
Chapter 6
Analysis Approaches for Fungi in Indoor
Environmental Assessments

Jacob Mensah-Attipoe and Martin Täubel

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

Since we spend more than 90% of our time in indoor environments and breathe about
10 m3 of air every day (Dacarro et al., 2003) our proximity and interaction with indoor
microbes, including fungi, is considerable. It has been established that indoor air qual-
ity is one of the most important factors that influence our general quality of life.
Indoor air pollution can result in health problems and even in an increase in human
mortality (Kanchongkittiphon et al., 2015, Mendell et al., 2011, Heseltine and Rosen,
2009). With respect to fungal contamination of indoor environments, the issue of
moisture damage and dampness problems in buildings and the associated microbial
proliferation and health problems observed in building occupants is the central issue.
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The interaction between humans and indoor microbes is complex, stemming
from the fact that the microbes’ amounts, activity, physiology and diversity depend
on both human activities and operational conditions of the indoor environment.
To deal with the complexity of the diverse effects of mold on health, various differ-
ent measurement strategies have been developed to assess indoor fungal
contamination. Depending on the purpose of the investigation, indoor samples,
including air, dust and surface materials, are analyzed to detect either fungal parti-
cles or specific fungal compounds. Fungal spores and/or fungal fragments may be
detected with the aim of assessing fungal exposure as such, while cell components
and metabolites of molds known to be associated with adverse health effects may
be specifically quantified to assess health risks.

6.2 Analytical Methods for Measuring Fungal Concentrations

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

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

Summary of methods used for fungal determination

Measurement Principle Short description

Cultivation
method

Determination of the number and
type of colony forming units
(CFUs) on agar media. Taxonomic
identification of fungi with
microscopy.

Determines the viable (culturable
and “alive”) spectrum of fungi and
bacteria. In indoor applications
mostly used for determination of
viable fungi and bacteria from
building materials or short-term
active air samples.

(continued)
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6.2.1 Cultivation Method for Determining Fungal Growth

Traditional quantification of fungi is based on the determination of the number and
type of colony forming units (CFU), providing quantitative and qualitative data on
viable and culturable fungi from different types of samples. This method is useful

(continued)

Measurement Principle Short description

Epifluorescence
Microscopy

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

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

Cell wall
components and
biomass
measurements

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

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

DNA-based
methods

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

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

Real-time
detection of fungi

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

Direct measurements of fungal
particles during active sampling of
indoor air, avoiding separate steps
for analysis before the
concentration of fungal particles
can be determined. Optical
measurements involve the use of
light scattering that detect and
count all particles. The use of laser
induced fluorescence (LIF) devices,
targeting biochemical constituents,
enables the differentiation of the
origin of the particles into either
biological or non-biological.
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in identifying fungi down to the genus level using microscopy of individual colo-
nies (Burge et al., 1999). It may help in providing useful information to confirm
an environmental source for an outbreak investigation. Counting culturable micro-
organisms not only allows for a quantitative, but also qualitative assessment of
exposure by identifying the genus of fungi since not all fungi pose the same
hazard. After cultivation, fungi may be identified to the genus or species level using
morphological criteria and microscopy, Matrix Assisted Laser Desorption/
Ionization-Time of Flight Mass Spectrometry (MALDI-TOF-MS) (De Carolis
et al., 2012) or DNA based methodologies.

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

6.2.2 Microscopic Spore Counting

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

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

6.2.3 DNA-Based Methods

The last decades have seen a surge in the development of several culture-
independent, molecular, DNA based techniques supplying many advantages over
the traditional cultivation technique (Amann et al., 1995). The DNA-based
method, like the total spore count method, detects both culturable and unculturable
spores. DNA-based methods in addition, measure mycelial cells (Meklin et al.,
2004, Gonzalez and Saiz-Jimenez, 2004, Herrera et al., 2009, Yamamoto et al.,
2010). Those methods require an initial step of extracting DNA from an environ-
mental sample prior to subsequent analysis. The molecular methods most often
used in fungal studies include conventional or quantitative PCR (qPCR)
specific for fungal species or groups (Haugland et al., 2004, Zeng et al., 2006),
as well as ribosomal DNA amplicon sequencing or metagenome analysis (Tringe
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et al., 2008, Frohlich-Nowoisky et al., 2009, Liu et al., 2012, Adams et al.,
2013a, Adams et al., 2013b, Dannemiller et al., 2014b, Yamamoto et al., 2014,
Dannemiller et al., 2014a, Pitkaranta et al., 2008). In the pre-next generation
sequencing (NGS) era, DNA fingerprinting methods were based on universal fun-
gal PCR combined with denaturing or temperature gradient gel electrophoresis
(DGGE, TGGE) (Gonzalez and Saiz-Jimenez, 2004), and terminal or conven-
tional restriction fragment length polymorphism analysis (Buttner et al., 2007).
Other methods include the molecular tracer methods (Elbert et al., 2007)

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

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

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

6.2.4 Methods Measuring Cell Wall Components and Other
Indicators of Biomass

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

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

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

6.2.6 Fungal Extracellular Polysaccharides

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

6.2.7 Beta-Glucan

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

There have been mixed observation with exposures to (1 → 3)-β-glucan and
the health effects, pointing also towards a beneficial role of glucan exposure.
Some studies have suggested beneficial impacts on the development of immune
system of infants (Iossifova et al., 2007, Schaub et al., 2006), lower prevalence of
allergic sensitization in 2–4 year olds when exposed to (1 → 3)-β-glucan from
mattress dust (Gehring et al., 2007) and inverse association with wheezing symp-
toms in children (Iossifova et al., 2007, 2009). Furthermore, (Tischer et al., 2011)
found a difference in (1 → 3)-β-glucan effects between countries.

6.2.8 NAHA Enzyme Activity

Measurement of the activity of β-N-acetylhexosaminidase (NAHA) in fungi is
another way of measuring fungal total biomass (Rylander et al., 2010, Reeslev
et al., 2003). NAHA is present in both the growth and stationary phases of fungal
growth (Rast et al., 2003, Reeslev et al., 2003) and its activity is reported to
be relatively stable under appropriate storage conditions (Rylander, 2015). The
activity measurement is based on a fluorescence labeled substrate which is cleaved
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by the enzyme that is only present in fungi. The amount of fluorescence detected
is proportional to the amount of enzyme/biomass present, and this measurement
approach has been translated into a commercially available product (Reeslev et al.,
2003). By using enzyme activity as an indicator for fungal biomass, fungal growth
present on a building material surface or the amount of fungal biomass in air can
be determined. Since the method is fast and can be done onsite, it allows determin-
ing the extent of mould-affected materials and the efficacy of cleaning after reme-
diation efforts in the field. Beta-N-acetylhexosaminidase activity has been shown
to correlate well with the fungal molecules such as ergosterol and the phospholipid
fatty acid 18:2ω6 in soil samples (Miller et al., 1988) and building materials
(Mensah-Attipoe et al., 2016a). Significant correlations have been reported
between NAHA and total spore counts in dust (Madsen, 2003, 2009) and building
materials (Mensah-Attipoe et al., 2016a); fungal biomass (by gravimetric weight)
of fungal species grown on nutrient agar; and ergosterol content of gypsum boards
(Reeslev et al., 2003) and mineral wool contaminated by fungi (Mensah-Attipoe
et al., 2016a). In a recent study (Mensah-Attipoe et al., 2015), the authors found a
good correlation between NAHA enzyme activity and cultivation method.

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

6.3 Real-Time Detection of Airborne Fungal Particles

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

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

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

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

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

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

6.4 Conclusion

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