrated that the hands and gloves of health-
care workers readily acquire pathogens after coming into contact with
contaminated hospital surfaces and they can subsequently transfer these
organisms to the patients and inanimate surfaces they touch (Figure 1). Inan-
imate surfaces have thus often been described as the source of outbreaks of

After hand
washing compliance

Before hand
washing compliance

After hand
washing compliance

Before hand
washing compliance

FIGURE 1 Contact plates from the hands of healthcare workers before and after hand washing
compliance.
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FIGURE 2 Surface sampling by swabbing the surfaces using a 10x 10-cm-square stencil disin-
fected with 70% alcohol solution between samples according to the International Standard ISO
18,593 (2004).

FIGURE 3 Water tap sampling using a swab.

nosocomial infections and should be analyzed when studying environmental
contamination in a hospital ward. Doorknobs, water taps, and other surfaces
with frequent manual handling/contact should be screened (Figures 2—4).
The longer a nosocomial pathogen persists on a surface, the more likely
it comes to be the cause of a nosocomial infection. A good example of this
is Candida parapsilosis, yeast with increasing prevalence in hospital settings
because it survives on surfaces for long periods of time. This species has often
been reported as responsible for nosocomial outbreaks.!*-'¢ This may be due to
its ability to form biofims'” and to survive much better than Candida albicans
on various surfaces.” C. parapsilosis infects the patient usually by exogenous
transmission. Hospital health-care workers have been associated with both spo-
radic cases and outbreaks of invasive fungal infections in immunocompromised
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FIGURE 4 Doorknob sampling.

patients.'®!” In a study performed by Sabino et al.,’° environmental
C. parapsilosis strains showed to be more resistant to phagocytic host defenses
than bloodstream isolates, being potentially more deleterious in the course
of infection than strains from a clinical source. Environmental surveillance
and application of strict cleaning procedures should hence be implemented
and sustained to prevent cross infections and hospital outbreaks, not only for
C. parapsilosis but also for all other fungi.

Construction Work

Construction may produce dust and debris that can carry microorganisms into
patient care areas. External construction works increase the potential of contamina-
tion with dust/debris on air-intake filters and may decrease filtration capacity result-
ing in airborne spread of microorganisms via ventilation systems. All efforts should
be made to reduce patient and personnel exposure to resulting dust and debris.

The most significant source of health-care-associated infections related
to construction is the dust that is raised during construction and demolition.
Attached to that dust are tiny fungal spores of many different species, but
of most significance are the spores of the Aspergillus species, particularly
Aspergillus fumigatus. Large numbers of Aspergillus spores may be gener-
ated during construction projects and conveyed by air currents to distant sites,
posing a serious health hazard.?!

Specific protective measures against environmental contamination must be
taken when there is construction activity on a hospital site,?” such as keeping doors
and windows closed or even sealing the windows and putting barriers between
patient care and renovation or construction areas. In addition, biocleaning should
be reinforced and surfaces should be regularly and systematically cleaned. More-
over, the air conditioning systems should be checked routinely for spores and an
air treatment system should be used. Hospital planners should ensure that rooms
for immunocompromised patients have an adequate capacity to minimize fungal
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spore counts through the use of high-efficiency (>90%) particulate air (HEPA)
filtration and high rates of room air exchange (i.e., >12 air changes per hour).

More recently, mobile air-treatment decontamination units have been devel-
oped as an alternative to laminar air filtration. To reduce dust, contractors and
workmen are instructed to wet the construction site.2!~23

Heating, Ventilating, and Air Conditioning Systems

In buildings with central HVAC (heating, ventilation, and air conditioning) sys-
tems that are properly maintained, filters should remove many of the spores
present. Many instances are known in which the HVAC system itself served as
an amplification and dissemination site for fungal spores. In these cases fungi
have been found growing on air filters as well as in the ducts.

Therefore, although HVAC systems can help remove and/or dilute more
than 80% of aerosols from the outdoors, they can also provide favorable condi-
tions for bioaerosols to colonize.?* Microbiological growth may occur in an
HVAC system equipped with low-efficiency filters, humidifiers that use water
recycling, or in areas in which water condensation remains stagnant and large
recirculation of the air is present.>>2° Condensation on ductwork or other com-
ponents is another likely source of moisture. Cooling coils, drains pans, and
water pans for humidifiers are likely locations for fungal growth, especially
when there is standing water. These deficiencies can occur in the design, instal-
lation, maintenance, and operation of the HVAC system. Microorganisms can
thus spread in the indoor air via the HVAC system and be inhaled by the people
working or especially by the hospitalized patients. Aspergillus and Fusarium
are some of the most frequent genera found in these systems.?”-28

To prevent infections originating in HVAC systems, these systems should
be visually inspected for dirt, dust, and mold before cleaning as well as after
cleaning. The ductwork should also be inspected for fungal growth and cleaned
with a disinfectant and filters replaced with appropriate periodicity. In the case
of water condensation, its cause should be identified. All the system processes
should be evaluated, including all ventilation system components, the operabil-
ity of the air-intake system, the effectiveness of the air-delivery system in occu-
pied spaces, and the reentrainment and infiltration potential of contamination
that can enter the building from sources such as cooling towers, exhaust fan
outlets, plumbing vents, flues, and motor vehicle exhaust.?*2° Another factor
to bear in mind is windows without correct sealing. Fungal spores from outside
can accumulate in the windows’ slots and then disperse into the inside air, as
observed in the example shown in Figure 5.

Water Reservoirs, Pipes, and Moist Environments
Inside the Hospital

Water distribution systems may also be a source of fungal contamination in
hospitals. Fungi in water are aerosolized when water is running (taps and
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FIGURE 5 Culture (on malt extract agar) of a swab collected from a hospital ward window’s slot.
Uncountable colony-forming units (cfu) of Cladosporium sp. were detected.

showers?%2%), Potential patient exposure happens with inhalation (i.e., while
showering); ingestion; transmission through abraded mucous membrane in the
oral cavity, skin, or cornea; or directly into the blood and internal organs in
special circumstances such as catheter insertion, peritoneal dialysis, or surgical
procedures.?’

Environmental risk of waterborne fungal infections should be interpreted
according to the local situation, and geographical differences may exist, influ-
enced also by different procedures for water collection and treatment among
countries. In particular, the origin of the water supply (i.e., underground vs sur-
face water) has a significant impact on the recovery of molds from water.>'—3*
Moreover, if water is stored in a manner that allows it to have contact with ambi-
ent air (storage in a surface water reservoir) fungal contamination will occur
and a diversity of molds can be recovered from outlets.?® Several studies report
that filamentous fungi and yeast are common on water pipe surfaces, even in
the presence of free chlorine residuals.?-3¢ Elevated open storage tanks and fire
hydrants may be a significant source of fungi.’’-*¥ Low flow rates are frequently
maintained in these structures, which can enhance biofilm development.

As water is distributed into downstream pipes of smaller and smaller diam-
eter, biofilms can develop to a considerably greater extent because of the
greater degree of water flow variability to which these pipes are exposed as
a consequence of varying patterns of water use. When formed at or near the
point of use, a biofilm community can act as microbial repository that con-
stantly disperses viable microbes into the adjacent water streams. Independent
of regular flora, these microbes can also colonize patients, caregivers, environ-
mental surfaces, medical devices, and instruments that subsequently come into
contact with water.*"
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FIGURE 6 Culture (on malt extract agar) of a swab collected from a water tap. Cultures revealed
the presence of Fusarium solani, C. parapsilosis, and Exophiala sp.

FIGURE 7 Culture (on malt extract agar) of a swab collected from the shower wall of a patients’
restroom. Various Fusarium species were obtained, totaling 128 colony-forming units.

In addition, because humidity favors fungal growth, high fungal densities near
water sources may simply reflect the presence of conidia in the air or on surfaces
and indicate the need for new cleaning procedures.’? Air levels of Fusarium
and Aspergillus were found to increase in hospital environments after running
showers multiple times.?32 Species from these two genera are described as the
most frequently found owing to their conidial dispersion mode or ability to form
biofilms, but variation in ecological niches and different methods of collection
and times of sampling may account for potential differences among institutions
with regard to the rate and type of fungal colonization in water.3?

Figures 6-8 show cultural results obtained from surfaces and air analyses of
a patients’ restroom in a hematological ward.

According to Anaissie et al.,’! in the case of fungal detection, hospitals
should formulate policies to avoid or minimize exposure of immunosuppressed
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FIGURE 8 Culture (on malt extract agar) of an air sample collected from a patients’ restroom.
Various Aspergillus species were obtained, as well as Cladosporium spp., Alternaria sp., and
Penicillium spp.

patients to tap water from any source. The most effective and least expensive
approach that can be applied worldwide is the prevention of exposure of immu-
nosuppressed patients to hospital tap water by providing sterile (boiled) water
for drinking. In addition, patients should avoid showering during severe immu-
nosuppression because of the risk of acquiring the organisms through aerosol-
ization of contaminated hospital water. We strongly recommend that bed baths
provided with sterile disposable sponges be used instead of showering.

Therefore, testing hospitals’ water supply for the presence of opportunistic
molds is important to avoid fungal infections in severely immunocompromised
patients.

Food

The existence of isolated gastrointestinal filamentous fungal infection, without
pulmonary or disseminated infection, supports the hypothesis that, in addition
to the risk of spore inhalation, water or food can be a vehicle for spores.??

In hospital kitchens there are high levels of fungal contamination.*! Indeed,
the preparation of food, the warm and humid atmosphere, and the presence of
various materials (perhaps including foodstuffs already contaminated by fungal
spores) provide an ideal environment for the growth of fungi and, consequently,
the contamination of patients’ meals. If airborne fungal spores are adsorbed to
larger particles, they can settle on surfaces. Therefore, work surfaces, kitchen
utensils, and foodstuffs may also become contaminated.”

Several fruits (apples, bananas, peaches, and oranges) brought to the patient
by visitors may contain a high number of fungal spores in their skin. In the
absence of control measures, one unique ward could be contaminated with
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thousands of spores brought from external sources through fruit carrying spores
of saprophytic or phytopathogenic fungi or even of fungi used as biopesti-
cides.*? In a study performed by Gangneux et al.** in a hematological unit,
pepper and herbal teas were also very contaminated by viable Aspergillus and
non-Aspergillus molds, as well as freeze-dried soups, corn, coconuts, cashew
nuts, coffee, beans, soy, cheeses, and smoked meats.

It has been previously recommended that immunocompromised patients
should avoid such contaminated foods, and granulocytopenic patients should
receive sterile or low-microbial-content diets.** Several physical (oven heating
at 210 °C, microwave irradiation, freezing at 20 °C) and chemical (washing with
water, soap, and disinfecting solutions, alone and combined) procedures are
applicable to foods and wrappings for fungal eradication. Heating, however,
cannot be applied to some types of foods, such as fruits, fruit juices, bread, and
cheese, and microwave treatment is not 100% efficient.*> When foods cannot be
exposed to high temperature or microwaves, 70% ethanol only partially reduces
the level of surface contamination.*® In these cases, the most advisable measure
is to avoid those foods. Similarly, soft cheeses should not be given to patients, as
they are highly contaminated by yeasts and cannot be sterilized.*’

To achieve low contamination of food, Bouakline et al.*> proposed that the
catering process in hematology wards should include sterilization of foods and
also dishes, listing of banned foods, compliance with procedures for disinfec-
tion of individual packaging, and regular mycological testing of storage sites
and kitchens.

Intravenous Solutions Administered to the Patients

Intravenous fluids, drugs, and nutrition have become an indispensable part of
modern therapy, and large quantities of commercially and locally manufactured
fluids are used in treatment daily.*’%

In modern medical practice, up to 80% of hospitalized patients received
intravenous (IV) therapy at some point during their admission.*® The paren-
teral route of administration is generally adopted for medicaments that cannot
be given orally, either because of patient intolerance, drug instability, or poor
absorption via the enteral route. In the unconscious patient, parenteral adminis-
tration is the only safe and most effective means of administering medicaments
through the IV route. Contamination of IV products is a recurrent problem and
can have fatal consequences.

Microbial contamination of injections, infusions, and other fluids often
results from poor sterilization management, inadequate analytical facilities,
lack of properly trained personnel, obsolete equipment, inappropriate produc-
tion environment, poor-quality packaging, or indeterminate errors during the
quality control process.*$-0

It has been reported that microorganisms can gain access to IV infusions
during administration, by external sources of contamination such the influx of
unfiltered air, the addition of drugs, and the migration of microorganisms through
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the cannulae of the administration set.*® Infusion fluids requiring compounding
or the addition of medications to the fluid container were found to produce
7% of primary bloodstream infections when those fluids were prepared.’! The
hands of health-care workers could be the major transmission vehicle and con-
tamination is probably attributable to induction of needle puncture in the body
of IV fluid bags by nursing staff.>’ Parenteral nutrition and IV fat emulsions can
become contaminated during preparation and infusion, with fungal pathogens,>>
especially Candida species, which account for 20-30% of systemic infections
associated with central venous catheters.”® C. albicans has the ability to either
grow very well or sustain prolonged viability in all nutritional IV products and
C. parapsilosis grows very well in parenteral solutions rich in glucose. Intra-
luminal spread of infection may also result from intrinsic contamination of the
infusion fluids. Pathogenic fungi such as Aspergillus, Candida, Fusarium, and
Paecilomyces have been isolated from “commercially sterile” fluids, with no
visible fungal growth, suggesting that these products can be potential health
hazards.”’ Fungi may also contaminate intact bottles of fluid. The colony of
fungus is usually found growing on the underside of the rubber stopper and may
be very difficult to see on cursory inspection.*’

Biofilms as Causes of Exogenous Contamination

Environmental surfaces in health-care settings are often contaminated by micro-
organisms, and biofilms can also develop on the surfaces in these settings. Fungi
are especially adapted to growth on surfaces, as evidenced by their absorptive
nutrition mode, their secretion of extracellular enzymes to digest complex mol-
ecules, and their apical hyphal growth.>*

Filamentous fungal biofilms are expected to be common in environments
exposed to high moisture with a major air interface (i.e., unsaturated environ-
ments).>> In fact, biofilms generally form on any surface that is exposed to non-
sterile water or other liquids and are consequently found in many environmental
and medical systems.

Biofilms are therefore defined as highly structured communities of micro-
organisms that are either surface associated or attached to one another and are
enclosed within a self-produced protective extracellular matrix.>® The advan-
tages to an organism of forming a biofilm include protection from the envi-
ronment, resistance to physical and chemical stress, metabolic cooperation,
and a community-based regulation of gene expression.>? Several studies have
demonstrated that conventional methods to inactivate free-floating microorgan-
isms with antimicrobial agents or disinfection solutions are often less effective
against pathogens within a biofilm.57-5?

The properties of a given biofilm will depend on: (i) the physical and chemi-
cal properties of the substratum; (ii) the number and type of cells present within
the biofilm; and (iii) the external physical environment, such as the water in a
stream or blood in a patient.>?
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Numerous nosocomial fungal infections are associated with indwelling
medical devices (e.g., dental implants, catheters, heart valves, vascular bypass
grafts, ocular lenses, artificial joints, and central nervous system shunts),
which can act as substrates for biofilm growth. Forty percent of patients with
microbial colonization of IV catheters develop occult fungemia, with conse-
quences ranging from focal disease to severe sepsis and death.°® Contamina-
tion of those devices with biofilm-producer fungi could arise from external/
exogenous sources such as the host’s own flora, a health-care professional’s
transmission, or pathogenic species that exist in the hospital environment,
responsible for secondary colonization. The ability to disseminate indwelling
biofilm cells to new locations, and thus cause secondary disease or encourage
persistence of the organism in a new location, is an important point to keep
in mind in the study of hospital environmental fungi and their potentialities
in causing disease.

THRESHOLD VALUES USED TO EVALUATE MICROBIOLOGICAL
CONTAMINATION IN THE HOSPITAL ENVIRONMENT

The medical literature provides no limits or guidelines for fungal concentrations in
hospital environments that are appropriate for assessing whether the contamina-
tion in a particular location is acceptable. Because there are no generally accepted
threshold limit values for the air of hospitals, the results obtained in studies of
indoor air quality of this setting could be compared only with the values recom-
mended by various authors or institutions. Augustowska and Dutkiewicz®' pro-
posed, for hospital wards, maximum levels of airborne fungi equal to 200 cfu/m?.
Also according to these authors, there are three classes of hospital ward cleanli-
ness: the intensive care units are classified as class 2, which means a presence of
microorganisms not exceeding 300 cfu/m?3 of indoor air. The number of cfu/m?
allowed in operating theaters is 0, whereas in treatment rooms it is 50 cfu/m3.9?
The World Health Organization, on the other hand, considers 150 cfu/m? a rea-
son for concern, especially when “potentially pathogenic species are found.”%?

According to Morris et al.®* and for Aspergillus, the airborne concentration
in protective isolation suites should be 15 cfu/m?.

The National Disease Surveillance Centre of Dublin® also published some
guidelines regarding the maximal number of Aspergillus that should be detected
in the hospital environment. Therefore, they suggested that in HEPA-filtered air
(>95% efficiency and >10 air changes per hour) the maximal count should be
<0.1 cfu/m?3; in wards with no air filtration, 5.0 conidia/m?3; and in places under
construction or with defective ventilation, 2.3-5.9 conidia/m3. Regardless, if
total fungal count exceeds 1.0cfu/m3 on several occasions, the air systems or
procedural practices require intensive evaluation.

The degree of exposure assessed by colony-forming units per unit of air is
not predictive of disease; however, every strain present in the environment is a



Hospital Environment Chapter |14 205

potential pathogen if it encounters the appropriate host.?® In fact, a significant
relationship between the degree of fungal contamination of air and surfaces in
hematology wards and the incidence of invasive nosocomial aspergillosis has
been demonstrated in nonepidemic situations.®’

Not only the quantification is important to evaluate the air quality but the
confirmed presence of certain species is important as well. This leads to the
comparison of fungal species detected indoors and outdoors to detect possible
sources of contamination inside the analyzed units.

Moreover, and according to the American Industrial Hygiene Association
Biosafety Guide,% the confirmed presence (in any type of indoor environment)
of Stachybotrys chartarum, Aspergillus versicolor, Aspergillus flavus, A. fumig-
atus, and Fusarium moniliforme requires appropriate risk management deci-
sions to be made. “Confirmed presence” means the detection of colonies in
several samples, many colonies in one sample, or, when a single colony was
found in a single sample, there is evidence of growth of these fungi on building
materials.

Several authors also advise that further investigation of sources of contami-
nation should be performed in the following circumstances:

e Total indoor counts are greater than outdoor counts;
e Comparison of indoor and outdoor levels of fungal organisms show one of the
following:
e Organisms are present in the indoor sample and not in the outdoor sample;
e The predominant organism found in the indoor sample is different from the
predominant organism in the outdoor sample;
e A monoculture of an organism is found in the indoor sample; it may be
absent from samples taken in other areas of the building;
e Persistently high counts.

In certain situations, air sampling without concomitant surface sampling
may not adequately reflect the level of microbial contamination in indoor envi-
ronments®® because spores from different fungal species have different features,
which leads to different dispersion and aerosolization times. Furthermore, con-
tamination with one of them can directly influence the others. Therefore, the
analysis should always be performed both for the air and for the surfaces to
complement the results and have a complete picture of the fungi present. Rou-
tine environmental sampling allows determination of reference air and surface
contamination limits to be used in everyday practice.

No defined threshold values are established for fungi on surfaces but, accord-
ing to Sahay et al.,’” the value 50 cfu/cm? should be used. This study, however,
does not present specific limits for hospital surfaces. According to the European
GMP for Pharmaceutical Products (01/97),”! on surfaces of very high risk and
of high risk, the recommended levels of contamination are <1 and 5 cfu/55-mm
plate, respectively.
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WHEN SHOULD A HOSPITAL ENVIRONMENTAL ANALYSIS
BE PERFORMED?

To end this chapter, in the hospital environment the monitoring of the levels
of microbiological contamination is advisable in the following circumstances:

To identify potential sources of nosocomial aspergillosis or other fungal out-
breaks when some cases have been identified;

Prior to occupancy of special controlled environments, e.g., to determine the
efficiency of HEPA filters in laminar flow facilities;

To predict environmental spore contamination from outside sources;

To identify defects/breakdowns in hospital ventilation/filtration systems;

To correlate outbreaks of invasive aspergillosis or other fungal infections with
hospital construction or demolition work;

To monitor the efficiency of certain procedures (such as cleaning processes)
within hospital building wards, where at-risk patients are managed; and

To evaluate the microbiological quality of the water used to supply the hospital
and that may become inhaled or ingested.
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INTRODUCTION

Invasive fungal infections (IFIs) are becoming increasingly recognized as
an emerging public health issue. These infections are often difficult to treat
and can be associated with substantial morbidity and mortality. The observed
increases in IFIs are likely to be multifactorial and may include (1) host fac-
tors, such as a larger at-risk immunosuppressed population or travel or reloca-
tion of immune-naive persons to areas to which certain IFIs are endemic; (2)
pathogen factors, such as new virulence or resistance mechanisms; and (3)
environmental factors, including changing land use patterns, agricultural anti-
fungal use, and climate change.! Some pathogenic fungi, such as Coccidioides,
Blastomyces, and Histoplasma, exist within specific ecological niches and are
typically restricted to certain geographic regions, whereas other fungi such as
Aspergillus and Mucormycetes are thought to be more widespread. Within a
defined habitat, weather and seasonal patterns probably influence the growth
and distribution of these fungi.

The term “outbreak™ refers to a greater than expected number of cases
occurring within a given geographic area or time frame. Many infectious dis-
ease outbreaks involve person-to-person transmission; however, outbreaks of
fungal disease are somewhat unique in this respect because they usually arise
as a result of exposures to a common environmental source. Environmen-
tal disruption is often a key factor in the dispersal of fungal elements into air,
water, or organic matter; this can occur on a relatively small scale, in relation
to construction, excavation, or similar activities, or on a larger scale, such as
extreme weather events or natural disasters. This chapter highlights fungal dis-
ease outbreaks associated with these types of events, with a special emphasis
on outbreaks after natural disasters; describes the related public health response
methods in the United States; and discusses potential strategies to reduce death
and disability due to IFIs.

Environmental Mycology in Public Health. http://dx.doi.org/10.1016/B978-0-12-411471-5.00015-6
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FUNGAL DISEASES AFTER NATURAL DISASTERS

Disasters, by definition, cause human, material, or environmental loss such that
the affected community cannot cope using local resources and requires assis-
tance from outside sources.> Depending on the type of disaster and the specific
sociocultural and economic setting in which it occurs, a disaster can lead to vari-
ous public health problems, including population displacement, limited access
to food and safe water, injury, and infection.? Despite the public perception that
disasters lead to infectious disease epidemics, outbreaks directly attributable to
natural disasters are uncommon.* Postdisaster IFIs are similarly unusual, but
they are becoming increasingly reported and represent a unique category of
disaster-associated health concern. These infections primarily result from inha-
lation or cutaneous inoculation of fungal spores due to extensive exposures to
the natural environment (e.g., near-drowning, wound contamination); multiple
fungal pathogens and routes of infection have been reviewed elsewhere.’ Nota-
bly, postdisaster settings can amplify some of the existing clinical and public
health challenges associated with the diagnosis and treatment of IFIs.

OUTBREAKS CAUSED BY DIMORPHIC FUNGI

Coccidioidomycosis

Coccidioidomycosis, also called valley fever, is an infection caused by Coccidioi-
des, a soil-dwelling fungus endemic to the southwestern United States and parts
of Mexico, Central America, and South America.® The growth and distribution of
Coccidioides in the environment are thought to be closely linked to climate and
weather: the organism requires moisture to grow, yet the arthroconidia become
more easily aerosolized after periods of low rainfall.” Therefore, seasonal and
climatic changes may play a role in overall coccidioidomycosis incidence and the
occurrence of outbreaks.® Although most cases of coccidioidomycosis are spo-
radic, common-source outbreaks have been observed in association with earth-
disturbing activities such as construction and archaeological excavation.”!?

Two examples of disaster-associated coccidioidomycosis have been
described. In 1977, a severe dust storm that originated in California’s southern
San Joaquin Valley, an area to which coccidioidomycosis is highly endemic,
caused a large outbreak of over 115 cases, many of which occurred in areas
not previously considered to be endemic, including Sacramento County.!!-!1?
Similarly, after an earthquake in Northridge, California, in January 1994, over
200 cases in Ventura County were believed to have resulted from exposure to
the dust clouds generated by the earthquake.'> A case—control study showed
that being in a dust cloud and the length of exposure were significantly associ-
ated with symptomatic disease.'? Notably, the study also showed that 93% of
case patients initially received at least one antibacterial medication before being
diagnosed with coccidioidomycosis, suggesting that the infection may not have
been considered during their initial diagnosis.
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Histoplasmosis

Histoplasmosis, caused by the fungus Histoplasma capsulatum, is associ-
ated with a wide range of clinical manifestations and is an important oppor-
tunistic infection in immunosuppressed persons. Skin test surveys conducted
in the 1940s identified the areas surrounding the Ohio and Mississippi River
valleys as the endemic regions in the United States.'* Parts of Latin America
are also endemic, and cases have also been seen in other areas of the world.!>
Histoplasma grows especially well in soil that is contaminated with bird or bat
droppings, and histoplasmosis outbreaks have often been associated with point-
source exposure or disturbance of contaminated soil.'® Other, often large or
prolonged, histoplasmosis outbreaks have occurred as a result of soil-disrupting
activities not necessarily involving bird or bat droppings, such as construc-
tion, bulldozing, and soil tilling.'® Unlike other infections caused by dimorphic
fungi, guidelines for histoplasmosis prevention have been established, which
aim to decrease the risk for occupationally acquired histoplasmosis associated
with these types of activities.!’

Blastomycosis

Similar to coccidioidomycosis and histoplasmosis, blastomycosis typically
manifests as a pulmonary infection than can range in severity from asymptom-
atic to life-threatening. Blastomyces dermatitidis, the causative agent, appears
to thrive best in moist soils near waterways and is considered endemic to regions
of the United States and Canada, primarily areas bordering the Ohio and Missis-
sippi Rivers, the Saint Lawrence River, and the Great Lakes. Most documented
cases of blastomycosis are sporadic, but at least 15 common-source outbreaks
have been described in the literature, many of which involved shared outdoor
exposures (e.g., camping, hunting, or fishing), and approximately one-third of
these outbreaks were associated with excavation or construction.'®

OUTBREAKS CAUSED BY MOLDS

Mucormycosis

Mucormycosis (formerly zygomycosis) is a rare infection caused by molds
belonging to the order Mucorales, which are believed to be ubiquitous in nature,
particularly in soil and decaying organic matter.'” Mucormycosis most often
manifests as a pulmonary or rhinocerebral infection in immunosuppressed per-
sons.” Outbreaks related to outdoor and indoor environments have both been
described. For example, a few instances of health-care-associated mucormyco-
sis are believed to have resulted from exposure to hospital construction or water
damage.?! Therefore, it has been suggested that among immunosuppressed hos-
pital inpatients, exposure to hospital construction can act as a risk factor for
developing an invasive mold infection.?>
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Cutaneous mucormycosis is less common than sinus or pulmonary mucor-
mycosis but is more likely to occur in persons with no underlying medical
conditions, and clusters of cases have been observed after several natural disas-
ters owing to traumatic implantation of fungal spores into open wounds. For
example, the first known cluster of postdisaster mucormycosis was described
after a volcanic eruption in Armero, Colombia, in 1985, which killed approx-
imately 23,000 persons and injured 4500 more.>> Among 38 injured patients
who were hospitalized with necrotizing lesions, eight had infections caused by
the Mucormycete Rhizopus arrhizus (oryzae).”> A similar cluster of 13 cases
of Apophysomyces trapeziformis soft-tissue infections occurred after the May
22, 2011 tornado in Joplin, Missouri.>* Case patients were located in the por-
tion of the tornado path that sustained the greatest amount of damage and were
all severely injured; a case—control study showed that penetrating trauma and
increasing number of wounds were independent risk factors for developing
mucormycosis.2*

Several years after Hurricane Katrina, in a hospital in New Orleans,
Louisiana, five cases of cutaneous mucormycosis caused by Rhizopus delemar
were attributed to exposure to contaminated linens, which was the only exposure
common to these patients.” Rhizopus was also recovered from clean linens and
from bins used to deliver linens from the off-site laundry facility.”> The role
of the hurricane in this outbreak was not clear, but it may have contributed by
resulting in an environment with a higher than usual concentration of Rhizopus
spores.> Finally, several isolated case reports of soft-tissue infection after the
2004 Indian Ocean tsunami represent some of the particular clinical challenges
encountered with cutaneous mucormycosis, which can appear similar to bacte-
rial wound infections but require early administration of antifungal treatment
and aggressive surgical debridement.2-27

Aspergillosis

Aspergillus spp. are ubiquitous molds that can affect human health ranging from
allergic reaction to severe disseminated disease.?® Invasive aspergillosis is a seri-
ous cause of morbidity and mortality in immunocompromised hosts, and many
outbreaks among hospitalized patients have been described. In approximately
half of these outbreaks, hospital construction or renovation was implicated as
the likely source.?? Lessons learned from hospital outbreaks of aspergillosis have
contributed to several evidence-based guidelines for the prevention of environ-
mentally acquired infections in health-care facilities, such as those developed
by the Healthcare Infection Control Practices Advisory Committee.’%-3! These
guidelines contain infection prevention and control recommendations relevant to
various potential sources of Aspergillus, including dust, inadequate ventilation,
contaminated medical equipment, and water damage.3%-3!

In general, damp indoor spaces can support mold growth, and there is suf-
ficient evidence that indoor mold can increase the risk for invasive Aspergillus
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infection in severely immunocompromised persons.’> However, no association
has been shown between indoor mold and increased risk for aspergillosis or other
IFIs in healthy persons.*? Similarly, there is little evidence specifically in the con-
text of disasters to suggest that exposure to water-damaged buildings, either in
health-care facilities or community settings, results in increased risk for invasive
aspergillosis; however, this phenomenon could represent a lack of recognition of
a possible association.??** One report described a cluster of unexplained chronic
cough in six persons living in a temporary refuge after the 2011 Great East Japan
earthquake and tsunami; although the patients’ sputum cultures and culture plates
exposed to the interior of the refuge both yielded Aspergillus, it is unclear if
the patients’ symptoms were related to airway colonization with Aspergillus or
true infection.’> An outbreak of Aspergillus meningitis in six women after the
2004 Indian Ocean tsunami may have been indirectly related to indoor mold, as
the source was suspected to be contaminated syringes used to administer spinal
anesthesia, which were improperly stored in a humid warehouse.?®

Public Health Response to Fungal Outbreaks in the United States

Because comprehensive surveillance systems are limited or nonexistent for
most IFIs, outbreak detection often depends on an astute clinician’s recognition
of an increased number of cases and communication of the problem to local
public health authorities. As with many other types of public health investiga-
tions in the United States, response to a cluster of IFIs often begins at the local
level, with state and federal involvement if requested. A successful response
often requires collaboration between clinicians and members of various public
health agencies to develop recommendations to end the existing outbreak and to
prevent similar situations from arising in the future.

CONCLUSION

The potential for outbreaks of IFI in association with either small-scale or
widespread environmental disruption is well recognized. Less well understood
are the ways in which factors such as climate change and patterns of human
activity influence the environmental burden and distribution and opportunities
for exposure to pathogenic fungi. Because prevention of human exposures to
fungal pathogens in the natural environment is often difficult, strategies to
reduce the public health burden of IFIs should focus on timely diagnosis and
administration of appropriate treatment, which can lead to better outcomes.
These issues are particularly relevant in postdisaster situations, in which the
local health infrastructure is often damaged or destroyed. In certain settings,
adherence to existing guidelines, such as those for health-care settings and
occupational histoplasmosis, may help reduce the likelihood of environmen-
tally acquired IFIs among specific at-risk populations.!”-3! Overall, increased
awareness about IFIs among health-care providers and the general public is
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needed, particularly in the context of activities or events that disturb the envi-
ronment in which pathogenic fungi may be present.

DISCLAIMER

The findings and conclusions in this chapter are those of the authors and
do not necessarily represent the official position of the Centers for Disease
Control and Prevention.
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INTRODUCTION

It is well known that if it exists at contamination levels, the presence of a hazard
in the diet may pose an acute or chronic risk that can lead to serious conse-
quences for human health and animal welfare, as well as associated huge eco-
nomic losses for food and feed business operators.

As a consequence of a succession of food safety scandals occurring across
the world, the guarantee of high-level safe production is a demanding issue that
has been treated exhaustively by the European Union (EU) and other interna-
tional organizations for the past 15 years.

In the EU, after the bovine spongiform encephalopathy scandal in particular,
there was a need for full harmonization of risk assessment principles leading to
a safe production chain in food and feed sectors, characterized by a high guar-
antee of consumer health and animal wellness. A harmonized protocol for risk
assessment purposes was effectively necessary to provide risk managers and
other stakeholders with the proper information, to avoid duplicating the opin-
ions of different organizations, so as to ensure that the overall risk derived from
cumulative sources of exposure to the same stressor could be properly assessed
and to assist integration within EU of new member states with their approaches
toward performing risk assessment.

Indications of the White Paper in 2000 and then the publication of two
reports by the Scientific Steering Committee of Health and Consumer Protec-
tion Directorate General of the EU led to the establishment of a system based
on the harmonization of risk assessment procedures to guarantee a high level of
food and feed safety.!-?

Environmental Mycology in Public Health. http://dx.doi.org/10.1016/B978-0-12-411471-5.00016-8
Copyright © 2016 Elsevier Inc. All rights reserved. 223
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Previously, in 1997, the Codex Alimentarius Commission Procedural Man-
ual, 10th Edition,? defined the terminology inherent to risk analysis that was
subsequently adopted.

In these documents, risk assessment was defined as a science-led process
for establishing the likelihood of adverse effects to human health and the envi-
ronment from exposure to risk sources. Risk assessment was also identified
as a process consisting of four different stages: hazard identification, implying
toxicological and epidemiological assessment; hazard characterization, involv-
ing the assessment of dose-response and extrapolation to humans; exposure
assessment; and risk characterization.

In 2002, Regulation EC/178/2002* laid down the general principles and
requirements of food law and procedures for food safety, and among various key
points formally set up the Authority for Food Safety, and assigned to stakeholders
the full responsibility for the production of safe foods and feeds along the whole
agri-food chain.

After increasing implementation of the legislative prescriptions, an effective
decrease in the occurrence of food/feed-borne outbreaks occurred in the past
recent years, even though high levels of health risk in specific population groups
may still persist.

In the same direction and in an increasingly collaborative way, official con-
trol activities performed at the level of each member state have been contribut-
ing to the common target of a higher level of safety and hygiene requirements
for food and feed products.

International institutions such as the World Health Organization (WHO), the
Food and Agriculture Organization of the United Nations (FAO), the International
Agency for Research on Cancer, the Organization for Economic Cooperation and
Development, and the European Food Safety Authority (EFSA) made a further effort
to increase the level of perception of the risks related to diet by publishing Scientific
Opinions, guidelines, and codes of practice aimed at providing basic information
for minimizing the occurrence of food-borne diseases as much as possible.

In the risk assessment frame, exposure assessment, which refers to the esti-
mation of probability that a population group is exposed to a contaminant, and
to what extent, may represent the most challenging issue. This is because some
limitations in providing data can occur, such as a restricted number of observa-
tions, use of improper consumption databases, the presence of variations related
to the inhomogeneity of the occurrence and/or consumption data for a single terri-
tory or (still more relevant) for the European scenario, the presence of aggregated
occurrence or consumption data, and the presence of only partial evidence of
differences between an entire population and a consumers-only risk assessment.

Other sources of error can derive wrong conclusions for at-risk groups such
as infants, toddlers, children and adolescents, the elderly, pregnant women, and
immunodeficient subjects.

An important distinction to be taken into account is that related to determin-
istic and stochastic models.
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The term “deterministic” describes an approach in which numerical fixed
values are used at each step in the risk assessment; for example, the mean or
the 95th percentile value of measured data may be used to generate a single risk
estimate as the end result.

In a stochastic approach, mathematical modeling of the variability of the
involved phenomena is used and the end point is a probability distribution of
the risk assessment.

Main advantages to using probabilistic approaches are related to the pos-
sibility of arriving at an overview of different scenarios, analyzing variability
and uncertainties, and to obtaining more realistic risk patterns. Conversely, the
complexity of the model and problems generating data are major disadvantages.

Currently, in chemical risk assessments the point estimate is still used more
frequently than a probabilistic approach in the presence of concomitant sources
of uncertainties such as providing a “static” observation in the curve of the
exposure as actually occurs over the lifespan of humans. Also, the worst-case
approach commonly followed in a point estimate of exposure can represent a
completely unrealistic situation with related overestimated scenarios.

To overcome this trouble, a quantitative risk assessment (QRA) approach is
increasingly gaining in consensus and practicability.

QRA, which is different from a qualitative risk assessment, can be determin-
istic or probabilistic and entails the use of models whose output is associated
with numerical data and analysis.

QRAs also provide information about uncertainty in numerical terms with
a representation of uncertainty distributions calculated by diverse statistical
methods. One of the most prominent advantages of a QRA is that it provides
risk managers with answers at a higher level of detail than a qualitative risk
assessment.

Probability distributions used in stochastic risk models may represent vari-
ability as well as uncertainty. In this context, uncertainty represents the lack of
perfect knowledge about a parameter value, which can be reduced by further
measurements. Typical examples of uncertainty are the poor appropriateness of
occurrence and/or consumption data or the lack of information on the metabolic
pathway of a compound. Variability, on the other hand, represents the real het-
erogeneity of the population that is unchangeable by other measurements: for
instance, the difference in diet habits from one population group to another or
the variable levels of a hazard in different servings.'-2

Another key element in the development of a model used in stochastic
approaches is sensitivity analysis (SA), which studies the correlation between vari-
ation in the output of a model and different sources of variation in the model input.’
The main objectives of SA can be summed up in an assessment of the influence
of factors able to affect the quality and importance of a model, to generate a maxi-
mum and the minimum impact on output variation and establish research priorities.

Moreover, there are different methods for SA, such as correlation
analysis, spider plots, factorial designs, and gradient estimation; more
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specifically, four kinds of methods were developed to perform global SA:
(1) scatterplots; (2) regression analysis, input—output correlation; (3) analysis if
variance and response surface method; and (4) variance-based methods.

As previously mentioned, exposure assessment is one of the four elements
that compose risk assessment.

Conventionally, occurrence data indicating the level of a compound in foods,
consumption data, and body weight (bw) are the three basic groups of data nec-
essary to calculate the exposure of a population group.

Typical information that should characterize occurrence data as reliable are
the type of sampling, the quantitative measurement of the effect of first and
second processing on the distribution of the compound of interest within the
industrial process, and the level of the compound as consumed. As far as con-
sumption data are concerned, primarily disaggregated values for gender, geo-
graphical location, and age should be used.

Typically, the intake assessment may be based on the mean intake derived
from mean occurrence level and mean consumption value, or the 95th percentile
of an entire population or only of consumers, to better provide a real scenario
of the exposure.

Another approach to obtain information about the exposure is by measuring
biomarkers in human biological fluids such as human milk, serum, plasma, and
urine and feces; the intake can be correlated with pharmacokinetic relationships.®

In this chapter, the most updated approaches and results derived from
research studies and/or monitoring data are presented for a real concerning
group of fungal metabolites such as mycotoxins.

As fully reported in the literature, the toxic effects of mycotoxins are related
to their carcinogenic and in some case genotoxic power and other effects not as
risky for human and animal health, such as teratogenicity, immunotoxicity, and
nephrotoxicity.

Because of the peculiar characteristics of mycotoxins, the exposure assess-
ment for these toxic compounds is challenging since a lot of uncertainties can
affect the final output of the assessment. Among the most important, the exact
metabolic profile of the parent compound is not yet fully known because in
most of the cases no information exists regarding the type, amount, and toxic
effect of all the metabolites formed in vivo; in addition, a correlation factor does
not exist between the intake of mycotoxins via diet and their overall moiety in
living organisms. In addition, uncertainty may be derived from errors associated
with the sampling procedure when monitoring program and research studies
performed to assess the exposure.

EXPOSURE ASSESSMENT METHODOLOGY

The WHO defines exposure assessment as qualitative and/or quantitative evalu-
ation of the likely intake of biological, chemical, or physical agents via food, as
well as exposure from other sources if relevant.’
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Another definition states that exposure assessment corresponds to the process
aimed at estimating or measuring the extent, frequency, and length of exposure
to an agent, along with the characteristics of the population exposed. Ideally, it
describes the sources, pathways, routes, and uncertainties in the assessment.?

Several methods can be used to estimate the intake of a food chemical, but
the appropriate tool for dietary assessment strictly depends on the purpose for
which it is needed. The fitness for purpose of the selected method could be
influenced by the specific evaluation needed and data availability, among oth-
ers. However, whatever the elected methodology, the algorithm used to calcu-
late exposure is the following:

concentartion X consumption

Exposure ((ng/kg bw)/day) = body weight

According to the United States Environmental Protection Agency,® quantita-
tive exposure can be estimated following three different approaches:

1. At the point of contact, measuring both concentration and time of contact
and integrating them (point of contact measurement).

2. Separately evaluating the concentration of exposure and the time of contact,
and then combining this information (scenario evaluation).

3. Determining the dose, which in turn can be reconstructed through internal
indicators such as biomarkers, after exposure has taken place (reconstruc-
tion).

These approaches also apply to food chemicals. Duplicate diet studies (DDS)
correspond to point-of-contact measurements, occurrence, and consumption
data collection, and their combination provide scenario evaluations and bio-
markers to be considered as reconstructions. Probabilistic modeling represents
an advanced combination method in scenario evaluation.

Exposure assessment methodologies can also be categorized as follows”:

1. Screening methods, which are considered a starting point toward setting
future priorities for more detailed collections of data (budget methods and
per capita approach).

2. Methods based on specific data, such as the point estimate (deterministic
approach), that combine a single data point of food consumption with a
single mycotoxin value determined for the relevant foods considered. The
consumption and contamination values used for this deterministic exposure
calculation can be media or high level; the choice depends on the purpose.
When variables (consumption and concentration) are described in terms of
distribution, a probabilistic analysis can be performed, allowing evaluation
of the variabilities and/or uncertainties of considered variables (probabilistic
approach).

3. Confirmatory methods that include the use of biomarkers and DDS, which
will be described later in this chapter.
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As previously mentioned, the most common approach to estimating myco-
toxin exposure is to combine contamination data with consumption data using
deterministic methods or probabilistic modeling. So far, comparison of results
from deterministic exposure assessment with probabilistic models has not
shown large differences or extreme estimations; however, probabilistic analysis
provides confidence intervals, uncertainty, and variability estimations.'?

Consumption and Occurrence Data

The objective of the exposure assessment must be clearly identified before
appropriate data sources can be selected: for example, pre-regulation and post-
regulation exposure assessments are undertaken for different purposes and may
have different data sources and default assumptions. The basic consideration
is that the data required to assess the exposure are determined by the objec-
tive of the assessment. In dietary exposure assessment, it is important to obtain
accurate information on both the concentration of chemicals in food (occur-
rence) and food consumption. Selection of the sampling, analysis, and report-
ing procedures are critical issues for obtaining consistent and comparable data
on chemical concentrations in food, and the quality of food consumption data
depends on the survey design, the method and tools used, and the statistical
treatment applied.

Concentration Data/Occurrence Data

The sources of mycotoxin concentration data are studies to proposed Maxi-
mum Level, national monitoring and surveillance program, GEMS/Food data-
base, scientific literature or research activities, and total diet study (TDS). So,
at level of European Union, EFSA invites National food authorities, research
institutions, academia, food business operators, and other stakeholders to
submit data on occurrence by continuous calls for data. The member states
should submit the data using the Standard Sample Description (SSD) format to
improve the validity of the concentration data with important sampling details
(http://www.efsa.europa.eu/en/data/call/datex 101217 .htm).

Whatever the data source, it is important to have detailed information on
the survey type or design, sampling procedures, sample treatment, analytical
method performances, protocols for non-detects or not-quantified results, and
uncertainty.

Sampling and Sample Treatment

The sampling procedure and how it is carried out are critical to achieve valid
results. Different strategies exist, depending on the objectives of the studies,
also recognizing the cost implication of sampling techniques and balancing
them against additional information obtained for use in risk assessment. The
first sampling approach, called objective sampling, corresponds to random sam-
pling aiming at obtaining a real representation of the levels of chemicals in food,
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so sample numbers of different varieties or brands can be stratified according to
production, consumption, and market share. This sampling strategy is applied
when the concentration data are not foreseeable. The second strategy, direct
or target or suspect sampling, is aimed at sampling products expected to con-
tain a higher concentration of chemicals: for example, focusing sampling on
suspected areas or seasons. In the last case, attention should be paid to data
selection or assumptions regarding completeness of the data used in exposure
assessment. Many European measurement programs for mycotoxins are based
on a mixture of both types of sampling to obtain a representative scenario for
contaminants in foodstuffs. For mycotoxins, another important aspect of sam-
pling and sample treatment is the homogeneity of materials, which has a large
influence on analysis results. Special care should also be taken to ensure that the
analyzed sample size is representative and sufficient for accurate and reproduc-
ible determination of the mycotoxin average concentration of the sample.!! Two
main approaches, analysis of food group composites and analysis of individual
foods, can be applied to analyzing foods when generating analytical data from
survey, including TDS, and both can be significant for the estimated dietary
exposure.

Analytical Method Performances

Obtaining best estimates for exposure is critically dependent on the quality
of concentration data. Concentration data should be obtained using validated
methods fit to the purpose of the assessment. To improve exposure results, it
is important to provide information on the accuracy of the method, laboratory-
to-laboratory variation, the precision of the method, the level of detection and
quantification, and the uncertainty of measurement.

Left-Censored Data

A critical point in dietary exposure assessment comes from data below the limit
of detection (LoD) or quantification (LoQ), also known as left-censored data,
which are determined by performing the analytical method. Non-detects have
a wide impact in the final exposure assessment when the percentage of left-
censored data is high for a deterministic approach as well as a probabilistic one.
Whereas the most common methods to manage data below LoD and LoQ are
based on their substitution by LoD, LoD/2, LoD/\fZ , this approach can lead to
inaccurate and irreproducible estimates, even the simplest ones, such as mean
and standard deviation.'?
To handle left-censored data, different approaches are reported.!>-1°

Food Consumption Data

Food consumption data reflect what individuals or groups consume in terms of
food, including beverages and drinking water and dietary supplements. These
data can be estimated through food consumption surveys at an individual or
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household level, or using food supply data or a collection of duplicate diet.
A food consumption survey includes records or diaries, food-frequency ques-
tionnaires (FFQs), dietary recall, and total diet studies.

Consumption data should include information about factors that may influ-
ence assessment exposure. Such factors include demographic characteristics of
the population sampled, bw, the geographic region, and the period when data
are collected. For exposure studies of a particular contaminant as mycotoxins, it
is also important to consider food consumption patterns for sensitive subpopula-
tions (e.g., children, people with celiac disease).

Data reporting is a crucial topic because consumption data should be in a
format that allows them to be matched with concentration data. A common cod-
ing system to classify foods is also crucial when collecting food consumption
data, to exchange food composition data efficiently and facilitate epidemiologi-
cal surveys.!%!17 Another consideration is that food may be consumed as such or
as an ingredient as part of a recipe for mixed foods, so the use of standard reci-
pes and the attribution of ingredients to individual foods may introduce some
uncertainty into consumption data.'8

Food Supply Data

This is a population-based method because its result estimates the average value
for the entire population or at the per capita level. Food supply data provide
gross annual estimates of the national availability of food commodity rather
than food consumption. Despite this limitation, these studies may be useful in
the first step of risk assessment regarding mycotoxins that are mainly evaluated
in raw or semi-processed commodities.

A known example of a population-based method is GEMS/Food con-
sumption cluster diets, developed by the WHO based on selected FAO bal-
ance sheets. They represent average per capita food consumption and are
used to assess dietary exposure by the Joint FAO/WHO Meeting on Pesti-
cide Residues and the Joint FAO/WHO Expert Committee on Food Additives
(http://www.who.int/foodsafety/chem/gems/en/index 1 .html).

Household Survey

Food availability or consumption at the household level may be estimated by a
budget survey and a consumption survey, by collecting data on foodstuffs pur-
chased by a household and making a follow-up of consumed food or changes in
food stocks. The data are collected by record keeping, interviews, or both. Such
data are useful for comparing food availability among different geographic areas
and socioeconomic groups and for tracking dietary changes in the total population.

Individual Dietary Survey

Data collected by individual-based methods provide detailed information
on food consumption patterns. To obtain these data, several methods can
be used: with the food record, or food diary, the subject reports all foods
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consumed during a specified period; recall methods reflect past consump-
tion, varying from intake over the previous day (24-h recall) to usual food
intake; the dietary history method or food-frequency method can also be
used. Overall, the amount of consumed food should be measured as accu-
rately as possible.

Total Diet Study

The essential principles of a TDS are the selection of food based on food con-
sumption data to represent a large portion of a typical diet, their preparation as
food to consumed, and subsequent pooling of related foods before analysis.!'”
In practice, all selected food items that are part of the average diet are pur-
chased, prepared according to standard household procedures, and aggregated
into food groups. Each food group is analyzed for the number of additives,
contaminants, and nutrients. The use of pooled samples of individual food items
leads to background contamination levels in the general food supply; therefore,
TDS results are best suited for calculating chronic exposure to food chemical
substances, such as mycotoxins, whereas monitoring and surveillance activities
can capture more highly contaminated individual food items. Moreover, with
the TDS approach many of the conservative assumptions contained in other
dietary exposure assessment methodologies are absent. A TDS most accurately
represents the levels of the compounds in the edible portion of food at the point
of consumption, and takes into account loss during processing, food prepara-
tion, and storage.

A TDS performed on a limited number of broadly pooled food samples is
sometimes used for screening purposes. This might be useful as a starting point
toward setting future priorities for more detailed collections of data. On the
other hand, TDS for a refined dietary exposure assessment requires the analysis
of a large number of less pooled samples; the choice of the foods to be included
in the different pools should be also made, taking into account the different diet
habits related to different seasons and/or regions.

Probabilistic Approach

The probabilistic approach can be considered a refined method aimed at assess-
ing actual exposure.?’ Conversely to the point estimate approach, the proba-
bilistic approach considers all available data, and to describe the parameters
that contribute to the risk, probability distributions are involved. As a result, a
distribution of risk is produced that characterizes the range of risk that might be
experienced by an individual or a population. With this perspective, probabilis-
tic methods in exposure assessment are essential to represent the complexity of
real-life situations. Use of this method increases the complexity of calculation
and time consumption compared with the point estimate approach but it allows
the components of variance (variability and uncertainty) to be included in the
assessment. Variability is the result of a natural random process and expresses
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diversity among units in a population or group. It was pointed out that each
type of food production and processing, as well as mycotoxin arrangement and
human host response, is highly variable. On the other hand, uncertainty con-
cerns the lack of knowledge about a phenomenon and parameters.?! Hence,
the reliability of results from a probabilistic analysis depends on the quality
and nature of model inputs (i.e., empirical or parametric approach, as described
below) and on the model-fitting data when a parametric approach is selected.?

Two probabilistic approaches to model exposure assessment can be consid-
ered: simple distributions or pure probabilistic models. Simple distributions
employ distributions of food intake but use a fixed value for the concentra-
tion variable. Pure probabilistic models weight each possible scenario by the
probability of its occurrence. The structure of a pure probabilistic model may
be similar to a deterministic one that links the variables together, except that
each uncertain variable is represented by a distribution function instead of a
single value. This approach ensures that any variability (true heterogeneity)
and uncertainty (lack of knowledge) in variables are reflected in the model
output.?’ Here, we will deal with pure probabilistic models, referring to them
as probabilistic models. Moreover, the use of SA is recommended as an essen-
tial element for the purpose of improving estimates and identifying model
uncertainties.>>?*

Food Consumption and Mycotoxin Concentration Distributions

Probabilistic distributions of food consumption and analyte concentration
can be entered into probabilistic models using an empirical or parametric
approach. The empirical approach is based on histograms from collected
data and represents a mathematical description of their shape; the parametric
approach fits theoretical distribution as normal, gamma, lognormal, and
others, which determines the shape and range of the mathematical function of
the parametric distribution.>> Nevertheless, the authors stress complexity in
the choice of the distribution that better describes food consumption, because
little guidance is available on the proper distribution and no agreement has yet
been reached.??

Limitations to using empirical distribution are, first, that they require access
to the raw food consumption data; in addition, they are strongly restricted to the
range of observed data.”> Nonparametric methods, in fact, produce less reliable
estimates, especially for high quantiles of exposure (95th or 99th). This problem
arises because histograms of food consumption data usually show several totally
empty regions.2® Conversely, a key advantage derived from using parametric
distributions is that an exposure assessment on the tail of a distribution is more
reliable, and estimates beyond the range of observed data are provided. This
aspect is extremely important because exposure assessment tends to focus on
distribution tails. On the other hand, some caution with stochastic distributions
is required because theoretical distributions do not always reflect the admissible
range of real intake, but are characterized by an extended tail to the right.??
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How to Select From Distributions: Monte Carlo Approach

Whatever the nature of the probabilistic model (empirical or parametric), to
define the exposure assessment for mycotoxins, a combination of the distribu-
tion of consumption and contamination data is required. With this perspective,
a point from the first distribution is combined with a point from the second.
A well-known numerical technique that allows selection and combination is the
Monte Carlo approach. Accordingly to the literature, the Monte Carlo approach
is based on random selection of a single point estimate value from each dis-
tribution assigned for each input parameter (consumption and contamination
intake). “The randomly selected single values are used to calculate the expres-
sion defined by the exposure assessment model and stored. This sequence is
repeated several 1000 times (iteration) taking, at each iteration, a different set of
values for the input selected. Values that are more likely to occur, according to
the defined probability distribution, are selected more frequently. The result of
the analysis is a frequency distribution for the output of interest.”?!

Again, a distinction must be made between empirical and parametric dis-
tribution. Indeed, whereas the latter depends on random samplings from that
distribution function that are better fitted to consumption and contamination
data, empirical methods select and join consumption and contamination only
via the raw data.’®

Critical Points

Probabilistic methods are preferred compared with deterministic methods when
feasible, because fitting food consumption and contamination data by modeling
probabilistic distributions leads to more reliable estimates and allows for expo-
sure assessment beyond raw data. However, the use of probabilistic methods
requires caution. Attention should be paid to using a lognormal distribution to
model food consumption data. Results from goodness-of-fit tests are usually
accompanied by lognormal probability plots (P—P plots) for food consumption.
Comparing modeled food intake estimates with observed intakes, deviation
of the latter from the former, in particular at the tails, indicates a poorer fit
of lognormal distribution to food consumption data.”> Moreover, to select the
best parametric distributions, commonly goodness-of-fit tests such as Ander-
son—Darling test (AD) are performed. Nevertheless, AD test results are strongly
influenced by sample size. Thus, additional caution must be used as parametric
distributions are fitted.??

Confirmatory Methods

Duplicate Diet Study

The DDS is a method for estimating dietary intakes that involves collect-
ing and analyzing identical portions of food and beverages consumed by an
individual.?” DDS provides information on individual intakes, which makes
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this method particularly useful for exposure assessment of a subgroup of
population such as vegetarian (different diet habits), children (different
bw), and celiac patients (special diet). The DDS provides accurate intake
data that are not subject to errors resulting from food processing, including
the lack of food composition data. On the other hand, the method is expen-
sive and imposes a high individual burden, which makes the DDS unsuitable
for large-scale studies.

Biomarkers in Exposure Assessment

Specific molecular biological markers, biomarkers, may be used to measure the
extent of exposure to a toxic substance,?® provided the prerequisite regarding
the relationship between the biomarker and the health effect is met.?

The biomarker methodology has begun to be used in occupational exposure
and the employment of biomarkers as a tool of molecular epidemiology for
exposure assessment for a food contaminant began over a number of years with
success whenever its measurement has given evidence of the consumption of
contaminated food with a good correlation to intakes.”

When data on toxicity and exposure estimation of a particular biomarker
are available, biomarkers may help interpret the significance and relationship to
adverse health effects. Biomarkers may be measured in body fluids or tissues as
the molecule itself or as a metabolite; to be functional, a biomarker should cor-
relate with dietary intake, be available with suitable persistence (have a half-life
of days), and be measurable in the specimen as a parent compound with suitable
specificity and precision.

The biotransformation pathway may differ depending on the contaminant;
the biomarker measured may be found in urine, blood, breast milk, or, more
rarely, in other fluids or tissues such as sputum and feces or biopsies tissues of
lung, liver, or brain.

Biomarkers are divided into three categories: (1) biomarkers of exposure,
which indicate that exposure to a particular contaminant has taken place to a
certain extent; (2) biomarkers of effect, which indicate the biological response
of the exposure; and (3) biomarkers of susceptibility, which act as indicators of
the intrinsic sensitivity of individuals to the toxic agent.?®30

The measurement of biomarkers of exposure represents an exceptional
method to directly confirm an exposure event or substantiate the relevance or
applicability of results derived from probabilistic studies.” However, biomark-
ers represent a measure of overall exposure and do not discriminate among dif-
ferent sources (i.e., food or air).?” If in some cases this represents a limit, it
is not the case for some chemical contaminants such as mycotoxins, whose
exposure mainly results from food ingestion. Even if they do not represent an
alternative method to classic estimates of exposure based on food consumption
and concentration levels, biomarkers have indubitable advantages for measur-
ing exposure over time, estimating exposure directly (not relying on models
and uncertainty assumptions), and assessing individual estimates (especially
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for specific subpopulations such as vegetarians and celiac patients). Moreover,
biomarker measurements are not subject to drawbacks regarding the heteroge-
neity of food contamination or to variability in food processing and cooking,’!
both of which are critical in measuring mycotoxin contamination in food. To
be reliable and provide an accurate estimate of the contaminant to which an
exposure exists, biomarkers must be validated. The validation process is com-
plex and implies a parallel experimental design of animal studies to confirm the
biomarker—exposure (or disease) link and human studies to confirm the con-
nection between the marker and the exposure.”® The best choice to validate a
biomarker carefully is to follow it over time in a long-term prospective epide-
miological study, to definitively account for events and levels of exposure. On
the other hand, the use and analyses of biomarkers have important limitations;
in some cases (e.g., children) invasive collection of blood may be problematic
regarding availability and collection (involving medical personnel); the cost of
the analysis may be high because of the technique used (high sensitivities are
required);and analytical methods may be complex and or standard reference
material may be absent.’2

Exposure to mycotoxins through the diet poses a threat to human health and
is a concern for public health, especially because it mainly results from cereals
that are unavoidably contaminated by Aspergillus and or Fusarium toxigenic
fungi.

The first biomarker of exposure that was validated and used for mycotoxin
risk assessment was the aflatoxin (AF) albumin adduct in serum (more specifi-
cally, the AF-lysine adduct) and AF-N7-guanine, AFB1-mercapturic acid, and
AFMI1 in urine.’*3* During observational studies performed in 1968-1985, it
was possible to elucidate the correlation between AFB1 ingestion and the inci-
dence of hepatocellular carcinoma in the human population thanks to identifica-
tion of the AFB1-DNA adduct and its analytical measurement.

Several studies showed good correlations of the biomarker with food intake.
Zhu et al.’* found a correlation coefficient of 0.82 between AF intake and uri-
nary AFM1; Groopman et al.’®3 found a correlation coefficient of 0.82 and
0.80 between AF intake and urinary AF-N7-guanine in a study located in Gam-
bia and China, respectively.

Table 1 reports more recent studies on the analysis of biomarkers of expo-
sure in humans. Because of the long half-life of albumin in humans, measure-
ment of AF albumin adduct in sera is strongly preferred with respect to urine,
indicating an exposure extent over a period of months.?$3 Conversely, urinary
metabolites and adducts, which have a shorter half-life, reflect the intake of the
previous day.?8-38

Because of the extensive occurrence of ochratoxin A (OTA), which is found
in a wide range of foods (i.e., cereals, dried vine fruit, wine, coffee, and lico-
rice), molecular epidemiology studies are particularly important and helpful to
biomonitor the extent of exposure. As a biomarker, OTA has been measured
in serum, urine, and milk in several studies worldwide (Table 1), evidencing



TABLE 1 Recent Studies on Analyses of Biomarkers of Exposure in Human Specimens

Biomarker

AFM1

AFB1-N7-guanine AFM1

AFQI1

AFB1-lysine adduct

AFMT1
AFB1

Aflatoxin-albumin

AFB1

AFB1
AFM1
Aflatoxicol

AFM1
OTA
OTA

OTA

OTA

Country
Brazil

China

Ghana

Guinea

Gambia

Portugal

Gambia

Turkey

Czech Republic

Sierra Leone Njala

Portugal

Tunisia

Specimen
Urine

Urine

Serum

Urine

Serum

Serum

Serum

Breast milk

Serum

Serum

Serum

Serum

Population
Group

Pregnant women

Children
(1-2.5years old)

Children

18 poultry
workers

Women
Adults

Children
(5-14years old)

Healthy
population

Non-
nephropathic
individuals

Levels
AFM1: 1.8-3.99 pg/ml

AFB1-N7-G: 0.38 (median)
ng/ml

AFM1: 0.04 ng/ml

AFQ1: 10.4ng/ml

AFB1-L: 0.44-0.269 pg/mg
albumin

AFB1: 189 pg/ml (average)
AFM1: 5.0-6.2 pg/ml

AF-alb: 24 pg/mg (average)
AFB1:1-4.23 ng/ml

AFB1: 0.2-74 ng/ml
AFM1: 0.03-6.8 ng/ml
Aflatoxicol: 0.01-3.2 ng/ml

AFMT1: 60.10-299.99 ng/l
OTA: 0.28 ng/ml (average)
OTA: 2.4 ng/ml (average)

OTA: 0.96-2.49 ng/ml

OTA: 0.1 ng/ml (LoD)
0.2ng/ml (LoQ)

References
56
57

58

59

60
61

62

64
62

65

66
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OTA

OTA

OTA
OTA
OTA
OTA
OTA
OTA

OTA
OTA
OTA
OTA

OTA
DON
DON

DON

DON

Spain

Turkey

UK

Italy

Hungary
Portugal, Coibra
Germany

Sweden

Italy
Italy, Lombardy
Brazil, S. Paulo

Slovakia

Turkey, Ankara
China

France

Swedish

UK

Plasma

Serum

Urine
Urine
Urine
Urine
Urine

Breast milk

Breast milk
Breast milk
Breast milk

Breast milk

Breast milk
Urine

Urine

Urine

Urine

Blood donors

Healthy
population

Volunteers
Healthy
Healthy
Healthy
Non-specified

Women

Women
Women
Women

Women

Women
Adults

Male farmers

Adults

Adults

OTA: 0.075 ng/ml (LoD)
0.23 ng/ml (LoQ)

OTA: 0.887-3.43 ng/ml

OTA: 0.01 ng/ml (LoD)
OTA: 0.012-0.046 ng/ml
OTA: 0.006-0.065 ng/ml
OTA: 0.019 ng/ml (average)
OTA: 0.02 ng/ml (LoD)

OTA: 0.01 ng/ml (LoD)
0.04 ng/ml (LoQ)

OTA: 0.1 ng/ml (LoD)
OTA: 0.0005 ng/ml (LoD)
OTA: 0.01 ng/ml (LoQ)

OTA: 0.0048 ng/ml (LoD)
0.0144 ng/ml (LoQ)

OTA: 0.62-13 ng/m|
DON: 4-94 ng/ml

DON: 7 ng/ml creatinine
(average)

DON: 11 ng/ml creatinine
(average)

DON: 1-61 ng/ml

67

68

40
69
70
71
72
73

74
75
76
77

63
78
45

79

78

Continued
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TABLE 1 Recent Studies on Analyses of Biomarkers of Exposure in Human Specimens—cont’d

Biomarker

FB1

FB1

FB1

FB1

AFM1, FB1, FB2, OTA,
DON, DON-15-GlcA,
DON-3-GlcA, ZEA, ZEA-14-
GlcA, aZOL

Country

Centane, South
Africa

China, Huaian

China, Fusui

Mexico

Cameroon

Specimen

Urine

Urine

Urine

Urine

Population
Group

Adults

Adults

Adults

Adults
Adults

Levels

FB1: 225 pg/ml (average)

FB1: 13630 pg/ml creatinine
(average)

FB1: 720 pg/ml creatinine
(average)

FB1: 147 pg/ml (average)

AFM1: 0.17-1.38 ng/ml
FB1: 1.7-14.8 ng/ml

FB2: <1.7 ng/ml

OTA: 0.17-1. 87 ng/ml
DON: <1-3 ng/ml
DON-15-GlcA:
11.0-96.2 ng/ml
DON-3-GlcA: 20.0-22.5
ng/ml

ZEA: 1.3-1.4ng/ml
ZEA-14-GlcA: 3.38-31.2
ng/ml

0ZOL: < 1.7 ng/ml

NIV: 10.0-22.0 ng/ml

References

46

79

79

80
81

saM|oqeIRW pue 1Sung 1] | LYVd 8€T



AFMT1, DON, DON-15-
Ogluc, FB1, FB2, OTA, ZEA,
ZEA-14-Ogluc

AFM1, OTA, DON, DOMT,
FB1, FB2, aZOL, BZOL

AFM1, OTA, FB1, FB2, OTa.

ZEA, aZOL, BZOL, OTA,
DON, FB1

ZEA, aZOL, BZOL, OTA,
DON, FB1, AFM1

Nigeria

Italy

Korea

South Africa

Southern Italy

Urine

Urine

Urine

Urine

Urine

Children,
adolescent,
adults

Pilot study
(n=10)

Pilot study
(n=20)

Adults female

Adults

AFM1: 0.3-1.5 ng/ml 82
DON: 2.0

DON-15-Ogluc: 3.5-8.0

ng/ml

FB1: 4.6-12.8 ng/ml

FB2: 1.0ng/ml

OTA: 0.2-0.6 ng/ml

ZEA: 0.3 ng/ml

ZEA-14-Ogluc: 9.5-44.5 ng/ml

OTA: 0.02-0.25 ng/ml 48
DON: 1.1-14.0ng/ml

OTA: 0.012-0.093 ng/ml 83
AFMT1: 0.009 ng/ml

ZEA: 0.529 ng/mg creatinine 84
(average);

FB1: 1.52 ng/mg creatinine
(average);

aZOL: 0.614 ng/mg
creatinine (average);
BZOL: 0.702 ng/mg
creatinine (average);

OTA: 0.041 ng/mg
creatinine (average);
DON: 11.3 ng/mg
creatinine (average);

ZEA: 0.056 ng/ml (average); 85
aZOL:0.074 ng/ml

(average);

BZOL:0.088 ng/ml (average);

OTA: 0.061 ng/ml (average);

DON: 10.32 ng/ml

(average);

FB1:0.029 ng/ml (average);
AFM1:0.10ng/ml (average)

6€T 91 | 491dey) juswssassy aunsodx3 Arepig



240 PART | Il Fungi and Metabolites

a large geographical variation. Klassen’s equation and its modifications*’#!
are currently used to obtain estimated exposure values to OTA starting from
plasma concentrations (nanograms per milliliter from serum analyses), plasma
clearance (i.e., renal filtration rate), and OTA bioavailability (for most animals,
50%). Comparative studies failed to correlate blood levels and dietary intake,*
probably because of the lack of information on toxicokinetic mechanisms and
the fact that the long half-life and continuous OTA exposure result in a steady-
state concentration.*> Hence, the use of OTA in blood as a validated biomarker
has been replaced by measurement of urinary OTA, whose content is lower
but constitutes a promising alternative, especially when further developments
regarding the relationship between OTA intake and the urinary biomarker will
be defined. OTA levels have been extensively measured in breast milk to assess
the exposure of a particular subgroup (lactating women) and potential exposure
of the offspring. To date, the pattern of OTA distribution in milk is unclear and
few studies have attempted to correlate dietary intake with OTA concentration
in milk; nevertheless, because newborns exclusively breast feed during the first
few weeks, the biomonitoring of OTA in human milk is an assessment of risk
for infants.

Deoxynivalenol (DON) contamination is associated with wheat and maize;
thus exposure is linked to cereal-based diets. Using biomarker monitoring, a
dietary intervention study demonstrated that by avoiding wheat, subjects’ uri-
nary levels of DON were significantly reduced.** Deoxynivalenol and two
metabolites, DON glucuronide and the de-epoxy-deoxynivalenol (DOMI),
may be present in the urine of exposed individuals. A number of studies have
been formed to monitor the three biomarkers, especially in the United Kingdom
(UK), northern France, Sweden, and China, whose climatic conditions favor the
proliferation of Fusarium species responsible for DON production (Table 1).
Turner et al.*> developed a highly sensitive and robust analytical method to mea-
sure free DON and DOM1, including DON-glucuronide after an enzyme treat-
ment. To date, only total DON (the sum of free DON and DON-glucuronide)
has been reported in literature and samples positive for DOM1 have been found
only in France,® and not in the UK or China.

Biomarkers of fumonisins have been sought for a long time to define puta-
tive biomarkers. because of the limited metabolism of fumonisins, measure-
ment of free urinary fumonisins (B1 and B2) seems to be the best choice to
biomonitor exposure. Van der Westhuizen et al.*® presented a study in which
the relationship between urinary FB1 and FB1 ingestion gave good results and
confirmed the potential use of free FB1 as a validated biomarker.

The sphinganine (Sa)/sphingosine (So) ratio has also been proposed as puta-
tive biomarker, on the basis that FB1 potently inhibits the enzyme ceramide
synthase, which catalyses acylation of Sa and reacylation of So. This inhibition
accumulates intracellular Sa, altering the Sa/So ratio. In a large range of animal
species, the changed ratio occurs in a dose-dependent*’ manner, but the same
ratio in humans was not related to fumonisin exposure.
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Simultaneous determination of more than one mycotoxin in human biologi-
cal fluids by measuring with the multi-biomarker method is a new challenge. To
this purpose, urine seems to be the preferred specimen because it may contain
biomarkers from different mycotoxins and is easier to collect and handle than
serum.*® Until now, only a small number of scientific works have been pub-
lished, mainly reporting validation of the analytical method and applying it to a
pilot survey with a small number of human urine samples.

In conclusion, biomarkers are a tool with promise for use in monitoring the
most important mycotoxins. Multi-mycotoxin analyses will help establish the
relevance of occurrences. Nevertheless, to better exploit the biomarker method-
ology in exposure assessment, more work is needed to validate each biomarker
strongly and link it to food intake.

EXPOSURE ASSESSMENT OF EUROPEAN POPULATION
Aflatoxins

Aflatoxins are among the most important genotoxic carcinogens of food for
which there is no fixed tolerable daily intake; therefore, it is appropriate to limit
the content under the principle of as much as reasonable achievable. Aflatoxins
occur in grains and foodstuff (e.g., corn, peanuts) and contamination values may
vary from less than 1 pg/kg to more than 1 mg/kg.

Following EFSA opinion,* the risk characterization approach is based on
assessing the margin of exposure that derives from the benchmark dose and
exposure estimates ratio. As shown in Table 2, in Europe, values of exposure for
adults are generally under 1ng/kg bw/day with some exceptions for the worst
scenarios (upper bound values or special population). Special attention deserves
to be paid to exposure rates of children; in fact, they are always higher compared
with adults because despite almost equal consumption values, their bw is con-
siderable lower.

However, during the past 2 to 3 years, unfavorable climate conditions with
higher temperatures and humidity caused the proliferation of Aspergillus ssp.,
provoking the persistent presence of AF, especially in the southern EU coun-
tries. The combined action of official control plans and prospective epidemio-
logical studies should be put in place to monitor and take the necessary actions
for risk assessment.

Aflatoxin M1 is a metabolite of AFB1 that is found in the milk of lactating
animals such as dairy cows and derived milk products as a result of carryover
from contaminated feed to edible animal origin products.

As for AFs, the exposure values of children merit special attention because
they account for both higher consumption values and lower bw compared
with adults. Table 3 lists exposure values for some EU countries. The highest
values are all around 0.1 pg/kg bw/day, which is to be considered, especially,
for lactovegetarian and infants exposures, a worryingly high value compared



TABLE 2 Exposure Assessment of European Population to Aflatoxins

Consumption

Country Data

France National survey
France National survey
Greece

Spain Catalonian survey
Sweden National survey

The Netherlands National survey

aMean value 95th percentile.
bEcological infants’ cereals.
“Conventional infants’ cereals.

Survey Methodology

7-day dietary record

5-day dietary record

7-day dietary record

Assumption

FFQ

Dietary questionnaire

Duplicate diet

Population Group
Children

Adults
Ovolactovegetarians
Lactovegetarians
Vegans/macrobiotics
Children

Adults

Children
Adolescents

Adults

Children

Adults male

Adults female

Infants®
Infants©

Adults
Children

Exposure LB-UB
(ng/kg bw/day)

0.323-0.888°
0.117-0.345¢
0.6-1.6%

0.4-0.92

0.9-2.1
0.001-0.39 (AFBT)
0.002-0.22 (AFBT)
0.04-10.75
0.03-6.6
0.02-3.07
0.106-0.337
0.135-0.532¢
0.078-0.299°

0.17-37.47
0.12-29.6 (AFBT)

0.08-0.94
0.01-0.62 (AFBT)

0.760-2.100

0.02-0.44

References

50

86

87

88

89

89

90
91
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TABLE 3 Exposure Assessment of European Population to Aflatoxin M1

Consumption

Country Data

France National survey
Ireland National survey
Portugal

Spain

aMean value.

bMean value 95th percentile.

pg/kg bw/day.
dng/kg bw/week.

Survey Methodology

7-day dietary record

5-day dietary record

7-day estimated food
records

7-day weighting food
records

Population Group
Children

Adults
Ovolactovegetarians
Lactovegetarians

Adults male
Adults female

Adults
Infants, starter formula
Infants, follow-up formula

Infants, toddler formula

Exposure LB-UB
(ng/kg bw/day)

0.054¢

0.03?
0.1-0.2°
0.1-0.3P
8.62-212.6¢

9.3-238bc

0.08
0.56-2.654
0.67-3.354

1.01-2.814

References

86

50

92

93
94
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with 0.14ng/kg bw/day corresponding to the estimated daily intake of an adult
exposed to a contaminated milk at maximum level (0.05 pg/kg) with a consump-
tion of 200 g/day milk.

Ochratoxin A

Because the tolerable OTA intake set by EFSA*3 is expressed as weekly intake,
the value was divided by 7 with the aim of comparing the tolerable value with
assessed exposures reported in Table 4. Whatever the hypothesis (LB or UB),
none of the exposure scenarios exceeded the tolerable intake. However, children
always account for the highest exposure because of the strong influence of bw
on exposure calculation with respect to consumption value.

Fumonisins

Estimation of dietary intake has been also focused on vulnerable groups. Par-
ticular attention was devoted to children, vegetarians, and subgroups of popula-
tion, with a warning about possible higher exposure owing to an unfavorable
bw—intake ratio, dietary habits, or pathologies. Table 5 reports the results of
some articles assessing the exposure of vegetarians and celiac patients. Accord-
ing to the First French Total Diet Study,’” vegetarians have higher exposure
values than other adults, but exposure assessed for infants and children are
even higher when comparing both with non-vegetarian adults and vegetarian
adults. Regarding the exposure assessment calculated for celiac patients, results
reported in the Spanish article!” are the lowest compared with exposure values
reported for other groups of population investigated. Conversely, in the report of
Dall’ Asta et al.,”! the data showed significantly higher intake in celiac patients
(0.39 pg/kg bw/day) compared with the control group (0.03 ug/kg bw/day).

Zearalenone

Consistent with EFSA Scientific Opinion, chronic dietary exposure to zearale-
none based on the data in Table 6 is below or in the region of the TDI for all age
groups and does not seem to be considered a health concern. An exception is
dietary exposure for vegans and macrobiotic eaters in France,’” where zearale-
none dietary exposure was higher in younger consumers than in adults. Dietary
exposure levels decreased with increasing age as a consequence of the higher
intake of food per kilogram bw in these age groups.

Trichothecenes (DON, T-2 and HT-2, and NIV)

Table 7 sums up results of the most recent exposure assessments on trichothe-
cenes. In general, for all toxins, exposure values for children were highest for all
reported countries, because bw has a strong influence on exposure calculations.



TABLE 4 Exposure Assessment of European Population to Ochratoxin A

Country

France

France

Greece

Italy

Spain

Sweden

The Netherlands

aMean value 95th percentile.

bCocoa and chocolate, weekly intake, consumers only.

“Mean value
dStochastic approach.

Consumption Data

National survey

National survey

Not available

National survey

Catalonian survey

National survey

National survey

Survey
Methodology

7-day dietary record

7-day dietary record

3-day dietary record

FFQ

Dietary questionnaire

Duplicate diet

Population
Group

Children
Adults
Children
Adults
Children
Adolescents
Adults
Children
Adolescents
Adults
Infants
Children
Adolescents
Adults
Children
Adults
Children

Exposure LB-UB
(ng/kg bw/day)

4.07-7.772
2.16-3.63°
0.23-2.82
0.28-1.92
0.03-2.17
0.02-1.74
0.01-1.24
1.16-2.420
0.56-1.00°
0.28-0.37°
0.28-7.234
0.09-0.98¢
0.14-0.68¢
0.37-1.31d
1.4-2.6°
1.2-1.94

4.1¢

References

50

86

87

95

96

90

91
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TABLE 5 Exposure Assessment of European Population to Fumonisins

Country

France

France

Italy

Italy

Consumption
Data

National survey

National survey

National survey

Survey
Methodology

7-day dietary record

7-day dietary record

3-day dietary record

7-day dietary record

Population
Group

Children

Adults

Children

Adults
Ovolactovegetarians
Lactovegetarians
Vegans/macrobiotic
Children
Adolescents

Adults

Elderly

Celiac sufferers

Adults

Exposure LB-UB
(ng/kg bw/day)

15-44.6 (FB1)
6.48-30.4 (FB2)

7.45-29.1 (FB1) 2.44-15.89
(FB2)

46-75P
14-64>
40-100P
50-120°
30-90°
348-582°
88-1192
55-782
34467
0.39¢f
0.03¢f

References

86

50

97

51
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TABLE 6 Exposure Assessment of European Population to Zearalenone

Country
Austria
Belgium
Finland

France

Italy

Norway

Consumption Data
National survey
National survey
National survey

National survey

National survey

National survey

Survey
Methodology

24-h recall
24-h recall
24-h recall

7-day dietary record

3-day dietary record

FFQ

Population Group
Adults

Adults

Adults

Children

Adults
Ovolactovegetarians
Lactovegetarians
Vegans/macrobiotic
Children

Teenagers

Adults

Elderly

Adults male

Adults female

Exposure LB-UB
(ng/kg bw/day)

28-116
37-45
27-36
66-1322
33-70°
50-1102
60-1202
200-5702
22-237b
16-173P
12-117b
12-111b
8-19
7-17

References
9

100

99

50

97

99
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TABLE 7 Exposure Assessment of European Population to Trichothecenes (DON, T-2 and HT-2 toxins, and NIV)

Exposure LB-UB
Country Consumption Data Survey Methodology Population Group (ng/kg bw/day) References

Deoxynivalenol

Belgium National survey 2-day dietary record Adults 0.035-0.091 100
France National survey 7-day dietary record Children 451-929? 50
Adults 281-572
5-day dietary record Ovolactovegetarians 360-720?
Lactovegetarians 320-830°
Vegans/macrobiotics 410-960°
France National survey 7-day dietary record Children 544-1029° 86
Adults 373-7222
Ireland IUNA survey Adults male 681-13,580°¢ 92
Adults female 651-13,834 bc
Spain Catalonian survey Infants 0.90-3.57 102
Children 0.68-2.49
Adolescents 0.43-1.46
Adults male 0.37-1.18
Adults female 0.56-1.84
Elderly 0.280-1.08
Ethnics 0.96-3.82

Celiac patients 0.15-0.64

sajoqelow pue 13ung 1] | L4Vd 0ST



T-2 HT-2 toxins

Belgium National survey
France National survey
Spain Catalonian survey
Spain National survey
Nivalenol

Austria

Denmark

Finland National survey
France National survey

7-day dietary record

FFQ

24-h recall
Food record

Food record

7-day dietary record

Adults

Children

Adults
Children
Adolescents
Adults male
Adults female
Infants
Children
Adults

All population

All population
Adults male

Adults female
Children

Adults
Ovolactovegetarians
Lactovegetarians

Vegans/microbiotics

0.017-0.030
0.0258%¢

4.00-38 (T-2)*
10.5-53.1 (HT-2)2
0.11-1.92 (T-2)?

0.07-1.82 (HT-2)?
0.041-0.0914
0.029-0.055¢
0.018-0.036¢
0.034-0.0414
79.292¢
76.54%¢
8.64%¢

(ng/kg bw/day)
78-274

30-72

24-51

22-44
163-300°¢
88-157¢
120-230°
120-190
210-420

100

86

103

104

99
99
105

50

Continued
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TABLE 7 Exposure Assessment of European Population to Trichothecenes (DON, T-2 and HT-2 toxins, and NIV)—cont’d

Country Consumption Data

Norway National survey

Sweden

United National survey
Kingdom

ang/kg bw/day.

bpg/kg bw/day.

“Mean value 95th percentile.
dStochastic approach.
¢Mean value.

Survey Methodology

Food record

Food record

Food record

Population Group

Infants
Children
Adolescents
Adults

All population
Toddler

Children
Adolescents
Adults male
Adults female
Elderly male

Elderly female

Exposure LB-UB

(ug/kg bw/day)
46-92

12-63

8-16

7-14

70-140

64¢

64°
34¢
25¢
17¢
27¢
21¢

References

106

107
99
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Focusing on the exposure assessment for DON, even if the lower bound
values are always lower than the TDI (1 pg/kg bw/day), the upper bound values
often exceed this value, especially for children. This scenario suggests that the
children’s exposure to DON should be kept under observation.

Emerging Mycotoxins

In addition to the major mycotoxins, a considerable number of minor toxins
(emerging mycotoxins) are known to be naturally produced by molds. For many
of them, information is limited regarding outbreaks of disease or experimental
data, and evaluation of their possible negative impact on human or animal health,
and data on their occurrence in food and feed.”> However, the EFSA published
a Scientific Opinion for some of them, such as ergot alkaloids (EAs),”? citri-
nin,>* and Alternaria toxins.>>

The Scientific Opinion on EAs was published by the EFSA on 2012.3 The
EFSA based its risk assessment on the main Claviceps purpurea EAs, namely
ergometrine, ergotamine, ergosine, ergocristine, ergocryptine (which is a mix-
ture of a- and f-isomers), ergocornine, and the corresponding —inine epimers.
The highest chronic exposure to EAs was estimated in children for all of the
reported countries. However, for the highest exposure value reported for chil-
dren in Denmark (0.075-0.170 pg/kg bw/day), results were about 3.5 times
lower than the TDI value, set by EFSA at 0.6 ug/kg bw/day.”?

The children’s age group showed the highest exposure level to citrinin, as
well. The EFSA Scientific Opinion®* reported an LB and UB exposure range of
9.2-23.3 pug/kg bw/day for Swedish children as the highest value. Although the
CONTAM Panel concluded that the derivation of a TDI is not appropriate, the
exposure-assessed values are to be considered safe.*

Regarding Alternaria toxins, a limited amount of data are available for the
purpose of assessing exposure. Moreover, regarding existing data on occur-
rence, samples reported to be lower than LoD/LoQ ranged between 87% and
100% depending on the toxin. However, the EFSA reported exposure scenarios
for alternariol, alternariol methyl ether, tenuazonic acid (TeA), and tentoxin.
The assessment was made only for an adult population and the highest values
were reported for TeA, for which the mean chronic exposure ranged from 36
to 141 ng/kg bw/day; the lowest exposure estimates were reported for tentoxin,
ranging from 0.01 to 7ng/kg bw/day (EFSA, 2011).53

CONCLUSION AND FUTURE NEEDS

There is a need to obtain reliable results on exposure assessments. Typical
uncertainties derive from errors in the performance of sampling procedures
or from using an incomplete or improper consumption database or of non-
accredited analytical methods, or for misusing deterministic approaches for
exposure assessment studies.
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This chapter presented the most recent data available in the literature on
exposure assessment to mycotoxins from the European population. For all com-
binations of matrix/mycotoxin, the most challenging situations were for a broad
consumer group such as infants, toddlers, and children owing to the unfavorable
ratio intake per body weight.

As concerns children, this aspect assumes even more relevance when it is
considered that their dietary habits usually are the same as those of the adults in
terms of both amount and type. In fact, it is known that existing legal maximum
limits were set only for food for adults, with no consideration for children who
usually consume the same foods.

Another highly ignored aspect regarding risk related to exposure assess-
ment is the consideration of a toxicological threshold derived from the potential
cumulative presence of more mycotoxins in a food. As is known, the concomi-
tant presence of mycotoxins in a food product can lead to additive or even syner-
gistic effects, and in chronic exposures this issue becomes very relevant for the
acquisition of information on possible sources of risk to human health.

More attention should be paid to the performance of TIS in which all sources
of contamination are contemporary, taking into account an evaluation of expo-
sure of xenobiotics such as mycotoxins to a human population.

In fact, these toxic compounds can be present in houses where poor envi-
ronmental conditions are present, or in airborne particulates, especially in risky
workplaces such as cereal storage centers and mills, or even in specific prod-
ucts such as organic and whole foods that, in providing a certain benefit for
human health, can pose a risk as potentially affected by higher contamination
of mycotoxins.

A final consideration is that, regarding the toxic nature of mycotoxins and
relevant information on toxicity mechanisms derived from studies on animals,
the correlation between human pathologies and the etiological role of mycotox-
ins is still far from known.

For all of the issues, at the highest level of authorities in food safety, further
effort should be encouraged to obtain the information necessary to fill in existing
gaps, especially to carry out preventive actions from the prenatal period onward.
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Mycotoxins as Food Carcinogens
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MYCOTOXINS CONTAMINATING FOOD

Food is an important source of exposure to different intentionally added food ingre-
dients or additives and also to unintentionally added substances such as abiotic
and biotic contaminants. Among substances that can be found in different food-
stuffs and processed foods, chemicals are a source of health concern. In general,
chemicals that appear in food can be naturally occurring substances (mycotoxins,
marine biotoxins or some metals) or substances from anthropogenic sources such
as industrial activities (polychlorinated biphenyls and dioxins), food processing
methods (polycyclic aromatic hydrocarbons, acrylamide, or additives), or agri-
cultural and animal production practices (pesticides or veterinary drug residues).

Mycotoxins are an important group of naturally occurring substances that
contaminate a huge variety of raw materials, feed, and food commodities.
These toxins are secondary metabolites produced mainly by different species
of Aspergillus, Penicillium, Fusarium, Claviceps, and Alternaria genus.! The
most relevant groups of mycotoxins found in food are produced by the following
five fungal genera: aflatoxins (AFs), produced by Aspergillus species; ochratoxin
A (OTA), produced by both Aspergillus and Penicillium; trichothecenes (type
A: HT-2 and T-2 toxin; and type B: deoxynivalenol), zearalenone, fumonisins
B1 and B2, and the emerging mycotoxins (fusaproliferin, moniliformin, beau-
vericin, and enniatins) produced mainly by Fusarium species; and ergot alka-
loids produced by Claviceps.” These fungi can contaminate raw materials or
processed foods throughout the entire food chain. The main contaminated prod-
ucts are cereals and cereal-based foods, feed, dried fruits, fruit and vegetables,
juices and wine, herbs and spices, nuts and seeds, coffee, and cocoa. More-
over, some mycotoxins or their metabolites have been found in animal products
such as meat and milk. In the annual report of the Rapid Alert System for Food
and Feed,? aflatoxins were the primary mycotoxins associated with the notifica-
tions, followed by OTA, deoxynivalenol, fumonisins, and zearalenone. Nuts, nut
products and seeds, fruits and vegetables, feed, herbs and spices, cereals, and
bakery products were the most affected categories.

Environmental Mycology in Public Health. http://dx.doi.org/10.1016/B978-0-12-411471-5.00017-X
Copyright © 2016 Elsevier Inc. All rights reserved. 261
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Mycotoxins and the diseases caused by them were relatively obscure in the
scientific literature until the discovery of aflatoxin in the early 1960s, when
outbreaks of mass mortality in turkeys in the United Kingdom were linked to
the ingestion of imported Brazil nut meal containing mycelium of a toxic mold,
Aspergillus flavus, which was later shown to produce the aflatoxins.* Since
then, there has been growing interest in research related to them, which has
resulted in an increase in the number of publications regarding mycological,
chemical, toxicological, and epidemiological aspects of mycotoxins. Thus, the
possibility of foods being contaminated by mycotoxins was known early on; as
a consequence, countries across the world have implemented control measures
directed to specific mycotoxins in foodstuffs, particularly grains and oil seeds.

Acute toxic effects are easier to detect and therefore to prevent than are
chronic effects because in general, symptoms appear in a short period after con-
sumption of the contaminated food commodities. This, together with the fact
that acute intoxications are usually produced by a relatively higher concentra-
tion of the chemical than chronic intoxication, facilitates tracing to the source
of exposure. However, a current health concern in our society is determination
of the etiology of degenerative or chronic diseases such as cancer. Because food
is consumed daily over our lifespan, there is a need to identify and control all
chemicals that appear at high or low doses in food, intentionally or unintention-
ally. Indeed, carcinogenic or potential carcinogenic effects of chemicals present
in food are one of the main toxicological priorities worldwide.> Public health
authorities and other governmental/international agencies such as the World
Health Organization (WHO), Food Agriculture Organization (FAO), Food and
Drug Administration (FDA), the European Food Safety Authority (EFSA), the
International Agency for Research on Cancer (IARC), and others are paying
deep attention to this.

In this respect, for many years toxicology has proved scientific background
to decision makers who regulate food safety. The field of food toxicology has
always focused on an analysis of the presence of genotoxic/mutagenic or car-
cinogenic substances in raw materials and food commodities. Moreover, past
decades, there has been increased interest in assessing chemicals based on
their mode of action® rather than using the traditional approach of adverse end
points. In the case of carcinogens this is especially relevant, because different
approaches are recommended for different modes of action. Non-genotoxic car-
cinogens are compounds that produce cancer but without reacting directly with
DNA; they may affect other biological processes involved in spindle function
and organization, inhibition of topoisomerases, stimulation of cell prolifera-
tion, inhibition of apoptosis, immune suppression, endocrine disruption, and
many more.” These processes are considered to have a biological threshold in
their dose-response relationships, and thus health-based guidance values (such
as tolerable/acceptable daily/weekly/monthly intakes) are derived for these
non-genotoxic carcinogens.® For genotoxic carcinogens (DNA-reactive com-
pounds), a non-threshold mechanism has traditionally been assumed, and thus
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precautionary principles are used for risk management.’ In the specific case
of chemicals causing DNA damage but through indirect mechanisms (such as
radical oxygen species production), the consensus is that a practical threshold
may also exist.’

Mycotoxins have a huge range of miscellaneous acute and chronic toxic
effects in farm animals and humans. A wide range of toxic effects from gas-
trointestinal, immune, estrogenic, nervous, liver, or kidney disorders, and
genotoxic, teratogenic, and cancerogenic properties have been described (for
a general review, see Marin et al.?). Mycotoxins (or groups of mycotoxins)
appearing in food, whose toxicity has been considered relevant to animal or
human health, have been regulated through legislation limiting their levels in
food. Many countries have adopted regulations to limit mycotoxin exposure.
Their presence is related to the effect they might have on consumer health, but
they may also have an impact on world trade.? Ideally, regulation should be
implemented after the application of a risk assessment procedure that needs
both toxicity information and exposure data. In past years, analytical techniques
have improved considerably, reaching lower detection and quantification levels
in food matrices. In consequence, there is increasing information regarding the
presence of some mycotoxins in food.

In this chapter, information is compiled regarding safe exposure levels in
humans to different mycotoxins and maximum permitted concentrations in
food matrices. The review is limited to the European scenario, which is under
the scope of the EFSA, which provides independent scientific advice and clear
communication about existing and emerging risks. With respect to regulations
limiting the level of mycotoxins in food, only European legislation has been
taken into account. Regarding toxic effects, the focus is on carcinogenic aspects
and the different modes of action. Special attention is given to evaluations per-
formed by the IARC and the National Toxicology Program (NTP), two of the
main organizations evaluating the carcinogenic effects of chemicals (not only
food contaminants), which provide relevant data for food risk assessment per-
formed by other international bodies such as the WHO, the EFSA, the FDA, and
Health Canada. Finally, two well-studied mycotoxins (aflatoxin B1 (AFB1) and
OTA) are reviewed from the point of view of carcinogenicity. AFB1 is a well-
known human carcinogen with a clear genotoxic mechanism, whereas OTA is
one of the most potent rat nephrocarcinogens, but with an unknown mode of
action and insufficient human epidemiological data.

TOLERABLE DAILY INTAKES AND MAXIMUM LEVELS IN
FOODSTUFFS

For most kinds of toxicity, it is generally believed that there is a dose below
which no adverse effect will occur. Threshold doses (no observed adverse effect
level (NOAEL), lowest observed effect level (LOEL), etc.) can be experimentally
determined under controlled conditions; these values are reference doses used
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TABLE 1 Tolerable Daily Intakes

Mycotoxins Tolerable Daily Intakes References/year
Ochratoxin A TWI: 120 ng/kg bw 2006'"

Patulin PMTDI: 0.4 ug/kg bw 2000'*
Deoxynivalenol TDI: 1 pg/kg bw 192815
Fumonisins TDI: 2 pg/kg bw 2000'°, 20037
Zearalenone TDI: 0.25 pg/kg bw 201118

T2 and HT-2 TDI: 0.1 pg/kg bw 2001 12

Nivalenol TDI: 1.2 pg/kg bw 20131

Ergot alkaloids TDI: 0.6 pg/kg bw 2012%?

ARf dose: 1 pg/kg bw

TWI: tolerable weekly intake; PMTDI: provisional maximum tolerable daily intake; TDI: tolerable
daily intake; ARf: acute reference dose; bw: body weight.

to estimate tolerable daily intakes (TDIs). The TDI is an estimate of the amount
of a substance in air, food, or drinking water that can be taken daily over a life-
time without appreciable health risk. TDIs are calculated on the basis of labora-
tory toxicity data to which uncertainty factors are applied. They are normally
used for food contaminants, substances that do not have a reason to be found
in food (as opposed to substances that do, such as additives, pesticide residues,
or veterinary drugs in foods). A summary of TDIs for different mycotoxins is
presented in Table 1. On the contrary, for genotoxic carcinogens such as AFB1,
the principle of “as low as reasonably achievable” (ALARA) is applied because
it is assumed that genotoxicity is a non-threshold effect. For this reason, a TDI
has not been estimated for aflatoxins.

The EU Scientific Committee for Food clearly expressed in its opinion on
September 23, 1994, that aflatoxins are genotoxic carcinogens,'? and conse-
quently exposure to aflatoxins from all sources should be as low as reasonably
anticipated. Therefore, to achieve this aim, regulation has been implemented at
the European level that limits the total aflatoxin content (sum of aflatoxins B1,
B2, G1, and G2) as well as the AFB1 content alone, because AFB1 is by far the
most toxic compound. A summary of the maximum levels of aflatoxins and the
metabolite found in milk, AFM1, permitted in different foodstuffs is presented
in Table 2.

Regarding OTA, the last updated EFSA Scientific Opinion derived a
tolerable weekly intake (TWI) of 120ng/kg body weight (bw)!! (Table 1).
Based on the former and on information about human exposure to OTA by
the European population of European Union (EU) member states,'”> maxi-
mum levels of OTA were set in cereals, cereal products, dried vine fruit,
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TABLE 2 Maximum Levels of Mycotoxins Permitted in Foodstuffs
(References are Shown in Parentheses)

Foodstuffs Maximum Levels (pg/kg)
Aflatoxins(152-155) B1 B1+B2+G1+G2 M1
Groundnuts; almonds, pistachios, and 2-12 4-15 -

apricot kernels; hazelnuts and Brazil
nuts; and other tree nuts

Dried fruit other than dried figs 2-5 4-10 -
Dried figs 6 10

Raw milk, heat-treated milk, and milk - - 0.050
for the manufacture of milk-based

products

Maize and rice 5 10 -
Cereals and all products derived from 2 4 -
cereals, including processed cereal

products

Processed cereal-based foods and baby 0.1 - -

foods for infants and young children

Infant formulas and follow-on formulas, - - 0.025
including infant milk and follow-on milk

Dietary foods for special medical purposes 0.1 - 0.025
intended specifically for infants

Spices 5 10
Ochratoxin A(153/156,157)

Cereals and all products derived 3
from unprocessed cereals, including
processed cereal products and cereals
intended for direct human consumption

Processed cereal-based foods and baby 0.50
foods for infants and young children

Dietary foods for special medical purposes

intended specifically for infants

Wine and grape juice and other related 2
products

Dried vine fruit (currants, raisins, and 10
sultanas)

Roasted coffee beans and ground roasted 5

coffee, excluding soluble coffee)

Soluble coffee (instant coffee) 10

Continued
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TABLE 2 Maximum Levels of Mycotoxins Permitted in Foodstuffs
(References are Shown in Parentheses)—cont’d

Ochratoxin A(153/156,157)

Spices, including dried spices 15-30
Wheat gluten not sold directly to the 8
consumer

Licorice root and extract 20-80

Patulin(59

Fruit juices, concentrated fruit juices as 50
reconstituted, and fruit nectars

Spirit drinks, cider, and other fermented

drinks derived from apples or containing

apple juice

Solid apple products, including apple 25
compote and apple puree intended for

direct consumption, with the exception

of foodstuffs listed below

Apple juice and solid apple products, 10
including apple compote and apple

puree, for infants and young children

and labeled and sold as such

Baby foods other than processed

cereal-based foods for infants and young
children

Deoxynivalenol153/158)

Cereals 750-1750
Processed cereal-based foods and 200

baby foods for infants and young

children

Pasta (dry) 750
Bread (including small bakery wares), 500

pastries, biscuits, cereal snacks, and
breakfast cereals

Zearalenone('53159)

Cereals 75-350
Refined maize oil 400
Processed cereal-based foods and baby 20

foods for infants and young children
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TABLE 2 Maximum Levels of Mycotoxins Permitted in Foodstuffs
(References are Shown in Parentheses) —cont’d

Fumonisind(153,158) Sums of B1+B2
Maize 10004000
Maize-based breakfast cereals and 800

maize-base

Processed maize-based foods and baby 200
foods for infants and young children

roasted coffee, wine, grape juice, spices, licorice, wheat gluten, and foods for
infants and young children, all of which contribute significantly to general
human exposure to OTA or to the exposure of vulnerable groups of consum-
ers such as children (Table 2).

With respect to patulin, the Scientific Committee for Food (SCF) endorsed
the provisional maximum tolerable daily intake (PMTDI) of 0.4 ug/kg bw!'3
(Table 1). In 2001, a SCOOQP task, “Assessment of the dietary intake of patulin
by the population of EU Member States” in the framework of Directive 93/5/
EEC was performed.'# Based on this assessment and taking into account the
PMTDI, maximum levels for patulin were set for fruit juices, spirit drinks, cider
and other fermented drinks derived from apples, solid apple products, and some
foods derived from apple for infants and young children (Table 2).

Regarding Fusarium toxins, the SCF and the EFSA CONTAM Panel adopted
several opinions evaluating deoxynivalenol!> establishing a TDI of 1 ug/kg bw,
fumonisins'®!7 (TDI of 2 ug/kg bw), zearalenone'® (TDI of 0.25 pg/kg bw), niva-
lenol'” (TDI of 1.2 ug/kg bw) and T-2 and HT-2 toxins® (TDI of 100ng/kg bw
for the sum of T-2 and HT-2 toxins) (Table 1). In the framework of Directive 93/5/
EEC, SCOOQOP task “Collection of occurrence data on Fusarium toxins in food
and assessment of dietary intake by the population of EU member states” was
performed.?! Based on that assessment and taking into account the TDIs, maxi-
mum levels for Fusarium toxins were set in 2006 and reviewed in 2007 (Table 2).

In Europe, Claviceps purpurea is the most widespread species producing
ergot alkaloids including ergometrine, ergotamine, ergosine, ergocristine, ergo-
cryptine (which is a mixture of a- and p-isomers), ergocornine, and the corre-
sponding -inine epimers.?? The most characteristic effect is vasoconstriction. The
EFSA CONTAM Panel performed estimates of both chronic and acute exposure
for various age groups across European countries and established a group acute
reference dose (ARf) of 1 pg/kg bw and a group TDI of 0.6 pg/kg bw/day (Table 1).
Available data do not indicate concern for any population subgroup, but the
dietary exposure estimates relate to a limited number of food groups, and a pos-
sible unknown contribution from other foods cannot be discounted.”



268 PART | Il Fungi and Metabolites

CARCINOGENIC RISK TO HUMANS: IARC AND NTP
CLASSIFICATIONS

From the point of view of public health, mycotoxins with demonstrated evi-
dence of being causal agents of human cancer have the highest priority so as to
protect the human population. Several mycotoxins have been evaluated by the
IARC and the NTP, two main international organisms that prepare scientific
documents identifying substances or circumstances of exposure that pose or
may pose a cancer risk to humans.

Since the 1970s, the WHO IARC has identified environmental factors that
can increase the risk of human cancer. These include chemicals, complex mix-
tures, occupational exposure, physical agents, biological agents, and lifestyle
factors. The information is obtained from studies of cancer in humans, stud-
ies of cancer in experimental animals, and mechanistic and other relevant data.
The results (critical reviews and evaluations of evidence on carcinogenicity) are
published in the JARC Monographs on the Evaluation of the Carcinogenic Risks
to Humans. Agents are selected for review on the basis of two main criteria: (1)
there is evidence of human exposure and (2) there is some evidence or suspi-
cion of carcinogenicity.”? National and international health agencies can use
this information as scientific support for actions to prevent exposure to potential
carcinogens.

The TARC classifies five different groups, depending on the strength of evi-
dence for carcinogenicity in humans and experimental animals, using standard
terms. Mechanistic and other relevant data are also taken into account. The clas-
sification system and number of agents classified in each group up to 2013 are*:

Group 1: Carcinogenic to humans (113 agents)

Group 2A: Probably carcinogenic to humans (66 agents)

Group 2B: Possibly carcinogenic to humans (285 agents)

Group 3: Not classifiable as to its carcinogenicity to humans (505 agents)
Group 4: Probably not carcinogenic to humans (1 agent)

According to the IARC, Group 1 classification is used when there is suf-
ficient evidence of carcinogenicity in humans. As an exception, an agent may
be placed in this category when evidence of carcinogenicity in humans is less
than sufficient but there is sufficient evidence of carcinogenicity in experimen-
tal animals and strong evidence in exposed humans that the agent acts through
a relevant mechanism of carcinogenicity.?’

Group 2 includes agents for which, at one extreme, the degree of evi-
dence of carcinogenicity in humans is almost sufficient, as well as those for
which, at the other extreme, there are no human data but for which there is
evidence of carcinogenicity in experimental animals. Agents are assigned to
either Group 2A (probably carcinogenic to humans) or Group 2B (possibly car-
cinogenic to humans) on the basis of epidemiological and experimental evi-
dence of carcinogenicity and mechanistic and other relevant data. The terms
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“probably carcinogenic” and “possibly carcinogenic” have no quantitative sig-
nificance and are used simply as descriptors of different levels of evidence of
human carcinogenicity, with “probably carcinogenic” signifying a higher level
of evidence than “possibly carcinogenic.”??

Group 3 is used most commonly for agents for which evidence of carci-
nogenicity is inadequate in humans and inadequate or limited in experimental
animals. Category 4 is used for agents for which there is evidence suggesting a
lack of carcinogenicity in humans and in experimental animals.??

Every 2years the NTP prepares a Report on Carcinogens (RoC), a congres-
sionally mandated, science-based document prepared for the Secretary of the
United States (US) Department of Health and Human Services. It should be
taken into account that the RoC lists only substances to which a significant
number of people living in the US are exposed. The RoC classifies the sub-
stances into two categories:

1. Known to be a human carcinogen: When there is sufficient evidence of car-
cinogenicity from human studies that indicates a causal relationship between
exposure to the agent (or mixture) and human cancer. In the 13th RoC, the
latest edition, 56 substances have been listed in this category.?

2. Reasonably anticipated to be a human carcinogen: This category includes
substances for which there is limited evidence of cancer in humans or suffi-
cient evidence of cancer in experimental animals showing a cause-and-effect
relationship between exposure to the substance and cancer. Alternatively, a
substance can be listed in this category if there is evidence that it is a mem-
ber of a class of substances already listed in the RoC or causes biological
effects known to lead to the development of cancer. In the 13th edition of the
RoC, 187 substances were listed in this category.?’

Neither the RoC nor the IARC monographs program performs cancer risk
assessment of the substances evaluated. They indicate only the potential hazard
and do not establish the exposure condition that would pose cancer risks to
individuals in their daily lives. Such formal risks, as well the establishment of
different measures to reduce human exposure to carcinogens, are performed
by the appropriate international and national health and research agencies.?
Moreover, evaluation of a compound by any of these organizations does not
necessarily mean that the substance is carcinogenic for humans; and vice versa,
because a substance has not yet been considered for evaluation does not imply
that it is noncarcinogenic.??

Mycotoxins Evaluated by IARC and NTP

Table 3 classifies several mycotoxins appearing in food commodities that have
been evaluated to date by the IARC and the NTP. Only two mycotoxins are
included in the 13th RoC: aflatoxins, as a “known human carcinogen,” and OTA,
considered “reasonably anticipated to be a human carcinogen.” With respect to



TABLE 3 Mycotoxins Evaluated by the IARC or NTP (for Each Evaluation, Volume and Year of Publication are Given)

CAS IARC IARC NTP Classification
Mycotoxins Number Classification Monograph (NTP, 2014)*
Aflatoxins® 001402-68-2 1 100F, 201233 Known to be human
carcinogen
Aflatoxin M1 001402-68-2 2B 56, 1993°!
Ochratoxin AP 000303-47-9 2B 56, 1993°! Reasonably anticipated

to be human carcinogen

Toxins derived from Fusarium graminearum, 3 56, 199331
Fusarium culmorum, and Fusarium

crookwellense: zearalenone, deoxynivalenol,

nivalenol, and fusarenone X¢

Toxins derived from Fusarium 3 56, 1993°1
sporotrichioides: T-2 toxind

Toxins derived from Fusarium moniliforme: 2B 56, 199331
fumonisin B1, fumonisin B2, and fusarin C

Fumonisin B1 116355-83-0 2B 82, 20023
Sterigmatocystin® 010048-13-2 2B 10, 1976; Suppl. 7, 1987%°
Penicillic acid 000090-65-3 3 10, 1976°7; Suppl. 7, 1987%°
Citrinin 000518-75-2 3 40, 1986%%; Suppl. 7, 198779
Patulin 000149-29-1 3 40, 1986%%; Suppl. 7, 198779

2Aflatoxins previous evaluations: Vol. 1 (IARC, 1972),°° Vol. 10 (IARC, 1976),%” Suppl. 7 (IARC, 1987)*? superseded by Vol. 56 (IARC, 1993) and Vol. 82 (IARC, 2002).
bOchratoxin A previous evaluations: Vol. 10 (IARC, 1976)?7; Vol. 31 (IARC, 1983)°; Suppl. 7 (IARC, 1987)? superseded by Vol. 56 (IARC, 1993).

Toxins derived from F. graminearum, F. culmorum, and F. crookwellense previous evaluations. Vol. 11 (IARC, 1976)%°; Vol, 31 (IARC, 1983)°°; Suppl. 7 (IARC, 1987).>°
dToxins derived from Fusarium sporotrichioides previous evaluations Vol. 31 (IARC, 1983)°; Suppl. 7 (IARC, 1987).%

eSterigmatocystin previous evaluations: Vol. 1 (IARC, 1972).°°

TPatulin previous evaluations: Vol. 10 (IARC, 1976)%7.
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the IARC, aflatoxins are also considered human carcinogens (Class 1) and OTA
is “probably carcinogenic to humans” (Class 2B). In addition, a long list of
mycotoxins has been evaluated since 1972, although for a great proportion of
them the last revision was carried out before 1987. In the case of several revi-
sions and monographs, only the last IARC classification is indicated, together
with a reference of the last monograph that has evaluated the mycotoxin or
group of toxins (Table 3). Previous evaluations are indicated at the bottom of the
table. From the point of view of carcinogenic classification, the most dangerous
mycotoxin known to date is aflatoxin, in particular AFB1.

The first volume of TARC monographs on the evaluation of carcinogens,?®
which reviewed evidence from 19 known or suspected human carcinogens,
included two mycotoxins or groups of toxins: aflatoxins and sterigmatocystin.
At that time, chemicals with experimental evidence of carcinogenicity and/or
evidence of human exposure had priority in the evaluation. There was evidence
of carcinogenicity in animals for both mycotoxins. In the case of aflatoxins,
there was considerable evidence of food contamination and some records of
increased frequency of liver cancer in some human populations that consumed
diets contaminated with aflatoxins. However, no causal relationship had yet
been established. In the case of sterigmatocystin, surveys of human foods did
not produce evidence of human exposure. Moreover, at that time, AFM1, an
in vivo AFB1 metabolite, was considered carcinogenic for rainbow trout and,
although its carcinogenicity in rats had not yet been evaluated, it was shown to
be equally toxic as AFBI1 in rats in other toxicological studies.

In an IARC Volume 10,?7 aflatoxins and sterigmatocystin were reevaluated and
OTA, patulin, and penicillic acid were reviewed for the first time; cyclochloro-
thine and luteoskyrin were included in this monograph. All of them were fungal
metabolites not produced for commercial purposes and susceptible to contami-
nating foodstuffs. In IARC Volume 40, patulin was reevaluated and citrinin
and rugulosin were evaluated for the first time. Evaluations of these mycotoxins
and other compounds were revised in 19872° and aflatoxins were considered
human carcinogens (Group 1) whereas sterigmatocystin was included in Group
2B of possibly carcinogenicity to humans, and citrinin, OTA, patulin, penicillic
acid, cyclochlorothine, luteoskyrin, and rugulosin were considered not classifi-
able as to their carcinogenicity to humans (Group 3). Other fungal metabolites used
mainly as pharmaceutical or veterinary drugs, such as actinomycins, adriamy-
cin, azaserine, chloramphenicol, and griseofulvin, although reviewed by IARC
monographs (mainly in Volume 10?7 and Supplement 7%°) and/or the RoC 13th
edition, will not be discussed. Substances isolated from edible mushrooms,
such as agaritine and gyromitrin (Class 3) (IARC Volume 31,3 Supplement
7%9), will not be commented on in this chapter.

In IARC Volume 56,3! aflatoxins (B1, B2, G1, G2, and M1), OTA, and sev-
eral toxins derived from different species of Fusarium were reviewed. For OTA
this is the last IARC revision, but for aflatoxins there are updates in Volumes
8232 and 100F.*3 The mechanism of carcinogenicity of AFB1 is well known and
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will be described more in depth; there is also strong evidence of food contami-
nation and human exposure.* Regarding OTA, there is evidence of carcinoge-
nicity in rodents but not in humans. Although there has been a great amount of
research in past years, its mechanism of carcinogenicity is debated. There is
evidence of food contamination and human exposure.'!

Regarding Fusarium toxins, the most widely distributed toxigenic Fusarium
species is Fusarium graminearum, which causes disease in wheat and maize
all over the world, except in dry land wheat and subtropical maize. This fun-
gus produces type B triochothecenes deoxynivalenol and nivalenol and zearale-
none, depending on the strain. The closely related species, Fusarium culmorum
and Fusarium crookwellense, produce the same toxins and occur in cooler and
slightly warmer areas, respectively. Fusarium crookwellense and some strains
of F. graminearum also produce type B trichothecene fusarenone X. Toxins pro-
duced by these fungi were not classifiable as to their carcinogenicity to humans
(Group 3) because evidence from human studies was inadequate or did not exist
and evidence in experimental animals was inadequate.’!

Fusarium moniliforme and a number of related species are ubiquitous in
maize. These fungi produce fumonisins and fusarins. Fumonisin B1, B2, and
B3 are the major ones produced in nature. The most prevalent in contaminated
maize is fumonisin B1. Fusarin C is a member of a family of unstable com-
pounds that include fusarins A, B, C, D, E, and F. Toxins derived from F. monili-
forme were classified as possibly carcinogenic to humans (Group 2B) because
there was inadequate evidence in humans for the carcinogenicity of toxins
derived from F. moniliforme but sufficient evidence in experimental animals for
the carcinogenicity of cultures of F. moniliforme that contain significant amount
of mycotoxins. At that time there was limited evidence in experimental animals
of the carcinogenicity of fumonisin B1 and fusarin C, and inadequate evidence
for fumonisin B2.3!

Fusarium sporotrichioides may occur in cereals, particularly in northern
temperate climates. This species produces T-2 toxin, a type A trichothecene,
and other metabolites. Toxins derived from F. sporotrichioides were considered
not classifiable as to their carcinogenicity to humans (Group 3) because no data
were available on the carcinogenicity to humans and there was limited evidence
in experimental animals for the carcinogenicity of T-2 toxin.?!

In Volume 82,32 aflatoxins and fumonisin B1 were evaluated. Fumonisin B1
is the most prevalent member of a family of toxins produced by several species
of Fusarium molds that occur mainly in maize. Fumonisin B1 contamination
of maize has been reported worldwide; human exposure has also been demon-
strated and is greatest in regions where maize products are the dietary staple.
Fumonisin B1 was considered possibly carcinogenic to humans (Group 2B)
because there was inadequate evidence in humans for the carcinogenicity of
fumonisins but sufficient evidence in experimental animals. Fumonisin B1 was
tested for carcinogenicity by oral administration in one study in mice, one study
in male rats, and one study in male and female rats. In female mice, it caused
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an increase in hepatocellular adenomas and carcinomas. In one study in male
rats, it caused an increase in cholangiocarcinomas and hepatocellular carcino-
mas. In the other rat study, it induced renal tubule carcinomas in male rats, over
half of which were classified as a rare highly malignant variant. Fumonisin B1
has also been shown to promote tumors in mouse skin and trout livers when
7,12-dimethylbenz[a]anthracene and AFB1, respectively, were used as tumor
initiators.??

AFLATOXIN B1: GENOTOXIC CARCINOGEN

In general, the word “aflatoxins” involves a mixture of aflatoxins but usually
refers to AFB1. This terminology will be used as well in this section, but where
necessary the specific aflatoxin designation may be used.

Aflatoxins were discovered in the 1960s owing to an outbreak of a disease
of unknown etiology in turkeys in England.?> Since then, many scientific evalu-
ations and publications have focused on this group of mycotoxins. Currently,
aflatoxins are considered well-known human liver carcinogens: the only group
of mycotoxins classified as Group 1 by IARC? and as “known to be human car-
cinogens” by the NTP.?> Indeed, aflatoxins have been considered to be among
the most potent mutagenic and carcinogenic substances known.’° AFBI1 is the
most potent carcinogen of the aflatoxins and the mechanism involved in its car-
cinogenicity is now well understood: genotoxicity from direct interaction of a
reactive metabolite (epoxide) with DNA. Indeed, nowadays AFB1 is used in
many publications with toxicological mechanistic/predictive purposes as a ref-
erence compound for genotoxic and carcinogenic mechanisms.37-3°

Carcinogenicity in Experimental Animals

Several long-term toxicological (carcinogenicity) studies have been performed
with aflatoxins. The main carcinogenicity studies in experimental animals, with
administration of aflatoxin mixtures and AFB1, AFB2, AFG1, and AFG2 or
the metabolite M1 to rats, mice, hamsters, salmon, trout, ducks, tree shrews,
woodchucks, and monkeys, by several routes of exposure, have been exten-
sively reviewed and evaluated by the TARC (1993,3! 2002,3> 20123).

The liver is the main target organ, inducing a high incidence of hepatocel-
lular carcinoma (HCC) in almost all animal species tested to date. Depending
on the route of administration, aflatoxins also caused tumors at several different
tissues sites in several species of experimental animals.”> Some differences in
sensitivity, mainly attributed to differences in aflatoxin-metabolizing enzymes,
between species have been also described.?3

Studies in Mice

Adult mice are considered to be almost completely refractory to AFB1-induced
carcinogenesis after oral administration (1000 pg/kg of diet).3>33 This resistance
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has been attributed to the constitutive hepatic expression of a detoxifying
enzyme (a-class GST: mGSTA3-3) with high affinity for AFB1 8,9-epoxide,
the DNA reactive metabolite of AFB1.#42 However, intraperitoneal administra-
tion of AFB1 to mice increased the incidence of lung adenomas.*>** Some lung
adenocarcinomas have also been detected after oral administration of AFGI
(3 and 30 pg/kg bw for 24 weeks) to NIH mice.*> Sarcomas at the injection site
after subcutaneous injection (10ug of a mixture of aflatoxins) have also been
described in mice.*

In recent years, studies using different transgenic mouse models and different
dosing regimens of intraperitoneal AFB1 administration have been performed.
Treatment of XPA~~ mice (unable to repair DNA damage by the nucleotide
excision repair process),”” Hupki mice (human TP53 knock-in mice)*® and
p53*/~ mice*” with AFB1 resulted in an increased incidence of liver carcinomas
compared with respective wild-type mice.

Studies in Rats

Since the first study that reported the induction of hepatocellular tumors in rats
with certain samples of groundnuts,’® many carcinogenicity studies by various
routes of administration have been performed with mixtures of aflatoxins or
with AFB1, AFB2, AFG1, AFG2, or AFMI.

A huge number of these studies were performed before 1993 and demon-
strated the carcinogenic potency of aflatoxins. These studies have been exten-
sively reviewed by the IARC.?! After oral administration, mixtures of aflatoxins
and AFB1 caused hepatocellular and/or cholangiocellular liver tumors, includ-
ing carcinomas, in rats.’'-%! Moreover, renal-cell tumors and a low incidence of
tumors at other sites were found.®>-%° Intraperitoneal administration of AFB1
also caused a high incidence of liver-cell tumors in adult rats®®, and when admin-
istered during pregnancy or lactation, induced tumors (malign and benign) in
mothers and progeny in liver and other organs (from digestive tract and uro-
genital and nervous systems).” As occurred in mice, subcutaneous injection of
AFBI1 resulted in local sarcomas at the administration site.*®

Regarding other aflatoxins, AFB2 induced hepatocellular adenomas after
oral administration and a low incidence of hepatocellular carcinomas after
intraperitoneal administration.® AFG1 induced hepatocellular adenomas and
carcinomas, and renal-cell tumors in rats after oral administration®*°¢ and local
sarcomas after subcutaneous injection.*® However, hepatocarcinogenic effects
of AFG1 were considered to be weaker than those of AFB1.3! AFB1 metabolites
such as AFM1 and aflatoxicol®>-%%% also produced hepatocellular carcinomas.
However, the incidence of tumors was lower than in animals treated with AFB1
under the same conditions.

Hao et al.”’ carried out carcinogenicity studies in Wistar rats, in which AFB1
was administered intraperitoneally (100-200 pg/kg bw, one to three times a
week for 64 weeks). This study further confirmed that AFBI1 is a liver carcino-
gen in the rat.
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Studies in Fish

Aflatoxins have also been extensively tested in fish (mainly rainbow trout and
salmon). As was the case for rat studies, a high number of studies were per-
formed before 1993. Exposure of different strains of rainbow trout to mixtures
of aflatoxins or AFB1 caused hepatocellular and/or cholangiocellular liver
tumors in all studies performed.?' The incidence of liver lesions after AFB1
(from 0 to 5000 pg/kg diet) in salmon (basophilic focus and hepatic adenomas)
is much lower than in trout (mainly hepatocellular carcinomas).”! A more recent
study also confirmed that AFB1 is a liver carcinogen in trout.”?

AFB1 (6000 pg/kg of diet) also induced hepatic tumors in guppies (Lebi-
stes reticularis) after 9 and 11 months.”> Moreover, exposure of fish (trout
and salmon) embryos to AFB1 induced a high incidence of hepatocellular
carcinomas.”*7>

Regarding the rest of the aflatoxins, as in rats, AFG1, AFM1, and aflatoxicol
had carcinogenic effects in trout but with a lower effect than AFB1.70-30 AFB2
had little effect and AFG2 did not show hepatocarcinogenic effects at the dose
levels tested.”® The metabolite AFQ1 also induced hepatocellular carcinoma in
trout, but with a lower incidence than AFB1.8!

Studies in Other Animal Species

AFBI1 (or a mixture of aflatoxins) also induced hepatocellular carcinoma in
ducks, Syrian golden hamsters, and tree shrew after oral administration and
in toad after AFB1 administration in the dorsal lymph sac. Experiments with
rhesus, cynomolgus, and African green monkeys also revealed liver carcinoma
after intraperitoneal, intramuscular, or oral administration.?!-33

Factors Affecting Carcinogenicity in Animal Studies

Modulating effects of different agents such as diets viruses, parasites, and other
chemicals on aflatoxin-induced carcinogenicity have been widely studied.
Some of the most relevant modulating agents and their principal effects are
cited below (non-exhaustive list):

e Ammoniation. It has been demonstrated that decontamination of feed contain-
ing aflatoxins by ammoniation significantly reduced or completely eliminated
the induction of hepatic tumors in trout®? and rats,%! respectively. Moreover,
in trout fed nonfat dried milk from cows fed ammoniated or non-ammoniated
aflatoxin-contaminated whole cottonseed, ammoniation almost eliminated the
liver tumor response. %3

e Interaction with other chemicals. Several studies evaluating the effects or
interaction of aflatoxins with different substances have been carried out
either for mechanistic purposes or to evaluate carcinogenic end points
(detailed information in TARC3!). In general, N-nitrosodimethylamine,
nafenopin (a peroxisome proliferator), and ethanol demonstrated
an increase in the carcinogenic effects of AFB1 in rats. In contrast,
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B-naphthoflavone, butylated hydroxyanisole or butylated hydroxytoluene,
a-benzene hexachloride, ethoxyquin, oltipraz, lindane, 1-methyl-2-
mercaptoimidazole, sodium selenite, and extracts of Rhizopus delemar
(edible yeast) diminished AFB1 carcinogenic potential when adminis-
tered before, simultaneously, or after AFB1 administration in rats.
Different studies in trout have also demonstrated that Aroclor 1254 (polychlo-
rinated biphenyl), $-naphthoflavone, and indole-3-carbinol (present in cruci-
ferous vegetables) reduced the incidence of AFB1-hepatocellular carcinoma.
However, in some studies in which doses of indole-3-carbinol were given after
(not before) AFB1 exposure, a significant increase in tumor formation was
observed compared with that in fish treated with AFB1 alone.’' Taken into
account the ability of indole-3-carbinol (depending on the exposure protocol)
to both inhibit and promote AFB 1-induced carcinogenesis,** other studies eval-
uated the influence of dietary indole-3-carbinol (0.2% w/w) on relative levels
of CYP isozymes known to metabolize AFB1, the AFB1 glutathione detoxifi-
cation pathway, and AFB1-DNA adduct formation.®>-8¢ Seven days of feeding
the indole-3-carbinol diet increased microsomal concentrations of CYP1A1,
1A2, and 3A1/2, with a smaller effect on 2B1/2 and no effect on CYP2CI11.
Moreover, the liver glutathione S-transferase subunit (Yc2) appeared to be sub-
stantially elevated by a diet containing indole-3-carbinol. This effect was also
observed, but to a lower extent, in a diet containing f-naphthoflavone. Indeed,
the induction of this enzyme has been considered to have a major role in the
resistance of rats to AFB1-induced hepatocarcinogenicity after treatment with
enzyme inducers including oltipraz, ethoxyquin, and butylated hydroxyani-
sole, as well as in known mouse resistance to AFB1 carcinogenicity.*

e Diet. Several studies have evaluated the effects of diet composition on AFB1
carcinogenicity.’' In general, malnourishment, marginal lipotrope diets, or
high-protein (casein) diets have been shown to increase the carcinogenic
effects of AFBI orally or intraperitoneally administered to rats. Fatty acids,
such as cyclopropenoid fatty acids,®’ or different concentrations of vitamin
A38 had little or no modifying effect on the response to AFB1 in rats.

e Viruses. One of the most important agents that modulates AFB1 carcinoge-
nicity is the hepatitis B virus (HBV). Several studies carried out in wood-
chucks,?” tree shrews,”°! and transgenic mice (p53+-)?>%3 demonstrated that
HB V-infected animals were more sensitive than uninfected ones. In general,
combined HBV-AFBI treatment not only reduced the time of appearance,
but also resulted in a higher incidence of liver tumors. This agent is especially
relevant for human studies, because HBV has been considering a confounding
factor in many epidemiological studies performed for aflatoxins (see the sec-
tion on cancer in humans).

e Hepatectomy. Certain liver insults such as partial hepatectomies may contrib-
ute to tumor formation. Indeed, mice are considered refractory to AFB1 tumor
formation except under conditions of partial hepatectomy or HBV infection.?

e Conclusions for Animal Studies
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Taking into account all of the information regarding aflatoxins in experimen-
tal animals, the TARC in its last evaluation® concluded that there was sufficient
evidence in experimental animals for the carcinogenicity of naturally occurring
mixtures of aflatoxins and of AFB1, AFG1, and AFM1. However, it was consid-
ered that there was limited evidence for AFB2 and inadequate evidence for AFG2.

Aflatoxin B1 Mechanism of Action

The mechanism involved in AFB1 carcinogenicity is well known and involves sev-
eral key steps: activation to reactive metabolites, DNA and protein adduct formation.

e Metabolism: activation to reactive metabolites

The liver is the major site of aflatoxin metabolism; the CYPs that are impli-
cated are CYP1A2, 2B6, 3A4, 3A5, and 3A7 (Figure 1).33 CYP3A4 is predomi-
nant in human liver and mediates the formation of AFB1-exo-8,9-epoxide, the
highly reactive metabolite that binds to DNA, and AFQ1. CYP1A2 can also lead
to the formation of exo-epoxide but mainly generates a high proportion of endo-
epoxide, which does not bind to DNA, and AFM1. However, CYP1A2 has been
reported to be more efficient in producing AFB1-ex0-8,9-epoxide at low AFB1
concentrations that may be found after dietary exposures.** Finally, CYP3A5
has been described to metabolize AFB1, mainly to the exo-8,9 epoxide, but it is
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much less efficient at forming the detoxification product, AFQ1. Some studies
in human liver samples have reported the importance of CYP3AS in liver with
low CYP3A4 expression.’*

The DNA reactive metabolite, AFB1-exo-8,9-epoxide, can hydrolyze to
AFB1-8,9-dihydrodiol, an unstable intermediate that undergoes base-catalyzed
rearrangement to a dialdehyde. This AFB1 dialdehyde can react with proteins,
such as albumin, but not with DNA 3%

Some species differences as well as interindividual variations among
humans in response to AFB1 may be explained by different expression of dif-
ferent CYPs involved in AFB1 metabolism yielding to different proportions of
8,9-ex0- and endo-epoxide or to less toxic metabolites.*3

Some chemopreventive effects of certain modulating agents, previously
commented upon, as well as the increased risk for liver cancer in HBV patients
exposed to AFB1, may also be partly explained by the interaction of these
agents with different CYPs. For example, the chemopreventive agent oltipraz
has demonstrated to inhibit CYP1A2,°* whereas in HB V-transgenic mice, liver
injury was associated with increased expression of CYP enzymes.”

DNA Adduct Formation

As explained, AFBI is activated to the DNA reactive metabolite AFB1-exo-
8,9-epoxide. This epoxide can covalently bind to the N7 position of the gua-
nine base of the DNA and form the 8,9-dihydro-8-(N7-guanosinyl)-9-hydroxy
aflatoxin B1 adduct (AFB1-N7-Gua adduct).?®>°7 This adduct represents more
than 98% of total adducts formed by the AFB1-ex0-8,9-epoxide”® and can break
down to form two secondary lesions: the apurinic (AP) site and the ring-opened
AFB l-formamidopyrimidine (FAPY) adduct.”® Some authors consider the
FAPY adduct to be the prime candidate for both the genotoxicity and mutagen-
icity of aflatoxin that ultimately may lead to liver cancer. Indeed, AFB1-FAPY
was found to cause a much higher frequency of G to T mutations than the origi-
nal AFB1-N7-Gua adduct and was able to block the replication.’” This is con-
sistent with many other studies that found G to T transversion mutations to be
predominant in cell and animal model systems, and that AFB1 is genotoxic in
prokaryotic and eukaryotic systems in vitro, including human cells, and in vivo
in humans and in a variety of animal species model systems.?!3> Indeed, in
human HCC in geographical areas where aflatoxin exposure is high, up to 50%
of tumors have been shown to harbor a specific AGG to AGT point mutation in
codon 249 of the TP53 tumor suppressor gene.>

However, the repair mechanisms for AFB1-induced DNA damage are not
well understood. AFB 1-N7-guanine and AFB1-FAPY are thought to be predom-
inantly repaired by nucleotide excision repair in bacteria, yeast, and mammals.
Although AFB1-FAPY is removed less efficiently than AFB1-N7-guanine in
mammals, both lesions are repaired with equal efficiency in bacteria, which
reflects differences in damage recognition between bacterial and mammalian
repair systems. Some authors reported that DNA repair activity and modulation
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of repair by AFB1 seem to be major determinants of susceptibility to AFB1-
induced carcinogenesis.'” Moreover, polymorphisms in some DNA repair
genes have been considered to have a role in HCC risk of AFBI-exposed
populations.’*

The AFB1-ex0-8,9-epoxide reactive metabolite can be detoxified through
conjugation with glutathione, mediated by the enzyme glutathione S-transferase
(GST). Differences in AFB1-carcinogenicity response among animal species
have been attributed to different activities of GST, because the enzymatic
activity is much higher in resistant species. Indeed, humans are considered
to have a lower GST activity than mice or rats, which suggests that humans
are less capable of detoxifying AFB1-ex0-8,9-epoxide.?> Moreover, the che-
mopreventive agent oltipraz has been demonstrated to induce GST.'! This
enzyme has also been considered a cause of the increased risk for liver cancer
in HBV patients exposed to AFB1, because HBV may decrease the activity
of GST.!02

e Protein adduct formation

As mentioned, the AFB1 dialdehyde is able to form adducts with proteins
such as albumin by a Schiff base mechanism, and these adducts have been theo-
rized to be at least one cause of the acute toxicity of AFB1.3> Apart from the
acute effects, cytotoxic effects have also been considered to contribute to AFB1
carcinogenicity, by leading to compensatory liver hyperplasia that might pro-
mote the incorporation of mutations into the DNA of dividing cells already
initiated by AFB1-exo-epoxide.'*?

The formation of such protein adducts may be influenced by a further
detoxification step involving reduction of the cytotoxic AFB1 dialdehyde to
AFB1-dialcohol catalyzed by aldo-keto reductase (AKR) enzymes such as rat
AKR7A1'3 and human AKR7A2 or AKR7A3!04105 (Figure 1). Indeed, over-
expression of AKR7AL1 in a cell line leads to increased protection against the
cytotoxicity of the dialdehyde metabolite of AFB1 as well as a reduction in
protein-adduct formation, which indicates that AKR7A1 may be responsible
for protecting against toxicity in vivo.'% Surprisingly, this increase in activity
did not protect the liver against AFB1 toxicity, as measured by bile duct prolif-
eration, nor did it protect against carcinogenesis, as judged by the formation of
GST-P—positive foci in a study performed in transgenic rats.!'%°

The role of these AKR enzymes in AFB1 carcinogenesis and chemoprotec-
tion needs further investigation.

Conclusions for AFB1 Mechanism of Action

Because of the mechanistic information of aflatoxins, the IJARC concluded in its
last evaluation? that there is strong evidence that the carcinogenicity of aflatox-
ins operates by a genotoxic mechanism of action involving metabolic activation
to a genotoxic epoxide metabolite, formation of DNA adducts, and modification
of the TP53 gene.
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Cancer in Humans

Because HCC is considered the sixth most common cancer worldwide and mor-
tality for this disease is almost synonymous with incidence, the epidemiology of
HCC in relation to exposure to chronic infection with HBV and aflatoxins has
been reviewed in depth on a number of occasions.*

Some records of increased frequency of liver cancer in some human popula-
tions (Uganda, Thailand, and Kenya) that consumed diets contaminated with
aflatoxins were included in the first volume of the IARC monographs.>® How-
ever, no causal relationship had been established. In the next IARC evaluation,?’
two more epidemiological studies were reported (one in Mozambique and one
related to occupational exposure via inhalation in a mill). The IARC considered
at that time that these studies of liver cancer incidence in relation to aflatoxin
intake provided circumstantial evidence of a causal relationship. In 1987, IARC
considered there was sufficient evidence for carcinogenicity to humans.?

Since then, many studies have confirmed this evaluation; several cohort, case
series, and case—control studies have shown clear associations between afla-
toxin exposure and the incidence of HCC (for a detailed review, check IARC,
1993,3" TARC, 2002,32 and IARC, 2012%). In general, these studies were per-
formed in areas with high aflatoxin exposure and a high prevalence of chronic
hepatitis B, which is a recognized risk factor for liver cancer.>* The association
between biomarkers of exposure to AFBI and primary liver-cell cancer also
remained when analyses controlled for hepatitis B infection.?> However, in its
last evaluation, IARC™ considered that in the presence of HBV exposure, there
is a greater multiplicative interaction between aflatoxin and HBV, increasing
the risk for HCC.

Aflatoxin Biomarkers

Aflatoxin molecular biomarkers have had an important role in establishing the
etiologic role of AFB1 in HCC. The development, validation, and application of
molecular biomarkers of AFB1 were reviewed by Kensler et al.®

Several biomarkers have been used for epidemiological studies and inter-
vention trials to reduce aflatoxin exposure and dose. The most widely used were
aflatoxin—albumin adducts in blood, aflatoxin—mercapturic acid (product of the
conjugation of the reactive epoxide by GST enzymes), the metabolite AFM1,
and the aflatoxin-N7-guanine adducts measured in urine.>> A high correlation
between the presence of aflatoxin—DNA adducts in the liver, their urinary excre-
tion, and the formation of the serum albumin adduct has been found. Owing to
their different half-lives, urinary and serum aflatoxin adduct levels reflected
recent (1- to 2-day) and chronic (2- to 3-month) exposure, respectively.?*

Moreover, several studies have linked exposure to aflatoxin with formation
of the specific mutation in codon 249 in the TP53 tumor-suppressor gene, pro-
viding an important biological target for risk assessment. Finally, because of
the important interaction between aflatoxin and HBV, the hepatitis-B surface
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antigen is an important tool for detecting individuals with high risk for HCC.??
As noted previously, enhance detoxification or activation pathways may directly
affect AFB1 toxicity and carcinogenicity. A few studies were undertaken with
the purpose of analyzing a variety of genetic polymorphisms as probable modi-
fiers of risk from aflatoxins. Even though IARC? considered these studies to
be limited, an increased risk for HCC was found among GSTM 1-null genotype
individuals.

Vulnerable Population Groups

As discussed regarding the mechanism of action, several factors may explain
interindividual differences, such as genetic or acquired variability in metabo-
lism of aflatoxins or variability in DNA repair mechanisms. Moreover, different
exposure scenarios may lead to different risks. For risk assessment purposes,
the EFSA3* considered the following groups as possibly most susceptible to
aflatoxin toxicity:

e High-level consumers of nuts

e Children

e Vegetarians and vegans

e Subgroups with chronic hepatitis infection

Conclusions for Human Studies

Taking into account all information regarding aflatoxins in humans, in its last
evaluation the TARC?? concluded that there was sufficient evidence in humans
for the carcinogenicity of aflatoxins. The overall evaluation clearly stated that
aflatoxins cause cancer of the liver (HCC).

OCHRATOXIN A: LONG GENOTOXIC-EPIGENETIC DILEMMA

For many decades, the main concern regarding OTA contamination in food has
been its potential carcinogenicity. This is still valid.'%” There is strong scientific
evidence of the ability of OTA to cause tumors in rodent bioassays (rats and
mice). However, there is still a lack of human epidemiological data, and its
mode of action as a carcinogen is still under continuous debate.

Carcinogenicity in Experimental Animals

As is the case for short-term toxicity, the kidney is the main target organ of
OTA carcinogenicity. The mycotoxin produces renal tumors in mice and rats,
but with some sex and species differences. In general, male animals are more
sensitive than females, and rats are considered to be more sensitive than mice.!?3
In an article in which the incidence of renal tubule carcinogenesis in NTP car-
cinogenesis bioassays was reviewed, OTA was considered to be the most potent
chemical tested to date by the NTP.!%°
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Studies in Mice

One of the first studies carried out for OTA was one performed by Kanisawa and
Suzuki.'' In that study, 19 male ddY mice were offered diets with 0 or 40 mg/
kg diet of OTA (alone or in combination with dimethyl sulfoxide) for 44 weeks.
Of the 19 animals, three developed nodules in the liver and eight developed
liver tumors. In the kidney, 10 animals had atypical hyperplasia, 18 cystadeno-
mas, and five renal cell tumors (data from Huff et al.).!'! A few years later, and
in the same mouse strain, the same authors performed a study (50-mg/kg diet
of OTA) with different exposure durations (0, 5, 10, 15, 20, 25, and 30 weeks,
followed by basal diet through 70 weeks) and found hepatomas in the 20-, 25-
and 30-week treated groups (two of 14, five of 15, and six of 17, respectively)
and renal cell tumors in the 15-, 20-, 25- and 30-week treated groups (three of
15, one of 14, two of 15, and four of 17, respectively). Lung tumors were also
observed but were not taken into account because no dose—response relation-
ship was found (data from Huff et al.).!!! No metastases attributable to the
kidney or liver tumors were found.''?

The most relevant carcinogenicity study carried out on mice was one per-
formed by the FDA.'!3 A diet containing OTA at a concentration of 0, 1, or
40mg/kg was fed to groups of mice B6C3F1 of each sex for 24 months. Renal
neoplasms, both carcinomas and adenomas, were found only in male mice in
the 40-mg/kg dose group. All had nephropathy characterized by renal tubular
dilatation, attenuation, and hyperplasia of lining epithelium, and proliferation of
regenerative tubules. Females in the 40-mg/kg dose group had similar but less
severe renal changes but no carcinomas or adenomas. The incidence of hepa-
tocellular carcinomas slightly increased in both male and females, but statisti-
cal significance was evident only for females. The authors noted that OTB and
benzene were present in high concentrations in the sample of OTA and that the
possibility of a synergistic effect should be considered.

Studies in Rats

The most comprehensive studies on OTA carcinogenicity performed to date in
rats are those carried out by the NTP.!!* Toxicology and carcinogenicity stud-
ies were conducted by administering OTA in corn oil by gavage (0, 21, 70, and
210 pg/kg, respectively, 5days/week) to groups of Fisher 344/N rats of each
sex for 16days, 13 weeks, 9months, 15months, and 2years. Tables 4 and 5
show the LOELs and NOELSs for karyomegaly (considered to be an early path-
ological indicator of renal toxicity) and carcinogenicity of OTA in male and
female rats.'%® Although LOELs and NOELSs were similar between females and
males (Table 4), males had a higher incidence of renal tumors than did females
(Table 5).

The significance of OTA-induced renal carcinomas in rats was increased
by the high frequency of metastases attributed to renal-cell carcinomas (males:
none of 50, none of 51, four of 51, and 13 of 50; females: none of 50, none of 51,
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TABLE 4 Lowest Observed Effect Levels (LOELs) and No Observed Effect
Levels (NOELs) for Karyomegaly and Carcinogenicity for Male and Female
F344/N Rats (Boorman et al.’>%; NTP'14)

LOEL (ug/kg bw) NOEL (ug/kg bw)

Study
Effect Duration Male Female Male Female
Karyomegaly ~ 90days? 62.5 62.5 ne ne
of proximal
tubule cells

9 and 70 70 21 21

15 months®
Kidney 2 yearsP 70 70 21 21
tumors

ne: not established.

aDose: 0, 62.5, 125, 250, 500, or 1000 ug/kg bw OTA in corn oil administered by gavage 5 days/week
for 90 days.

bDose: 0, 21, 70, or 210 ug/kg bw OTA in corn oil administered by gavage 5 days/week for 9months,
15months, or 2 years.

Adapted from WHO. %8

one of 50, and none of 50 for doses of 0, 21, 70, and 210 pg/kg, respectively),
mainly in the lung and lymph nodes. Also, at the high dose females also had a
greater multiplicity of fibroadenomas in the mammary gland (14 of 50) than did
controls and rats at lower doses (four to five of 50).112.114

Since the NTP study, more carcinogenicity studies have been performed.
However, the NTP study is still considered the reference standard carcino-
genicity bioassay performed with OTA. Indeed, the occurrence of combined
adenomas and carcinomas in the kidneys of male rats, as the most sensitive
sex and species for kidney carcinogenicity of OTA, was considered the most
appropriate data for quantitative risk assessment (benchmark dose modeling)
by the WHO.!% However, this calculation did not provide a lower point of the
departure than the LOEL of 8 pg/kg bw/day for deterioration of renal functions
in pigs used to establish the current TWI for OTA by the EFSA (120 ng/kg bw)!!
or the WHO (100ng/kg bw).!08

Subsequent carcinogenicity studies conducted after the NTP study also con-
firmed OTA-induced kidney tumorigenesis, as well as sex and strain specificity
of the mycotoxin at a dose of 0.4 mg/kg bw (3 days/week, in sodium bicarbon-
ate).! 15110 In general, those studies found that Dark Agouti male were more sus-
ceptible to OTA-induced kidney tumorigenesis, whereas Dark Agouti females
were resistant and Lewis rats from both sexes had an intermediate response.
However, increased mammary proliferative lesions were observed in female
Lewis rats but not in female Dark Agouti rats.



TABLE 5 Renal Tumors and Karyomegaly in Male and Female F344/N Rats Exposed to OTA? (Boorman et al.’>%; NTP114)

Adenomas
OTA Dose
(ug/kg bw) Male Female
0 1/50 0/50
21 1/51 0/51
70 6/51 1/50
210 10/50 5/50

2Administered by oral gavage 5 days/week for 2 years.
Adapted from WHO.!%8

Carcinomas
Male Female
0/50 0/50
0/51 0/51
16/51 1/50
30/50 3/50

Adenomas or

Carcinomas
Male Female
1/50 0/50
1/51 0/51
20/51 2/50
36/50 8/50

Karyomegaly

Male
0/50
1/51
51/51
50/50

Female
0/50
8/51
50/50
50/50

saM|OqeIRW pue 1Suny || | LYVd  +8T
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Other studies in which F344, F344x Sprague-Dawley hybrids, or Dark
Agouti rats were given OTA daily via feed instead of the oral gavage adminis-
tration used in previous studies also showed tumor formation in kidneys with
different dosage regimens.'!7-120

Because the main source of exposure to OTA is via the consumption of
contaminated food, all of these carcinogenesis studies were performed using
oral or diet administrations. However, because human OTA exposure can also
take place via dermal contact,'?! for example, during manual agricultural labor,
some authors also analyzed the potential of OTA to cause dermal tumors in
a two-stage mouse skin model of multistage carcinogenesis. OTA showed the
ability to induce skin tumors when tested as a tumor initiator at a single dose of
200 nmol/mouse'?? and as a tumor promoter when applied at a dose of 50nmol/
mouse (twice weekly for 24 weeks) to initiated mouse skin.!?3

Conclusions for Animal Studies

Taking into account all of the information regarding OTA in experimental ani-
mals, the IARC concluded that there was sufficient evidence in experimental
animals for the carcinogenicity of OTA.3! More concretely, it was concluded
that OTA increased the incidence of hepatocellular tumors in mice of each sex
and produced renal-cell adenomas and carcinomas in male mice and in rats of
each sex. The EFSA!! also concluded that long-term exposure to OTA induces
kidney and liver tumors in rodents, but only at nephrotoxic doses.

More recently, the NTP RoC? also considered that OTA is reasonably antic-
ipated to be a human carcinogen based on sufficient evidence of carcinogenicity
from studies in experimental animals.

Ochratoxin A Mechanism of Action: The Dilemma

Unfortunately, the mechanism or mechanisms of action involved in OTA-mediated
tumorigenicity and toxicity are still not well understood. Unraveling the mode of
action (MoA) of OTA has been an important scientific objective for many years
and has been a matter of discussion and debate. Nothing other than direct geno-
toxic mechanisms (direct DNA binding of OTA), indirect oxidative DNA damage,
and several epigenetic mechanisms (such as disruption of mitosis, cell prolifera-
tion, activation of cell signaling pathways, and protein synthesis inhibition) have
been proposed for OTA. Differentiation among these different mechanisms, as
discussed in the introduction of this chapter, is as a key aspect for risk assess-
ment and management, because non-genotoxic carcinogens are considered to be
substances that produce threshold effects® whereas direct genotoxic carcinogens
are considered to cause non-threshold effects. In the case of indirect genotoxins,
such as substances that damage DNA through radical oxygen species, a practical
threshold can be considered.” The controversy regarding OTA is that evidence
supporting each of these mechanisms has been provided. The most recent reviews
supporting the different mechanisms of action are cited in Table 6.
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TABLE 6 Most Recent Scientific Articles (since 2007) Reviewing Ochratoxin

A Mode of Action (MoA)

References

Pfohl-Leskowicz and
Manderville'®!

Marin Kuan et al.'®2

Mally and Dekant'®?

Rumora and
Zanic-Grubisic'*

Marin Kuan et al.'®>

Mally'66

Pfohl-Leskowicz and
Manderville'®”

Haighton et al.’6®

Sorrenti et al.'®?

Limonciel and Jennings'”?

Updated from Vettorazzi et al.'®®

Author’s Final Comments Regarding OTA MoA

Available evidence suggests that OTA is a genotoxic
carcinogen by induction of oxidative DNA lesions
coupled with direct DNA adducts via quinone
formation.

A network of interacting mechanisms such as protein
synthesis inhibition, oxidative stress, modulation of
transcription factors (Nrf2, HFN4a, and NF-kB), and
activation of specific cell signaling pathways (MAPKS
and calcium homeostasis) is proposed as responsible
for OTA carcinogenicity.

Disruption of mitosis and subsequent stimulation of
cell proliferation proposed as a primary MoA.

Relation between OTA and MAPK is extensively
reviewed. The role of OTA-produced oxidative stress
in these pathways is also commented on. However,
MAPK was not considered the most important player
in OTA MoA because many other molecules could
contribute to the complex network of OTA action.

Plausible role of oxidative stress in OTA
carcinogenicity based on strong evidence for the
induction of an oxidative stress response observed.

Sequence of key events: uptake into proximal tubule
epithelium, inhibition of histone acetyltransferase,
disruption of mitosis, cell proliferation, and genetic
instability, proposed as a MoA of OTA.

Direct mechanism involving OTA bioactivation and
DNA adduct formation is proposed as most plausible
MoA.

Mechanistic data reviewed supported a threshold-
based mechanism as most plausible.

Review of different studies performed to counteract
the adverse effects of oxygen radicals generated after
OTA exposure demonstrates that antioxidants are
able to protect OTA-induced DNA damage, lipid
peroxidation, and cytotoxicity.

There is compelling evidence that OTA’s inhibition of
Nrf2 is the mechanism for both nephrotoxicity and
carcinogenicity effects.
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This controversy at a scientific level can also be observed in the different
evaluations performed by various international agencies. Some agencies have
used a threshold-based approach and have derived provisional tolerable weekly
intakes (PTWI) of 100'% or 120 ng/kg bw!! whereas others such as Health Can-
ada recommended that OTA be regulated as a non-threshold carcinogen and
derived a provisional TDI of 3 ng/kg bw.!2*

The latest evaluation performed by the WHO!%8 takes into account the differ-
ent scientific evidence published to date and summarizes the main hypotheses
that may contribute, totally or partially, to the possible MoA of OTA as follows:

e genotoxicity from direct interaction of OTA or a reactive metabolite with
DNA

e generation of tumors resulting from chronic renal toxicity and compensatory
cell proliferation

e generation of tumors resulting from inhibition of phenylalanine~tRNAPhe
synthetase and protein synthesis

e disruption of cell—cell signaling pathways and the process of cell division

e alteration of intracellular calcium homeostasis

e mitochondrial dysfunction leading to oxidative stress and indirect induction of
DNA damage

Some of these hypotheses were considered by the committee to account com-
pletely for tumor formation, whereas others were considered only as possible con-
tributors.'%® Overall, the committee concluded that the evidence pointed to a number
of non-genotoxic modes of action and thus supporting a PTWI of 100ng/kg bw.

Conclusions for OTA Mechanism of Action

Taking into account the mechanistic information of OTA, the EFSA con-
cluded in its most recent evaluation'! that studies on the genotoxicity of OTA
remain controversial, whereas a few years later, the WHO considered in its last
evaluation'%® that non-genotoxic modes of action could be involved in the gen-
eration of renal tumors.

Cancer in Humans

It has been suggested that OTA may be the main etiological factor of Balkan
Endemic Nephropathy (BEN), a kidney disease occurring in geographically
limited areas of Balkan countries such as Bulgaria, Bosnia, Serbia, Croatia, and
Romania.!'%125.126 Balkan Endemic Nephropathy has been defined as a chronic
tubulointerstitial kidney disease characterized by chronic interstitial fibrosis
with slow progression to end-stage kidney disease and urothelial malignant
disease.'”’

However, there is still a lack of convincing epidemiological evidence asso-
ciated with OTA exposure.'!-31108.112 QTA has been found more frequently
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and/or in higher concentration in food and blood of inhabitants in regions
with BEN than in other regions (for a review, see Fuchs and Peraica'?®). Some
regional differences in exposure to OTA have also been found'?*-'3! and higher
OTA blood concentrations have been measured in patients with some nephropa-
thies compared with control individuals.'32-13* However, a review noted that
although some studies indicated that contamination of food by OTA may be
more widespread in rural endemic areas than in nonendemic areas, this is not
reflected by markedly elevated blood concentrations of OTA. Moreover, blood
concentrations of OTA in the same range as those observed in endemic areas
have been found in countries with no history of endemic nephropathy. '3

Furthermore, OTA exposure is only one of several hypotheses concerning
an environmental etiology for BEN. The aristolochic acid hypothesis considers
the disease to be produced by chronic intoxication with seeds of Aristolochia
clematitis, which contaminate fields in endemic regions.'3® Aristolochic acids are
considered to be carcinogenic to humans by the IARC'?7 and the NTP.> Another
hypothesis is the Pliocene lignite hypothesis, which proposes that the disease is
caused by long-term exposure to polycyclic aromatic hydrocarbons and other
toxic organic compounds leaching into well drinking water from low-rank coal in
the vicinity of the endemic settlements.'3° The last is the multi-mycotoxic hypoth-
esis, in which the synergism between OTA and various other mycotoxins such as
penicillic acid, citrinin, fumonisin, and a not yet chemically identified Penicil-
lium polonicum nephrotoxin causes enhanced OTA toxicity.'*® Finally, it was sug-
gested that BEN risk is also influenced by inherited susceptibility.'3% 3¢

Ochratoxin Biomarkers

Several biomarkers of exposure have been used for OTA biomonitoring, such as
OTA concentration in blood, urine, or breast milk.

Because of the long serum half-life of OTA, blood concentration has been
used extensively in epidemiological studies. The OTA blood concentration is
considered to be a convenient biomarker of exposure because similar estimates
of exposure have been derived from dietary surveys and blood analyses.!’® An
extended summary of previous findings on the occurrence of OTA in blood
samples of healthy persons was presented in a report prepared for the 56th meet-
ing of the Joint FAO/WHO Expert Committee on Food Additives'!? and more
recently by the WHO. %8

Advances in analytical methods have enabled researchers to monitor the gen-
erally low levels of OTA in urine.'*? Gilbert et al.'*! found that urine was a bet-
ter indicator of OTA intake than plasma, thereby confirming urine as a suitable
biomarker to estimate exposure to the mycotoxin. Some studies measuring OTA
levels in urine of healthy people have been performed by several authors, 42147

In humans (as well as in monogastric animals), OTA is excreted in breast milk.
OTA has been found in human milk at a wide range of concentrations.'0%.148-151

Regarding the use of biomarkers of effect, OTA nephrotoxicity can be
detected by urinary analysis (markers of proximal tubule damage), but this is
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a relatively nonspecific effect and late in onset. Anemia is an early manifesta-
tion but is also nonspecific, and early diagnosis is difficult.!"-''> Micronuclei in
human lymphocytes or DNA damage measured by means of Comet assays have
been found to be markers of OTA effects but are considered nonspecific.!!

A study performed in Tunisia'3? found an association between high levels
of OTA, high levels of B,-microglobulin, and chronic interstitial nephropathy
(CIN), a disease of unknown etiology similar to BEN. However, patients with
CIN of known etiology also had elevated levels of 3,-microglobulin. The authors
concluded that f,-microglobulin cannot be considered a diagnostic parameter
of unexplained CIN, but it may be used as inclusion criteria in the presence of a
high blood OTA concentration.

Conclusions for Human Studies

Taking into account all information regarding OTA in humans, the IARC3! con-
cluded that there was inadequate evidence in humans for the carcinogenicity
of OTA. This is still valid nowadays. Indeed, in its last evaluation, the EFSA!!
concluded that various studies in humans have associated OTA with an endemic
kidney disease observed in the Balkans (BEN and related urinary tract tumors),
but convincing epidemiological evidence associated with OTA exposure is
lacking.
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Chapter 18

Occurrence of Mycotoxins
in Indoor Environments

Martin Taubel, Anne Hyvdrinen
National Institute for Health and Welfare, Department of Health Protection, Living Environment
and Health Unit, Kuopio, Finland

INTRODUCTION AND SCOPE

Moisture damage, dampness, and visible mold in buildings are consistently
associated with adverse health outcomes. A 2011 review of the epidemiological
evidence has concluded that conditions of dampness and mold are associated
with multiple allergic and respiratory effects, including asthma development
and exacerbation, current asthma, upper and lower respiratory tract symptoms,
respiratory infections, allergic rhinitis, and eczema.! Although the link between
building dampness and adverse health is well established the causal agents and
mechanisms underlying the observed health effects are not well understood.
Microbial proliferation on indoor surfaces and in dust following the increased
availability of water in damp buildings is one of the main mechanisms in gen-
erating dampness-related indoor pollutants and links to observations of visible
mold in such buildings. The World Health Organization considers, in their WHO
guidelines for indoor air quality: dampness and mould, the following dampness-
related indoor pollutants as most relevant: allergens (from house dust mites and
fungi), bacteria, bacterial and fungal cell wall components (such as endotoxin
and fungal B-p-glucans), mycotoxins, and microbial and other volatile organic
compounds.” This WHO document concludes that even though causative agents
of adverse health effects in damp buildings have not been clearly identified,
excess levels of various microbial agents, including mycotoxins, in the indoor
environment need to be considered as a potential health hazard; microbial growth
in response to moisture problems in buildings needs to be avoided or removed.
The WHO report and other reviews'~* provide the background in front of
which essentially all of the research on mycotoxins in indoor environments is
placed: dampness and visible mold are consistently associated with ill health,
but our knowledge as concerns the causal agents and disease mechanisms is
poor (Figure 1). Mycotoxins (and also the bacterial equivalents, i.e., toxic bacte-
rial secondary metabolites) are among the candidates that have been suggested
to be involved in health problems observed in damp buildings. In this chapter,
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FIGURE 1 Moisture damage, dampness, and visible mold in indoor spaces and the related expo-
sures and adverse health.

we attempt to summarize what is known today from scientific studies that have
reported mycotoxins specifically in indoor environmental samples.

The potential involvement of mycotoxins in building dampness-related ill-
ness was probably first clearly postulated in 1986, when Croft et al. reported
an outbreak of trichothecene mycotoxicoses in a family living in a Chicago
home.> The family members suffered from symptoms resembling those of
stachybotrytoxicosis in livestock, with central nervous symptoms that included
neuropsychiatric manifestations. Exposure to Stachybotrys spores and to mac-
rocyclic trichothecene mycotoxins produced by these molds was linked to the
health effects. In the late 1990s, the “toxic black mold” Stachybotrys chartarum
and its partly highly toxic secondary metabolites, that is, mycotoxins such as
satratoxins, roridins, verrucarins, and spirocyclic drimanes, hit the newspaper
headlines. This came after reports of a cluster of cases of pulmonary hemor-
rhage in infants in Cleveland, Ohio, and several other cases that linked severe
health outcomes to exposure to S. chartarum and its mycotoxins.®"! Subse-
quently, mycotoxins produced by Stachybotrys strains became the major target
of research on indoor mycotoxins for almost two decades. Only more recently,
analytical methods targeting mycotoxins in indoor environmental samples have
been developed with the aim of detecting multiple different mycotoxins rather
than only a few specific target compounds, for example, Refs 11-13.

In the context of this book, more detailed discussion on what mycotoxins
are and why these compounds are produced by fungi is provided elsewhere
(Chapter 1.1). Here, mycotoxins are defined as fungal secondary metabolites
that pose a potential health risk to humans and/or animals when introduced
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by a natural route.'* Generally, secondary metabolites either have an intrinsic
function within the producing species, as for example initiation of growth and
differentiation, or act on targets external to the producing species. These com-
pounds are proposed to improve survival fitness of the producing species.!> In
this concept, mycotoxins may in many cases be relevant in the mediation of
competitive interactions between microorganisms, for example, in competition
for nutrients on a building material surface.

To date, several hundreds of different mycotoxins have been identified and
characterized, the majority of which in regard to food and feed contaminants
in agricultural settings.!® Estimates, however, reach from 20,000 up to 300,000
unique mycotoxins being present in the environment.!” Characteristic for myco-
toxins is that they are nonvolatile, low-molecular-weight natural products that
are typically very stable. In indoor environmental settings—even though not
volatile—these compounds do get airborne attached to spores, fragments, and
particulate matter. Mycotoxins comprise a wide variety of chemical structures
and subsequently different biological activities and act on various organ sys-
tems in the human or animal body. Most of our knowledge on the modes of
action of mycotoxins relates to ingestion exposure; for example, inflammatory,
immune-suppressive, cytotoxic, and carcinogenic effects in various organs have
been described (detailed in Chapter 3.6).

Oral ingestion of contaminated food stuffs is the most studied, most recog-
nized, and main route for human exposure to mycotoxins. Whereas the health
threat posed by food-borne mycotoxins is a worldwide phenomenon, it is a severe
problem in countries with lower agricultural standards, high pressure in terms
of nutritional needs, and environmental conditions favoring fungal growth. The
topic of food-borne exposure to mycotoxins is addressed in Chapters 3.2 and 3.6
of this book. Dermal contact to mycotoxins as an exposure route is primarily a
problem in occupational settings, for example, through handling of mycotoxin-
contaminated grains in farms, dealing with mycotoxin-containing materialsinlab-
oratories, or in the process of remediating fungal- and mycotoxin-contaminated
building structures. Symptoms of irritation upon dermal exposure have been
reported for several mycotoxins, but the health relevance of such exposure
is little explored. Interestingly, skin irritation is also very commonly reported in
residents of “moldy buildings.” It is, however, unclear whether such symptoms
are actually caused by the mycotoxins present in these buildings or by other
exposures. Workers in farms, sawmills, or the feed processing industry can also
be exposed to high levels of very potent mycotoxins, such as aflatoxins and
ochratoxin A, via inhalation of heavily contaminated dusts.'®-20 Such exposure
situations are considered occupational health risks, and research on the potential
health implications is ongoing (Chapter 3.4).

In this chapter, we consider non-occupation-related exposure to mycotoxins in
indoor environments—such as residential homes, schools, and offices—through
inhalation. The focus is on mycotoxins but also other fungal secondary metabo-
lites, for which human health risks are not yet well established, that is, compounds
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for which the definition “mycotoxin” is not applicable following strict defini-
tions. Whereas most of the general discussion with respect to human exposure
is restricted to fungal toxins—and so is the content of this chapter—it should
be mentioned that also (toxic) bacterial secondary metabolites may be relevant
in the context of indoor exposure. Bacteria produce an enormous variety of
bioactive secondary metabolites; many thousands of such compounds have been
characterized so far.?! Such metabolites are widely used in pharmacological
products, exploiting their antibiotic, immune-suppressive, enzyme-inhibiting,
antitumor, or antiparasitic potential, to give a few examples. Some of the most
potent bacterial producers of pharmacologically active compounds are com-
monly encountered indoors and are particularly linked to conditions of indoor
dampness, for example, species of the bacterial genus Streptomyces. The find-
ing that toxic bacterial secondary metabolites co-occur alongside mycotoxins
in indoor sample materials in damp buildings®> implies that these compounds
should also be considered as part of a complex and diverse microbial exposure
situation in mold-contaminated buildings.

MYCOTOXINS IN BUILDING MATERIALS, DUST, AND AIR
FROM INDOOR ENVIRONMENTS

This chapter attempts to provide an overview of studies that report on the actual
indoor occurrence of mycotoxins and fungal secondary metabolites, that is,
studies that are supported by the detection of these compounds in naturally
infested indoor sample materials. Mycotoxin production of a given fungal
strain under laboratory conditions does not imply that any of the same myco-
toxins are necessarily produced by this fungus under “real-life conditions”, for
example in a damp building. The availability of nutrients and growth substrate
on the indoor material and water, temperature, light, and other environmental
factors,”2% as well as species succession and interaction with other microbes
present in this particular ecological niche, all are factors that might have an
impact on the production of secondary metabolites. It is a well-established fact
that toxigenic fungi, that is, fungi that have the potential to produce toxic sec-
ondary metabolites, occur in indoor environments and can proliferate on vari-
ous building materials.0->” However, the occurrence of a toxigenic fungus, for
example, in an indoor air sample or on a building material does not necessarily
mean that mycotoxins of this particular mold are present in the indoor environ-
ment as well. In fact, the opposite is also true, that is, detecting mycotoxins in
an indoor sample does not necessarily predict the presence of the mycotoxin-
producing molds.

There is a good body of literature that has documented mycotoxin produc-
tion under laboratory conditions by fungal strains that have been isolated from
moisture-damaged indoor environments or from species that are known to occur
indoors for example, Refs 9,24,28-37. Some authors have taken another step
forward to imitate real-life situations and investigated the secondary metabolite
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production on artificially infested building materials, such as gypsum board
or wood for example, Refs 24,25,37-41. In particular the work conducted by
K.F. Nielsen and colleagues should be highlighted here. They have laid the foun-
dations for indoor mycotoxin research in describing the vast variety of mycotox-
ins and other fungal secondary metabolites produced by indoor fungi on building
materials under experimental conditions. These studies have not only shown that
mycotoxin production can occur on building materials, but have also established
that it is species or even strain specific, dependent on growth conditions and sub-
strate (building material) and the competition/coculture with other microbes. It
has also been established that one given mycotoxin may be produced by different
fungal strains, and one fungal strain may produce different mycotoxins.

Table 1 provides an overview of studies that have reported mycotoxin occur-
rence in indoor sample materials. We have sorted the studies in chronological
order and provided a summary description of the aspects of the study design or
locations, sample materials, mycotoxins targeted, and analytical methodology
used and the main findings as concerns the occurrence of mycotoxins in indoor
environments. We list a total of 30 studies published between 1986 and 2013;
although we have done our best to be complete, we cannot exclude the possibil-
ity that one or another study published may be missing from this table.

There are a few general observations that can be made from almost 30 years
of studies on the indoor occurrence of mycotoxins. To start with it is obvious
that mycotoxins do occur indoors, as they have been readily detected in various
indoor sample materials in multiple studies, using different analytical method-
ologies. Most commonly, building materials (in 15 studies) and dust samples
(in 17 samples) have been collected for analyses of mycotoxins. Where building
materials are concerned, typically mold-infested or water-damaged materials
have been sampled. House dust—be it from swabs of ventilation ducts, bulk,
or vacuumed samples of floor dust, vacuum cleaner dust bag dust, or settled
airborne dust collected from elevated surfaces—has been utilized extensively, in
particular also in more recent studies. The rationale behind using house dust as
a sample material is that indoor dust links to airborne exposure through mecha-
nisms of deposition and resuspension. Such samples may be more represen-
tative in terms of human exposure indoors as they act as a sink for airborne
particles from multiple sources (e.g., mold-affected areas in a home), whereas
a material sample typically reflects the situation from a single spot in the build-
ing. House dust is moreover less affected by the known large temporal variation
of microbial concentrations in indoor air.*> In particular vacuumed floor dust is
commonly used in population health studies for determination of contaminants
people might be exposed to in indoor environments. Concentrations reported for
various mycotoxins in building material samples (or fungal matter scraped off
mold-infested materials) are typically in the order of nanograms to micrograms
per gram of building material (range pg—mg/g) or nanograms to micrograms
per square centimeter of sampled surface. For ventilation duct dust, concentra-
tions of picograms to nanograms per gram of dust (up to pg/g) and picograms to



TABLE 1 Overview of Studies that Report on the Occurrence of Mycotoxins (and Other Fungal and Bacterial Secondary
Metabolites) in Indoor Sample Materials

Study Sites
and Design

Residential house
with moisture
problems in
Chicago, IL, USA

3 office
spaces with
“sick building
syndrome”;
Montreal, QC,
Canada

Office building
with water and
mold damage in
New York, NY,
USA

Child day

care center

with moisture
damage, Finland

Sample
Materials
(Number of
Samples)

Ceiling
fiberboard
infested with
Stachybotrys
chartarum (N=1)

Dust from
ventilation
system, floor,
surfaces (N=3)

Bulk samples of
water-damaged,
Stachybotrys-
contaminated
paper material
(N=2)

Gypsum board
liner from a
site with and
without water
damage (N=2)

Target
Compounds

Trichothecenes

Trichothecenes

Trichothecenes

Satratoxins
G and H,
verrucarol

Analytical
Methodology

TLC, HPLC,
GC-MS

TLC, HPLC

HPLC

HPLC

Main Findings
Concerning Indoor
Mycotoxin Occurrence

Verrucarol, verrucarins B+,
satratoxin H, trichoverrins
A+ B detected

T-2 toxin, diacetoxyscirpenol,
roridine A, T-2 tetraol detected
in the dust samples

Satratoxin H (c. 1Tpg in
60mg of scrape-off sample),
stachybotrylactone,
stachybotrylactone acetate

Satratoxins G and H (17 pg/g)
and verrucarol were found
in water-damaged but not in
undamaged gypsum board

References

Croft et al.®

Smoragiewicz
etal.>’

Johannig
etal.’0

Andersson
etal.”>
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Courthouse and
office buildings
with moisture
problems;
Florida, USA

One school,
one domestic
residence
with water/
mold damage;
Denmark

Residential,
moisture-
damaged home
of an infant
with pulmonary
hemorrhage;
USA

23 water-
damaged
buildings;
Denmark

Mold-infested
domestic
residence,
several rooms/
locations

Moldy ceiling
tiles and vinyl
wall covering
(N=3)

Moldy wall
scrapings,
insulation
material, outer
cardboard layer
(N=3)

10cm? of a
Stachybotrys-
contaminated
closet ceiling
(N=1)

Stachybotrys-
infested building
materials (N=4)

Vacuumed
samples or
scrapings from
wall paper
(N=22)

Satratoxins
G+H,
sterigmatocystin,
deoxynivalenol

Verrucarol and
trichodermol

Trichothecenes

Trichothecenes,

sterigmatocystins

Multiple
mycotoxins

HPLC

GC-MS

HPLC

GC-MS, HPLC,
TLC

HPLC-DAD
(diode array
detection), TLC

Satratoxins G and H at 2
and 5 ppm in ceiling tiles;
deoxynivalenol in vinyl wall
covering

Verrucarol (indicative of
macrocyclic trichothecenes)
in 3/3, trichodermol in 1/3
samples

Roridin L-2 (0.5 ng/cm?),
roridin E (0.7 ng/cm?),
satratoxin H (3.2 ng/cm?) on
building material surface

Macrocyclic trichothecenes
(verrucarol-type) in 4/4
materials (2-15 ng/cm?);
trichodermol in 2/4 materials

Meleagrin, sterigmatocystin,
5-methoxysterigmatocystin,
chaetoglobosins A+ C detected
in multiple samples of the
home

Hodgson
etal.”8

Nielsen
etal.”®

Flappan et al.®

Gravesen
etal.””

Nielsen
et al.*0

Continued

S0€ 81 | 191deyD sHuLWUOIIAUT 100U UT SUIXOI0DA JO BIUSLINDIO



TABLE 1 Overview of Studies that Report on the Occurrence of Mycotoxins (and Other Fungal and Bacterial Secondary
Metabolites) in Indoor Sample Materials—cont’d

10

11

12

Study Sites
and Design

Residential
building with
symptomatic
residents and
pets; USA

Finnish
buildings
with moisture
problems and
symptomatic
individuals

Residential
homes with
visible mold/
dampness
problems;
Germany

Sample
Materials
(Number of
Samples)

Composite

and individual
samples of dust
(wipes) in the
heating system
(N=7)

Bulk samples of
interior finishing
(N=79; eg.,
wallpaper,
cardboard,
wood,
plasterboard)

Carpet dust
samples (N=11)

Target
Compounds

Ochratoxin A

17 mycotoxins

Sterigmatocystin

Analytical
Methodology

HPLC, LC-MS,
TLC

HPLC-MS/MS

HPLC-MS/MS

Main Findings
Concerning Indoor
Mycotoxin Occurrence

All samples from the heating
ducts contained at least traces
of ochratoxin A, up to a
maximum conc. of >1500 ppb

43% of samples with at
least one of the target
compounds; most common
sterigmatocystin (24%; 0.2
ng/g-31 pg/g), satratoxins
G+H, verrucarol,
diacetoxyscirpenol,
deoxynivalenol (DON),
3-acetyl-DON, T2-tetraol,
citrinin

Sterigmatocystin detected
in 2/11 carpet dust samples

from mold-infested homes
(2-4ng/g)

References

Richard
et al.”?

Tuomi et al.*?

Engelhart
etal.”®
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13

14

15

16

17

Schools,
residential
homes,
commercial
building

8 buildings with
water damage
and Stachybotrys
contamination,

4 control
buildings,
outdoor air
(USA)

15 buildings
with and 9
buildings
without mold/
moisture
damage

Mold-
contaminated
indoor
environments

Buildings with
history of water
damage

Dust samples

High-volume
liquid impaction
bioaerosols
samples; case
buildings N=40;
control buildings
N =30; outdoor
airN=4

Surface swab,
floor dust, and
air samples

Moldy material
samples (N=15)

62 building
materials
(N=62), settled
dust samples
(N=8)

Stachylysin
(N=8)

Macrocyclic
trichothecenes

Macrocyclic
trichothecenes

Satratoxins G+H

Verrucarol,
trichodermol,
sterigmatocystin,
satratoxins G+H

ELISA

ELISA

ELISA

LC-MS/MS

GC-MS/MS,
LC-MS/MS

Stachylysin concentrations in
dust samples ranging from 2.2
to 162 ng/mg

Trichothecenes in
contaminated buildings <10
to >1300 pg/m? of sampled air,
significantly lower levels in
control homes (<10-120
pg/m3); not detected in
outdoor air

Higher concentration of
macrocyclic trichothecenes in
floor dust, surface swabs, and
air from moldy dwellings vs
controls, but significant only
for floor dust

Satratoxins G and H in 4
samples of wallpaper (max. 9.7
and 12 pug/cm?); roridin E and
L-2, satratoxin F, verrucarin ]

Verrucarol (19-43 pg/mg),
trichodermol (2.4-3.4 pg/mg),
sterigmatocystin (17 pg/mg)

in 3/8 settled dust samples;
toxins in 45 of 62 building
material samples

Van Emon
et al.®0

Brasel et al.*?

Charpin-
Kadouch
et al.*

Gottschalk

etal.”?

Bloom et al.5?

Continued
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TABLE 1 Overview of Studies that Report on the Occurrence of Mycotoxins (and Other Fungal and Bacterial Secondary
Metabolites) in Indoor Sample Materials—cont’'d

18

19

20

Study Sites
and Design

Dwelling

with water
damage and
Stachybotrys
contamination

5 severely mold-
contaminated
buildings in
New Orleans,
LA, USA

57 water-
damaged
buildings,
Sweden

Sample
Materials
(Number of
Samples)

Air sample
(5m3/h) for 15h
onto 0.8 um
polycarbonate
filter

Bulk samples
from floors from
selected rooms
(N=7)

Building
materials
(N=100), settled
dust samples
(N=18)

Target
Compounds

Satratoxins G
and H

Verrucarol,
trichodermol,
satratoxins G+H,
sterigmatocystin

Verrucarol,
trichodermol,
sterigmatocystin,
gliotoxin,
aflatoxin BT,
satratoxins G+H

Analytical
Methodology

LC-MS/MS

GC-MS/MS,
LC-MS/MS

GC-MS/MS,
LC-MS/MS

Main Findings

Concerning Indoor

Mycotoxin Occurrence References
Satratoxins G (0.25 ng/m3) and Gottschalk
H (0.43 ng/m?®) detected in air etal.®

sample from a water-damaged

building

Verrucarol in 3 samples (0.6-18 Bloom et al.?!
pg/mg), sterigmatocystin in 2

homes (18-28 pg/mg)

66% of material and 11% Bloom et al.5?
of settled dust positive for at

least one mycotoxin; building

materials: gliotoxin (0.43-1.12

pg/mg), sterigmatocystin

(4.9-150,000 pg/mg),

trichodermol (0.9-8700 pg/mg),

verrucarol (8.8-17,000 pg/mg),

satratoxins G+ H; settled dust:

verrucarol (0.6-1.7 pg/mg)
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21

22

23

3 schools with
nonspecific
indoor air
problems, 1
control school;
Finland

7 water
damaged
buildings in
Belgium

Damp buildings
in Slovakia and
Austria

Dust swabs and
filter materials

from ventilation
systems (N=26)

Samples of air,
dust, wall paper,
mycelium, or
silicone (N=99)

Mold-infested
material samples
(N=14; gypsum
board, wall
scrapings, paper,
soil/wood, etc.)

40 mycotoxins

20 mycotoxins

186 fungal
and bacterial
secondary
metabolites

LC-MS/MS

LC-MS/MS,
LC-Q-TOF (Time-
Of-Flight)-MS

HPLC-MS/MS

Mycotoxins detected in all Hintikka
intake and exhaust systems etal.”
(pg-ng/g or pg-ng/cm?), in total

10 compounds: beauvericin,

enniatins, verrucarol most

common; penicillic acid,

sterigmatocystin, satratoxins,

trichodermol, chaetoglobosin

A, gliotoxin, aflatoxin B

62/99 samples positive for at
least one of the mycotoxins,
mainly roquefortine C,
chaetoglobosin A, and
sterigmatocystin; also roridine
E, ochratoxin A, aflatoxin B;
and B,; concentrations in air:
0.3 pg-3.4 ng/m3; material
samples: 8 pg—13 pg/cm?

20 different compounds Vishwanath
detected, all samples positive etal.”?
for min. 3 metabolites,

concentration range ng-mg/kg;

meleagrin, roquefortine C,
sterigmatocystin, enniatins

most common; alamethicin,

alternariol, alternariol

methyl ether, beauvericin,

chaetoglobosin A, chaetomin,

citrinin, cytochalasins (B, D),

emodin, equisetin, meleagrin,
stachybotrylactam, viridicatin

Continued

Polizzi et al.'?
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TABLE 1 Overview of Studies that Report on the Occurrence of Mycotoxins (and Other Fungal and Bacterial Secondary
Metabolites) in Indoor Sample Materials—cont’'d

24

25

26

Study Sites
and Design

8 secondary
schools in
Malaysia

9 residential
homes and 2
public buildings
with moisture
problems;
Finland, Sweden

5 residential
homes with
moisture damage
(Finland), 2
control house
dusts (USA,
India)

Sample
Materials
(Number of
Samples)

Cotton swabs of
airborne settled
dust (N=32)

Building
materials
(N=42), dust
bag dust (7),
floor dust (13),
and settled
airborne dust (7)

Vacuumed floor
dust (N=7)

Target Analytical

Compounds Methodology

Aflatoxin By,
satratoxins G+H,
sterigmatocystin,
verrucarol,
trichodermol

LS-MS/MS,
GC-MS/MS

186 fungal LC-MS/MS
and bacterial
secondary

metabolites

186 fungal LC-MS/MS
and bacterial
secondary

metabolites

Main Findings
Concerning Indoor

Mycotoxin Occurrence References

Aflatoxin By in 1/32 Cai et al.®®
classrooms (67 pg/m?),

sterigmatocystin in 2/32

samples (max. 50.5 ng/m?),

verrucarol in 4/32 samples

(max. 467 pg/m?)

All samples positive for min. Taubel et al.??
1 of the target compounds; 33

different fungal and bacterial

secondary metabolites;

concentrations ranging from

pg/g to pg/g; emodin, enniatin

B, beauvericin, equisetin,

physcion, sterigmatocystin,

and meleagrin most common

Vishwanath
et al.”0

15 different metabolites

in moisture-damaged

homes, 10 in control dust;
sterigmatocystin, equisetin,
enniatins, cytochalasin D
detected in floor dust of Finnish
homes with water damage only
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27 97 school
buildings with
and without
moisture
damage in
Spain, the
Netherlands,
Finland

28 A residential
home with
moisture/mold
problems

29 5 residential
homes and one
office building

30 95 residential
homes in
eastern
Finland, 14
with moisture
damage

Settled dust
and surface
swab samples
(N=741)

Bulk samples
from bathroom,
bedroom, crawl
space (N=6)

Dust specimens

Living room
floor dust
samples (N=95)

186 fungal
and bacterial
secondary
metabolites;
verrucarol,
trichodermol

LC-MS/MS,
GC-MS/MS

Trichothecenes, ELISA
aflatoxins,
ochratoxin A

Trichothecenes, ELISA
aflatoxins,
ochratoxin A

330 fungal LC-MS/MS
and bacterial
secondary

metabolites

42-58% of dust samples
positive for min. 1 of the
metabolites; 30 different
fungal and bacterial
metabolites detected;
emodin, enniatins, physcion
most common (up to 37%
prevalence); higher number
of mycotoxins at elevated
concentration in moisture-
damaged school buildings

Trichothecenes (0.47-11.7
ppb), aflatoxins (3.5 ppb), and
ochratoxin A (2.1-7.7 ppb)

Macrocyclic trichothecenes
in all dust samples, small
amounts of ochratoxin A
detected in 4/6 samples

42 different mycotoxins

and bacterial metabolites

(in the order of magnitude
of ng/g dust), up to 29 in a
single home; only suggestive
associations with moisture
damage for individual
compounds

Peitzsch
et al.’>!

Trasher et al.t!

Brewer et al.®?

Pekkanen
et al.>?
Kirjavainen
etal.>?

ELISA, enzyme-linked immunosorbent assay; GC, gas chromatography; HPLC, high-performance liquid chromatography; LC, liquid chromatography; MS, mass spectrometry;
TLC, thin-layer chromatography; DAD, diode array detection; TOF, Time-Of-Flight.
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nanograms per square centimeter of sampling area have been reported. Typical
concentrations in floor dust or settled dust are in the range of nanograms per
gram (can reach up to pg/g) or picograms per square centimeter of sampled
surface, for settled dust.

There are only few reports of mycotoxin findings from actively sampled
indoor air'243 (see Table 1). Reasons for this are (1) active air sampling is far
more cumbersome compared to, for example, obtaining a house dust or building
material sample and (2) air concentrations of mycotoxins in indoor environments
such as residential homes, schools, or offices are usually very low—disregarding
here occupational environments with expected high exposure levels, such as
grain-handling facilities. The expected low concentrations set the requirements
for using highly sensitive analytical methodology and/or on obtaining high-
volume air samples, which implies either extended sampling periods or more
expensive equipment capable of high-volume sample collection.

All four studies that report mycotoxins from indoor air are rather consistent
in that the concentrations reported are in the range of subnanograms to low nano-
grams per cubic meter of actively collected air. Based on these studies and also on
some more experimental work*® it can be concluded that even though mycotox-
ins are not volatile as such, they do get airborne on fungal spores, fragments, and
other particles of inhalable size, so that exposure of occupants of mold-infested
buildings takes place. Brasel et al.** and Charpin-Kadouch et al.** used a mac-
rocyclic trichothecene-specific enzyme-linked immunosorbent assay (ELISA)
as analytical methodology for determination of mycotoxins from indoor air
samples. Whereas the authors of the first study reported significantly higher lev-
els of airborne trichothecenes in water-damaged buildings with known Stachy-
botrys contamination compared to control buildings and outdoor air, the French
study failed to show such significant difference in air samples, but reported the
presence of macrocyclic trichothecenes (MCTs) also in buildings without mold
problems. Gottschalk et al.*> provided the first report of specific mycotoxins in
indoor air determined with specific methodology, using liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS). These authors used a
method fulfilling the prerequisites for being accepted as a “confirmatory method
for organic residues and contaminants” according to guidelines provided by the
European Commission.*” The use of ELISA or other bio/immunoassays, on the
other hand, is somewhat problematic in terms of specificity and assay interfer-
ences. Air sampling was performed in a moisture-damaged building with known
Stachybotrys contamination, in which earlier satratoxins G and H had been
found in a moldy wall paper. The same mycotoxins were detected also in indoor
air, at concentrations of 0.25 and 0.43 ng/m? of air, respectively. Polizzi et al.'?
sampled air in seven moisture-damaged homes in Belgium and detected myco-
toxins in 6 out of total 20 air samples, using LC-MS methodology. These authors
report the detection of roquefortine C, roridin E, sterigmatocystin, chaetoglobosin
A as well as ochratoxin A, and aflatoxins B, and B, from indoor air. These
mycotoxins are likely to be produced by certain Penicillium spp., Stachybotrys
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spp., Chaetomium spp., Aspergillus versicolor, and other Aspergillus spp.
In particular the detection of aflatoxins (max. 0.15ng/m?) in indoor air in the
study of Polizzi et al.'” is surprising as these mycotoxins are generally very
rarely detected as indoor environmental contaminants.

When looking at the sampling sites listed for the individual studies in Table 1
it becomes obvious that the mycotoxin occurrence indoors is almost exclu-
sively considered in the context of dampness and mold contamination in indoor
spaces. The focus of the sample collection is on buildings (and materials) with
severe moisture damage and/or known mold contamination. It is comprehen-
sible to assume that moisture damage and mold contamination indoors relate
to excess microbial proliferation, which ultimately increases the occurrence of
mycotoxins, potentially to a level that might affect human health. It is, however,
surprising that testing such a hypothesis has not been recognized in the design
of almost any of the studies that have been conducted. Only a handful of stud-
ies have considered also sampling undamaged control environments in addi-
tion to damaged premises, and even fewer have done so with sufficient sample
numbers. This implies that in fact very little is known about what is “normal”
background with respect to the indoor occurrence of mycotoxins and which
compounds are strongly related to conditions of dampness and mold. This issue
is further discussed below.

Development of analytical techniques and instrumentation during the past
decades with respect to their specificity and sensitivity has naturally reflected
on the methods used in studies on indoor mycotoxins (Table 1). A good number
of studies have attempted to follow recommendations to use chromatographic
separation combined with mass spectrometry to imply specificity in the detec-
tion of the target compounds.*’*® For a more detailed discussion on analytical
methodology in mycotoxin research and monitoring we refer here to Chapter
3.6 in this book. Mycotoxin determination from indoor samples is a complex
and challenging task, given the multitude of potentially relevant secondary
metabolites being produced by indoor molds and considering that house dust
or building materials are very complex and sample matrices are difficult to deal
with.*® Some of the mycotoxin findings listed in Table 1 have been doubted as
being false positive reports. For this more analytical discussion, however, we
refer to the papers in which this criticism has been formulated.?%-*8

Initial studies on indoor mycotoxin occurrence focused on a few, specific
target analytes that were mostly selected based on their toxicological relevance
and suggested adverse effects on human health. Until the late 1990s, MCTs
were almost exclusively the mycotoxins of interest, owing to being partly
highly toxic and being produced by S. chartarum, which had been linked to
severe disease outcomes.®”%-10 Only since Nielsen and colleagues reported on
the immense potential of indoor molds to produce numerous fungal second-
ary metabolites on indoor surfaces have multimetabolite methods been devel-
oped and applied more frequently in indoor studies.!!~132243.49-52 Nevertheless,
the number of studies that have considered a large variety of mycotoxins and
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sufficient sample numbers is still small. Target compounds and sample matri-
ces only partly overlap between studies, and differences in detection limits and
recovery rate for the various mycotoxins complicate an objective assessment
of prevalence based on different studies. Therefore it is not possible yet at this
point to present a final conclusion on the most important mycotoxins or fungal
secondary metabolites regarding their indoor occurrence. Considering those
studies that have used multimetabolite methods to analyze larger numbers of
samples from several indoor locations so far, the following compounds have
been listed repeatedly as being more prevalent in indoor samples: enniatins
and beauvericin (depsipeptides produced by Fusarium spp.), meleagrin and
roquefortine C (produced by Penicillium spp.), emodin and physcion (anthra-
quinone derivatives produced by Eurotium and Aspergillus spp.), sterigmato-
cystin and its precursors, as well as 3-nitropropionic acid (produced mainly by
A. versicolor and Aspergillus spp., respectively), and chaetoglobosins (mostly
produced by Chaetomium spp.). The detection of MCTs, most prominently
satratoxins G and H, either directly or through their hydrolysis product ver-
rucarol, is reported also in some of these later studies. Given the earlier, mul-
tiple literature reports on findings of MCTs in severely mold-affected indoor
environments, this group of mycotoxins should be added to the list of mycotox-
ins most commonly reported indoors.

Concerning the compounds listed here, there are two points to be made: one,
not all of them can be considered real mycotoxins in the strict sense, as their
effects on human or animal health are little explored or not well established.
Two, a source attribution for the occurrence of these metabolites indoors is not
always straightforward. Although the production of most of these compounds
by indoor molds on building materials or on cultivation medium has been
shown, the high prevalence of compounds such as enniatins, emodin, or phy-
scion in indoor dust samples suggests that also an influx from outdoor sources is
relevant.?>°!33 Some plants produce secondary metabolites identical to fungal
compounds, for example, the anthraquinone derivatives emodin and physcion.
Indoor contamination by outdoor dust and soil particles and also by plant material
may be sources of low levels of indoor mycotoxins.

MYCOTOXINS IN THE CONTEXT OF MOISTURE DAMAGE

As pointed out earlier in this chapter, the interest in mycotoxin occurrence indoors
is closely linked to moisture damage and dampness in buildings. Obviously,
indoor environments with moisture problems generally provide good growth con-
ditions for microbes because of the higher availability of water, which explains
general observations of higher microbial levels. However, molds are present and
sustain metabolic activity also in “normal” buildings without moisture problems
and may find microenvironments in which to proliferate. Thus, the occurrence
of mycotoxins in buildings per se cannot be assumed to be a phenomenon of
damp indoor environments only. Among the building-associated fungi with
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mycotoxin-producing potential are various Aspergillus and Penicillium species,
Chaetomium globosum, Wallemia sebi, Eurotium spp., Trichoderma spp., and
S. chartarum, to give a few examples. Certainly, not all of those fungi are “mois-
ture-damage molds”; several are recognized as primary colonizers in buildings
based on their lower water activity requirements”® and may be present also in
buildings without moisture problems.

Against this background it is striking to notice how few of the studies conducted
so far have used an index/reference design, that is, have collected sample materials
from buildings with and without dampness and mold problems. Only studies of
such design will ultimately allow the pinning down of mycotoxins that are actually
associated with dampness observations in buildings. The vast majority of papers
deal with the detection of a few selected mycotoxins in heavily moisture-damaged
and/or mold-infested indoor spaces. As of this writing, we have very limited
knowledge on which fungal secondary metabolites occur in undamaged indoor
environments and at what levels; we have insufficient understanding of what can
be considered a normal baseline in terms of the presence of mycotoxins indoors.

The studies that used active air sampling in buildings with severe mois-
ture damage and mold contamination and in control buildings without such
observations were briefly presented earlier.*>** We wish to add here the work
published by Yike et al.,>* who collected a total of 15 air samples from seven
mold-contaminated residential homes and six air samples from uncontaminated
control rooms. In their paper they describe the development of a sensitive protein
translation assay for the detection of trichothecene mycotoxin activity in airborne
particles. The assay used measures one of the biological effects of trichothe-
cenes, which is the inhibition of protein translation in target cells, but does not
specifically measure the exact amount of a given mycotoxin in a sample. This
is the reason we did not include this work in the list of studies in Table 1, as we
restricted that review to reports on actual mycotoxin detection in indoor matrices.
The authors found a strong inhibition in the assay by air particulate extracts from
mold-contaminated homes, but not from control homes, and allocated this inhibi-
tion to the presence of trichothecene mycotoxins. Stachybotrys spp. were culti-
vated from the air in almost all of the case buildings, which makes the presence of
(macrocyclic) trichothecenes in indoor air in these homes plausible.

Brasel et al.** applied a macrocyclic trichothecene-specific ELISA on 40 air
samples collected in eight mold-contaminated buildings (from 16 rooms), 30 air
samples from four buildings with no visible contamination and history of water
damage (14 rooms), and four outdoor air samples; all samples were collected in
the state of Texas in the United States. Whereas MCTs were also detected in the
air of control environments (<10-120 pg of trichothecene equivalents per cubic
meter of air), the authors reported significantly higher levels in air samples from
S. chartarum-infested rooms (<10 to >1300 pg/m?). MCTs were not detected in
samples of outdoor air.

Charpin-Kadouch et al.** also used the ELISA for determination of MCTs in
samples of surface swabs from walls, floor dust, and indoor air from 15 French
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buildings with and nine buildings without moisture and mold problems. MCTs
were detected in all samples, both from index and from reference houses. Mean
values for MCTs were higher in moldy buildings for all three sample types;
however, a significant difference between index and reference homes was
observed only for floor dust samples, not in air or surface swab samples.

The study in schools presented by Hintikka et al.'! is not a study with a
strict index and reference design, but is nevertheless briefly mentioned here.
The “index” schools were schools that reported some rather nonspecific indoor
air problems and were referred to as typical schools in Finland, whereas the
“reference” school was chosen based on not having a history of moisture dam-
age. Dust samples were collected in the ventilation ducts of these schools.
The authors reported a variety of mycotoxins at concentrations of picograms
to nanograms per square centimeter of swabbed surface in ventilation ducts
from all schools, with the control school building actually showing the highest
number of different mycotoxins in both the supply and the exhaust air. Com-
pounds detected in the ventilation system of this school included MCTs (only
in exhaust); chaetoglobosins, beauvericin, and enniatins in both exhaust and
intake ducts; and penicillic acid, sterigmatocystin, gliotoxin, and aflatoxin B, in
supply air only. The authors concluded—based on the presence of some of the
mycotoxins in intake and exhaust air ducts—that a good part of the mycotoxins
in school buildings might not originate from sources within the building, but
either are introduced through outdoor air or may be produced in the ventilation
systems, which would indicate insufficient maintenance.

A more recent study in schools compared the mycotoxin occurrence in
moisture-damaged versus non-moisture-damaged school buildings following a
robust, epidemiological design.’! The authors targeted more than 180 fungal and
bacterial secondary metabolites and presented data from 675 settled dust samples
collected in 66 index and reference schools. Index and reference status of the schools
located in the Netherlands, Spain, and Finland were based on standardized school
building inspections recording observations of moisture damage and dampness. The
authors did not find clear statistically significant differences in the occurrence of
individual mycotoxins in moisture-damaged versus non-moisture-damaged school
buildings. However, they showed a tendency for the occurrence of a larger num-
ber of mycotoxins at elevated levels in moisture-damaged schools, reaching sig-
nificance when considering all samples from three countries. The study concluded
that microbial toxins are also present in undamaged buildings as part of the “nor-
mal” microbial flora indoors. The authors suggested that not only does moisture
damage—by triggering microbial proliferation and metabolite production—act as
a source of mycotoxins in indoor settled dust, but also outdoor air and particulate
matter seem to have an impact on the indoor occurrence of microbial secondary
metabolites. Indeed, the presence of mycotoxins in outdoor air particulate matter
has been shown in a follow-up study conducted by some of the same authors.>

Vishwanath and colleagues™ report mycotoxin findings from floor dust from
residential homes with moisture damage in Finland as well as from floor dust
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from two reference homes in the United States and in India. The geographical
difference in the origins of the samples forbids a direct comparison of mycotoxin
occurrence in index and reference house dusts, as differences may be related to
geographical/climatic differences. However, it can be mentioned here that in the
reference house dust fungal secondary metabolites were also detected.

A Finnish birth cohort study presented multimetabolite analysis data from
floor dust collected from 95 residential homes.”>>3 Fourteen of these homes had
inspection-assessed major moisture damage in the living rooms and kitchen.
The authors found a nonsignificant tendency toward elevated total number and
load of fungal and bacterial secondary metabolites in moisture-damaged homes
compared to undamaged homes. Differences in the number of metabolites in
index versus reference homes reached statistical significance when compounds
occurring at elevated concentrations were considered (similar to the finding
reported by Peitzsch et al. in schools®!). There were suggestive associations of a
number of mycotoxins with moisture damage, but these associations were weak
and did not survive correction for multiple testing.

SUMMARY, CONCLUDING REMARKS, FUTURE CHALLENGES

This chapter identifies 30 reports in the literature that have attempted to deter-
mine mycotoxins from indoor sample materials, including building material,
surface swab, dust, and active air samples. The majority of reports refer to resi-
dential homes; schools, offices, and other public buildings are also considered
in a few studies. The research on the indoor occurrence of mycotoxins is essen-
tially exclusively conducted in the context of dampness and mold contamination
in buildings. Typically, samples are collected from severely moisture-damaged
and/or mold-infested premises; where building materials are concerned, these
are usually from mold-affected areas. The results of an analysis of samples col-
lected in undamaged, control environments are rarely presented.

In particular earlier studies, but also some of the more recent reports, used
analytical methodology that targeted only a few specific mycotoxins. Those
target compounds have been selected primarily based on the toxicological
properties of some of the fungi known to occur in damp indoor environments.
Examples here are the MCTs produced by S. chartarum or also sterigmatocystin
of A. versicolor—compounds that are partly highly toxic and are known to pose
a threat to human health upon exposure. Reports of MCTs or also sterigmato-
cystin indoors are therefore frequently found in the literature. However, there
is an enormous variety of mycotoxins produced by fungi in our environment,
with estimates starting at 20,000 unique mycotoxins. Considering this and real-
izing the limited availability of occurrence data for a wider range of mycotox-
ins, it is unclear whether compounds that have been the focus of early indoor
mycotoxin studies are also the most relevant targets with respect to their preva-
lence indoors. Not all mycotoxins that are detected in indoor dust or indoor air
originate from indoor sources. The high prevalence of some fungal secondary



318 PART | Il Fungi and Metabolites

metabolites—such as enniatins, beauvericin, emodin, and physcion—observed
in indoor samples in a number of studies suggests influx from outdoor sources.
Conclusions about which would be the most relevant mycotoxins in indoor
spaces that are associated with observations of indoor dampness and mold are
impossible at this stage. There is a striking lack of studies that would have consid-
ered a large variety of microbial secondary metabolites from a sufficient number
of samples collected in a standardized manner from indoor environments with and
without moisture damage. The few studies that provide such index/reference data
have not shown very clear differences in the prevalence or levels of individual
mycotoxins. Such studies rather indicate more subtle differences, for example, a
higher number of mycotoxins occurring at elevated concentrations in damp com-
pared to reference buildings. The respective studies were, however, limited to some
extent as concerns the severity of the moisture damage conditions®' and/or the
sample numbers.>>>3 There is a need for future studies recruiting severely damaged
indoor environments into a sound, epidemiological index/reference study design.
Ultimately, the aim of our research must be to answer the question “... if
mycotoxins at concentrations found in mould damaged indoor environments
make us sick,” as was formulated by Bloom in her Ph.D. thesis.”® Despite
some 30years of research dealing with the indoor occurrence of mycotoxins,
sound information on actual health effects is limited. Several of the studies on
the occurrence of mycotoxins indoors listed in Table 1 present some informa-
tion on health complaints or in a few cases clinical data for the occupants of
these buildings.>#10-°7-62 However, no formal statistical analyses relating to the
measured mycotoxin exposure of the individuals to their health outcomes were
performed in any of these studies, mostly for reasons of too few samples or
insufficient patient or mycotoxin exposure data. Support from epidemiological
studies in clarifying potential health effects upon indoor mycotoxin exposure
is almost completely absent. The fact that there are no commonly accepted bio-
markers of airborne exposure to multiple mycotoxins in non-occupational set-
tings is certainly contributing to this situation. Cai et al.%> analyzed associations
of verrucarol (the hydrolysis product of MCTSs) in surface dust collected in 32
classrooms on self-reported respiratory symptoms of 462 pupils in eight schools
in Malaysia. The authors reported an inverse association of verrucarol with day-
time breathlessness. The study was, however, limited by the fact that verrucarol
was detected in only 4 of 32 classrooms. Two studies that used multimetabolite
analysis methods in an epidemiological study setting are being prepared for pub-
lication as of this writing, with part of these data being published in conference
proceedings. Kirjavainen et al.>> (manuscript under review; see also Ref. 52)
explored associations of mycotoxins in floor dust at early life with develop-
ment of asthma in 95 pupils in a Finnish birth cohort study. The authors reported
that neither sum load nor number of individual toxins were associated with a
risk of doctor-diagnosed asthma; positive and negative indicative associations
were observed for individual mycotoxins with the development of asthma. Zock
et al.% (full manuscript under preparation see also Ref. 55) studied respiratory
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symptoms in 645 teachers in relation to dampness and levels of microbial second-
ary metabolites in schools in Finland, the Netherlands, and Spain. Preliminary
analyses indicated a significant dose-response association of mycotoxin load in
dust with the asthma symtpom score and nasal symptoms in Finnish teachers.
There is good knowledge of the toxicological mechanisms that mycotoxins
may exert—those are discussed in another section of this book (Chapter 3.6).
However, most of what is known refers to food-borne mycotoxins and ingestion
as an exposure route. Apart from a few exceptions, much less information is
available from the more indoor-relevant metabolites and their toxicology upon
inhalation exposure. It has been suggested in the literature that inhalation of
mycotoxins may be many times more toxic than ingestion,%-%¢ but this is in fact
very little understood. Mycotoxins are present in indoor environments and inha-
lation exposure takes place. Mechanistic work?*-07-%8 has shown that not only
fungal spores carrying mycotoxins but also fragments may be crucial in terms
of exposure. Based on the few reports of mycotoxins in the air of mold-infested
indoor spaces, “usual” exposure levels are very low, in the concentration range
of picograms to nanograms per cubic meter of air. Thus—unless high-exposure
occupational settings are concerned, or exceptionally severe cases of indoor
contamination—acute toxic effects of mycotoxin exposure may be rare. Never-
theless, chronic low-level exposure to mycotoxins through inhalation could also
represent a health hazard. For example, Miller et al.%%-70 have shown alterations
in the expression of inflammation-related genes in mouse lungs upon exposure
to “real-world” levels of various indoor mycotoxins. There are in vitro stud-
ies that indicate that synergistic effects in evoking cellular responses may be
highly relevant when considering multiple mycotoxins and mycotoxins and
other microbial compounds.”!~7# These findings also link to the initial scheme
presented (Figure 1), illustrating the multitude of biological and chemical expo-
sures present in damp buildings. Measurement of single agents is probably not
sufficient if we want to attempt to elucidate the adverse health effects observed
in exposed occupants, but rather we will have to take into consideration the
complexity of the exposure situation in damp buildings in future assessments.
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CHARACTERISTICS OF OCCUPATIONAL MYCOTOXIN
EXPOSURE

An important characteristic of occupational mycotoxin exposure is the route of
exposure. Whereas the most important exposure for the general population is oral
intake of contaminated food, at workplaces inhalation and dermal contact are typi-
cal routes. However, the state of knowledge on occupational mycotoxin exposure
lags behind knowledge about dietary exposure. This is caused by major uncertain-
ties with regard to transfer from contaminated material into air (inhalable myco-
toxin concentration) and/or the toxin fraction absorbed upon dermal contact or after
respiratory intake.!-> Airborne exposure is also discussed for indoor environments.
However, the evidence that mycotoxins have a role in health problems related to
indoor air is weak and it is highly unlikely that the exposure is high enough to cause
adverse health effects.> As opposed to indoor environments, workplace-related
exposure to airborne molds and mycotoxins can be much higher.

Another characteristic of occupational exposure is the handling of prod-
ucts and materials on an industrial scale. For instance, when a moldy orange
has to be disposed in a private kitchen, exposure to mold and mycotoxins
will be limited whereas in workplaces for wholesale, tons of oranges have to
deposited in case of mold infestation, which can result in much higher expo-
sure. Because of the high amounts of products and materials that are handled
in occupational environments, often high amounts of dust are generated. In
the dust an enrichment of mycotoxins can occur. This is probably because
mycotoxin concentration is usually higher in the outer shell layer than in the
product itself. This is well demonstrated for grain kernels.®® Jargot and Melin
observed up to 15-fold higher mycotoxin concentration in airborne dust com-
pared with bulk material.’

Environmental Mycology in Public Health. http://dx.doi.org/10.1016/B978-0-12-411471-5.00019-3
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INDICATIONS OF OCCURRENCE OF MYCOTOXINS
IN OCCUPATIONAL SETTINGS

Prerequisites for mycotoxin exposure are the presence of mold and favorable
conditions for mycotoxin production. The production of mycotoxins depends
on several factors such as nutrient supply, temperature, pH in the commodities,
and even light wavelength.'”!! The most important factor determining mold
growth is the extent of available water and humidity. However, mycotoxin pro-
duction usually needs higher available water content as precondition.'? In some
cases, a slight increase in humidity is sufficient to promote mold growth and
mycotoxin production. Nuts have only a limited ability to bind water. A small
increase in absolute water content may therefore result in a marked increase in
available water, which can make nuts susceptible to mold growth.!?

Mycotoxin production is often species specific.'* Anderson and Thrane pub-
lished a list of fungal species found on apples, cherries, barley, and wheat from
the northern temperate zone, together with a list of mycotoxins known to be
produced by these fungi.!'> This offers the opportunity to predict and curtail the
list of potentially occurring mycotoxins. However, this approach requires cor-
rect identification of the mold as a key feature.'®

In workplaces, the natural background concentration of mold in the air is
often exceeded, especially when organic products are handled. In the case of
waste handling or building restoration after water damage, the presence of mold
and exposure to it are obvious.!’-20 However, visible mold is not necessarily a
precondition for mold and mycotoxin exposure. Mold and mycotoxin exposure
can occur even if products do not show visible mold growth and even if they
meet the strict requirements of food and feed safety regulations. This can be
illustrated by grain kernels. Although grain kernels usually are optically free
of mold growth, there is a thin, invisible layer of microorganisms on each ker-
nel. Grain usually contains 103-10* colony-forming units (CFU) of mold per
gram (personal communication, Dr Miinzing, Department of Safety and Qual-
ity of Cereals, Detmold, Germany). During harvest and transport, the kernels
rub against each other and microorganisms are released from the surface to the
ambient air. This process is also the reason for elevated endotoxin concentra-
tions observed during grain handling.?!22 Various dry products such as onions,
hay, spices, and herbs tend to release mold during handling.?>>> Iamanaka
et al. found that up to 90% of black sultanas were infected by toxigenic species
Aspergillus carbonarius, Aspergillus niger, and Aspergillus ochraceus without
being visible.2® Mayer et al. analyzed settled dust samples from grain eleva-
tors.?’ Although there was no evidence of mold growth on the grains, each dust
sample contained mycotoxins. Thus, mold and mycotoxin exposure can occur
even if mold is not clearly visible.

More obvious is the presence of molds on waste and wet organic materials,
such as plant pots made of recycled paper. After handling plants grown in such
decomposable pots, three horticulture workers developed a painful inflamed
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efflorescence on their fingertips followed by scaling of the skin.?® Stachybotrys
chartarum detected on the surface of the plant pots was suspected to be respon-
sible for the skin lesions.

Indications for the occurrence of mycotoxins can often be derived from
food and feed monitoring data and scientific literature and can provide useful
information about possible occupational exposure to mycotoxins, at least at a
qualitative level. For instance, mycotoxins have been frequently identified in
grain products, coffee beans, spices, and nuts.?’-?°-33 In a study by Brera et al.,
during processing of black pepper with no sign of mold, maximum ochratoxin
A (OTA) concentrations of 0.43 ng/m? in ambient air and 8.30 ng/m? in personal
air samples were detected.?*

A recent example is the detection of aflatoxin M1 in a milk sample, which
occurred as a result of feeding highly aflatoxin B 1-contaminated maize to cows.*
When this was discovered, further use of remaining batches of the contaminated
maize was forbidden, and appropriate protective measures were ascertained to
avoid occupational exposure upon disposal of the contaminated material.*® A good
overview of mycotoxins in food and feed was given, among other things, by Jestoi
and Marin et al., and provides a good data basis for the occurrence of mycotoxin
in food commodities.3”3® However, it has to be verified whether the occurrence of
mycotoxins in products or materials is also associated with exposure to workers.

Table 1 summarizes information on some workplaces where mycotoxin
occurrence has been investigated to date. Such investigations are usually
restricted to industrial sectors with a high throughput of organic materials.

Because the conditions for mycotoxin production differ between mold spe-
cies and even between mold strains, it is difficult to predict mycotoxin production
from the occurrence of mold.'® Anderson et al. identified two different chemo-
types of S. chartarum, one producing macrocyclic trichothecenes and one pro-
ducing atranones and dolabellanes.”” Gareis et al. described the mold species
Stachybotrys chorohalonata, which is phenotypically identical to S. chartarum
but produces neither macrocyclic trichothecenes nor atranones or dolabellanes.®”
Thus, it is difficult to make predictions about mycotoxin occurrence for a given
condition based only on information about mold occurrence.

A quantitative correlation between exposure to airborne molds and exposure
to mycotoxins is not obligatory.®! Possibly, a small but active fungal biomass
may produce the same amount of mycotoxins as a big fungal biomass that pro-
duces only small amounts of mycotoxins, what may complicate assessment of
mycotoxin exposure. Often mycotoxin production is tested in isolated species
from workplaces grown on different media.”’%%3 Mufioz et al. investigated
mycotoxin production by different ochratoxigenic Aspergillus and Penicillium
species on coffee- and wheat-based media.®* OTA production clearly depended
on the time of incubation, fungal species, and medium composition. On a
coffee-based medium, moderate OTA levels were produced by A. ochraceus
BFE635 (9.8 ug/g) and by A. niger BFE632 (10.6 ug/g) on day 8 of incuba-
tion. In a wheat-based medium, these strains produced much more OTA than
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TABLE 1 Occurrence of Mycotoxins in Different Occupational

Environments

Occupational
Environment

Peanut mill

Peanut shelling
plant

Grain elevator

Grain elevator

Grain elevator

Grain harvest

Handling of bulk
wheat

Handling of bulk
maize

Coffee, cocoa,
spices

Blending of
spices

Chicory pellets
and powder

Malt house

Sampling
Settled dust
In air

In air

In settled dust

In air (calculated)

In settled dust

In air (calculated)

In settled dust

In air

In air

In air
personal
sampling

In air

In air

In settled dust

Mycotoxin
Concentration

250-410ng AfB,/g
dust
0.9-72 ng AfB;/m3

0.4-7.6 ng AfB;/m?

4ng OTA/g (2-128)
40 pg/m? (2-600)

104 ng OTA/g dust
(17-318)

244 ng Citrinin/g dust
(137-344)

2pg OTA/m?3
(0.07-690)

2ng DON/m?
(0.2-720)

1ng ZEA/m3 (0.1-501)

0.4-2.8ng OTA/g
0.1-239ng DON/g
4-339ng NIV/g

36ng OTA/m?

127 pg fumonisins/m?

0.006-0.087 ng OTA/
m3

1.6-53.4ng OTA/m?
3.6-26.5pg total
aflatoxins/m3

1.2 pg total aflatoxins/
m3

0.99ng OTA/g
(0.05-9.90ng/g) in
brewing barley
1.11ng OTA/g
(0.05-3.5) in malt
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Environments—cont’d

Occupational
Environment

Grain harvest

Grain harvest

Grain harvest

Grain handling

Pigsty

Pigsty, cleaning

Cowshed

Cattle feeding

Poultry houses

Indoor

Indoor

Indoor

Sampling

In settled dust

In air, personal,
and stationary
sampling

In air, personal,
and stationary
sampling

In air, personal,
and stationary
sampling

In air, stationary

In air, personal,
and stationary
sampling

In settled dust

In air, personal
sampling

In air

Carpet dust

In air

In air

Mycotoxin
Concentration

<20ng DON/g
54ng HT-2/g
<50ngT-2/g

0.023-6.86ng
aflatoxins/m3

0.3-91 ng AfB;/m3

0.23-54.5ng
aflatoxins/m3

5-421ng AfB,/m?
124-4849 ng AfB/m>

0.2-70ng OTA/g

2.60 pg gliotoxins/m3

0.08 ng AfB;/m3
8.53 ng OTA/m3
2.3ng ZEA/m3

2-4ng
sterigmatocystins/g

<10-> 1300 pg/

m3 trichothecene
equivalents in room
with Stachybotrys
chartarum
2.2-120pg/m3
trichothecene
equivalents in
room without

S. chartarum

Satratoxin G 0.25 ng/m?
satratoxin H 0.43 ng/m?
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TABLE 1 Occurrence of Mycotoxins in Different Occupational
Environments—cont’d

Occupational Mycotoxin
Environment Sampling Concentration References
Indoor In settled dust Up to 28 fungal and 5 52
and building bacterial metabolites
materials
Indoor In air 0.009-4 ng/m? 53

roquefortine C
0.003-1.77 ng/m?
sterigmatocystin
0.007-3.42 ng/m3
chaetoglobosin
0.002-0.146 ng/m?
AfB,
0.0003-0.0211 ng/m?
AfB,

0.003-0.082 ng/m?
roridin E
0.011-0.288 ng/m?
OTA

Waste treatment In air 1.1-6.1 pg AfB;/m? 54
3.3-31pg OTA/m?

Waste treatment In air 2-830pg AfB; 55
equivalents/m?

Waste recycling In settled dust, Up to 33 different 56
calculated fungal and 5 bacterial
airborne metabolites
concentrations

Compost facilities In air Qualitative detection 57
of tryptoquivalin and
trypacidin

Ventilation In material Qualitative detection 58

system samples of roridin A, T-2 toxin,

diacetoxyscirpenol
and T-2 tetraol

AfB; =aflatoxin B;; DON=deoxynivalenol; OTA =ochratoxin A; ZEA =zearalenone.

in coffee. The results underline that a correlation does not necessarily exist
between occurrence of mycotoxigenic mold species and the presence of myco-
toxins. However, from a precautionary viewpoint and for practical reasons, it is
prudent to assume that an elevated mold exposure is associated with an elevated
mycotoxin exposure unless specific information is available.
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AIRBORNE CONCENTRATION, DURATION, AND FREQUENCY
AS CRITERIA FOR OCCUPATIONAL MYCOTOXIN EXPOSURE

To assess potential health risks from occupational mycotoxin exposure, it is
important to consider the airborne mycotoxin concentration, but also the dura-
tion and frequency of exposure. For instance, in industrial processes where
products or materials are handled in closed containment systems, workers
are usually not exposed. In the case of industrial production of citric acid,
strains of A. niger are used. Some industrially used strains of A. niger can
produce fumonisins and OTA, which is clearly undesirable with respect to
food safety.3-%6 However, from an occupational safety point of view, this is
not critical as long as the products or materials are handled in closed contain-
ment systems and the workers are not exposed. For a sound assessment of
exposure, it is essential to consider all factors that can influence the concen-
tration of airborne mycotoxins, as well as all factors influencing the duration
and frequency of exposure.

Factors Influencing the Concentration of Airborne Mycotoxins

One central determinant of the concentration of airborne mycotoxins is the con-
centration of mycotoxins in the handled material or product. In cases of handling
food commodities or animal feed, it can be assumed that mycotoxin concentra-
tions are usually low because of strict legislation. However, in many other cases,
information about mycotoxin concentrations is scarce or completely missing.
Thus, information about the extend of mold contamination may provide a rough
estimate for the presence of mycotoxin, although one has to be aware of the
uncertainties of this approach (see previous discussion). Mold is often present
when organic materials or products such as wooden products for home decora-
tion, furniture, cotton, wool clothes, or wood chips are stored, transported, or
processed under humid or wet conditions (Mayer, not published).

Another important factor is the amount of handled materials and products,
which exceed by far the amounts handled in indoor environments and at home.
Even if the mycotoxin concentration in a product or material is low, handling
of high amounts can result in an elevated airborne mycotoxin concentration at
the workplace.

Because mycotoxins are not volatile and bound to particulate matter, all
factors that facilitate the release of contaminated particulate matter and dust
into ambient air can increase the chances of airborne mycotoxin exposure. In
particular, dry products or materials with a high specific surface, such as hay or
plant fibers such as jute or hemp, tend to release dust as a vector for mold and
mycotoxins. Also, procedures with a high intensity of handling, for example,
mechanical sieving or manual sorting, contribute to an elevated release of
contaminated dust. Other tasks often associated with high dust concentrations
are cleaning activities such as sweeping or when compressed air is used for
cleaning. In particular, the latter activity leads to high dust concentrations and
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possibly to peak mycotoxin exposures, with a duration of several minutes to
several days in the case of basic cleaning in storage warehouses or in large
production halls. However, a high concentration of airborne dust is not neces-
sarily associated with a high concentration of airborne mycotoxin.

Duration and Frequency of Occupational Mycotoxin Exposure

It can be assumed that the health risk resulting from mycotoxin exposure
increases with the duration and frequency of exposure. Besides the importance
of risk assessment, duration and frequency are also important to deduce propor-
tionate protective measures. In the case of a rare and short exposure, it seems
adequate to use personal protective devices, whereas in the case of more regular
exposure, technical protective measures are more proportionate and are pre-
ferred. However, often studies about occupational mycotoxin exposure focus
only on the aspect of concentration.

With respect to duration and frequency of airborne mycotoxin exposure,
mainly two situations exist: (1) regular exposure at low concentrations and
(2) occasional exposure at high (peak) concentrations.

Examples of regular occupational exposure to low airborne mold and prob-
ably mycotoxin concentrations can be found in many industrial sectors in which
products and materials are handled, which are more or less naturally colonized
with molds, particularly in agriculture and the downstream processing industry,
but also in the handling of spices or tea, processing of plant raw fibers, and
so forth. Available data for grain handling indicate that under usual working
conditions, airborne mycotoxin concentrations are normally low and unlikely
to add significantly to human exposure (see the section on Assessment Strate-
gies).?73941 Nevertheless, occupational exposure to mycotoxins has to be mini-
mized, in line with the central demand of health and safety regulations (see the
section on Prevention).

Although exposure to mycotoxins in the food and feed processing industry
can be supposed to be usually low owing to strict regulations for these contami-
nants. Batches of moldy materials may have to be handled, at least for disposal.
Reasons for such situations include wet harvest conditions along with late or
insufficient drying, water damage, and improper storage conditions. Although
such situations occur only occasionally, handling of highly mycotoxin-
contaminated batches can result in peak exposures, depending on the amount of
contaminated materials and the working conditions. In such situations, myco-
toxin exposure can even result in acute health effects: Di Paolo et al. described a
case of acute renal failure and tubular necrosis in a woman who shoveled moldy
wheat from an abandoned silo for an entire day.®’ There is evidence that OTA
was the causative agent. Stange et al. reported the case of a farmer who had
repeatedly ground visibly ergot-infected grain and developed progressive occlu-
sion of the leg arteries over a 6-month period.®® High blood plasma ergotamine
levels indicated inhalational ergot alkaloid intake.
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Occasional exposure to mold and possibly to mycotoxins can also occur in
other occupational environments, such as the restoration of moldy books after
water damage. Another example is moldy products and materials in freight
containers. Dunnage, wooden transport crates, and furniture or other organic
products or materials show at least sometimes extensive mold growth after
overseas transport in freight containers. Exposure to molds and mycotoxins can
occur during removal of dunnage or transport crates, but also during manual
cleaning of the products. Our own measurements revealed mold concentra-
tions of up to 5x 10° CFU/m? during removal of moldy dunnage with a hammer
under open air conditions (data not published). Data on associated mycotoxin
exposure are not yet available. Another occupational setting of interest is water-
damaged buildings, such as after large floods, when over an extended time
moldy dwellings are restored or broken down. Airborne mold concentrations
of up to 107 CFU/m3 have been observed, depending on the method of removal
of infested plaster.”” In a water-damaged building without restoration activities
Gottschalk et al. found airborne satratoxin G and H at levels of 0.25 and 0.43 ng/m?,
respectively.!

Severity of Work

Finally, a factor that can influence the extent of exposure via inhalation is the
severity of work. Under demanding work conditions, the rate of breathing
and thus the inhalative intake is elevated. Mayer et al. assumed a breathing
rate of 600 and 30001/h for usual and worst-case conditions, respectively.?’
Halstensen et al. assumed a breathing rate of 18001/h for moderate physical
activity.’® Degen estimated a breathing volume of up to 30001/h during physical
activity.! Gottschalk et al. used a respiratory minute volume of 61/min to cal-
culate inhalative intake of mycotoxins at rest.”!

Dermal Exposure

As evident in Table 1, to date, studies on occupational mycotoxin exposure have
focused on inhalative exposure. However, dermal contact may also contribute to
intake of mycotoxins. According to in vitro studies some lipophilic low-molecu-
lar-weight mycotoxins may penetrate human skin. Kemppainen et al. described
penetration of T-2 toxin (dissolved in methanol) through excised human skin.”!
Boonen et al. showed skin permeability for aflatoxin B1, OTA, citrinin, zearale-
none, and T-2 toxin (dissolved in an ethanol/water mixture (70/30)).”> However,
organic solvents probably facilitate dermal absorption.

Dermal exposure may be of particular relevance in cases of hot and demand-
ing working conditions, when workers wear only light clothes and large areas of
skin are exposed. Under such conditions, when workers are sweating, exposure
may be increased by absorption of dust on the wet skin surface. However, the
relevance of dermal mycotoxin exposure remains unclear.
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ASSESSMENT STRATEGIES

According to European directive 2000/54/EC on biological agents, employers
have to assess the health risks of biological agents such as mold. This includes
an assessment of the potential health effects of mycotoxin exposure. To assess
risks from workplace-related mycotoxin exposure requires a case-by-case
approach.” Adverse effects will depend on the toxin type, the intensity (dose,
duration, and route) of exposure, and the amount or fraction of mycotoxin
absorbed. Reviews by Mayer et al. and Degen compiled information on occu-
pational mycotoxin exposure; these data are summarized and complemented in
Table 1.2 A health risk assessment remains a challenging task, among other
things, because of the lack of evaluation standards.”® Limit values for mycotox-
ins in air and workplace-related inhalatory intake have not been set by official
regulatory bodies. Therefore, alternative assessment strategies are necessary.

One approach compares occupational mycotoxin exposure (calculated from
airborne levels) with recommendations for tolerable daily intake (TDI) values
that have been set for a small number of mycotoxins in food (Table 2) as a pre-
liminary risk assessment.

For a comparison of airborne occupational mycotoxin exposure with TDI
values, the inhalative intake has to be calculated as long as direct measurements
are not feasible. For this purpose, mycotoxin concentrations in settled dust can
be used in combination with airborne dust concentrations to calculate the inha-
lative intake. An analysis of settled dust is advantageous because settled dust
acts as integrating matrix over a longer period of time. It is assumed that the
settled dust has been airborne and respirable. A further (worst-case) assumption
is that 100% of inhaled mycotoxins will be absorbed. Mayer et al., Halstensen
et al., and Tangni and Pussemier calculated the inhalatory intake of myco-
toxins by workers in grain elevators under regular working conditions.?”-30-41

TABLE 2 Recommendations for Maximum Tolerable Intake of Certain
Mycotoxins through Food Related to 1kg Body Weight (bw) in Each Case

Recommended Maximum Tolerable
Mycotoxin Oral Intake

Fumonisin B1, B2, and B3, individually 2 pg/kg bw per day
or combined

Ochratoxin A? 0.1 pg/kg bw per week
Deoxynivalenol 1 ug/kg bw per day
T-2 and HT-2 toxin 0.06 pg/kg bw per day
Zearalenone 0.2 pg/kg bw per day

2Value has been set provisionally.
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In all studies, calculated intake was at least two orders of magnitude lower
than the lowest TDI value for the respective mycotoxins. Mayer et al. analyzed
mycotoxin concentrations in settled dust in waste recycling plants and deter-
mined airborne dust concentrations.”* In that study, the concentrations of all
detected mycotoxins were summed up and compared with the lowest TDI for
T-2/HT-2 toxins. Despite the summation of all mycotoxins, an inhalative intake
was more than two-fold lower than the TDI. This indicates that no acute health
hazard exists from inhalative intake under regular working conditions.

Although such approaches are feasible to assess occupational airborne expo-
sure, some caveats have to be kept in mind: The TDI values have been derived
only for a few mycotoxins, but not for others that may be of interest at par-
ticular workplaces (e.g., atranones, satratoxins). Moreover, they do not account
for the complexity of simultaneously occurring mycotoxins and/or interactions
between mycotoxins and other hazardous compounds. The complexity of com-
pounds present in waste recycling plants is illustrated by the study of Mayer
et al., who detected 33 mycotoxins and five bacterial metabolites in settled dust
samples.”* Even in indoor environments a broad spectrum of microbial metabo-
lites can be observed. Téubel et al. detected in total 33 microbial metabolites in
different building materials and dust samples.”> The broad spectrum of myco-
toxins and microbial metabolites underlines the problem of how to deal with
interactions between mycotoxins or with other hazardous compounds.

Despite these limitations and in the light of missing alternatives, comparison
of airborne mycotoxin concentrations with tolerable oral intake values is cur-
rently an approach that gives at least an impression of potential health risk.

However, because employers have to assess health risks preferably before
work, they cannot wait until sufficient scientific information allows a compre-
hensive risk assessment to decide which protective measures are appropriate.
Thus, a precautionary approach is necessary.

PREVENTION

In most cases insufficient data are available about mycotoxin exposure.
Nevertheless the employer has to define appropriate protective measures. Occu-
pational health and safety legislation already considered the lack of assessment
criteria and forces therefore the employer to minimize the risk of exposure to
biological agents to a level according to the state of the art of protective mea-
sures. Occupational health and safety legislation prescribes a strict hierarchy of
protective measures. This hierarchy targets first of all at the prevention of expo-
sure. Necessary to that end are measures to avoid the occurrence of mycotoxins.

In the case of food and feed production, this starts at the level of plant
breeding and farming practice. Over a course of Syears, Vogelgsang et al.
studied different maize residue treatments conducted on 14 zero-tillage on-
farm sites in Switzerland to evaluate their effect on the development of Fusar-
ium head blight and contamination with the mycotoxin deoxynivalenol (DON)
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in winter wheat grains and wheat straw after grain maize.”* The authors were
able to demonstrate that under a grain maize/winter wheat rotation, the DON
content in wheat grains frequently exceeded the European maximum limit,
even with thorough treatment of maize residues and less susceptible wheat
varieties. Hence, modified crop rotation can contribute to a reduced risk of
contamination. Also, the selection of crop cultivars with reduced susceptibil-
ity to mold infestation can contribute to a reduction of mycotoxin exposure
during subsequent processing.”

An approach to reduce crop aflatoxin contamination is the application of
atoxigenic strains of Aspergillus flavus.”® This strategy uses components of the
endemic diversity to alter structures of A. flavus populations.

The next step is to avoid occurrence at workplaces. Appropriate measures
start with quality management measures ensuring a high quality of products
and materials in terms of a low mycotoxin contamination. Along with quality
management measures, appropriate storage conditions are important to avoid
or at least limit fungal growth and the (additional) production of mycotoxins.
Bucheli et al. demonstrated the influence of storage conditions on fungal growth
and OTA production in raw coffee.”” A key feature of avoiding OTA produc-
tion was ensuring a low content of 0.75 or less of available water. Denziel et al.
demonstrated the influence of the cleaning status of storage rooms on the con-
tamination of pistachios.”® With respect to storage workers, cleaning of such
storage rooms may be associated with elevated mycotoxin exposure as long as
sweeping or other dusty cleaning methods are applied. Landers et al. observed
no aflatoxin production at a O, concentration less than 1%.7° However, the
reduction of O, concentration may replace one health hazard with another that
may be even more serious.

Because materials such as grains may already be contaminated with myco-
toxins in the freshly harvested state, proper storage alone will not always suffice
as a protective measure. Accordingly, if mycotoxins have been formed before
storage or where dry conditions cannot be ensured for operational reasons, pre-
vention must be initiated at the level of avoiding and minimizing exposure to
fungi or fungi-containing dusts. This includes minimization of the airborne con-
centration as well as of the duration and frequency of exposure.

A high level of protection can be achieved with containment measures such
as encapsulation of machines. When avoidance of dust release is not an option,
dust should be exhausted at its point of origin. Contamination of adjacent work-
places must be avoided, such as by separating workplaces. High exposure is
often observed during cleaning activities owing to the use of brooms or even
compressed air. For cleaning activities, the use of vacuum cleaners with suf-
ficient dust retention is indicated. Without high dust retention, small particles
will be re-released into the ambient air.

When technical measures are not feasible, organizational measures are nec-
essary. To this kind of measures belongs restriction of the number of exposed
employees. An important part of organizational measures is to inform and
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educate the workers. In many cases, workers are unaware that mycotoxins may
be present or of the potential nature of associated risks. Employees must be
informed about the potential risks and corresponding protective measures as
part of periodic instruction according to occupational safety legislation.

At the end of the hierarchy of protective measures, personal protective
devices are indicated. Respiratory protection devices conforming at least to
particle filter class 2 according to EN 149 (2009) must be worn where fungal
concentrations prevail.®? Fan-assisted hoods that provide not only respiratory
protection but also cover the face, and hence, the mucosae of the eyes are advan-
tageous. Because mycotoxins can also be absorbed via the skin, body-covering
apparel must be worn in workplaces subject to dust exposure. Exposed skin
parts should be washed once the work has been completed.

Exposure to mold or mold-contaminated dust is also connected with a poten-
tial health hazard because of the sensitizing properties of molds and, at least
under certain conditions, owing to infections. However, in most cases, protec-
tive measures against mycotoxins will form part of the strategies required to
combat the sensitizing potential of the fungi. In a laboratory environment where
pure mycotoxins are handled, specific protective measures against exposure are
conceivable and are part of good laboratory practice.
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INTRODUCTION

Human exposure to mycotoxins is determined by environmental or biological
monitoring. In environmental monitoring, mycotoxins are measured in food, air,
or other samples; in biological monitoring, the presence of residues, adducts, and
metabolites are assayed directly in tissues, fluids, and excreta.! Human expo-
sure to mycotoxins may result from consumption of plant-derived foods that are
contaminated with toxins, the carryover of mycotoxins and their metabolites in
animal products such as meat and eggs, or exposure to air and dust containing
toxins.>? Examples of mycotoxins of greatest public health and agro-economic
significance include aflatoxins (AFs), ochratoxins, trichothecenes, zearalenone,
fumonisins (FUMs), tremorgenic toxins, and ergot alkaloids.>*>

A challenge in the field of exposure assessment of mycotoxins is to develop
accurate and reliable biomarkers for human studies. The biomarker approach may
be a promising tool for directly measuring toxin-mediated biological perturba-
tions or to directly measure the amounts of mycotoxins present in the organism.®

In molecular epidemiology, it is possible to demonstrate with more certainty
the association between putative carcinogens and specific cancers.! Biological
markers of AF, ochratoxin A (OTA), and FUM exposure have attracted atten-
tion for mycotoxin biomonitoring studies. However, while AF and ochratoxin
biomarkers have been successfully applied and validated over the past decade,
large drawbacks remain in finding a suitable FUM biomarker.®

The toxicity of mycotoxins differs depending on the kind of toxin. It
was observed in animals that the toxicity was related to the species, the dose
ingested, the duration of the exposure, and sex and age.’

Biomonitoring of AFs can be done by analyzing the presence of AF metabolites
in blood, milk, and urine; moreover, excreted DNA adducts and blood protein
adducts can be monitored. The AFB1-N’-guanine adduct represents the most
reliable urinary biomarker for AF exposure but reflects only recent exposure.

Environmental Mycology in Public Health. http://dx.doi.org/10.1016/B978-0-12-411471-5.00020-X
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Numerous studies have shown that carcinogenic potency is highly correlated
with the extent of total DNA adducts formed in vivo.!

CYTOKINESIS-BLOCK MICRONUCLEUS ASSAY

The cytokinesis-block micronucleus (CBMN) assay is a comprehensive system
for measuring DNA damage; cytostasis and cytotoxicity-DNA damage events
are scored specifically in once-divided binucleated cells. End points possible to
be measured are micronuclei (MN), a biomarker of chromosome breakage and/
or whole chromosome loss; nucleoplasmic bridges (NPB), a biomarker of DNA
misrepair and/or telomere end-fusions; and nuclear buds (NBUD), a biomarker
of elimination of amplified DNA and/or DNA repair complexes. Cytostatic
effects are measured via the proportion of mono-, bi-, and multinucleated cells
and cytotoxicity via necrotic and/or apoptotic cell ratios.®

The CBMN assay has become one of the most commonly used methods for
assessing chromosome breakage and loss in human lymphocytes both in vivo and
ex vivo.'% In the CBMN assay, once-divided cells are recognized by their binu-
cleated appearance after blocking cytokinesis with cytochalasin-B, an inhibitor
of microfilament ring assembly required for the completion of cytokinesis.’ The
restriction of scoring just MN in binucleated cells prevents confounding effects
caused by suboptimal or altered cell division kinetics. The biological meaning
of the presence of MN in mononucleated cells indicates DNA damage that
was present in the cells before they were put into culture with cytochalasin-B,
whereas binucleated cells may contain preexisting MN as well as MN expressed
during culture as a result of chromosome breaks accumulated during GO phase
in vivo.'-12 Because of its reliability and good reproducibility the CBMN assay,”!?
has been extensively used to evaluate the presence and extent of chromosome
damage in human populations exposed to genotoxic agents in various occu-
pational settings, in the environment, or as a consequence of lifestyle.'*

The CBMN assay is visualized as a cytome concept, which implies that
every cell in the system studied is scored cytologically for its viability status
(necrosis and apoptosis), its mitotic status (mononucleated, binucleated, and
multinucleated), and its chromosomal damage or instability status (presence of
MN, NPB, NBUD, and a number of centromere probe signals among nuclei or
MN of binucleated cells if such molecular tools are combined with the assay).”

Use of the CBMN assay in in vitro genetic toxicology testing is well estab-
lished; in fact, it has become an accepted standard method to assess the genotoxic
hazard of chemicals and has led to the development of the Organization for
Economic Cooperation and Development (OECD) guideline for this purpose,
the OECD 487 guideline. >

The CBMN assay is an effective tool for studying cellular and nuclear dys-
function caused by in vitro or in vivo aging, micronutrient deficiency or excess,
genotoxin exposure, and genetic defects in genome maintenance. It is also
fruitful in the emerging fields of nutrigenomics and toxicogenomics and their
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combinations, because it has become increasingly clear that nutrient status also
affects sensitivity to exogenous genotoxins.”!® Many results obtained indicate
the potential predictive value of the CBMN assay with respect to cancer risk
and validate its use as a test for detecting nutritional, environmental, and genetic
factors that are potentially carcinogenic.’

Concerning human biomonitoring, the CBMN assay is widely used for
in vivo exposure to genotoxins and has become a standard biodosimetry method
endorsed by the International Atomic Energy Agency and the World Health
Organization to measure exposure to ionizing radiation.!” The assay measures
MN and other nuclear anomalies in ex vivo mitogen-stimulated lymphocytes
from in vivo systemic exposed persons, in this way integrating in vivo systemic
exposure of lymphocytes and in vivo/ex vivo response to the genotoxic stress.
Its predictivity for the detection of genetic risks is supported by the fact that it
allows measurement at the single-cell level of both structural and numerical
chromosome aberrations. !>

In summary, the CBMN assay is a robust assay for genetic damage with
applications in ecotoxicology, nutrition, radiation sensitivity testing both for
cancer risk assessment and optimization of radiotherapy, biomonitoring of
human populations, and importantly, testing of new pharmaceuticals and other
chemicals. In the future, an automated system is expected that can reliably score
the various end points possible with the CBMN assay.’

MICRONUCLEUS

MN originate from chromosome fragments or whole chromosomes that lag
behind anaphase during nuclear division and are not included in the main
nuclei.!>!8:19 MN are small extranuclear bodies that arise in dividing cells from
acentric chromosome/chromatid fragments or whole chromosome/chromatid
that lag behind in anaphase and are not included in the daughter nuclei in telo-
phase.?® At telophase, a nuclear envelope forms around the lagging chromosomes
and fragments, which then uncoil and gradually assume the morphology of an
interphase nucleus, except that they are smaller than the main nuclei in the cell
(hence, the term “micronucleus”).!” MN harboring chromosomal fragments
may result from direct double-strand DNA breakage, conversion of single-
strand breaks into double-strand breaks after cell replication, or inhibition of
DNA synthesis.??

MN can be formed via different pathways: namely, from acentric chromo-
some or chromatid fragments. A small proportion of acentric chromosome
fragments may simply arise from unrepaired double-stranded DNA breaks.
Other mechanisms that could lead to MN formation from acentric fragments
include simultaneous excision repair of damaged (e.g., 8-oxo-deoxyguanosine)
or inappropriate bases incorporated in DNA (e.g., uracil) that are in proxim-
ity to and on opposite complementary DNA strands.?! Another mechanism that
may lead to MN from chromosome loss events is hypomethylation of cytosine
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in centromeric and pericentromeric repeat sequences such as classical satellite
repeats at pericentromeric regions and higher-order repeats of satellite DNA
in centromeric DNA.2! Because of the central role of kinetochore proteins in
engaging chromosomes with the spindle, it is probable that mutations leading
to defects in kinetochore and microtubule interaction dynamics could cause of
MN formation owing to chromosome loss at anaphase. Other variables likely
to increase MN from chromosome loss are defects in mitotic spindle assembly,
mitosis check point defects, and abnormal centrosome amplification.?!

The fate of MN after their formation in the micronucleated cell is poorly
understood. Their postmitotic fate includes: (1) elimination of the micronucleated
cell as a consequence of apoptosis; (2) expulsion from the cell (when the DNA
within the MN is not expected to be functional or capable of replication owing to
the absence of the necessary cytoplasmic components); (3) reincorporation into
the main nucleus (when reincorporated chromosome may be indistinguishable
from those of the main nucleus and might resume normal biological activity);
and (4) retention within the cell’s cytoplasm as an extranuclear entity (when MN
may complete one or more rounds of DNA/chromosome replication).2-22

The key advantage of the CBMN assay lies in its ability to detect both clas-
togenic and aneugenic events, leading to structural and numerical chromosomal
aberrations, respectively.” Clastogens induce MN by breaking the double helix
of DNA, forming acentric fragments that are incapable of adhering to the spindle
fibers, and integrating in the daughter nuclei, and are thus left out during mitosis.
The same occurs to whole chromosomes with damaged kinetochores; they can-
not attach to the microtubules that pull the chromatids toward the daughter cells
during mitosis and thus they remain outside the new nuclei. This damage could
be generated by chemicals reacting with proteins forming the kinetochores.?2*

Aneugens are chemicals that prevent the formation of the spindle apparatus
during mitosis. These agents generate not only whole chromatids that are left out
of the nuclei, thus forming MN, but also the formation of multinucleated cells,
in which each nucleus would contain a different number of chromosomes. These
agents are also likely to induce an increase in mitotic figures that are clearly seen
in the same slides. With the CBMN assay is possible to distinguish between
MN originating from whole chromosomes and those originating from acentric
fragments, as well as to determine whether malsegregation of chromosomes
is occurring between nuclei in a binucleated cell that may not contain MN, by
using centromeric probes.®10-19

Pancentromeric DNA probes are used to distinguish between MN originating
from any whole chromosome loss event and MN containing acentric chromosome
fragments. The use of chromosome-specific centromeric DNA probes allows
both the determination of specific chromosome loss events resulting in MN and
unequal segregation of specific chromosomes among daughter nuclei even in the
absence of MN formation.?! Pancentromeric probes should be used only to distin-
guish between MN originating from chromosome breaks (centromere negative)
and chromosome loss (centromere positive). Chromosome-specific centromere
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probes should be used only to measure malsegregation (owing to nondisjunction
or chromosome loss) involving unique chromosomes.®!%-19:2125 Evaluation of
the mechanistic origin of individual MN by centromere and kinetochore identifi-
cation contributes to the high sensitivity and specificity of the method.?"
Important factors influence baseline MN frequency in human lymphocytes.
Age and gender are the most important demographic variables affecting the
MN index; frequencies in females are greater than those in males by a factor
of 1.2-1.6, depending on the age group.’® MN frequency was significantly and
positively correlated with age in males and females and is affected by dietary
factors such as folate deficiency and plasma levels of vitamin B12 and homo-
cysteine. It was also proposed that the MN index can be influenced by the pro-
pensity of an individual’s cells to undergo apoptosis, and genetic factors such as
genetic polymorphisms.!0-20-27
In a general form, the formation of MN is attributed to a variety of insults to
genetic material, which could be classified as exogenous and endogenous fac-
tors. Exogenous factors include radiation, chemical agents, and microorganism
invasion. Endogenous factors include genetic defects, pathological changes,
deficiency of essential nutritional ingredients (e.g., folic acid), and injuries
induced by deleterious metabolic products (such as reactive oxygen species).?
The hypothesis of a predictive association between the frequency of MN in
CBMN assay in lymphocytes and cancer development is supported by a number
of findings: (1) an association between MN frequency and cancer risk was inferred
from mechanistic similarities with chromosomal aberrations, which were shown
to be predictive for cancer; (2) in vitro, high concordance is observed between
chromosomal aberrations and MN; (3) an increase in MN frequency is observed
in lymphocytes of cancer patients and in patients with syndromes that make them
cancer-prone, such as Bloom syndrome and ataxia telangiectasia; (4) MN
frequency is significantly associated with the blood concentration of vitamins such
as folate, whose deficiencies are associated with increased risk for some cancers;
(5) there is a direct link between MN frequencies and early stages of carcinogene-
sis: namely, a significant association between increased MN frequencies and low-
grade and high-grade diagnostic categories of cervical carcinogenesis in women.?"
Formation of nuclear anomalies such as MN, chromosomal rearrangements,
and anaphase bridges (leading to breakage—fusion—bridge cycles and generation
of more MN) are events commonly seen in the early stages of carcinogenesis.
Elevated levels of MN indicate defects in DNA repair and chromosome segrega-
tion that could result in generation of daughter cells with altered gene dosage, or
deregulation of gene expression that could lead to evolution of the chromosome
instability phenotype often seen in cancer. These considerations give mechanistic
support to a possible causal association between MN frequency and the risk of
cancer. A study by Bonassi et al.>” observed an association between MN frequency
and cancer risk in non-hematological malignancies, which suggests that genome
damage events in lymphocytes may be correlated with cancer-initiating events in
other tissues via a common genetic, dietary, or environmental factor.
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NUCLEOPLASMIC BRIDGES

NPB occur when centromeres of dicentric chromosomes are pulled to oppo-
site poles of the cell at anaphase. In the absence of breakage of the anaphase
bridge, the nuclear membrane eventually surrounds the daughter nuclei and
the anaphase bridge; in this manner, an NPB is formed.?! Various mechanisms
could lead to NPB formation after DNA misrepair of strand breaks in DNA.
Typically, a dicentric chromosome and an acentric chromosome fragment are
formed that result in the formation of an NPB and an MN, respectively.®%:13.19
Misrepair of DNA strand breaks could also lead to the formation of dicentric
ring chromosomes and concatenated ring chromosomes, which could also result
in the formation of NPB. An alternative mechanism for dicentric chromosome
and NPB formation is telomere end fusion caused by telomere shortening, loss
of telomere capping proteins, or defects in telomere cohesion.*" The study of
Rudolph et al.’! in models of rodent and human intestinal cancer in vivo cor-
relates with telomere length, which indicates that NPB formation may also be
used as a surrogate measure of critically short telomeres.”!

The two mechanisms of NPB formation can be distinguished in binucle-
ated cytokinesis-blocked cells using telomere probes. NPB arising from telo-
mere end fusions are expected to be telomere positive if they retain telomere
dysfunction caused by loss of telomere-binding proteins without telomere
attrition. In contrast, an NPB caused by misrepair of DNA breaks has a low
probability of occurring within the telomeric sequences and is therefore likely
to be telomere negative. Furthermore, NPB arising from misrepair of DNA
breaks are also likely to be associated with an MN originating from the acentric
fragment generated during misrepair.?! NPB can break and form MN.%32 For
about 40% of MN, two or more arise from a single NPB. When two or more
MN are observed after an NPB resolution, normally an MN in each daughter
cell remains.*?

Study from Umegaki and Fenech validated the use of NPB as a biomarker
of DNA damage in human WIL2-NS cells treated with hydrogen peroxide or
superoxide, or after co-incubation with activated human neutrophils. Therefore,
the importance of scoring NPB should not be underestimated because it provides
directevidence of genome damage resulting frommisrepaired DNA breaks or telo-
mere end fusions, which is otherwise not possible to deduce by scoring MN only.®
NPB formation has been shown increase by a wide range of exposures including
endogenous oxidants, ionizing radiation, polycyclic aromatic hydrocarbons, the
cigarette smoke carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone,
vanadium pentoxide, and deficiencies in folate and selenium.?!

NUCLEAR BUDS

Nuclear buds (NBUD) are biomarkers of elimination of amplified DNA and/or
DNA repair complexes. The nuclear budding process has been observed in
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cultures grown under strong selective conditions that induce gene amplification
as well as under moderate folic acid deficiency.” Gene amplification has a
crucial role in the malignant transformation of human cells because it medi-
ates the activation of oncogenes or the acquisition of drug resistance.>* Stud-
ies conducted by Shimizu et al.?>7 showed that amplified DNA is selectively
localized to specific sites at the periphery of the nucleus and eliminated via
nuclear budding to form MN during S-phase of mitosis. Amplified DNA may be
eliminated through recombination between homologous regions within ampli-
fied sequences forming mini-circles of acentric and atelomeric DNA (double
minutes), which localize to distinct regions within the nucleus, or through the
excision of amplified sequences after segregation to distinct regions of the
nucleus. The process of nuclear budding occurs during S-phase and the NBUD
are characterized by having the same morphology as an MN, except that they
are linked to the nucleus by a narrow or wide stalk of nucleoplasmic material,
depending on the stage of the budding process. Excess of DNA may in general
be expelled from the nucleus by the formation of NBUD and subsequent micro-
nucleation.’> The duration of the nuclear budding process and the extrusion of
the resulting MN from the cell remain largely unknown,% 3 although a study
by Utani et al.>* demonstrated that at least some of the cytoplasmic MN may be
eliminated from the cell by extrusion.

NBUD are also classified as tentative precursors of MN. They are mor-
phologically similar to MN in shape, structure, and size, except that they are
connected to the nucleus by a narrow or wide stalk of nucleoplasmic mate-
rial depending on the stage of the budding process.?!23-32 NBUD may also be
explained by the conventional model of MN formation, assuming they derive
from anaphase laggards that independently form a nuclear envelope in telophase
before fully integrating into the nucleus or from remnants of broken anaphase
bridges.>> The DNA in these buds is replicated and can subsequently be released
as MN in the cytoplasm. NBUD have also been shown to form when an NPB
between two nuclei breaks and the remnants shrink back toward the nuclei.?!

NBUD originate from interstitial or terminal acentric fragments. Such
NBUD may possibly represent nuclear membrane entrapment of DNA that
has been left in cytoplasm after nuclear division or from excess DNA that is
extruded from the nucleus. Whether NBUD are also a mechanism to eliminate
excess chromosomes in a hypothesized process known as aneuploidy rescue
remains unclear because there is only limited evidence for this possibility.>!

In conclusion, the CBMN assay has evolved into an efficient cytome assay
of DNA damage and misrepair, chromosomal instability, mitotic abnormalities,
cell death, and cytostasis, enabling direct and/or indirect measurement of vari-
ous aspects of cellular and nuclear dysfunction, such as unrepaired chromosome
breaks fragments and asymmetrical chromosome rearrangement (MN or NPB
accompanied by MN originating from acentric chromosomal fragments); telo-
mere end fusions (NPB with telomere signals in the middle of the bridge and
possibly without accompanying MN); malsegregation of chromosomes caused
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by spindle or kinetochore defects or cell-cycle checkpoint malfunction (MN
containing whole chromosomes or asymmetrical distribution of chromosome-
specific centromere signals in the nuclei of BN cells); nuclear elimination of
amplified DNA and/or DNA repair complexes (NBUD); chromosomal insta-
bility phenotype and breakage—fusion—bridge cycles (simultaneous expression
of MN, NPB, and NBUD); DNA hypomethylation (specific elevation in the
frequency of MN containing whole chromosomes 1, 9, and 16); and altered
mitotic activity and/or cytostasis (NDI) and cell death by necrosis or apoptosis
(ratios of necrotic and apoptotic cells).”

ASSESSING GENOTOXIC EFFECTS OF MYCOTOXINS BY CBMN

DNA single strain breaks in Escherichia coli and increased number of MN in
PK15 cells, HepG2 cells, human lymphocytes, and V79 cells has been reported
in relation with mycotoxins exposure (Klaric et al., 2013).

Citrinin (CTN) induced MN in human-derived liver (HepG2) cells at con-
centrations of >10 uM or more and reduced the percentage of binucleated cells
in a dose-dependent manner.’® The distribution of centromere-positive and
-negative MN in experiments with CIT was similar to that seen with potent
aneugens.’®3? In addition, in PK15 cells a significantly higher number of MN
and NBUD were noted when applied at highest concentration, compared with
control cells.*

CTN genotoxicity was established in the study of Flajs and Peraica,*! in
which various cell cultures exposed to CTN showed a significant increase
in MN frequency. A study by Dénmez-Altuntas et al.*> showed that CTN in
increasing concentrations induced MN frequency and reduced the percentage
of binucleated/mononucleated cells in cultured human lymphocytes. This indi-
cates that CTN has genotoxic potential to cause genetic damage in human cells.

Patulin (PAT) is a toxic contaminant present at significant concentrations in
some food products. There is a particular concern regarding apples and apple
products. This mycotoxin has been described as a clastogen and also as an aneu-
gen in mammalian cells. In a study performed by Alves et al.,*? the three studied
doses revealed an increase in a dose-dependent manner in an CBMN assay in
lymphocytes.

Results from the study of Donmez-Altuntas et al.*® demonstrated that PAT
at concentrations of 2.5, 5.0, and 7.5 uM caused a significant dose-dependent
increase in the frequency of apoptotic cells and of necrotic cells, an increase in
the number cells of NPBs, and a significant dose-dependent decrease in NDI
rates in human lymphocytes. The data indicate that PAT has the ability to induce
DNA damage (at 5uM or more). However, the cytotoxic and cytostatic effects
were more pronounced in human lymphocytes.

A study by Glaser and Stopper** revealed the dose-dependent formation of
MN. After staining with an antibody against centromeres, kinetochore-positive
and -negative cells were present, which is in agreement with the results of
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Pfeiffer et al.’® Also, a striking number of NPB were detected shortly after PAT
treatment. In addition, results from a study by Zhou et al.*> revealed PAT as
capable of inducing the formation of MN in HepG?2 cells.

Work performed by Dénmez-Altuntas et al.*® and Robbiano et al.*’ sug-
gested that a high concentration of OTA induced MN frequency in cultured
human lymphocytes, and provided additional evidence for the genotoxicity of
OTA in various in vitro systems. In addition, in PK15 cells a significantly higher
number of MN and NBUD was noted after 12h exposure to OTA.*°

A study by Degen et al.*® found a dose-dependent MN in ovine seminal ves-
icle cell cultures. That study also performed kinetochore analysis and concluded
that OTA-induced MN revealed a pattern consistent with the idea of a mixed
mode of action: In addition to its clastogenic activity, OTA may interfere with
chromosomal distribution during cell division. This result was also achieved by
a study by Knasmiiller et al.*® in which MN formation by OTA in human cells
partly resulted from chromosome-breaking effects.

A study from Ouanes et al.*” clearly indicated that zearaleone (ZEN) induced
MN in dividing Vero cells and in bone marrow cells of treated mice in a dose-
dependent manner. The authors explained these results by showing that ZEN
caused damage by covalent binding (DNA adducts).

COMET ASSAY

Rydberg and Johanson were the first researchers to directly quantitate levels of
DNA damage in individual cells by embedding them in agarose on slides and
lysing them under mild alkali conditions to allow for the partial unwinding of
DNA.>?

Ostling and Johanson developed a microgel electrophoresis technique
to detect DNA damage at the level of a single cell. In their technique, cells
embedded in agarose were placed on a microscope slide, the cells were lysed by
detergents and high salt, and the liberated DNA electrophoresed under neutral
conditions. Cells with an increased frequency of DNA double-strand breaks
displayed increased migration of DNA toward the anode. The migrating DNA
was quantitated by staining with ethidium bromide and by measuring the inten-
sity of fluorescence at two fixed positions within the migration pattern using a
microscope photometer. The neutral conditions used greatly limited the general
utility of the assay. 0!

Subsequently, Singh et al. introduced a microgel technique involving elec-
trophoresis under alkaline (pH >13) conditions to detect DNA damage in sin-
gle cells. At this pH, increased DNA migration is associated with incomplete
excision repair sites and alkali labile sites.’*?> Because almost all genotoxic
agents induce orders of magnitude more single-strand breaks and/or alkali
labile sites than double-strand breaks, this version of the assay offered greatly
increased sensitivity for identifying genotoxic agents.’! Two years later, Olive
and colleagues introduced another alkaline version of this assay in which DNA
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is electrophoresed at a pH of ~12.3. Since the introduction of the alkaline
(pH >13) comet assay in 1988, the breadth of applications and the number of
investigators using this technique have increased almost exponentially. Com-
pared with other genotoxicity assays, the advantages of the technique include
(1) its demonstrated sensitivity for detecting low levels of DNA damage; (2) the
requirement for small numbers of cells per sample; (3) flexibility; (4) low costs;
(5) ease of application; and (6) the ability to conduct studies using a relatively
short time period (a few days) needed to complete an experiment.*”

The comet assay or single-cell gel electrophoresis is a simple, sensitive method
for detecting DNA-strand breaks. Cells embedded in agarose on a microscope
slide are lysed with detergent and 2.5 M NaCl and fresh Triton X-100 to remove
membranes and soluble cell constituents, including most histones, leaving the
DNA supercoiled and attached to a nuclear matrix as a nucleoid. A break in one
strand of a DNA loop is enough to release the supercoiling, and during electro-
phoresis the relaxed loops are able to extend toward the anode.>-7 Electropho-
resis causes DNA loops containing breaks to move toward the anode, forming
“comets” when stained and visualized by fluorescence microscopy. The relative
content of DNA in the tail indicates the frequency of breaks.>*385?

The DNA strand breaks can originate from the direct modification of DNA
by chemical agents or their metabolites; from the processes of DNA excision
repair, replication, and recombination; or from the process of apoptosis. Direct
breakage of DNA strands occurs when reactive oxygen species interact with
DNA alkaline labile sites that can be generated by depurination of an adducted
base of the nucleotide and subsequent conversion of the abasic site to a strand
break detected by alkaline treatment (pH >13.1).%3

This assay was adapted to measure oxidized purines and oxidized pyrimi-
dines by incubation of the nucleoids with bacterial DNA repair enzymes>®
including formamidopyrimidine DNA glycosylase (FPG), which recognizes
the oxidized purine 8-oxo-Gua, endonuclease III, to detect oxidized pyrimi-
dines, T4 endonuclease V to detect UV-induced pyrimidines dimmers, AIkA
(3-methyladenine DNA glycosylase) for alkylated bases, or uracil DNA glyco-
sylase, which removes misincorporated uracil from DNA.>’

The comet assay has become a standard method for assessing DNA damage,
with a wide range of applications in genotoxicity testing, human biomonitoring
and molecular epidemiology, ecogenotoxicology, and fundamental research in
DNA damage and repair®-%!; studying the mechanisms of action of genotoxic
chemicals; investigating oxidative damage as a factor in disease; monitoring
oxidative stress in animals or human subjects resulting from exercise, diet, or
exposure to environmental agents; studying the effects of dietary antioxidants;
and monitoring environmental pollution by studying sentinel organisms.”%>° This
assay is useful for evaluating xenobiotic impacts based on its use of small cell
samples and its ability to evaluate DNA damage in nonproliferation cells such as
Iymphocytes. In addition, the ability to obtain sufficient numbers of cells for anal-
ysis from different tissues (for instance, lymphocytes and buccal cells) provides
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a relatively noninvasive procedure for analysis.’! Most studies assayed human
blood cells because they circulate in the body, and the cellular, nuclear, and
metabolic state of the blood cells can reflect the overall extent of body exposure.?
Although like all tissues, lymphocytes are highly specialized, they can be seen
to reflect the overall state of the organism insofar as they circulate through the
whole body.%* In addition, in biomonitoring studies, nasal epithelial cells and buc-
cal cells have drawn the most attention because they are cells from tissues that
come into direct contact with ingested or inhaled compounds.>

The congruence of results between the comet assay and other end points
such MN or sister chromatid exchanges has been a principal reason to increase
use of the comet assay as a biomarker for hazard assessment, particularly in
monitoring the effects of occupational hazards.’°> Biological monitoring
has been an important tool for the surveillance of medical health programs in
European countries and to monitor occupational hazards in the United States."?

Formamidopyrimidine DNA Glycosylase

Measuring DNA strand breaks gives limited information. Breaks may represent
the direct effect of some damaging agent, but generally they are quickly rejoined.
They may in fact be apurinic/apyrimidinic (AP) sites baseless sugars, which are
alkali labile and therefore appear as breaks. Or they may be intermediates in cel-
lular repair because both nucleotide and base excision—repair processes cut out
damage and replace it with sound nucleotides.®>%0 AP sites are alkali labile, so
in principle they are expected to appear among the strand breaks, detected in the
standard alkaline comet assay. However, it has not been convincingly demon-
strated that all AP sites are converted under these conditions. %%

To make the assay more specific and sensitive, an extra step was introduced of
digesting the nucleoids with an enzyme that recognizes a particular kind of dam-
age and creates a break. FPG detects the major purine oxidation product 8-OHG
as well as other altered purines.>>©063:% This enzyme was named for its ability
to recognize imidazole-ring—opened purines, or formamidopyrimidines: namely,
8-0x0-G, 2,6-diamino-4-hydroxy-5-formadopyrimidine and 4,6-diamino-5-
formamidopyrimidine, which occur during the spontaneous breakdown of dam-
aged purines; however, a major substrate in cellular DNA is 8-OHG.36-39:61.66

A mammalian analogue of FPG, OGGI, has been applied in the Comet
assay; however, studies performed comparing FPG and OGGI revealed the
ineffectiveness of OGG1.°° For that reason, FPG continues to be the enzyme of
choice for oxidized purines.

Image Analysis

Three scoring methods are available: visual scoring, semi-automated image anal-
ysis, and automated image analysis. Results from a study®’ verified that all three
approaches can be regarded as trustworthy and interchangeable to a large extent.
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The most important parameters to measure in the comet assay are the
tail length, the relative fluorescence intensity of the head and tail (normally
expressed as the percentage of DNA in the tail), and the tail moment.””

The percentage of DNA in the tail is considered the parameter that can best
be compared between laboratories. The consensus in the International Work-
shop on Genotoxicity Test Procedures was that image analysis is preferred but
not required and that the parameter percent tail DNA appeared to be the most
linearly related to dose and the easiest to understand intuitively.38.68

The percent tail DNA values are constrained to a maximum of 100 and a
minimum of 0 with no variability at the extremes and maximum variability at
intermediate values such as 50%. The percent tail DNA has an advantage in that
it can be standardized over studies, whereas tail length and moment, although
consistent within the study, may not be comparable across studies.®® Therefore,
relative tail intensity is the most useful parameter because it bears a linear rela-
tionship to break frequency, is relatively unaffected by threshold settings, and
allows discrimination of damage over the widest possible range. It also gives
a clear indication of what the comets actually looked like.%%70 A satisfactory
condition for the assay is that untreated control cells should have a background
level of breaks (i.e., about 10% DNA in the tail) and there are suggestions that
negative control cells should have between 0% and 20% DNA in tail, which
would obviate statistical problems.®’

ASSESSING GENOTOXIC EFFECTS OF MYCOTOXINS BY
COMET ASSAY

A study by Gao et al.”! showed that ZEA caused DNA damage in HEK293 cells
measured by comet assay. The damage measured by this technique was DNA
strand breaks and oxidative stress on DNA strand breaks, both induced by ZEA.

FB1 caused an increase in MN formation in different cell lines and DNA
strand breaks in rat liver and kidney, as measured by alkaline and FPG-modified
comet assay.’>7?

Some studies reported an increase in DNA damage in in vitro treatment with
the mycotoxin OTA, in kidney,*®#77477 confirming the genotoxic potential of
OTA. A study by Domijan et al.”> confirmed by comet assay standard and FPG
modification that the measured end points suggested that oxidative stress was
responsible for OTA-induced DNA damage; these results were confirmed even
with lower OTA doses.

A study by Gursoy-Yuzugullu et al.”® detected single- and double-strand
DNA breaks using alkaline and neutral comet assay, respectively, by AF.

A study by Anderson et al.”” did not show significantly higher results
between African subjects from Gambia and those from the United Kingdom,
owing to possible AF exposure.

Flajs and Peraica*' showed an increase in DNA damage using the comet
assay in Vero cells exposed for 24h to CTN. However, the same method gave



Mycotoxins: Genotoxicity Studies and Methodologies Chapter | 20 355

negative results in human-derived liver cells (HepG2) and human embryonic
kidney cells (HEK293) no matter whether FPG was present. The latter was also
achieved in a study by Liu et al.’0 This suggests that CTN-induced oxidative
stress did not affect DNA. In addition, results obtained in a study by Knasmiiller
et al.*® revealed negative findings by comet assay.

PAT demonstrated genotoxic potential and the ability to induce oxidative
DNA damage in human cells, because treatment of HEK2938 and in HepG23!
cells with this mycotoxin significantly increased the values of tail moments in a
concentration-dependent manner; this clearly indicated that PAT is a clastogen
able to induce DNA strand breaks in human cells.

Studies on Interactions between Mycotoxins

The human population is probably exposed to multiple mycotoxins. Exposure
can occur in different environments and food might be contaminated by several
mycotoxins. Multiple exposure may lead to additive, synergistic, or antagonistic
effects.®? The combined toxicity of mycotoxins is hard to predict based on the
toxic effect of a single mycotoxin.

AFB1 and OTA are some of the most relevant mycotoxins because of their
toxic effects and demonstrated human exposure. The International Agency for
Research on Cancer classified AFB1 as class 1 (human carcinogen) and OTA as
class 2B (possible human carcinogen).33-8

The potential role of oxidative stress in AFB1 and OTA combined genotox-
icity was tested by the FPG-modified comet assay in hepatocellular carcinoma
epithelial cells (HepG2). Interestingly, the combination provoked a significant
decrease in DNA damage compared with treatment with AFB1 alone.??

OTA and AFB1 are nephrotoxic mycotoxins that contaminate various commod-
ities, and humans are constantly exposed to low levels of these mycotoxins. OTA is
genotoxic after oxidative metabolism. This activity is through to have a central role
in OTA-mediated carcinogenesis and may be divided into direct (covalent DNA
adduction) and indirect (oxidative DNA damage) mechanisms of action. ¢

FB1 acts as carcinogen as well as a promoter of carcinogenesis and could
potentiate OTA genotoxicity and carcinogenicity. AF levels in Europe are
increasing; because of their carcinogenic activity, their interactions with OTA
might pose a serious threat to humans and animals.®”

Combined OTA and FB1 treatment, measured either by the standard comet
or FPG-modified comet assay showed a synergistic increase in tail intensity and
olive tail moment in kidney cells, even at doses corresponding to daily human
exposure in Europe.’?

The combined effect of CIT and OTA may cause oxidative stress by increas-
ing the tail length and tail intensity of kidney and liver cells measured with the
hOGGI1 comet assay.?’

A study by Klaric et al.®® that assessed the individual and combined genotoxic
effects of FB1, beauvericin (BEA), and OTA showed that combined treatment
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with two or all of the three mycotoxins increased MN frequency, mostly in an
additive manner. A marked increase in MN frequency was observed with com-
binations of BEA plus OTA, and FB1 plus BEA plus OTA. In a general form,
FB1, BEA, and OTA are genotoxic to PK15 and have predominantly clasto-
genic effects. All three mycotoxins induce MN and NPBs in PK15 cells in dose-
dependent manner. The same author studied the combined effect of OTA and
CTN in PK15 and concluded that both toxins exert genotoxic activity, measured
by the formation of MN and NBUD. In addition, some OTA and CTN combina-
tions significantly increased the frequency of NPB.*0

A study by Knasmuller et al.? concluded that three Fusarium toxins
(vomitoxin, moniliformin, and fumonisin B1) are clastogenic under in vitro
conditions at very low concentrations.

Final Remarks

Human exposure to mycotoxins may result from a wide range of sources such
as food or air. Thus, mycotoxins are of great concern in the contexts of public
health and agro-economics. A challenge in the field of exposure assessment of
mycotoxins and their effects is to develop accurate and reliable biomarkers for
human studies. The CBMN assay and comet assay are sensitive and reliable
methods that allow less invasive measurement of genotoxic effects potentially
caused by mycotoxin exposure. Molecular epidemiology instruments such as
a biomarker approach may be a promising tool for directly measuring toxin-
mediated biological perturbations or to directly measure the amounts of myco-
toxins present in the organism. Although AF and ochratoxin biomarkers have
been successfully applied and validated over the past decade, further studies are
needed to engage other mycotoxins.
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