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ABSTRACT

Moisture damage in buildings and consequent microbial growth are associated with
adverse health effects suffered by the occupants. Although the association is well
documented epidemiologically, the exact causative agents for the health effects are
not usually known. Even though the microbial network growing on moisture-
damaged building materials is a complex ecosystem consisting of many types of
organisms including bacteria, yeasts, fungi, protozoa, and mites, exposure has
mainly been described in terms of fungal and bacterial diversity and quantity. It is
important not to overlook the other possible organisms growing on these materials to
better understand the link between the exposure and the symptoms. In this thesis, the
occurrence and role of amoebae in moisture damage is elucidated.

First, the prevalence of amoebae in moisture-damaged buildings was estimated by
screening 124 building material samples. Then amoebal survival on moist building
materials was studied by inoculating samples of building materials with
Acanthamoeba polyphaga and incubating those in 100 % relative humidity for 0-56
days. Thirdly, the effects of amoebae on other microbes commonly found in
moisture-damaged buildings were assessed by co-cultivating three bacterial
(Streptomyces californicus, Bacillus cereus, and Pseudomonas fluorescens) and
three fungal strains (Stachybotrys chartarum, Aspergillus versicolor, and
Penicillium spinulosum) together with A. polyphaga and also individually for up to
28 days. Their growth was measured at different times during the incubation.
Finally, the effects of this co-culture on the cytotoxic and proinflammatory potential
of the microbes were studied by exposing RAW264.7 mouse macrophages to graded
doses of co-cultured and individually grown fungi, bacteria and amoebae.

Amoebae were found in 22 % of the samples and they often were detected at the
same locations as “indicator microbes” of moisture damage, e.g. with the bacterium
Streptomyces, and with the fungi Acremonium, Trichoderma, Chaetomium, and
Aspergillus versicolor. In the inoculation tests, A. polyphaga amoebae survived
throughout the two-month experiment on samples of mineral insulation, old pine
plank, birch plank and gypsum board, often even without nutrient supplementation.
All materials with the exception of fresh pine plank, supported amoebal survival at
least temporarily. Furthermore, co-cultivation with amoebae significantly increased
the growth of all bacteria studied, whereas with fungi, only a modest increase in the



growth was observed. Co-culturing also affected the toxicity and proinflammatory
potential of two of the studied strains: the ability of P. spinulosum and S.
californicus to induce the production of inflammatory mediators - nitric oxide,
TNFa and IL-6 - in RAW264.7 macrophages was increased manifold. In addition,
their cytotoxicity was somewhat increased after incubation with amoebae.

The results of this study show that amoebae are members of the microbial network
present in moisture-damaged building materials. The interaction with amoebae could
lead to alterations in the properties of the other microbes present in the water-
damaged structures. Amoebae may increase the growth of other microbes present,
and render the microbes more cytotoxic. Thus, amoebae may indirectly modify the
health effects associated with moisture-damaged buildings. However, more evidence
from both empirical and epidemiological studies is needed before the role of
amoebae as exposing agents in moisture-damaged buildings is fully understood.

Keywords: Amoebae, Acanthamoeba polyphaga, bacteria, fungi, moisture damage,
buildings, building materials, co-culture, cytokines, NO
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TIHVISTELMA

Rakennusten Kkosteusvauriot ja mikrobikasvusto ovat yhteydessd rakennusten
kéyttdjien kokemiin terveyshaittoihin. Vaikka tdma yhteys on osoitettu
epidemiologisesti,  tarkkoja  terveysvaikutuksien aiheuttajia ei  tunneta.
Kosteusvaurioissa esiintyva mikrobikasvusto on monimutkainen ekologinen
kokonaisuus, jossa on mukana bakteereita, homesienid, hiivoja, alkueldimid ja
punkkeja. Altistusta kuvataan tavallisesti mittaamalla homesienten ja joskus
bakteereiden  lajikirjoa  ja  pitoisuutta.  Jotta  terveysvaikutuksen  ja
kosteusvaurioituneessa rakennuksessa esiintyvan altistuksen valistd yhteytta
voitaisiin selventdd, on tarkeda tutkia myOs muita kosteusvaurioissa esiintyvia
elioitd. Tassa vaitoskirjatyossd tutkittiin ameboiden esiintymistd ja vaikutuksia
kosteus- ja homevaurioituneissa materiaaleissa.

Ameboiden yleisyyttd kosteusvaurioituneissa rakennuksissa selvitettiin viljeleméalla
amebat 124  rakennusmateriaalindytteestd. = Amebojen  selviytymistd  eri
rakennusmateriaaleilla seurattiin ymppadmalld Acanthamoeba polyphaga -amebaa
rakennusmateriaalindytteisiin ja inkuboimalla naitd 100% suhteellisessa kosteudessa
0-56 vrk ajan. Tutkimuksen kolmannessa osassa mitattiin amebojen vaikutuksia
muihin  kosteusvauriomikrobeihin  kasvattamalla  kosteusvauriorakennuksista
eristettyja kolmea bakteerikantaa (Streptomyces californicus, Bacillus cereus ja
Pseudomonas fluorescens) ja kolmea homesienikantaa (Stachybotrys chartarum,
Aspergillus versicolor, ja Penicillium spinulosum) erikseen ja yhdessé A. polyphaga
-amebakannan kanssa 0-28 vrk ajan. Homesienten, bakteerien ja amebojen
kokonaispitoisuudet ja elinkykyisten itididen/solujen pitoisuudet madaritettiin useissa
aikapisteissd inkuboinnin aikana. Lopuksi selvitettiin myds amebojen vaikutuksia
naiden kantojen toksisuuteen ja kykyyn aiheuttaa tulehdusvasteita altistamalla hiiren
makrofageja (RAW264.7) erisuuruisille annoksille ko. mikrobien itidité/soluja.

Ameboja I6ydettiin 22 % kosteusvaurioituneista rakennuksista otetuista naytteista, ja
ne esiintyivat usein yhdessd kosteusvaurioiden ”indikaattorimikrobien” kanssa,
kuten Streptomyces-bakteereiden ja Acremonium, Trichoderma, Chaetomium, ja
Aspergillus versicolor -homesienten kanssa. Kasvatuskokeissa havaittiin, ettd A.
polyphaga selvisi elinkykyisend koko kahden kuukauden inkuboinnin ajan
mineraalivillalla, harmaantuneella méntylankulla, koivulankulla ja Kipsilevylla jopa
ilman lisattyd ravintoa. Amebat selvisivat myds muilla materiaaleilla tuoretta
mantyd lukuun ottamatta ainakin hetkellisesti. Ameban vaikutuksia muihin



mikrobeihin selvitettdessd havaittiin, ettd yhteiskasvatus ameban kanssa lisési
merkitsevasti kaikkien bakteereiden kasvua ja elinkykyd. Homesienille vaikutus oli
vahdisempi. Yhteiskasvatus myds lisasi kahden tutkitun mikrobikannan toksisuutta
ja kykya aiheuttaa tulehdusvasteita; P. spinulosum -homesienen ja S. californicus -
bakteerin kyky indusoida tulehdusvélittdjaaineiden (typpioksidi, BNfa IL  -6)
tuotantoa RAW264.7 -makrofageissa moninkertaistui. Myos sytotoksisuus lisdéntyi
jonkin verran.

Tama tutkimus osoittaa, ettd amebat ovat osa kosteusvaurioituneissa rakennuksissa
esiintyvad mikrobiverkostoa. Vuorovaikutus amebojen kanssa voi muuntaa toisten
kosteusvaurioissa kasvavien mikrobien ominaisuuksia siten, ettd amebat voivat
lisata niiden kasvua ja elinkykya, sekd vaikuttaa ndiden tulehdusvasteita aiheuttaviin
ominaisuuksiin. On siis mahdollista, ettd amebat voivat olla epédsuorasti osallisia
kosteusvauriorakennuksiin yhdistetyissa terveyshaitoissa. Tarvitaan kuitenkin lisaa
sekd kokeellista ettd epidemiologista tutkimusta, jotta amebojen osuus
kosteusvaurioituneissa rakennuksissa tapahtuvassa altistumisessa selvidisi.

Avainsanat: Amebat, Acanthamoeba polyphaga, bakteerit, sienet, kosteusvaurio,
rakennus, yhteiskasvatus, sytokiinit, NO
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1 INTRODUCTION

More than 20 years of research has demonstrated that excess moisture and
concurrent microbial growth in buildings is associated with adverse health effects
suffered by the occupants (IOM 2004). Excess moisture can enter building structures
in many ways, for example from leaks in the roof or plumbing, by capillary rise of
ground moisture, or by condensation due to inadequate ventilation or thermal or
water proofing. The excess moisture can cause damage and facilitate microbial
growth in building structures, structural components or on the surfaces of the
materials (Haverinen 2002).

Different aspects of the exposure linked with moisture damage have been studied,
such as microbial diversity and the presence of volatile organic compounds emitted
by these microbes and moistened building materials, but no causative relationships
between the experienced health problems and the exposure have been conclusively
revealed so far (Bornehag et al. 2001). Studies on the microbes have concentrated on
the fungi, and to some extent also on the bacteria present in moisture-damaged
environments. Other organisms possibly present and possibly indicating moisture-
damages have rarely been studied. However, it is likely that higher organisms able
to consume fungi and bacteria as nutrition are also a part of the microbial network
present at the moisture and mold damaged building materials. These higher
organisms in this respect could include protozoa, such as amoebae, flagellates,
ciliates, and even arachnids and insects (Flannigan 2001).

Species of amoebae, flagellates and ciliates are ubiquitous in natural environments
containing water. A gram of soil typically contains 10* to 10° cells of amoebae and
flagellates (Ekelund and Rgnn 1994) and a liter of natural water may be home to 10°
to 10° protozoal cells (Zimmermann 1997). Because of their ubiquity, amoebae and
other protozoa may also be transported into various man-made environments such as
buildings. Possible routes of entry may include the remains of water or soil in soles
of shoes, or via airborne route through doors, windows and other ventilation shafts.
The availability of moisture determines whether amoebae can take up residence in a
particular site inside a building. In contrast, the lack of food rarely prevents their
growth, as these organisms can utilize a large variety of nutritional sources ranging
from bacteria to algae. Amoebae require a water film to become active, that is to
feed, move and replicate. The thickness of this water film depends on the size of the
organism and can be as low as 5 um. Therefore, some amoebae and other protozoa
should be able to grow on moistened building materials. Many amoebae can survive
even if the material dries out because many of the species are able to metamorphose
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into resistant forms, cysts, in unfavorable environmental conditions like drought
(Hausmann et al. 2003).

The need to determine how common amoebae really are in moisture-damaged
buildings arose from a case of a moisture-damaged hospital where several
employees suffered serious adverse health symptoms. In the search of the cause for
these severe symptoms, a thorough clinical testing was performed on the employees
including the presence of 1gG and IgA antibodies to Chlamydophila pneumoniae
(Seuri et al. 2005). Surprisingly, 16 of total of 18 employees were positive for C.
pneumoniae even though no clinical chlamydial infections had been observed. This
phenomenon was thought to be possibly linked with the exposure to the conditions
in the moisture-damaged building. However, C. pneumoniae and other Chlamydia-
related bacteria require a host organism and should not be able to survive as such on
the moistened building materials. On the other hand, amoebae are natural hosts and
carriers of Chlamydia-related bacteria (Amann et al. 1997; Birtles et al. 1997;
Fritsche et al. 2000). It was considered possible that there were amoebae present in
the moisture-damaged sites, and that the elevated antibody levels could be caused by
Chlamydia-related bacteria residing inside of the amoebae (Seuri et al. 2005).
Furthermore, over the years, amoebae had been occasionally detected in samples
from buildings with suspected moisture-damage in routine cultivation for fungi and
bacteria (unpublished observation). This led to a series of investigations focussed on
amoebae in moisture-damaged buildings and building materials, the results of which
are presented in this thesis.

In order to elucidate the potential significance of amoebae in the exposure associated
with moisture-damaged buildings, one necessary first step was to clarify the role of
amoebae as members of the microbial network in the moisture-damaged
environment. In this study, the occurrence of amoebae in moisture-damaged
buildings is investigated, the ability of amoebae to grow on a selection of building
materials is tested, and the effects of amoebae on the growth, viability, cytotoxicity,
and proinflammatory potential of indoor bacteria and fungi are assessed.
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2 REVIEW OF THE LITERATURE

2.1  Moisture-damage in buildings

2.1.1 The exposing agents and health effects associated with moisture-
damaged buildings

The exposure in moisture-damaged buildings is a complex phenomenon in which
both biological and chemical exposing agents may be released into the indoor air
either in gaseous form or as attached to particles. The agents include spores and cells
of microfungi, bacteria, yeasts, mites, protozoa, and their fragments; also toxins and
other products of these organisms’ metabolism can be present in this multi-faceted
exposure (Andersson et al. 1997; Glushakova et al. 2004; Hyvarinen et al. 2002;
Nevalainen et al. 1991; Pasanen et al. 1992; Pieckova and Wilkins 2004; VVan Strien
et al. 1994). Furthermore, moisture may also cause chemical reactions in the
building materials resulting in release of volatile organic compounds (Korpi et al.
1998). Thus, quantifying the exposure is difficult, and the methods used today - such
as measuring the concentration of viable microfungi in indoor air - can only be
considered as surrogates of the actual exposure (Nevalainen and Seuri 2005).
Nevertheless, the dampness-related exposure has been clearly shown to be
associated with adverse health effects for those exposed (Bornehag et al. 2001; IOM
2004). It is also evident that the experienced health effects clearly differ from each
other in different buildings with moisture damage, suggesting that the causes for the
symptoms are probably not identical (Nevalainen and Seuri 2005). Due to the
complexity of the exposure, it is still not known which individual agents cause
certain symptoms and what are the pathophysiological mechanisms of the resulting
reactions.

The adverse health effects reported in association with mold and moisture damage in
buildings are diverse ranging from irritation of eyes to tiredness and general malaise.
The most often reported health outcomes are irritation symptoms, repeated
respiratory infections and unspecific general symptoms (IOM 2004). The most
convincing evidence on the association between the symptoms and exposure to mold
and damp has been evaluated for cough, wheeze, dyspnoea and worsening of
symptoms of asthma (IOM 2004; Peat et al. 1998). The risk of developing new
asthma has been shown to be related to being exposed to moisture-damaged
buildings (Jaakkola et al. 2002; 2005; Pekkanen et al. 2007). Table 2.1 describes
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examples of mold- and moisture-associated health effects experienced by both adults
and children.

Table 2.1 Common symptoms reported in moisture-damaged buildings

Health effects (examples of references)

Symptoms at the interface of

human and
the environment

eyes: irritation (Meyer et al. 2004; Pirhonen et al. 1996)

skin: rash, itch, eczema (Engvall et al. 2002; Kilpeldinen et al. 2001;
Koskinen et al. 1999b; Park et al. 2006; Simoni et al. 2005)

upper airways: hoarseness, blocked nose, nasal hyperreactivity (Engvall
et al. 2002; Kilpelédinen et al. 2001; Koskinen et al. 19993, b; Park et al.
2006; Pirhonen et al. 1996; Simoni et al. 2005; Tham et al. 2007)

lower airways: cough, wheezing, shortness of breath (Belanger et al.
2003; Cho et al. 2006; Dales et al. 1991; Engvall et al. 2002; Gent et al.
2002; Koskinen et al. 1999a, b; Park et al. 2006; Salo et al. 2004; Simoni
et al. 2005)

respiratory infections: common cold, bronchitis (Bakke et al. 2007;
Kilpeléinen et al. 2001; Koskinen et al. 1999a, b)

fever (Pirhonen et al. 1996)

g neuropsychiatric symptoms: tiredness, lack of concentration, depression
a (Crago et al. 2003; Ebbehgj et al. 2005; Engvall et al. 2002; Gordon et al.
; 2004; Kilburn 2003; Koskinen et al. 1999a, b; Pirhonen et al. 1996;
% Shenassa et al. 2007)
E pain: headache, backache, stomach ache (Ebbehgj et al. 2005; Meyer et
8 al. 2004; Pirhonen et al. 1996)

nausea (Koskinen et al. 1999a)

development of asthma or asthmatic symptoms (Pekkanen et al. 2007)
< risk of asthma (Bornehag et al. 2005; Jaakkola et al. 2002; 2005;
g Kilpeldinen et al. 2001; Matheson et al. 2005; Peat et al. 1998; Simoni et
g al. 2005)

worsening of the symptoms of current asthma (Burr et al. 2007;

Dharmage et al. 2002; Ly et al. 2008)
_ aching joints, rheumatoid symptoms (Luosujarvi et al. 2003;
= Myllykangas-Luosujarvi et al. 2002)
o) hypersensitivity pneumonitis (Temprano et al. 2007)

The mechanisms behind the adverse health effects associated with moisture-
damaged buildings are inadequately understood. Many reported symptoms mimic
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allergic reactions and IgE-mediated allergy can play a role in the development of
symptoms (Horner et al. 1995). However, allergy to fungi, as such, is rare in
association with the exposure to damp buildings, with only 5 % of estimated
prevalence among the exposed (Immonen et al. 2001; Taskinen et al. 1997). Many
studies show that microbes from moisture-damaged buildings can induce
inflammatory responses in animal models and in vitro (e.g. Hirvonen et al. 1997a;
Huttunen et al. 2003; Jussila et al. 2001). Increased levels of inflammatory
mediators have also been found in nasal lavage and induced sputum in humans
(Hirvonen et al. 1999; Roponen et al. 2001b), suggesting that non-specific
inflammation could be an important pathway contributing to the health effects.
Other possible mechanisms may be initiated by microbial toxins — many indoor
microbes are known toxin-producers and toxins can even be detected in the indoor
air of moisture-damaged buildings (Brasel et al. 2005; Gottschalk et al. 2008;
Pohland 1993). Immunosuppression due to ciliated cell death and the subsequent
impaired particle clearance resulting in higher susceptibility to infections in the
airways could be associated with the acute cytotoxicity of indoor microbes shown in
vitro (Huttunen et al. 2004; Penttinen et al. 2005a; Pieckova and Jesenska 1996,
1998). In addition, symptoms like tiredness and depression may be secondary to
toxic effects on the central nervous system. Neurotoxicity of the pure mycotoxins
has been shown in vitro and in vivo (Belmadani et al. 1999; Rotter et al. 1996;
Stockmann-Juvala et al. 2006). However, it is likely that several different
mechanisms may be involved, even simultaneously, since the exposure is complex
and the range of experienced symptoms is wide.

2.1.2 Microbial growth in moisture-damaged buildings

Sources and concentrations of indoor microbes

Fungi and bacteria are ubiquitous; they can start growing whenever the
environmental conditions allow. Outdoor air, vegetation and soil are the main
sources for indoor microbes, although snow cover reduces the outdoor contribution
during wintertime in cold climates (Flannigan 2001). Usually, the size of fungal and
bacterial propagules is well below 10 pm, which ensures at least their temporary
suspension in air currents and subsequent transport into buildings through unfiltered
intake air, open windows, doors, and leaks in the building envelope (Gérny et al.
1999; Reponen et al. 1994). In addition to outdoor sources, also indoor sources for
microbes contribute to the indoor microbial concentrations. Normal daily activities,
such as handling of foodstuffs and firewood, release microbes into the indoor air
(Lehtonen et al. 1993). Humans themselves are quite a major source of bacteria
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(Nevalainen 1989) as also shown by extensive sequencing of house dust bacteria
(Rintala et al. 2008).

The indoor air fungal concentrations vary greatly both spatially and temporally, but
are mainly at the level of 10'-10° cfu/m? in healthy buildings, measured as culturable
fungi (Hyvérinen 2002; Meklin 2002; Salonen et al. 2007; Tsai et al. 2007). The
bacterial concentrations are slightly higher than the respective fungal concentrations
in the indoor air (Hyvérinen 2002; Salonen et al. 2007; Tsai and Macher 2005). The
airborne fungal concentrations in moisture-damaged buildings are somewhat higher
than those in healthy buildings, on average at the level 10%-10° cfu/m? in subarctic
climate in Finland (Hyvarinen 2002). In the Finnish guidelines for indoor air quality,
wintertime fungal concentrations of 100-500 cfu/m? are considered indicative of an
indoor source, if the fungal genera indicative of moisture damage are simultaneously
present (STM 2003). According to the guidelines, concentrations higher than 500
cfu/m® in residences are regarded as “high” and possibly require further
investigations of the source and possible remediation of moisture damage.

The adverse health effects are associated with dampness, moisture and microbial
growth within the building (Nevalainen and Seuri 2005). However, it appears that
the increased microbial concentrations in indoor air are not in a causal relationship
with the increase of reported adverse health effects (Bornehag et al. 2004;
Nevalainen and Seuri 2005). In many occupational environments, the microbial
concentrations are several orders of magnitude higher than those found in homes or
offices (e.g. Mackiewicz 1998). Instead, the health effects seem to be linked with the
conditions that allow the growth of microbes (I0OM 2004).

Growth of microbes on moist building materials

The factors affecting microbial growth in buildings are the availability of water, the
availability of nutrients, and temperature. Of these three parameters, the availability
of water is the critical factor, a general prerequisite for microbial growth. The other
factors are usually available. Temperatures in the buildings and within the building
envelope, typically 0-25 °C, are well in the range of growth for mesophilic fungi
(Flannigan and Miller 2001). Fungi and bacteria excel at being able to extract the
essential nutrients from seemingly poor environments. Water, dust and other
(organic) materials accumulating on the building material surfaces provide enough
substrates to microbial growth, and some building materials themselves may include
nutrients suitable for micro-organisms (Flannigan and Miller 2001).

The amount of available water, often described as water activity (a,), can
discriminate which microbial species will thrive on the moistened building material.
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Certain fungi, such as Aspergillus versicolor, can survive and grow over a wide
range of a,, whereas others such as members of the genus Trichoderma require high
ay to grow and sporulate. Thus, the microbial flora detected may give a clue on
whether the material in question is only partly moistened or whether it is thoroughly
wet. The microbes which are indicative to moisture/dampness and do not belong to
normal flora of indoor air include the fungi A. versicolor, A. fumigatus,
Trichoderma, Exophiala, Phialophora, Ulocladium, Fusarium, Wallemia,
Stachybotrys, yeasts, and the gram-positive bacteria, actinomycetes (Samson et al.
1994). In addition to fungi and bacteria, there are many other organisms growing on
damp building materials, such as protozoa, but these have been given little attention
so far.

2.1.3 Proinflammatory and cytotoxic responses induced in vitro by
microbes from moisture-damaged buildings

The proinflammatory and cytotoxic potential of a microbe is related to its ability to
evoke inflammation and tissue damage. This potential can be studied in vitro by
exposing cell lines, such as macrophages and epithelial cells originating from
humans, mice or rats, to known doses of the microbe or its metabolites. Such an
exposure can induce defence functions in the cells, for example the release of
inflammatory markers or even cause cell death, which in turn can be measured to
estimate the effect of the exposing agent. Macrophages and epithelial cell lines are
the primary cell types against inhaled particles in the lung, and therefore often used
in studies investigating the effects of indoor microbial contaminants (Hirvonen et al.
1997a).

Inflammatory markers include nitric oxide (NO) and a complex network of
cytokines such as interleukins and tumor necrosis factors. Cytokines are soluble
proteins of low molecular weight, whereas NO is a gaseous radical. They are
important mediators in the host defense system against inflammatory stimuli and
each plays a specific role in this process. The inflammatory markers examined in
this thesis include NO, interleukin 6 (IL-6), and tumor necrosis factor alpha (TNFa).
These markers were selected because previous research on effects of microbes from
moisture-damaged buildings revealed these to be the most relevant in describing
differences between the potential of indoor microbes (e.g. Hirvonen et al. 1997a, b;
1999).

NO mediates many biological processes, such as airway and vascular tone, and
inflammatory cell activation (Fischer et al. 2002; Nevin and Broadley 2002). It is
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enzymatically synthesized from L-arginine by NO synthase by a variety of cells
including alveolar macrophages and airway epithelial cells (Moncada et al. 1991).
NO is rapidly transformed to nitrite and nitrate, and these compounds can be
analysed and utilized as a marker of NO production. With respect to the cytokines,
TNFa is an early phase macrophage-produced proinflammatory cytokine produced
as a part of the non-specific immune response. TNFa can enhance the production of
other cytokines and NO, and increase the phagocytic activity of cells. TNFa
enhances the transfer of neutrophils and monocytes to sites of inflammation by
increasing vascular permeability (Sedgwick et al. 2002). TNFa is also involved in
cell death by both apoptosis (programmed cell death) and necrosis (uncontrolled cell
death) (Barnes et al. 1998; Luster et al. 1999). IL-6, also a proinflammatory
cytokine, has a role in both innate and adaptive immunity. It affects the functions of
lymphocytes and neutrophils, and stimulates the growth and differentiation of B-
cells (Cenci et al. 2001). IL-6 is produced by many different cells, such as
macrophages, epithelial cells, and T-cells (Abbas et al. 2000).

Cytotoxicity can be defined as a description of the extent of the destructive or killing
capacity of an agent on living cells. Many of the fungi and bacteria isolated from
moisture-damaged buildings are cytotoxic in vitro (Huttunen et al. 2000; 2001;
2003), and can cause tissue damage in mice lungs (Jussila et al. 2001; 2002a; 2002b;
Nikulin et al. 1996; 1997). In humans, inflammation induced lung epithelial cell
damage is associated with asthma pathogenesis (Holgate et al. 2003).

In addition to being cytotoxic, indoor fungi and bacteria can induce the production
of proinflammatory mediators such as IL-1p, IL-6 and TNF-ao in vitro (Hirvonen et
al. 1997a, b; Huttunen et al. 2000; 2001; 2003). Animal studies conducted on these
microbes have also revealed immunostimulation in the lungs of the test animals
(Jussila et al. 2001; 2002a; 2002b; 2003). Furthermore, similar biological activity
has also been shown for human individuals in nasal lavage or in induced sputum
sampling (Hirvonen et al. 1999; Purokivi et al. 2001; 2002; Roponen et al. 2003;
Stark et al. 2006).

Many factors can alter the cytotoxicity or proinflammatory potential of the microbes
from moisture-damaged buildings. For example, the building material on which the
microbe has grown can alter its potency, probably due to the different nutrient and
pH conditions present in each building material (Roponen et al. 2001a). Many
indoor microbes are able to produce toxins, and the toxin production is possibly
influenced by the conditions in which the microbe lives. Microbial toxins have
indeed been found on mold-infested building materials (Charpin-Kadouch et al.
2006; Nielsen et al. 1999). Even differences between different brands of the same
building material can affect the toxicity of the microbes growing on the material, as
shown for the bacterium Streptomyces californicus and the fungus Stachybotrys
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chartarum which were grown on plasterboards of different compositions
(Murtoniemi 2003). Furthermore, microbial interaction can alter the biological
potency of the counterparts. For example, when S. californicus and S. chartarum
were grown together at the same location, i.e. were co-cultivated, and thus had to
compete for the same living space and resources, they produced more potent
metabolites than when growing alone. In turn, the cytotoxic and proinflammatory
responses that these microbes raised in cells were synergistically higher in samples
with co-cultivated S. californicus and S. chartarum than separately grown microbes
(Murtoniemi et al. 2005; Penttinen et al. 2005a; 2006; 2007). Also simultaneous
exposure to S. californicus and S. chartarum can synergistically increase the
cytotoxic and proinflammatory responses in cells (Huttunen et al. 2004) and the
effect can be dependent on the proportions of these microbes (Penttinen et al.
2005b). Examples of in vitro studies on proinflammatory potential of microbes from
moisture-damaged buildings are listed in Table 2.2.
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Table 2.2. Examples of proinflammatory and cytotoxic effects of microbes from
moisture-damaged buildings in vitro

Exposing microbes Cell type Effects (reference)

“high” microbial exposure | RAW264.7" | Increased production of IL-1B, IL-6 and

(24-h personal filter TNF-a compared to “low” exposure

sampling) (Roponen et al. 2003)

Streptomyces sp. RAW?264.7 | Increased production of TNF-a, IL-6,
with subsequent NO production
(Hirvonen et al. 1997a, b)

Streptomyces anulatus A549° Production of NO and IL-6 (Jussila et al.
1999)

Stachybotrys chartarum RAW264.7 | Cytotoxic to cells, only minor production

Aspergillus versicolor A549 of cytokines and NO (Huttunen et al.

Penicillium spinulosum* | 28SC? 2003)

Pseudomonas fluorescens | RAW264.7 | Cytotoxic to cells, production of NO and

Streptomyces californicus | A549 cytokines TNF-a, IL-6 and IL-1j3

Bacillus cereus* 28SC (Huttunen et al. 2003)

Mycobacterium avium RAW?264.7 | Production of TNF-a and IL-1p (only in

(two strains) A549 RAW264.7), IL-6 and NO (all cell lines);

Mycobacterium terrae 28SC mildly cytotoxic to RAW?264.7, not toxic

(two strains) to human cell lines (Huttunen et al. 2001)

Aspergillus fumigatus RAW?264.7 | Increase in mMRNA expression of TNF-a,
MIP-1a, MIP-1f, and MCP-1 (Pylkkénen
et al. 2004)

simultaneous exposure to RAW264.7 | Synergistic increase in production of IL-6

Streptomyces californicus (Huttunen et al. 2004), MIP2, and TNF-a,

and Stachybotrys and cytotoxicity (Penttinen et al. 2005b)

chartarum

co-cultivated Streptomyces | RAW264.7 | Synergistically increased apoptosis and

californicus and
Stachybotrys chartarum

cell cycle arrest (Penttinen et al. 2005a)

Stimulation of production of cytostatic
compounds (Penttinen et al. 2006)

Production of genotoxic metabolite
causing DNA damage and genotoxic
responses (Penttinen et al. 2007)

"Mouse macrophages, “Human alveolar epithelial cells, *Human macrophages,
*Microbes listed in rank order of potency from highest to lowest




2.2  Amoebae

Amoebae are single-celled eukaryotic protozoans that belong to groups that can be
genetically rather distant from each other. Amoebae do not constitute a single
taxonomic category; the term “amoeba” is rather a practical term that refers to cells
that are able to move and engulf food particles by producing projections of the
cytoplasm. This amoeboid behavior is common among the eukaryotes. However,
amoeboid cells represent morphologically very diverse forms of living organisms.
For example, there are amoebae with one or more flagella (e.g. Naegleria), amoebae
with different types of shells (e.g. Euglypha), amoebae that are deeply branched
(e.g. Stereomyxa) and those that are more or less conical (e.g. Mayorella)
(Hausmann et al. 2003). To add to the diversity, even a single cell can have several
morphotypes depending on its environment. Even more variation can be found in the
survival strategies; for example, there are amoeboid cells that are strictly parasitic
(e.g. Entamoeba) (Stauffer and Ravdin 2003), those that can photosynthesize (e.g.
Chlorarachnion) (McFadden et al. 1994), and opportunistic organisms that can
alternatively hunt for their food or become parasites of animal hosts (e.g.
Acanthamoeba) (De Jonckheere 1991).

The taxonomy of amoebae, as well as the taxonomy of all protists, is undergoing a
process of rediscovery. The traditional ultrastructural methods are being
complemented with biochemical identification and DNA-based methods and this has
brought new insights into the relationships between the protists. Although the
amoebal species dictated close morphologically have often been found to be so also
phylogenetically, the relationships between the higher taxonomical orders are not
quite so stable (Hausmann et al. 2003). Currently, the newest taxonomical system
proposed by the International Society of Protozoologists (Adl et al. 2005) divides all
eukaryotes into six clusters. Amoeboid organisms are present in almost all of these
groups. The group of amoebae most interesting within the scope of this study are,
however, the free-living amoebae.

2.2.1 Free-living amoebae

Free-living amoebae are either heterotrophic or opportunistically parasitic amoebae
which are ubiquitous in a wide range of natural and man-made microhabitats all
over the world (Rodriguez-Zaragoza 1994). Most of the species are able to exist in
durable resting forms, cysts, in which the organism endures adverse conditions.
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Even though most genera of the free-living amoebae can be found practically
everywhere, some are principally marine organisms, some are most common in
fresh water, and some are predominant in soil. Examples of free-living amoebae and
the environments in which they are encountered are listed in Table 2.3.

Free-living amoebae and other protozoa have a significant role in the ecosystem in
the mineralization of nitrogen, carbon and phosphorus due to their importance as
bacterial predators (Ekelund and Regnn 1994; Rodriguez-Zaragoza 1994;
VreekenBuijs et al. 1997). It should be noted that although amoebae often feed on
bacteria, bacteria can also utilize amoebae as a vehicle for survival, replication, or
even as means of transmission from one host to another. For example, legionellae
are able to avoid digestion in amoebae, in fact they can replicate intracellularly in
amoebae until the amoebae burst (Newsome et al. 1998). Even though bacteria are
often the most palatable nutrition for many free-living amoebae, these organisms are
versatile in their feeding habits and they can feed on ciliates, other amoebae, fungal
spores and even hyphae, and many species are also able to grow in axenic nutrient
broths (Gilbert et al. 2003; Hausmann et al. 2003; Schuster 2002).

The most well-known and most studied free-living amoebae are the genera
Acanthamoeba and Naegleria; this is perhaps because species of these genera have
been associated with disease in humans, either directly or as carriers of pathogenic
bacteria. Acanthamoebae are small soil amoebae, 25 to 40 um in diameter that are
able to form strong double-walled cysts within a time course of 40 hours (Aksozek
et al. 2002; Chagla and Griffiths 1974; Chavez-Munguia et al. 2005; Sykes and
Band 1985; Turner et al. 2004). Numerous species of acanthamoebae have been
described, such as A. polyphaga, A. castellanii, and A. culbertsonii (Page 1988), but
this differentiation has been performed on a morphological basis. Newer genetic
methods do not unambiguously support this division and since the 1990s many
papers refer to acanthamoebae rather as sequence types T1 to T15 according to their
nuclear small ribosomal subunit RNA genes (SSU rDNA) (De Jonckheere 2007;
Gast et al. 1996; Hewett et al. 2003; Stothard et al. 1998). This division has been
supported by immunological patterning (Walochnik et al. 2001) and the current
opinion on the subgenus systematics for acanthamoebae states that species names
should be replaced with genotype numbers until the phylogenetical status of each
species can be resolved.
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Table 2.3 Examples of free-living amoebae and their habitats

Genus

Isolated from (selected references)

Main habitat

Pathogenicity

Acanthamoeba

Humans: Human eye (Visvesvara et al. 1975); human brain (Martinez et al. 1977); human nasal
passages/mucosa (De Jonckheere and Michel 1988; Sadaka et al. 1994)

Human environments: Drinking water (Hoffmann and Michel 2001; Michel et al. 1995a; Shoff et
al. 2008); house dust in bathroom (Seal et al. 1992); swimming pools, whirlpools, physiotherapy
tubs (De Jonckheere 1979b; Rivera et al. 1993; Vesaluoma et al. 1995); sanitary areas in hospital
(Rohr et al. 1998); terrariums and aquariums (De Jonckheere 1979a; Hassl and Benyr 2003);
contact lens cases (Larkin et al. 1990); eyewash stations (Tyndall et al. 1987); dental units (Barbeau
and Buhler 2001); sewage sludge (Griffin 1983)

Animals: Intestines of bull, rabbit, pigeon, and turkey (Kadlec 1978); reptile intestines (Hassl and
Benyr 2003); fish (Dykové and Lom 2004); toucan (Visvesvara et al. 2007)

Soils: Arable soil (Sawyer 1989); desert topsoil crust (Bamforth 2004); forest soil and litter
(Rodriguez-Zaragoza et al. 2005)

Water: Ocean, brackish and fresh water sediments (Sawyer et al. 1977); marine water (Arias
Fernandez et al. 1989); fresh water (Befinger et al. 1986; Ettinger et al. 2003; Mansour et al. 1991);
natural hot springs and thermal waters (Lekkla et al. 2005; Rivera et al. 1989)

Other: Surface of edible mushrooms (Napolitano 1982), fresh vegetables (Rude et al. 1984), air
samples (Rivera et al. 1987)

Soil

Established
opportunistic
pathogen

Balamuthia

Humans: Human brain (Visvesvara et al. 1993)

Human environments: Soil in indoor potted plant (Schuster et al. 2003), soil in outdoor potted
plant (Dunnebacke et al. 2004)

Animals: Brain of gorillas and other primates (Rideout et al. 1997; Visvesvara et al. 1993)
Soils: Soil sample (Dunnebacke et al. 2003)

Soil / animals

Established
opportunistic
pathogen




9¢

Humans: Human eye (Aimard et al. 1998; Aitken et al. 1996)
Human environments: Drinking water (Shoff et al. 2008); dental units (Barbeau and Buhler

(Anderson 1998)
Other: Air sample (Rivera et al. 1987)

S 2001), swimming pools and physiotherapy tubs (Rivera et al. 1993; Vesaluoma et al. 1995), hot
% water system and sanitary areas in hospital (Rohr et al. 1998) _ Possibly a
g Animals: Dog, turkey (Kadlec 1978); fish (Dykova and Lom 2004) Soil pathogen
‘f Soils: Desert topsoil crust (Bamforth 2004);

Water: Marine sediments (Anderson et al. 1997)

Other: Laboratory cell cultures (Fogh et al. 1971), air samples (Lawande 1983)

Humans: Human brain (Carter 1970), nasal passage of healthy humans (Sadaka et al. 1994)

Human environments: Drinking water (Hoffmann and Michel 2001; Michel et al. 1995a),
= aquariums (De Jonckheere 1979a), swimming pools (De Jonckheere 1979b; Rivera et al. 1993), Established
% dental units (Barbeau and Buhler 2001), sanitary areas in hospital (Rohr et al. 1998) Water opportunistic
S Animals: Fish (Dykova and Lom 2004), tapir (Lozano-Alarcén et al. 1997), pathogen

Water: Fresh water (Mansour et al. 1991),

Other: Laboratory cell cultures (Fogh et al. 1971), air samples (Lawande 1983; Rivera et al. 1987)

Human environments: Drinking water (Shoff et al. 2008); dental units (Barbeau and Buhler

2001), sanitary areas in hospital (Rohr et al. 1998),
K Animals: Fish (Dykova and Lom 2004); Fresh water /
é Soils: Desert topsoil crust (Bamforth 2004) soil / marine Not shown
S Water: Surface of algae in coastal marine water (Armstrong et al. 2000), brackish water pond water




LC

Humans: Human eye (Aitken et al. 1996; Alexandrakis et al. 1998)

Other: Air samples (Rivera et al. 1987)

(%2}
o
s Human environments: Drinking water (Shoff et al. 2008); dental units (Barbeau and Buhler
% 2001), swimming pools and physiotherapy tubs (Rivera et al. 1993), contact lenses (De Jonckheere
% and Brown 2005), hot water system and sanitary areas in hospital (Rohr et al. 1998)
g ; . pi Fresh water /
z Animals: Pig, turkey (Kadlec 1978) . Not shown
< . . . . marine water
= Soils: Desert topsoil crust (Bamforth 2004), agricultural soil (Brown and De Jonckheere 2004)
% Water: Fresh water (Mansour et al. 1991), cold fresh water (Robinson et al. 2007), marine water
% (Munson 1992), marine sediment (Anderson et al. 1997)
©
> Other: Air sample (Rivera et al. 1987)
© Human environments: Cool-mist humidifier (van Assendelft et al. 1979), swimming pool (Rivera
2 et al. 1983)
o ] ) ) Fresh water Not shown
E Soils: Desert topsoil crust (Bamforth 2004), gut of earthworms (Parthasarathi et al. 2007)
© Human environments: Drinking water (Shoff et al. 2008)
E Animals: Gills of fish (Bermingham and Mulcahy 2007) Fresh / marine
9 . . Not shown
= Soils: Desert topsoil crust (Bamforth 2004) water
= Water: Antarctic ocean (Mayes et al. 1997), marine water (Anderson 1998)
Human environments: Drinking water (Shoff et al. 2008); hot water system in hospital (Rohr et
§ al. 1998), aquariums (Mrva 2007)
= Soils: ; Soil / fresh
= oils: Desert topsoil crust (Bamforth 2004) water Not shown
§ Water: Fresh water (Mrva 2007), marine sediments (Anderson et al. 1997)
wn




Acanthamoebae are one of the most ubiquitous amoebae dispersed throughout the
whole world. Acanthamoebae are very adaptive organisms and they have a potential
to produce an impressive selection of exoenzymes that might help extracting
nutrients from a variety of growth environments (Anderson et al. 2005).
Acanthamoebae are often carriers of intracellular bacteria; these bacteria may either
be harmful for the amoeba or they may enhance amoebal growth (Collingro et al.
2004). Some of the intracellular bacteria, such as Legionella or Chlamydia, can be
pathogenic to humans. Acanthamoebae have been isolated in almost every
conceivable environment, ranging from the intestines of reptiles (Hassl and Benyr
2003) to Dry Valleys® soil of Antarctica (Bamforth et al. 2005). Thus, it is very
likely that acanthamoebae would also be present in moisture-damaged building
materials.

Acanthamoebae feed mainly on bacteria, but given the opportunity, they can also
invade and parasitize animal hosts. Acanthamoebae are opportunistic organisms and
most often take advantage of hosts with compromised immunocompetence, but a
few infections of healthy individuals have also been reported. In humans, two main
types of acanthamoeba infections occur. Acanthamoebae can be causative agents of
fatal granulomatous amoebic encephalitis in immunocompromised humans
(Martinez et al. 1977). However, the incidence of this disease is low, with only 60
cases reported to the date since the sixties (WHO 2003). Another common, but still
rare, acanthamoeba-caused infection is the severe keratitis associated with the use,
or rather the misuse, of contact lenses (Visvesvara et al. 1975). Poor hygiene
practices are the main risk factor for acanthamoeba keratitis, but also swimming
while wearing the contact lenses may expose the individual to acanthamoeba
infection. In the United States, the incidence of acanthamoeba Kkeratitis is
approximately 1-2 cases per million contact lense wearers (CDC 2007; WHO 2003).
Thus, infections are extremely rare, even though humans and acanthamoebae cross
paths constantly because of the universal nature of the amoeba.

Although these human infections have increased the research on acanthamoeba, the
characteristics of the organism explain its common occurrence in the scientific
literature. If a model for environmental amoebae is needed in laboratory
experiments, acanthamoebae are often selected because they are readily adapted to
axenic (without microbes as a substrate) culture media (Jensen et al. 1970; Schuster
2002), and easily maintained and controlled as they have a simple life cycle and
form cysts. Acanthamoebae reproduce by binary fission and they have a rather high
growth rate even in axenic growth media (Byers et al. 1980). Due to their many
applications, there is an abundance of acanthamoebal strains both pathogenic and
non-pathogenic available at culture collections.
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Another common group of free-living amoebae are Naegleria, which are found in
fresh water and soil. In addition to the feeding form and the cyst formation, many of
the naegleriae can live in a non-feeding locomotive flagellated stage. Over 20
species of naegleriae have been described, of which the thermotolerant species N.
fowleri, N. australiensis and N. italica can be pathogenic (De Jonckheere 2002). So
far, only one species of the naegleriae, N. fowleri, has been shown to cause primary
amoebic encephalitis (PAM) in previously healthy humans. After infection, death
occurs rapidly, almost invariably within 10 days. The PAM cases are usually
associated with swimming in warm water where naegleriae flourish. Although much
studied from the point of view of pathogenicity to humans, the environmental
behavior of naegleriae is not as well known as that of the acanthamoebae. The focus
of naegleriae research is still in evaluating the possible exposure routes to the
amoebae or in finding an effective cure for PAM. Recently, also the ecological role
of naegleriae has been examined (Declerck et al. 2005; 2007; Xinyao et al. 2006). In
a similar manner to acanthamoebae, naegleriae can be associated with intracellular
bacteria (Newsome et al. 1985; Walochnik et al. 2005).

Another well-known amoebal genus is Dictyostelium, especially D. discoideum, a
soil amoeba also known as “cellular slime mold”, that forms multicellular structures
of tens of thousands of cells in adverse conditions (Hausmann et al. 2003). This
genetically malleable amoeba has a unique life cycle that employs several cellular
processes and biochemical mechanisms such as cytokinesis, chemotaxis, signal
transduction and cell sorting. These make the amoeba a popular model organism for
biomedical and molecular biology research, since these phenomena are absent or
less readily accessible in other biological models (Chisholm et al. 2006). Other free-
living amoebae that are occasionally found in human environments are Hartmanella,
Vanella, Saccamoeba, and the first amoeba to ever be described scientifically,
Amoeba. These amoebae have been sporadically studied in the laboratory conditions
but more often they have been examined in studies of the biodiversity of the
protozoa in different environments.

Limits of the survival of amoebae

Like most micro-organisms, amoebae are ubiquitous in various environments
throughout the Earth. Some amoebae seem to survive for extended periods of time in
their cyst form under very harsh environmental conditions, only growing whenever
the conditions allow. The cyst-forming amoebae seem to be tolerant of a wide range
of temperatures: viable cysts and even trophozoite forms of amoebae have been
isolated at cold temperatures in the Antarctic (Bamforth et al. 2005; Brown et al.
1982), but also can withstand the heat of natural hot springs (Baumgartner et al.
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2003; Lekkla et al. 2005). In laboratory conditions, hartmanellae and saccamoebae
have been cultured even at 53 °C (Rohr et al. 1998). There is only little information
of the pH tolerance of amoebae. Based on the scarce information available, it seems
that these organisms are well adapted to a range of pH values. Viable amoebae have
been isolated from waters with pH fluctuating between 3.6 and 8.4 (Sykora et al.
1983), and from lime-alkali waters in two lakes in Kenya (Bamforth et al. 1987).

In this context, the environmental conditions on moisture-damaged building
materials do not restrict the survival for amoebae in general. The temperature is
usually well above 0 °C and below 40 °C throughout the building envelope with the
possible exception of the outer wall. The alkalinity/acidity of water films and
moisture on building materials has rarely been studied but from what studies are
available, it seems that the pH of most building material extracts varies from being
slightly acidic to neutral. For example, the pH of pine plywood extract is
approximately 6 (Lebow and Winandy 1999) and that of gypsum board near to 7 as
reported by safety data sheets of gypsum board products of National Gypsum
company in 2007 (www.nationalgypsum.com). The pH values of extracts of oven-
heated pulverized flour of different species of wood varied between 4.13 (red pine)
and 5.15 (aspen) (He and Yan 2005), but it is questionable how well these values
relate to the pH values present in the raw material. On the other hand, the pH value
of 12 of pore water within concrete (Pavlik 2000) is very alkaline and may not allow
amoebal survival. Summing up, it seems that moisture is the critical factor
determining whether for amoebae will grow in buildings, just as it is for bacteria and
fungi.

2.2.2 Amoebae and bacteria

Amoebae and bacteria exist in a close embrace wherever they meet. There are many
possible outcomes of this interaction; for example when amoebae phagocytize
bacteria, they can be digested, but instead some bacterial species can avoid digestion
and stay viable inside the amoebae. The viable intracellular bacteria may be
expunged after some time, or digested later, or become endosymbionts or parasites
of the amoeba. Some bacteria, like legionellas and chlamydiales, can even utilize
amoebae as their vehicle for replication and transmission (Corsaro and Venditti
2004; Newsome et al. 1998). The bacteria that are not consumed by amoebae are
denoted as “amoeba-resisting bacteria” (Greub and Raoult 2004). Examples of the
host amoebae and amoeba-resisting bacteria are listed in Table 2.4. The relationship
between certain bacteria and amoebae does not necessarily remain stable. There are
several examples of interactions that might under some environmental conditions be

30



lethal to bacteria, and in different conditions lethal to the amoeba. For example,
depending on the environmental conditions, a previously harmless endosytobiont
may turn parasitic and kill the amoeba (Cirillo et al. 1997; Greub et al. 2003;
Lebbadi et al. 1995).

Alternatively, the interactions between the bacteria and the amoebae could also be
seen as a continuum of different stages in evolution from antagonism to symbiosis,
the ultimate goal of stable relationship beneficial to both (Cirillo 1999; Jeon 1995).
For example, Jeon (1995) demonstrated that when an unidentified gram-negative
“X-bacterium”, later defined as Legionella jeonii (Candidatus) (Park et al. 2004),
infected a strain of Amoeba proteus, the bacterium was originally very cytotoxic to
the amoeba. However, some amoebae survived and within a period of 18 months,
the bacterium had turned into being an obligate endosymbiont of the amoeba so that
it was then necessary for the survival of the amoeba. Several physiological and
genetical changes occurred in both of the species during this adaptation (Jeon 2004;
Jeon and Jeon 2004). A similar phenomena was induced for Dictyostelium
discoideum and Escherichia coli; in this experiment both of the species lost their
pure culture identities within two years (Todoriki and Urabe 2006).

Many amoebae have been found to carry intracellular bacteria and it has been
suggested that as many as 20 % of the environmental and clinical amoebal strains
may harbor internal bacteria (Fritsche et al. 1993). There are two terms used in the
literature describing the intracellular bacteria in the host amoebae: “endosymbiont”
and “endosytobiont”. The use of these terms overlap, but the term “endosytobiont”
is more often used for bacteria that can also be cultured outside of the amoebae, thus
being facultative intracellular bacteria. These bacteria can sometimes cause the death
of the amoeba. However, other intracellular bacteria are obligate endosymbionts that
cannot be cultivated outside of the amoebae (e.g. Amann et al. 1997; Drozanski
1991; Fritsche et al. 1993). It is not always clear whether these endosymbionts are
obligate for the survival of amoebae. In many cases, the researchers have not been
able to Kill the bacteria within the host so that the host survives (Hall and Voelz
1985; Molmeret et al. 2005). Whether the death of the amoeba is due to the loss of
essential endosymbionts or due to the harmful effect of the antibiotic, remains a
question of debate.
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Table 2.4 Bacteria that are able to survive or grow inside of amoebae

Relationship of

the bacterium Bacterium Amoeba Reference(s)
to amoeba
Chlamydia-related bacteria Acanthamoeba spp. (Amann et al. 1997; Birtles et al.
1997; Fritsche et al. 2000)
Candidatus “Protochlamydia amoebophila” | Acanthamoeba spp. (Collingro et al. 2005)
Candidatus “Procabacter acanthamoebae™ Acanthamoeba spp. (Horn et al. 2002)
Candidatus “Amoebiphilus asiaticus” Acanthamoeba spp. (Horn et al. 2001)
Candidatus “Odyssella thessalonicensis” Acanthamoeba sp. (Birtles et al. 2000)
Candidatus “Paracaedibacter Acanthamoeba sp. (Horn et al. 1999)
acanthamoebae”; C. “P. symbiosus”
Candidatus “Caedibacter acanthamoebae™ Acanthamoeba sp. (Hall and Voelz 1985; Horn et al.

Obligate intracellular parasites or endosymbionts

Candidatus “Legionella jeonii”
Legionella lyticum (comb. nov.)

Legionella drancourtii (sp. nov.)

Rickettsiales-like
Caedibacter-like

Erlichia-like

Unidentified gram-negative rods

Amoeba proteus
Acanthamoeba
castellanii
Acanthamoeba

polyphaga

Acanthamoeba spp.

Acanthamoeba sp.
Saccamoeba sp.

Acanthamoeba spp.

Acanthamoeba sp.

1999)

(Jeon 1995; Park et al. 2004)
(Drozanski 1991; Hookey et al.
1996)

(La Scola et al. 2004a)

(Fritsche et al. 1999)

(Xuan et al. 2007)

(Michel et al. 1995b)

(Fritsche et al. 1993; Yagita et al.
1995)
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Table 2.4 continued

Relationship of

the bacterium Bacterium Amoeba Reference(s)
to amoeba

Mycobacterium sp. Acanthamoeba sp. (Yuetal. 2007)
Burkholderia pickettii Acanthamoeba sp. (Michel and Haurdder 1997)
Cytophaga sp. Acanthamoeba sp. (Mdiller et al. 1999)
Pseudomonas aeruginosa Acanthamoeba (Michel et al. 1995a)
Neochlamydia hartmannellae Hartmanella (Horn et al. 2000)

= vermiformis

2 Legionella drozanskii sp. nov., Acanthamoeba (Adeleke et al. 1996; Adeleke et

qg L. rowbothamii sp. nov., L. fallonii sp. nov. polyphaga al. 2001)

% member of the Rickettsia Nuclearia pattersoni (Dykova et al. 2003a)

c sp. n.

g Flavobacterium-like bacteria Acanthamoeba sp. (Horn et al. 2001)

Legionella-like bacterium

Two different unidentified species of
bacteria in one amoeba

Two bacteria in one amoeba, belonging to
groups Parachlamydia and Procabacter

Unidentified amoeba
from soil sample
Naegleria clarki

Acanthamoeba sp.

(Newsome et al. 1998)

(Michel et al. 1999; Walochnik et
al. 2005)
(Heinz et al. 2007)




e

Table 2.4 continued

Relationship of
the bacterium
to amoeba

Bacterium

Amoeba

Reference(s)

Intracellular replication shown in laboratory

Simkania negevensis

Chlamydia pneumoniae
Neochlamydia hartmannellae
Waddlia chondrophila

Candidatus “Criblamydia
sequanensis”

Francisella tularensis

Listeria monocytogenes
Helicobacter pylori
Mobiluncus curtisii
Burkholderia cepacia complex

Legionella pneumophila

Acanthamoeba polyphaga,
Acanthamoeba sp., Naegleria
clarki, Balamuthia mandrillaris,
Hartmanella spp.
Acanthamoeba castellanii
Dictyostelium discoideum
Hartmanella vermiformis,
Acanthamoeba sp., Vahlkampfia
ovis, Dictyostelium discoideum
Acanthamoeba castellanii

Acanthamoeba castellanii
Acanthamoeba sp.
Acanthamoeba castellanii
Acanthamoebae
Acanthamoeba polyphaga

Acanthamoeba castellanii,
Dictyostelium discoideum,
Hartmanella vermiformis,
Balamuthia mandrillaris,
Naegleria lovaniensis,
Naegleria fowleri
Willaertia magna

(Kahane et al. 2001; Michel et al.
2005)

(Essig et al. 1997)
(Horn et al. 2000)
(Michel et al. 2004)

(Thomas et al. 2006)

(Abd et al. 2003)

(Ly and Muller 1990)
(Winiecka-Krusnell et al. 2002)
(Tomov et al. 1999)

(Landers et al. 2000; Marolda et
al. 1999)

(Declerck et al. 2005; Dey et al.
2009; Holden et al. 1984; Kuiper
et al. 2004; Newsome et al. 1985;
Shadrach et al. 2005; Solomon et
al. 2000)
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Table 2.4 continued

Relationship of
the bacterium
to amoeba

Bacterium

Amoeba

Reference(s)

Intracellular replication shown in laboratory

Legionella dumoffii
Legionella rowbothamii

Legionella anisa
Escherichia coli K1
Escherichia coli 0157
Afipia felis

Salmonella enterica
Salmonella typhimurium
Mycobacterium avium, M.
fortuitum, M. marinum, M.
kansasii

Mycobacterium marinum, M.

avium
Mycobacterium xenopi

Mycobacterium massiliense
Mycobacterium chelonae, M.
fuerthensis, M. monacense, M.

neoaurum
Vibrio cholerae

Porphyromonas gingivalis,
Prevotella intermedia

Acanthamoeba castellanii
Hartmanella vermiformis

Acanthamoeba polyphaga
Acanthamoeba sp.
Acanthamoeba polyphaga
Acanthamoeba polyphaga
Acanthamoeba rhysodes
Acanthamoeba polyphaga
Acanthamoeba castellanii

Dictyostelium discoideum
Acanthamoeba sp.

Acanthamoeba polyphaga
Acanthamoeba polyphaga

Acanthamoeba castellanii

Acanthamoeba castellanii

(Neumeister et al. 1997)
(Adeleke et al. 1996; Adeleke et
al. 2001)

(La Scola et al. 2001)

(Jung et al. 2007)

(Barker et al. 1999)

(La Scola and Raoult 1999)
(Tezcan-Merdol et al. 2004)
(Gaze et al. 2003)

(Cirillo et al. 1997; Goy et al.
2007; Miltner and Bermudez
2000)

(Skriwan et al. 2002; Solomon et
al. 2003)

(Drancourt et al. 2007)
(Adékambi et al. 2004)

(Pagnier et al. 2008)

(Abd et al. 2005; Abd et al. 2007;
Saeed et al. 2007; Thom et al.
1992)

(Wagner et al. 2006)
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Table 2.4 continued

Relationship of
the bacterium
to amoeba

Bacterium

Amoeba

Reference(s)

Intracellular replication shown in laboratory

Pasteurella multocida

Aquicella lusitana, A. siphonis

Alcaligenes sp., Bradyrhizobium liaoningense,
B. japonicum, Brevundimonas aurantiaca,
Clostridium frigidicarnis, Chromobacterium
haemolyticum, Chryseobacterium
taichungense, C. indologenes, Delftia
tsuruhatensis, Flavobacterium sp.,
Herbaspirillum rubrisubalbicans,
Methylobacterium fujiwaense,
Methylobacterium sp., Pantoea ananatis,
Pseudomonas aeruginosa, P. fluorescens, P.
otitidis, Rahnella aquatilis, Rasho bacterium,
Rhodopseudomonas palustris, Serratia
fonticola, S. marcescens, Stenotrophomonas
maltophila, Xanthobacter flavus

Candidatus “Roseomonas massiliae™, C.
“Rhizobium massiliae”, C. “Chryseobacterium
massiliae”’, and C. “Amoebinatus massiliae™
Bacillus licheniformis

Staphylococcus aureus

Acanthamoeba polyphaga,
Hartmanella vermiformis
Hartmanella vermiformis
Acanthamoeba polyphaga

Acanthamoeba polyphaga

Naegleria fowleri
Acanthamoeba polyphaga

(Hundt and Ruffolo 2005)

(Santos et al. 2003)
(Pagnier et al. 2008)

(Greub et al. 2004)

(Lebbadi et al. 1995)
(Huws et al. 2008)
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Table 2.4 continued

Relationship of
the bacterium
to amoeba

Bacterium

Amoeba

Reference(s)

Intracellular survival shown in laboratory

Escherichia coli, Proteus mirabilis,
Pseudomonas aeruginosa
Pseudomonas aeruginosa

Salmonella typhimurium, Yersinia
enterocolitica, Shigella sonnei, Legionella
gormanii, Campylobacter jejuni, Escherichia
coli, Citrobacter freundii, Enterobacter
agglomerans, Enterobacter cloacae,
Klebsiella pneumoniae, Klebsiella oxytoca
Campylobacter jejuni

28 species of Mycobacterium, e.g. M. avium,
M. abscessus, M. malmoense, M.
intracellulare, M. massiliense, M. septicum,
M. terrae

Burkholderia pseudomallei

Burkholderia cepacia complex

Aeromonas sp.
Coxiella burnetii
Candidatus “Nordella oligomabilis™

Vibrio cholerae

Acanthamoeba rhysodes

Hartmanella
cantabrigiensis
Acanthamoeba castellanii

Acanthamoeba
polyphaga, A. castellanii
Acanthamoeba

polyphaga

Acanthamoeba astronyx
Acanthamoeba
polyphaga
Acanthamoeba sp.
Acanthamoeba castellanii
Acanthamoeba
polyphaga

Naegleria gruberi

(Walochnik et al. 1998)
(Walochnik et al. 1998)

(King et al. 1988)

(Axelsson-Olsson et al. 2005;
Snelling et al. 2005)
(Adékambi et al. 2006; Steinert
et al. 1998; Whan et al. 2006)

(Inglis et al. 2000)

(Lamothe et al. 2004)
(Hagnere and Harf 1993)
(La Scola and Raoult 2001)
(La Scola et al. 2000, 2004b)

(Thom et al. 1992)




The effects of co-cultivation for amoebae and bacteria

When amoebae and bacteria are growing together, changes often occur in either or
both organisms. The most profound changes are likely to occur when the organisms
adapt to endosymbiosis; these changes include alterations in their morphology and
in the gene expression (Jeon 1995, 2004; Jeon and Jeon 2004). Furthermore, the
presence of bacterial endosymbionts may increase or decrease the growth rate of the
host amoeba (Collingro et al. 2004). Amoeba may also acquire properties to promote
its survival in adverse conditions from the bacteria harbored intracellularly, for
example an Acanthamoeba sp. acquired resistance to mercury from the presence of
intracellular mercury-resistant Aeromonas sp. (Hagnere and Harf 1993).

However, even a passing interaction between amoebae and bacteria can result in
modulation of the characteristics of both of the species. The best characterized of
these effects is pathogenicity; intracellular growth within amoebae can enhance the
pathogenic potential of bacteria thus acting as a “training ground” for the these
bacteria (Molmeret et al. 2005). For example, co-cultivation with Acanthamoeba
castellanii increases the ability of Legionella pneumophila to enter into human
epithelial and monocytic cells and mouse macrophages in vitro and enhances
virulence in mice (Cirillo et al. 1994; 1999). The same phenomenon has also been
shown for Mycobacterium avium (Cirillo et al. 1997) and even for the soil fungus
Cryptococcus neoformans (Steenbergen et al. 2003). Furthermore, bacteria may
become more resistant to antimicrobial compounds while they are entombed inside
amoebae (Miltner and Bermudez 2000), and this effect remain even after the co-
cultivation as shown for L. pneumophila (Barker and Brown 1995). On the other
hand, the interaction with bacteria can increase the pathogenicity of amoebae: co-
cultivation with E. coli and Salmonella reactivated the virulence of an avirulent
Entamoeba histolytica strain (Mirelman 1987). The existing virulence of another E.
histolytica strain was further enhanced after co-cultivation with intestinal or gram-
negative bacteria (Anaya-Velazquez and Padilla-Vaca 1992; Bracha and Mirelman
1984). It has also been suggested that intracellular bacteria could increase the
pathogenicity of Acanthamoebae (Fritsche et al. 1998; Marciano-Cabral et al. 2003).

Bacteria need not be intracellular to evoke changes in the amoebae, and vice versa.
For example, when the isoenzyme patterns of an Acanthamoeba strain were
characterized, remarkable changes were observed between monoxenically (i.e.
cultured with one strain of substrate microbe) and axenically (cultured without
microbes as substrate) grown amoebae. Similar results were found also for a
Hartmanella strain in the same study (Weekers and De Jonckheere 1997).
Correspondingly, a decrease in the proteolytic activity of E. histolytica was observed
after the axenic culture was reassociated with mixed bacteria (Spice and Ackers
1992). Furthermore, the presence of Pseudomonas aeruginosa in contact lens
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solution enhanced the survival of Acanthamoeba castellanii (Cengiz et al. 2000).
Some bacteria can produce compounds which are cytotoxic to amoebae thus
preventing amoebal growth and survival (e.g. Bacillus licheniformis produces
amoebicin that kills Naegleria fowleri amoebae) (Cordovilla et al. 1993).
Furthermore, amoebae can stimulate and control bacterial growth possibly due to
selective grazing and through the presence of extracellular metabolites produced by
the amoebae, at least in the soil environment (Jjemba 2001; Rgnn et al. 2002).

In general, it seems likely that interactions of any kind, be it intracellular,
competitive, or antagonistic, between bacteria and amoebae and perhaps even
between all organisms, causes changes and adaptations in some aspect of the
organisms’ functions.

2.2.3 Amoebae and intracellular microbes other than bacteria

Free-living amoebae have occasionally been observed with intracellular organisms
other than bacteria. These organisms include other eukaryotes, such as protozoa,
fungi and possibly microsporidians, but also viruses have been found to reside in
amoebae. One of the few examples of protozoal endosytobionts is a case where a
Neoparamoeba spp. was found to host Perkinsiella amoebae -like flagellate
endosymbionts (Dykova et al. 2003b). The only fungal endosytobiont of amoebae
described in literature is the soil fungus Cryptococcus neoformans, an opportunistic
human pathogen encountered inside amoebae. In laboratory conditions, the fungus
was able to evade lysis in amoebae, but the interaction increased the pathogenicity
of the fungus towards human macrophages (Steenbergen et al. 2003). Also,
microsporidian-like parasites have been detected in amoebae isolated from both
clinical and environmental samples (Hoffmann et al. 1998; Michel et al. 2000). One
further example of eukaryotic endosytobionts in amoebae are algae. A marine
amoeba was found to be able to photosynthesize, due to a symbiotic relationship
with an alga which occurred early in the evolution of the amoeba (McFadden et al.
1994).

Some information is available of the viruses present inside amoebae, although they
are rarely studied and are sometimes stumbled upon by accident. For example, an
amoebal co-culture was used to isolate bacteria associated with a pneumonia
outbreak. One of the organisms isolated was first classified as bacteria, but
subsequent studies revealed it to be a giant icosahedral DNA virus (La Scola et al.
2003; Raoult et al. 2007). The virus was named Mimivirus for mimicking microbes,
and it is the largest known virus both in terms of size (0.8 um) and genome length
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(1.2 Mb). A few studies have been conducted on human adenoviruses, where 236
Acanthamoeba strains from the Canary Islands were screened (Lorenzo-Morales et
al. 2007). As many as 34 strains (14 %) were carriers of adenoviruses indicating that
amoebae could be important environmental reservoirs of adenoviral diseases.
Furthermore, laboratory experiments revealed that acanthamoebae are potential
promoters for the survival and transmission of coxsackie B3 viruses (Mattana et al.
2006). In contrast, acanthamoebae served only as solid-like carriers of echoviruses
and polioviruses with no intracellular replication being observed under laboratory
conditions (Danes and Cerva 1981).

These studies indicate that the interaction with amoebae is not limited to bacteria,
but many kinds of microbial organisms intermingle with amoebae. Very little is
known of the consequences of these interactions and further studies are needed to
determine the role of amoebae in association with these organisms.

2.2.4 ldentification methods of environmental amoebae

The free-living amoebae have traditionally been identified according to their
morphological characteristics under light microscopy and sometimes by electron
microscopy. Even today, when molecular methods are becoming more and more
readily available, morphological typing is a helpful tool in distinguishing groups of
amoebae from each other. Genera and even some families defined by morphological
characteristics have been found to form clusters in molecular trees (Fahrni et al.
2003), although typing to species level is often erratic if one must rely only on
morphology. Tests on enflagellation, encystation, salinity tolerance and other
physiological characteristics can be used in conjunction with morphological typing
to aid the identification (Smirnov and Brown 2004). Several identification guides
(e.g. Lee et al. 2000; Page 1988; Smirnov and Brown 2004) have been published.
All of these offer slightly different classification systems for amoebae, and should
be used as practical guide to morphotypes rather than for taxonomical grouping.

Before any morphotyping of the amoebae can be made, the amoebae need to be
isolated or cultured out of the environmental or clinical sample. Only a fraction of
the total number of amoebae can be seen directly from the sample, because they are
often flattened and attached to soil and other particles (Smirnov and Brown 2004).
The culturing and subsequent cloning of the amoebal strains may require weeks of
time if one wishes to determine the fauna in environmental samples, because a
succession of species may need to thrive at different times before the inactive
amoebae in the samples can be detected. Due to the limitations of morphological
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techniques, molecular methods for identifying amoebae directly from the samples
are constantly being developed.

At the moment, there are hundreds of submissions in the Genbank for amoebal
sequences, mostly for ribosomal RNA-coding DNA, but also for mitochondrial 16S
DNA. This has allowed the design of many genus- and species-specific primers and
amplimers, e.g. for the genera Acanthamoeba (Schroeder et al. 2001; Vodkin et al.
1992), Naegleria (Schild et al. 2007), the species Hartmanella vermiformis (Kuiper
et al. 2006) and Balamuthia mandrillaris (Booton et al. 2003). Attempts have been
made in order to produce a primer pair that would be able to detect all free-living
amoebae (Tsvetkova et al. 2004), but this has proved non-specific and amplification
of Tetrahymena pyriformis, a ciliated protozoan, was also observed with this primer
design (Behets et al. 2007). Even quantitative real-time PCR has been developed for
some groups, e.g. for acanthamoebae (Riviere et al. 2006), and to permit the
simultaneous detection of the three pathogenic amoebae (acanthamoebae,
balamuthia, and naegleriae) from clinical samples (Qvarnstrom et al. 2006). Many of
these methods do not require prior culturing of the amoebal strains, instead, the
amoebae can be detected directly from the sample material. This field of
amoebology is developing rapidly and more sensitive and specific methods are
likely to become available within the near future.

To summarize the literature cited in this review, amoebae are an important part of
microbial ecosystems everywhere. They have a central role in regulating and
modulating the characteristics of bacteria and probably other microbes with which
they interact, possibly altering also the human health effects associated with these
microbes. Elaborate microbial ecosystems gradually develop on damp materials
present in moisture-damaged buildings, and it is reasonable to assume that amoebae
will be one part of these microbial networks. However, very little is known of the
amoebae possibly occurring in moisture-damaged buildings and perhaps ending up
in the indoor environment. The current study was conducted to address this problem,
and to elucidate the role of amoebae in moisture-damaged buildings.
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3 AIMS OF THE STUDY

The overall aim of the study was to elucidate the role of amoebae in the microbial
network in moisture-damaged buildings, and thus as one of the agents contributing
to the exposure and health effects observed in this type of environment. The specific
aims were:

1. To investigate the occurrence of amoebae in moistened material samples
from moisture-damaged buildings, to determine whether the occurrence of
amoebae is associated with the presence of other microbes, and to evaluate
whether amoebae can be used as indicators of moisture damage in a
building (1).

2. To determine the ability of Acanthamoeba polyphaga to grow on different
building materials (11).

3. To observe the effects of Acanthamoeba polyphaga on the growth and
viability of selected microbes isolated from moisture-damaged buildings

(.

4. To evaluate whether Acanthamoeba polyphaga can exert effects on the
cytotoxic and proinflammatory potential of selected bacteria and fungi
isolated from moisture-damaged buildings (1V).
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4 MATERIALS AND METHODS

4.1  Overall study design

This research comprises of a set of four studies designed to illustrate the role of
amoebae as potential exposing agents in moisture-damaged buildings. First, the
occurrence of amoebae in moisture-damaged buildings was examined by screening
damaged building material samples for amoebae. The samples were also cultivated
for fungi and bacteria and the connection between the incidence of fungal species
and amoebae was studied (Study I). Since the occurrence of amoebae on the
building material samples was not homogenous within the various building
materials, the ability of amoebae to survive on different sterilized building materials
both used and unused was then investigated under laboratory conditions (Study I1).
Thirdly, the effects of amoebae on the growth and viability of certain fungi and
bacteria isolated from moisture-damaged buildings, and vice versa, were examined
by co-cultivation in the laboratory (Study Ill). Finally, the changes in the
proinflammatory and cytotoxic potential of these microbes caused by the co-
cultivation were tested by exposing RAW264.7 mouse macrophages in a dose-
dependent manner to individually grown and co-cultured samples of the microbes
and by measuring the subsequent cytotoxicity and production of inflammatory
markers such as NO and proinflammatory cytokines (Study IV). The methods of
each study are described briefly in this section, with the detailed procedures being
presented in the original publications.

4.2  The occurrence of amoebae in building material samples from
moisture-damaged buildings (1)

The presence of amoebae was determined from 124 building material samples taken
from moisture-damaged buildings. The quantity of the amoebal cells in the samples
was then approximated. The same samples were also cultivated for fungi and
bacteria and of these the fungi were identified to the genus level. Actinomycete
counts were recorded separately based on their colony morphology. Finally, the
water content of the material samples was determined. The amoebal occurrence and
abundance was compared against the bacterial and fungal types and their cfu-counts,
and against the water content in the samples.
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4.2.1 Sampling of building materials (I)

Building material samples (n = 125) were taken from Finnish office buildings,
schools and family residences to screen for the occurrence of amoebae. The samples
were taken directly from the building structure with sterilized tools and inserted into
plastic bags. All the samples were taken from buildings suspected to be moisture-
damaged and samples were taken from several locations in the building. The
samples were usually taken during a technical investigation of the building for
possible mold and moisture damage.

4.2.2 Detection and quantification of amoebae from building material
samples (1)

In this study, amoebae were detected and their numbers were roughly estimated
from samples taken from moisture-damaged buildings. Amoebae were detected from
the samples by the method adapted from Newsome et al. (1998). In this method, two
stripes, an “X”, of heat-killed Escherichia coli (ATCC 25922) were streaked on non-
nutritive agar plates. A piece of the sample (ca. 1x1 cm?) was placed in the center of
the E. coli X on the plate and the plates were incubated at 25 °C for 48 - 72 hours.
Plates were examined microscopically along the E. coli lines and around the
material sample at magnifications of 100 to 400 for the presence of amoebae. The
amounts of trophozoites and cysts on each plate were estimated with a five-step log-
scale classification (not present = 0, up to 10 trophozoites and cysts = 1, up to 100 =
2, up to 1000 = 3, more than 1000 = 4).

4.2.3 Detection and identification of fungi and bacteria from the
building material samples (1)

The building material samples were cultivated for fungi and bacteria either by direct
plating (n = 75) or by dilution plating (n = 49) (Hyvarinen et al. 2002; Reiman et al.
1999). In the direct plating, approximately 0.5 ml of the homogenized material
sample was dispersed evenly on four types of agar plates: fungi were grown on Rose
Bengal malt extract agar (Hagem), dichloran glycerol agar (DG18) and 2 % malt
extract agar (MEA), and bacteria on tryptone yeast extract glucose agar (TYG)
(Reiman et al. 1999). In the dilution plating, samples were weighed (1-5 g) and
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extracted with dilution buffer, sonicated, and shaken for 30 and 60 minutes
respectively. Aliquots of 100 ul of serial dilutions were spread evenly on MEA,
DG18 and TYG -media (Hyvérinen et al. 2002). All samples were incubated in the
dark for 5 days (bacteria), 7 days (fungi) or 14 days (actinomycetes) at 20-25 °C.
The numbers of fungal colonies were counted on plates after the incubation and
calculated as colony forming units (cfu) per gram of material. Fungi were identified
to the genus level by light microscopy, however, Aspergillus versicolor, A.
fumigatus, A. terreus and A. niger were identified to species level.

4.3  The survival of amoebae on building materials (1)

The survival of amoebae on various building materials was determined under
laboratory conditions. A variety of building materials, both unused and used, were
obtained either from buildings undergoing a renovation (old materials) or bought
from a hardware store (unused materials). A total of six material types were tested;
of these both unused and old versions were tested for four materials. The old
materials were selected so that no visible microbial growth was present and the
materials were sterilized by autoclaving prior to the start of the experiment. The
materials used for the amoebal growth study were:

- Concrete, unused and old

- Linoleum, unused and old

- Mineral insulation, unused and old
- Pine wood, unused and old

- Birch wood, unused

- Gypsum board, unused

The materials were cut to pieces of app. 1 cm x 1 cm of size, which were thoroughly
wetted with sterile spring water. Then, half of the number of the samples were
smeared with bacterial water suspension prepared from heat-killed E. coli. The
materials were wetted in order to provide a water film for amoebae and the E. coli
suspension served as additional nutrient source. Finally, samples were inoculated
with 20-50 ul of amoebal suspension containing 1000 amoebae. The samples were
then placed on sterile Petri dishes in air-tight glass containers. A layer of sterile
water was put on the bottom of the container in order to ensure a relative humidity
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of 100 % in the container. The samples were not in direct contact with the water. To
avoid anaerobic conditions, the containers were aerated daily with filtered air. The
samples were incubated in the containers for either 0, 2, 7, 14, or 56 days. Twelve
replicate samples were prepared for each incubation endpoint, six of which were
treated with E. coli and six were without E. coli. The presence of amoebae from the
samples was determined as in the study | but only the presence/absence of the
amoebae was included in the statistical analyses.

4.4 The effects of co-cultivation of fungi and bacteria with
amoebae on their growth, viability, and immunotoxic potential
(11, 1v)

In order to investigate whether the occurrence of amoebae in moisture-damaged
buildings has any effect on the fungi and bacteria also present, amoebae and selected
fungi and bacteria were co-cultivated under laboratory conditions. Known
concentrations of amoebae were incubated with known concentrations of bacterial
cells or fungal spores in water suspension, and the changes in the concentrations
(both viable and total concentration) were followed periodically from 0 to 28 days.
After the co-cultivation, samples from certain time points were selected for
toxicological investigations. In these tests, the mouse macrophage cell line (RAW
264.7) was exposed dose-dependently to separately grown fungi, bacteria and
amoebae, and also exposed to co-cultivations of fungi and amoebae, and bacteria
and amoebae. The cytotoxicity of these combinations were tested along with their
ability to induce the production of NO and proinflammatory cytokines, interleukin 6
(IL-6) and tumor necrosis factor a (TNF-a). The amoebal, fungal and bacterial
strains selected are described in Table 4.1. The macrophage cell line RAW264.7
used in study 1V was obtained from American Type Culture Collection (strain TIB-
71) and it originated from ascites tissue.
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Table 4.1 The microbial strains used, their sources and identification authorities

Strain Description Source Identification | Study
Acanthamoeba | Ubiquitous ATCC strain ATCC! I, I,
polyphaga opportunistic free- 30461, originally v

living environmental | from eye infection

amoeba, able to

form cysts
Stachybotrys Potentially toxin- Building material | CBS? i, v
chartarum producing fungus, sample from a

indicates unusual moisture-damaged

indoor microbial building, Finland

source
Aspergillus Potentially toxin- Indoor air of CBS? i, v
versicolor producing fungus, moisture-damaged

indicates unusual building, Finland

indoor microbial

source
Penicillium Potentially toxin- Indoor air of CBS? 1, v
spinulosum producing fungus, moisture-damaged

representative of building, Finland

indoor air penicillia
Streptomyces Potentially toxin- Indoor air of DSMZ® i, v
californicus producing moisture-damaged

actinobacterium building, Finland
Bacillus cereus | Potentially toxin- Indoor air of Evira Kuopio® | 111

producing gram- moisture-damaged

positive bacterium building, Finland

common in the

environment and

indoor air
Pseudomonas | Gram-negative Indoor air of a Evira Kuopio® | 111, IV
fluorescens bacterium building, Finland

!American Type Culture Collection, Manassas, Virginia, USA; “Centraal Bureau of

Schimmelcultures,

Utrecht, the

Netherlands;

3Deutsche

Sammlung von

Microorganismen and Zellkulturen, Germany; “Finnish Food Safety Authority,
Kuopio Regional Laboratory, Finland
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4.4.1 Upkeep and preparation of microbial cultures

Amoebae (1, 111, 1V)

Acanthamoeba polyphaga amoebae were initially stored in liquid nitrogen and then
grown in peptone yeast glucose (PYG) broth at 25 °C. The culture was renewed
weekly by transferring a portion of the suspension to fresh PYG growth medium
until the active growth phase was reached in about 10 weeks after thawing. A new
lot of frozen amoebae was activated for each experiment.

In the experiments, approximately 10° amoebae in 0.25 ml of suspension were added
into 5 ml of PYG broth and grown at 25 °C in tissue culture flasks. Several replicate
flasks were prepared at the same time. After 7 days of incubation, the PYG broth
was carefully removed to leave a layer of amoebae on the bottom of the flask. The
layer of amoebae was then washed once with 10 ml of sterile spring water, the water
was removed, and the cells were finally suspended into a fresh 5 ml aliquots of
sterile spring water.

All of the replicates were pooled and the concentration of amoebae in the water
suspension was assessed in a Blrker chamber with Trypan-blue vital stain. Both
viable and total concentrations were recorded. The concentrations needed for the
growth experiments were adjusted according to the viable counts. Depending on the
experiment, the suspension was used as such, diluted, or concentrated by
centrifugation to the desired amoebal concentration.

Bacteria and fungi (111, 1V)

The bacterial and fungal strains were cultured on agar media (tryptone yeast extract
glucose agar (TYG) for bacteria and 2 % malt extract agar (MEA) for fungi) and
grown at 25 °C for 7 days. Microbial cells or spores were then collected with a
sterile 10 pl plastic loop and placed into 5 ml of sterile spring water. Finally, the
concentrations of bacteria in the suspensions were analyzed in duplicate by staining
with 0.01 % acridine orange and direct counting (AODC-method) with an
epifluorescence microscope. Two hundred bacterial cells or spores or a maximum of
twenty fields were counted. The concentrations of the fungal spores in the
suspension were counted in duplicate using a Burker chamber.
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4.4.2 Invitro studies (IV)

Cell culture of RAW264.7 macrophages

Mouse RAW264.7 macrophages were cultured in RPMI 1640-medium including 10
% heat-inactivated fetal bovine serum, 1 % I-glutamine and 1 % penicillin-
streptomycin. Cells were dispensed in a concentration of 5 x 10° cells ml™ into 6-
well plates and allowed to adhere for 24 hours before the exposures. Fresh complete
medium was exchanged 1 h before the exposure.

Exposure

Macrophages were exposed for 24 hours to 1) separately grown amoebae, dose 1000
ml™?, 2) separately grown fungi and bacteria, doses 3 x 10* 10° and 3 x 10° mI™,
and 3) to co-cultures of each fungal and bacterial strain with the amoebae in the
same doses as above.

Cytotoxicity analysis

After 24-h exposure, the viability of the macrophages was measured with the MTT
test, a traditional cytotoxicity test (Mosmann 1983). Live cells transform
exogenously administered MTT solution [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide] to the colored formazan via their intact mitochondria.
Formazan can in turn be measured spectrophotometrically at a wavelength of 570
nm. The proportion of viable macrophages in the exposed samples was reported as a
percentage of viable cells when compared to cells in HBSS control samples.

Inflammation analyses
Nitric oxide analysis

NO was measured spectrophotometrically in the culture medium as the stable
metabolite, nitrite (NO,) using the Griess method (Green et al. 1982). Griess
reagent (1 % sulphanilamide and 0.1 % naphthylethylenediamine dihydrochloride in
2 % phosphoric acid) was mixed 1:1 with samples of the fresh cell culture medium.
Nitrite forms a colored chromophore with the reagent, with an absorbance maximum
at a wavelength of 543 nm, which was measured using a microplate reader. The
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nitrite concentrations were calculated by comparing the absorbance of the samples
with those of standard solutions of sodium nitrite.

Cytokine analysis

The cytokine analyses (TNFa, IL-6) were performed with commercially available
enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Minneapolis,
MN, USA) according to manufacturer’s instructions. The samples were analyzed
with a microplate reader at a wavelength of 450 nm. Cytokine concentrations of
samples were calculated by interpolating absorbances of samples to the standard
curve.

4.5  Statistical analyses

All statistical analyses were performed with SPSS (versions 10.1 to 12.). In study I,
the associations between the presence of amoebae and the presence of fungal genera
were compared with Fishers’ test, and the comparisons between the abundance of
fungal and bacterial growth with the abundance of bacteria were performed with
Mann-Whitney test. In study I, the effects of the E. coli treatment, the age of the
material, and incubation time on amoebal survival were tested with crosstabulation
and Fisher’s or Chi-square tests. The amoebal preference ranking of the materials
was created by calculating the percentage of amoebal survival on each material; the
material with the highest survival percentage was considered preferred by amoebae.
In study IlI, the differences between the microbial counts in co-cultured and
individually grown samples were compared with the linear mixed model for
multivariate repeated samples, because the samples taken at the incubation
endpoints were subsamples from the same growth suspension. In study IV, the
comparisons were made with ANOVA, as the incubation endpoints were all
prepared separately and thus they were independent from each other.
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5 RESULTS

5.1  The occurrence of amoebae in building material samples from
moisture-damaged buildings (1)

Amoebae were detected in 27 (22 %) building material samples out of the total of
124 samples studied (I). The samples in which the amoebae were found were usually
clearly damaged with abundant microbial growth. Amoebae were never detected on
building material samples without other microbial growth, especially bacteria.
Bacteria were always present in the samples with amoebae, but fungi were not
necessarily detected in these samples. In this study, both fungi and bacteria were
simultaneously found in most samples (86 %). Only 8 % of the samples exhibited
fungal growth but no bacteria; amoebae were not present in these samples. Even less
(3 %) of the samples had only bacteria, but no fungi. Amoebae were detected on
some of these samples. In the building material sample database of over 1300
samples in the National Institute for Health and Welfare (former Public Health
Institute), it is stated that culturable fungi are present in approximately 72 % and
culturable bacteria in 85 % of the samples (unpublished data).

A statistically significant co-occurrence with amoebae was found for the fungi
Acremonium  (p<0.0081), Aspergillus versicolor (p<0.0232), Chaetomium
(p<0.0231), Trichoderma (p<0.0043), and for bacteria belonging to the group
actinomycetes (p<0.0004), as well as for all bacteria in general (p<0.041). These
relationships are illustrated in Figure 5.1. Furthermore, when comparing the
amoebal and fungal/bacterial numbers, the higher the counts of these microbes
(except Trichoderma) and Sphaeropsidales, Stachybotrys, and Paecilomyces were,
the higher the counts of amoebae also detected.
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Chaetomium * (n=9) -~ [
Trichoderma * (n=15) - [
Paecilomyces (n=9) [
Phycomycetes (n=9) - [
Actinomycetes * (n=41) - [
Acremonium * (n=37) - |
Aspergillus versicolor * (n=32) - [
Black yeasts (n=32) - [
Phoma and Sphaeropsidales (n=17) - [
Eurotium (n=14) [
Aureobasidium (n=23) - |
Sporobolomyces and Yeasts (n=40) |
Yeasts (n=36) - [
Bacteria * (n=109) - [
Penicillium (n=104) - [
Aspergillus spp. (n=33) [
Scopulariopsis (n=11) |
sterile fungi (n=43) [
Cladosporium (n=45) - I B with amoebae
Alternaria and Ulocladium (n=9) - | 1 without amoebae
Engyodontium and Tritirachium (n=10) - [

0 20 40 60 80 100

Percentage of samples with or without amoebae [%]

Figure 5.1 The percentage of microbial genera or groups occurring with or without
amoebae. An asterisk denotes a statistically significant co-occurrence with amoebae
(modified from Yli-Pirila et al., 2004)

Furthermore, the water content (w/w percentage) of the samples with amoebae was
on average higher than that of the samples without amoebae (31 £ 11 % vs. 3.5+ 0.6
%, respectively, p<0.0001), and amoebae seemed to be more abundant when there
were higher water contents. However, amoebae were also found in a sample with a
water content as low as 0.4 % (mineral insulation sample). In addition to the
moisture content, the type of the building material also affected the occurrence of
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amoebae. Amoebae were most often found on wood samples, and least often on
mineral insulation samples (38 % and 8 % of samples were positive for amoebae,
respectively). On the other hand, the water contents of these and other materials
varied significantly, with wood samples being the wettest.

Even though most building material samples were taken from a building with
moisture damage in at least one area, not all individual samples were damaged.
Every sample analyzed had also been given an individual status as to whether the
sample was moisture-damaged or not based on the fungal and actinomycete
concentrations and fungal species present on the sample. A total of 80 % of the
samples were considered damaged, whereas 20 % of the samples were non-
damaged. Amoebae were detected almost exclusively on the damaged samples, and
not on the non-damaged materials. As many as 24 % of the analyzed samples
deemed moisture-damaged sported also amoebae. Amoebae were found only on one
non-damaged building material sample, and in two samples of sand and moss which
were not considered damaged but neither of these can be considered as building
materials as such. In the statistical comparison, amoebae occurred significantly more
often on the damaged than non-damaged building material samples (p<0.019), if the
samples of sand and moss were excluded from the calculations.

5.2 Survival of amoebae on different building materials (1)

The survival of amoebae varied extensively on the building materials studied in the
experimental setting. Generally, the highest percentage of survival of amoebae was
found on gypsum board and birch wood, whereas no amoebae were detected on
fresh pine. The rank order of the materials in relation to amoebal survival on the
samples was roughly as follows: gypsum board, birch wood and old pine wood,
mineral insulation, linoleum, concrete, and finally unused pine wood.

Furthermore, the availability of nutrients and the length of the incubation period also
affected the amoebal survival on the material samples. For all of the materials,
nutrient supplementation increased the percentage of samples positive for amoebae
throughout the incubation study, although the increase was statistically significant
only for old pine (p<0.0001) and birch wood (p<0.013). On the other hand, the
respective percentages decreased steadily during the incubation period on the
samples without E. coli, whereas on the samples treated with E. coli no such trend
was so clearly evident. These trends are illustrated in Figure 5.2. Instead, on E. coli -
treated samples there seemed to be a sort of on-off situation: either amoebae were
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Percentage of samples with amoebae

100

present on almost 100 % of the samples or they had disappeared entirely. Amoebal
survival was observed on the occasional sample of concrete but these samples
consisted mostly of stone pebbles imbedded in the material.

The ageing of the building material had little effect on the survival of amoebae with
the exception of pine wood. Pine wood differed from the other materials studied as
the amoebae did not survive at all on fresh wood whereas old pine wood proved to
be a good support material for the amoebae until the end of two-month incubation
period, as long as E. coli had been provided (p<0.0006). These kinds of drastic
differences in the amoebal survival were not observed for the other materials.

80

60 -

40

20

min. insul.  min. insul. pine pine OLD birch concrete  concrete linoleum linoleum  gypsum
UNUSED OoLD UNUSED UNUSED  UNUSED OoLD UNUSED OoLD board
UNUSED

Figure 5.2 The percentage of material samples positive for amoebae at the
beginning of the experiment (solid bars) and after 2 months’ incubation (lined bars).
Samples without E. coli supplementation are white and with E. coli grey (modified
from Yli-Pirild et al., 2009)
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5.3  The effects of co-cultivation of amoebae with fungi or bacteria
on their growth and viability (I11)

There were significant differences in the fungal, bacterial and amoebal counts
between the co-cultivated and the individually grown samples, as shown in Figures
5.3, 5.4 and 5.5. However, the changes in the fungal and bacterial numbers varied
depending on the species being cultured. Generally, the bacterial counts reached
higher levels in the company of amoebae than on their own. In the co-cultures, the
bacteria Pseudomonas fluorescens and Bacillus cereus exhibited a rapid response to
the presence of amoebae by showing a higher growth peak already at day 1 (p<0.001
for total counts for both species and viable counts for P. fluorescens; p<0.052 for
viable counts for B. cereus), whereas the highest bacterial counts of Streptomyces
californicus were found only after day 7 (p<0.001). Conversely, compared to the
samples of individually grown amoebae, the numbers of amoebae decreased towards
the end of the experiment in co-cultures with the bacteria S. californicus and B.
cereus (p<0.001-0.038). In co-cultures with the bacterium P. fluorescens, there were
both slightly higher and slightly lower counts than in the separately grown samples.

Unlike bacteria, no general trend was found in the differences of fungal numbers
between the co-cultivated and individually grown samples, but all species behaved
in a different manner. For the fungus Stachybotrys chartarum, numbers of viable
fungi were lower in the co-cultures than in individually grown samples at the 2™
(p<0.002) and 3" (p<0.007) week of incubation, but no differences were observed in
the fungal numbers at the end of the experiment at 28 days. With the fungus
Aspergillus versicolor, the total fungal counts were slightly higher in the co-cultures
than in the individually grown samples during the first three days of the incubation
(p<0.003, p<0.049, p<0.018, respectively), but no differences were observed
thereafter or in the viable counts of the fungus. Finally, both the viable and total
counts of Penicillium spinulosum were significantly higher in the presence of
amoebae throughout the whole incubation period (p<0.001-0.015). Simultaneously,
the amoebal counts remained more or less at the same level in both co-cultures and
in controls; lower amoebal counts were observed only in co-culture with S.
chartarum at days 1, 3, 7 and for viable counts also on day 28 (p<0.001-0.013).
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10°

Total number of cells or spores [1/ml]

104

10°

108

107

106

10°

104

Number of viable cells or spores [cfu/ml]

Time [d]

—O— Streptomyces californicus only
—O— S. californicus + amoeba
—w— Bacillus cereus only

—4— B. cereus + amoeba

—— Pseudomonas fluorescens only
—— P. fluorescens + amoeba

Figure 5.3 Bacterial total counts (A) and viable counts (B) in samples cultivated
separately or cultivated with amoebae (modified from Yli-Pirilé et al., 2006)
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Time [d]

—@— Stachybotrys chartarum only
—O— S. chartarum + amoebae
—w— Aspergillus versicolor only
—A— A. versicolor + amoebae
—&— Penicillium spinulosum only
—— P. spinulosum + amoebae

Figure 5.4 Fungal total counts (A) and viable counts (B) in samples cultivated
separately or cultivated with amoebae (modified from Yli-Pirilé et al., 2006)

57



Live amoebae [1/ml]

Live amoebae [1/ml]

106

10°

10

103 .

102 T T T

—O— Acanthamoeba polyphaga only
—O— A. polyphaga + S. californicus
—w— A. polyphaga + B. cereus

- —&— A. polyphaga + P. fluorescens

-

108

20

—7\

105 ‘%&

104 .

103 4

102 T T T

——W0 —6— A. polyphaga only

—O— A polyphaga + S. chartarum
—w— A. polyphaga + A. versicolor
—4A— A. polyphaga + P. spinulosum

Time [d]

20

25

Figure 5.5 Number of viable amoebae with bacteria (A) and with fungi (B)

(modified from Yli-Pirila et al., 2006)
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5.4  The effects of co-cultivation with amoebae on cytotoxicity and
proinflammatory potential of microbes (1V)

The co-cultivation with amoebae increased the cytotoxicity and proinflammatory
potential of two of the five studied microbes, i.e. the bacterium Streptomyces
californicus and the fungus Penicillium spinulosum (Tables 5.1, 5.2). The effects
were evident after different periods of co-incubation: the increase in cytotoxicity and
in induced concentrations of NO, IL-6, and TNF-a appeared on day 1 of the
incubation with S. californicus and decreased to the control level thereafter. In
contrast, the effects of P. spinulosum could be statistically significantly seen only on
day 28 at the end of the trial. The effects were dose-dependent and consistent for all
markers studied. The other microbes and amoebae alone in the concentrations used
were not significantly cytotoxic nor did they significantly induce the cytokine
production.

Table 5.1 Cytotoxicity of samples, measured as percentage of live cells in HBSS
buffer, after exposure to amoebae, amoeba-co-cultivated bacteria and fungi, and
individually cultivated bacteria and fungi. Values in bold represent a statistically
significant difference to the corresponding separately grown sample

cytotoxicity [% of live cells in HBSS
exposure to: culture buffer]
day 1 day 7 day 28
Acanthamoeba alone 100£6  96+7 9612
polyphaga~ ~  ——~ ~~—/— 7 -0 T
alone 975 101+3 116+ 2
Strt_epton_wycezs _ , 64+ 9
calffornicus” - nco-culre’  pegoor  P*S  199ES
Pseudomonas alone 118+ 7 118+ 4 1175
fluorescens”  inco-culture’ 1117  114+7  112+10
Stachybotrys alone 947 98 +12 82+12
chartarum® _inco-culture’  80%14  86%9  85%10
Aspergillus alone 85+ 12 88+9 85+8
versicolor® _inco-culture® 88 895 ___77x0
- alone 736 88 £ 14 77+9
Pe_n|C|II|um2 . , 5943
spinulosum in co-culture 82+8 76+ 4 <0.008

'dose 1000 ml™; “dose 3 x 10° mI™*; *In co-culture with A. polyphaga
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Table 5.2 The cytokine and NO concentrations in growth media of RAW264.7 macrophages after exposure to amoebae,
amoeba-co-cultivated bacteria and fungi, and individually cultivated bacteria and fungi. Values in bold represent a
statistically significant difference in concentration to the corresponding separately grown sample

exposure to: culture TNF-a [pg/ml] IL-6 [pg/ml] NO [ug]
day 1 day 7 day 28 day 1 day 7 day 28 day 1 day 7 day 28
gg%’;‘::é"a?em lone 96 + 11 10217 106 +22 n. d. n. d. n. d. 11400 11402 14402
"""""""""""""""" 2503+ e
alone | 2134+295 1332484 | 51+39 54+27 59+12 | 21+04 18+01 1.6+03
Streptomyces 675
californicus? in co- 7728 + 2678 2458 + 1557 + 311 15.9+3.2
Ccultore® | p<ooo4  7rs  MHEEZO ) pcqpey  ATEE S2EEZ | g 2O¥06 1402
alone | 2744+935 2% 1e081105 | 103+31 37+10 69+27 | 3106 14+01 1800
Pseudomonas 228
2 .
fluorescens C'U”Itz‘;[;g 2068 +269 701+222 1301+89 | 85422  18+3  93+7 | 44+13 13+02 15402
Stachybotrys “alone | 745+43  496+104 867+299 | nd nd nd. | 14+03 17+04 15+03
chartarum? C'U”Itz‘;g 13414234  527+77  478+74 n. d. n. d. n. d. 18+03 14402 21408
Aspergillus Talone | 481+30  178+16  201+44 | nd nd nd. | 18+03 16+03 16+01
versicolor? NCO- | 503114 275452  S09E47 n. d. n. d. nd | 13403 13+04 12+02
_ceulre” | p<0.009 |
penicillium alone 113+28  100+17  168+10 n. d. n. d. 2+2 | 12+03 12+02 13+03
: , in co- 286+69 4180 + 898 396 + 68 14.4+14
spinulosum culture® 137 +11 0<0.002 0<0.001 n.d. n.d. 0<0.001 15+£04 15+06 0<0.001

dose 1000 mlI™; 2dose 3 x 10° ml™; °In co-culture with A. polyphaga; n.d. = below detection limit




6 DISCUSSION

6.1  The role of amoebae as members of microbial network in
moisture damage

Amoebae are ubiquitous organisms that can survive in most environments
containing water. The prevalence of amoebae has been mainly studied in natural
environments. With respect to environments where they are in close proximity to
humans, amoebal investigations have been conducted in swimming pools (e.g.
Rivera et al. 1993; Vesaluoma et al. 1995), drinking water systems (e.g. Hoffmann
and Michel 2001; Michel et al. 1995a) and in hospitals (e.g. Rohr et al. 1998). Even
though moist building materials and other moist locations in buildings could offer
sites for amoebal survival, there is limited knowledge of the amoebal occurrence in
buildings.

The results of this study demonstrate that amoebae do indeed live on moisture-
damaged building materials. Amoebae were detected in approximately every fifth
building material sample taken from moisture-damaged buildings. Most of these
samples were considered as damaged judging by their fungal and bacterial
concentrations and fungal genera, but 20 % of the samples were considered non-
damaged. Interestingly, amoebae were almost exclusively found on the samples
judged as damaged. Correspondingly, when statistically comparing prevalences of
microbial species, amoebae occurred often together with the fungi and bacteria that
are considered as indicators of moisture damage in buildings.

The samples positive for amoebae had on average a higher moisture content than
samples without amoebae. Furthermore, the more moist the samples were, the more
abundant were the rough estimations of amoebal numbers. It is known that in other
environments amoebae require free water to move and reproduce, although an
aqueous layer of few micrometers will suffice (Hausmann et al. 2003). These
microscopic layers could easily occur on surfaces or in pores of wet building
materials, providing niches for amoebal growth. However, in the current study
amoebae were also found in a few samples where the absolute water content was
less than 1 %. These samples represented old moisture damages that had dried out.
Finding amoebae in such dry samples can be explained by the ability of the amoebae
to exist as drought-resistant cysts in adverse conditions (Hausmann et al. 2003).
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This study shows that amoebae are members of the microbial network occurring on
moisture-damaged building materials. Still, the mere presence of a few amoebae in a
sample of building material or in indoor air alone cannot confirm that the sample or
the building is currently moisture-damaged. Amoebae are universally present in the
outdoor environments and are likely to be transported indoors all the time, for
example in the remains of natural water and soil in foodstuffs, shoe soles, and on the
paws of pet animals. Amoebal cysts are often small enough to be airborne and can
gain access to the indoor environment via the air. Thus, low numbers of amoebae
may well be found also in healthy buildings. Nonetheless, high numbers of amoebae
in an indoor environment would indicate that the organism has proliferated, and a
high water content is required before that will happen. Therefore, an abundance of
amoebae could indicate either a past or current high water content in the sample.

Similarly, this is also the case with fungal and bacterial species that are considered
to be indicators of moisture damage in building materials (STM 2003). It is the
combination of the presence of indicative species and increased microbial
concentrations that together point to the indoor source of microbial growth.
Amoebae could be placed among these indicators, so that their occurrence in
conjunction with the other factors would strengthen the conclusion that a building
has suffered a moisture damage. However, it needs to be borne in mind that in the
current study amoebae were analyzed mainly from buildings with moisture-damage.
Their occurrence and abundance in healthy buildings has not been studied, and thus
there is no information on the “normal” amoebal levels. Thus, in order to link the
abundance of amoebae to the possibility of moisture damage, more accurate
methods for quantification of amoebae should be developed. Molecular methods are
likely to make this possible in the future.

6.2  Amoebal survival in moisture-damaged buildings

The current study shows that acanthamoebae, the most ubiquitous free-living
amoeba, are able to survive on many building materials used today when the
materials become wet. Acanthamoebae are known to be highly adaptive and capable
of flourishing in different environments (De Jonckheere 1991), which was
confirmed in this study. Although the addition of supplementary nutrition on the
material samples increased the percentage of amoebal survival, the amoebae
survived on mineral insulation, gypsum board and old pine without additional
sustenance. This finding suggests that amoebae are able to extract nutrients directly
from these materials. Only the compounds released from fresh pine seemed to
totally prevent amoebal survival, and although concrete and linoleum did not

62



support amoebal survival over the long term, amoebae were detected on these
materials for as long as 14 days. Furthermore, even though acanthamoebae are
perhaps the most universal free-living amoebae, it is likely that other amoebae
would also be able to survive and even grow on moisture-damaged building
materials. It is possible that other species would be able to utilize different niches in
the building and thus the possibilities of amoebal survival would be higher. In
practice this could mean that moisture content, not the choice of building materials,
would be the factor limiting the occurrence of amoebae in moisture-damaged
buildings.

In addition to moisture-damaged building materials, there are other places in the
building where amoebae could also survive. Amoebae have been found in
bathrooms and other sanitary areas in wash basin drains and water taps and in dust
(Seal et al. 1992), and on the wall and floor tiles (Rohr et al. 1998). Amoebae have
also been detected in aquariums (De Jonckheere 1979a), humidifiers (van Assendelft
et al. 1979), in the soil of potted plants (Dunnebacke et al. 2004), and even in
terrariums in the feces of pet lizards (Hassl and Benyr 2003). Other possible
locations for amoebae could be basically any areas that at least occasionally become
wet, such as the condensation plates used in fridges and freezers, or the floor just
inside of the front door which can be made wet from water or snow on shoes.

6.3  The effects of amoebae on microbial exposure in moisture-
damaged buildings

The current study shows that amoebae can interact with other microbes present in
moisture-damaged buildings and this interaction may have effects on both the
numbers and biological activity of these microbes. In this study, when
Acanthamoeba polyphaga was grown together with Streptomyces californicus,
Pseudomonas fluorescens and Bacillus cereus, the bacterial numbers increased
considerably in co-culture compared to the bacteria grown alone. In contrast, effects
on the fungi Penicillium spinulosum, Stachybotrys chartarum and Aspergillus
versicolor were much less drastic and only slightly higher fungal counts were found
in the presence of amoebae.

When assessing the changes in biological activity, it was found that co-culturing
with amoebae increased the cytotoxicity and proinflammatory potential of the
bacterium Streptomyces californicus and the fungus Penicillium spinulosum. For S.
californicus, the effect was seen immediately after the onset of the interaction

63



whereas for P. spinulosum the effect built up slowly, peaking at the end of the
experiment at 28 days. Both of these organisms can produce an impressive array of
metabolic products, some of which are toxins (Anderson and Wellington 2001;
Frisvad and Filtenborg 1983). To our knowledge, this is the first time when amoebae
have been shown to increase the proinflammatory potential of a fungus and a non-
pathogenic bacterium.

In practice, these findings indicate that amoebae might alter the exposure in
moisture-damage buildings both quantitatively and qualitatively. The presence of
amoebae in the moisture-damaged site would benefit the bacteria that are able to
infect and replicate within amoebal cells, resulting in an increase of their relative
numbers compared to non-intracellular bacteria. This could lead to a predominance
of bacteria that might also be able to infect humans. Furthermore, intracellular
growth within amoebae acts as a “training ground”, making bacteria and possibly
also fungi more efficient at infecting human and animal cells and causing disease in
animal models (Cirillo et al. 1994; 1997; 1999; Molmeret et al. 2005; Steenbergen et
al. 2003).

On the other hand, it is possible that the presence of amoebae in a moisture-damaged
building might increase the toxicity or inflammatory properties of the bacteria and
fungi even though microbial numbers are not necessarily affected, as shown in this
study. Intracellular mechanisms are not the only option; also the amoebal selective
grazing and production of metabolites can stimulate bacterial and possibly fungal
growth (Jjemba 2001; Rgnn et al. 2002) and also many bacteria and fungi are able to
defend themselves by producing metabolites that are harmful to amoebae
(Andersson et al. 1997). It is not clear which mechanisms are involved in the
increase in inflammatory potency after co-culture with amoebae shown in this study.
Future studies are needed to elucidate whether intracellular replication takes place,
and which metabolic products are released during this interaction.

Amoebae could also serve as vectors for moving bacteria and fungal spores from
one location to another, either intracellularly or ectocellularly on their surface. This
dispersion could take place within the building, between individual moist sites, but
also from outdoors to indoors. As many as 25 % of environmental amoebae are
estimated to carry endosymbiotic bacteria (Fritsche et al. 1993), some of which may
not survive without a host organism (Amann et al. 1997; Birtles et al. 1997; 2000).
These microbes could be introduced into buildings inside amoebae. Many of these
intracellular bacteria are potential respiratory pathogens (Corsaro and Venditti 2004)
and thus they may have significance in the development of health effects in humans
living in moisture-damaged buildings.
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6.4  Methodological considerations

6.4.1 Culturing methods of fungi and bacteria (I, 111, V)

In the microbial analysis of samples from moisture-damaged buildings, two
culturing methods were used for fungi and bacteria (). The samples analyzed in the
National Public Health Institute were solely cultivated with the dilution plating
method, whereas in the Finnish Institute of Occupational Health, the samples were
mainly cultured with a direct plating method. Both methods reflect the concentration
of viable spores or bacterial cells on the building materials. The dilution plating
method estimates the number of colony forming units per weight of sample, while
direct plating is only semiquantitative with 4-step grading of abundance.
Furthermore, the fungal genera detected with these two methods are slightly
different, with perhaps more species being detected with the direct culture method
(Verhoeff et al. 1994). Despite these differences, both methods are reported to
provide similar results when evaluating the samples for their moisture damage
(Reiman et al. 1999). To overcome the differences in the type of the method
outcomes in this study, the results of both methods for each fungal genera were
condensed to either a 3-step classification, namely “no growth”, “some growth” and
“abundant growth” or to dichotomous presence/absence data. Even with this
inevitable loss of data, interesting correlations were found between both the
abundance and the occurrence of amoebae and certain fungal genera. In the other
two studies involving culturing of fungi and bacteria (111, 1V), no such dilemma
existed because only dilution plating was used to enumerate the concentrations of
known strains of microbes.

The quantification and identification of the fungal and bacterial flora is dependent
on the culture media and conditions used (Hyvéarinen 2002). In this study, the
samples analyzed in the National Public Health Institute were cultured on MEA and
DG18 media for fungi and on TYG medium for bacteria (Studies I, 11, 1V). In
addition, the samples analyzed in the Finnish Institute of Occupational Health were
also cultured on Hagem media for fungi (1). In the comparison of the fungal media,
MEA and Hagem are suitable for fungi with higher moisture requirements, whereas
DG18 is suited for more xerophilic strains. Together these media are able to detect
the majority of indoor fungi relevant for detecting possible moisture damage in the
building (Samson et al. 1994), although fast-growing genera like Penicillium may
overwhelm slower-growing genera such as Stachybotrys on MEA (Andersen and
Nissen 2000).
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6.4.2 Detection of amoebae on building material samples (I, I1)

Amoebae were detected from building material samples with the modified NNA-
method, i.e. placing a piece of the sample on non-nutritive agar streaked with heat-
killed E. coli (Newsome et al. 1998). The bacterium was heat-killed to prevent
outgrowth on the plate. In this method, amoebae migrate freely from the sample
material onto the agar to feed on E. coli and they can be microscopically identified
and enumerated on the plate. However, the number of amoebae counted on the plate
does not exactly equal their number on the sample, because they are likely to
reproduce during the incubation (3 days in this work). On the other hand, according
to our pilot tests with old wood pieces, the number of amoebae on the plate after
incubation is proportional — approximately one log number less — to the number of
Acanthamoebae inoculated onto the sample (data not shown). Other genera might
emerge from the samples at a different time scale and replicate with different cycles,
thus possibly making the proportion different. The properties of the sample material
might also affect the speed and the proportion of the amoebae migrating on the
plate. To allow for such disparity, the NNA-method was only used either
semiquantitatively (1) or just to detect the presence of amoebae on the sample (1) in
this thesis work. Using this method for acquiring reliable numerical data on amoebal
concentrations on building material samples would require it to be validated for a
wide array of different building materials, amoebal species, numbers of inoculated
amoebae, lengths of incubation, and incubation temperatures. Even if all these could
be controlled, it might prove impossible to exactly enumerate the amoebae on the
plate especially at the higher numbers, as amoebae tend to cluster on the E. coli
lines. It will probably be better to adopt some other methodology for amoebal
quantification, such as gPCR, and apply the NNA-method only for investigating the
occurrence of different amoebal genera on the samples.

Furthermore, it was not possible to distinguish with this method whether the
amoebae had merely survived on the material as a cyst form or had they actively
replicated in the trophozoite form. This might be relevant in evaluating their role in
the exposure in moisture-damaged buildings. One could postulate that amoebae in
the trophozoite form may interact with the other microbes present and alter their
properties more than dormant cysts.
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6.4.3 Immunotoxicological analyses (V)

Selection of cell line and proinflammatory mediators

Immunotoxicological analyses were performed in this study by exposing murine
RAW264.7 macrophages to graded doses of fungi, bacteria and amoebae and
measuring the production of IL-6, TNFa and NO after the exposure. Macrophages
are the first-in-line defense cells against inhaled particulate matter, and are thus the
most relevant cells with which to evaluate the effects of the respirable indoor
microbes. The RAW264.7 cell line and the abovementioned proinflammatory
mediators were selected based on earlier experiments performed in our department
which have shown these to be most sensitive in describing the biological activity of
indoor microbes (Huttunen et al. 2000; 2001; 2003; Penttinen et al. 2005a).

Selection of the doses and treatment of the samples

The doses of fungi and bacteria administered to macrophages were set to 3 x 10%,
10° and 3 x 10° and expressed as the equivalent number of spores or bacterial cells.
These doses were slightly lower than used earlier in similar experiments (Huttunen
et al. 2003) due to the limited availability of the spores in the incubated samples.
However, some differences were seen already at the middle dose between the
amoeba-cocultivated and separately cultivated fungi or bacteria. No overloading
should be expected with such doses of spores or cells (Huttunen 2003; Markkanen
2008).

In this experiment, amoebae and fungi and bacteria were co-cultivated for up to four
weeks in an aqueous suspension. This led to two significant differences to earlier
experiments conducted with indoor microbes in our department. First, the
suspension water had to be replaced with HBSS to avoid the adverse effect of water
on the macrophages. During this stage, some, possibly bioactive, metabolites of the
microbes might have been lost. Secondly, there also were fungal (and
streptomycete) hyphae present in the doses given to macrophages, because it was
impossible to extract only the spores from the suspensions. The biomass of the
hyphae was not estimated nor taken into account when adjusting the dosage. This
could have had an effect on the responses measured from the RAWZ264.7
macrophages. When calculating the spore counts under the microscope, the amounts
of fungal hyphal growth seemed similar in both separately and amoeba-cocultivated
samples, although no values were calculated for the hyphae.
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Due to these differences, it is difficult to compare the current results with those of
earlier experiments. Even though the present measurements of concentrations of
cytokines after exposure to fungi are in line with earlier studies, it is possible that the
washing of the samples and the additional particulate load from hyphae might have
cancelled each others’ effects. For bacteria and especially for Pseudomonas, the
concentrations of cytokines and NO were much lower in this experiment than
previously, and this might be attributable to the possible loss of active components
during the change of suspensions. Nonetheless, the main finding, i.e. the
demonstrations that the cocultivation with amoebae could increase the activity of
Streptomyces and Penicillium, is not compromised because the responses of the
macrophages to similarly treated separately grown and amoeba-cocultivated fungi
and bacteria are comparable.

6.5 Implications for future practice and research

This study has provoked several further questions about the importance of amoebae
in moisture-damaged buildings. It would be important to find out whether the
abundance of amoebae is related to the severity of moisture damage, which amoebal
genera can be detected in buildings and whether there is any difference in their
relative occurrence and growth requirements. In order to clarify the possible link to
health effects, it would be necessary to explore in detail the mechanisms involved in
the increase in the effects attributable to amoebal co-culture on bacterial and fungal
growth and viability, and also to determine which metabolic products are released
during this interaction, especially which are responsible for the increase in the
proinflammatory potential. It will be also crucial to test epidemiologically whether
the occurrence of amoebae in moisture-damaged buildings can be linked with any of
the health effects and symptoms experienced by the occupants of moisture-damaged
buildings.

In summary, there are many potential ways that amoebae may modulate the
exposure situation within moisture-damaged buildings. The occurrence of amoebae
should be taken into account when assessing the exposure of occupants in moisture-
damaged buildings, but also when studying the mechanisms behind the health
effects associated with exposure in these buildings.
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7 CONCLUSIONS

1. Amoebae were detected in approximately 22 % of the building material
samples taken from moisture-damaged buildings, showing that they are
members of the microbial network occurring in these buildings. Amoebae
occurred most often together with the kinds of fungi and bacteria that are
considered indicators of moisture damage in buildings, such as
Streptomycetes and the fungi Aspergillus versicolor, and Trichoderma.
Furthermore, amoebae were detected almost exclusively on samples
judged to be water-damaged. Thus, amoebae could be suggested to be one
of the indicator microorganisms of moisture damage.

2. Acanthamoeba polyphaga, representing the free-living amoebae, were
able to survive at least temporarily on most modern building materials.
Thus, it is the moisture content rather than the choice of building material
that limits the survival of amoebae in moisture-damaged buildings.

3. Co-culturing with Acanthamoeba polyphaga increased the growth of
selected bacteria and to some extent, also of the fungi, commonly found
in moisture-damaged buildings. Therefore, amoebae may have an effect
on the quantity of microbial biomass on a material and hence, potentially
on the exposure in moisture-damaged buildings.

4. The interaction between Acanthamoeba polyphaga and the bacterium
Streptomyces californicus and the fungus Penicillium spinulosum resulted
in an elevated cytotoxicity and synergistic increase in proinflammatory
potential of these microbes. Consequently, amoebae may have effect on
the biological activity of the microbes present in moisture-damaged
buildings and thus also indirectly on the health effects experienced by the
occupants.
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