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ABSTRACT 
 
Fungi are present everywhere in indoor and outdoor environments. Many fungi are 
toxigenic or pathogenic that may cause various public health concerns. Rapid detection, 
quantification and characterization of fungi in living and working environments are 
essential for exposure risk assessment to safe guard public health. 
 
Rapid and accurate detection and identification of fungi using molecular method require 
specific markers. In this thesis, partial mt SSU and LSU rDNA were amplified and 
sequenced from 31 fungal species of 16 genera. Sequence alignments showed that fungal 
mt SSU and LSU rDNA contained sufficient amount of variation for the development of 
markers that can discriminate even among closely related species. Forty-eight probes were 
designed and were verified as highly specific to 25 fungal species commonly detected in 
living and working environments. These specific probes would have potential applications 
in clinical diagnosis and public health-related environmental monitoring. 
 
Nested PCR is a highly sensitive and specific method. Based on the nuclear 18S rDNA 
sequence variation pattern, three nested PCR systems were developed to detect the conifer 
tree pathogen Gremmeniella abietina, an ascomycete fungus that causes stem canker and 
shoot dieback in many conifer species. The three nested PCR systems showed high 
specificity and sensitivity. These methods could have broad applications in forest protection 
and disease management programs. 
 
Quantitative real-time PCR offers the ability of simultaneous detection and quantification 
of DNA of a specific microbe in one reaction. Based on the 18S rDNA sequence, two real-
time PCR assays were developed to detect and quantify Wallemia sebi, a deuteromycete 
fungus commonly found in agricultural environments and is suspected to be a causative 
agent of farmer’s lung disease. Both PCR systems proved to be highly specific and 
sensitive for W. sebi detection even in a high background of other fungal DNAs. 
Application of the real-time PCR methods in the quantification of W. sebi in the aerosols of 
a farm revealed a high concentration of W. sebi spores (107/m3). The study indicates that W. 
sebi is a dominant fungus in agriculture environments. 
 
Cladosporium spores are important aeroallergens, and prolonged exposure to elevated spore 
concentrations can provoke chronic allergy and asthma. A TaqMan probe and a SYBR 
Green I based real-time PCR assay were developed to detect and quantify Cladosporium in 
aerosols. The two real-time PCR systems proved to be highly specific and sensitive for 
Cladosporium. These methods were employed to quantify Cladosporium in aerosols of five 
different indoor environments. High spore concentration of Cladosporium (107/m3) was 
observed in a cow barn. Cladosporium spore concentration in paper and pulp factory and 
countryside house also exceeded threshold value for clinical significance. Prolonged 
exposure in these environments could impose certain health risk. Thus, monitoring 
Cladosporium spore concentration in indoor environments is important for indoor air 
quality control. 
 
Key words: Fungi, DNA markers, Aerosols, Detection and quantification, Environmental 
monitoring.
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1. INTRODUCTION 
 
 
1.1 Indoor fungi 

Fungi are present everywhere in indoor environments, including 
offices, homes, factories and farms [1-3]. Many indoor locations, such as 
carpets, furniture, wallpaper, bathrooms and potted plants may serve as 
amplification sites for the growth of fungi [4-6]. Moreover, fungal spores can 
be introduced into the indoor environments through natural (open windows and 
doors) and mechanical ventilation systems [7, 8]. As reported in a review by 
Piecková and Jesenská [9] of 13,000 research publications, the dominant fungi 
found in indoor environments are species from the genera Aspergillus, 
Penicillium and Cladosporium [10-12]. Other groups, such as Paecilomyces, 
Mucor, Rhizopus, Trichoderma, Ulocladium, Fusarium, Stachybotrys and 
Wallemia are also frequently detected in air samples from living and working 
environments [7, 11-14]. A list of common indoor fungi is presented in Table 1. 

The fungal composition and their relative concentration in indoor 
environments differ with the time of the day, weather, season and location [7, 
12, 15]. The fungal spore concentrations in large office buildings vary 
significantly by season (highest in summer, lowest in winter), and are positively 
correlated with relative humidity and negatively correlated to CO2 
concentrations [11]. By cultivation of air samples from homes, Cladosporium 
spp. are found to be the dominant fungi in indoor air in summer and Penicillium 
and Aspergillus are dominating in winter [16]. In dust samples Mucor, 
Wallemia, Alternaria, Aspergillus, Cladosporium and Penicillium species are 
found in all seasons [16]. Usually, the high concentrations of fungal spores 
occur in the warmer summer months [17]. But in basements, high 
concentrations of fungal spores are observed in winter [16]. In some 
agricultural working environments, high concentrations of fungal spores, e.g. 
Wallemia sebi, are observed throughout the year [18]. Fungal spore 
concentrations in damp buildings are higher than normal buildings [9, 19]. The 
level of Cladosporium has been reported to be significantly higher in wooden 
buildings than in concrete/brick buildings [19]. 

Cultivation of air samples collected from main living areas in 1000 
homes in the northeastern United States revealed a mean concentration of 
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fungal propagules of 1034 CFU/m3 using malt extract agar and 846 CFU/m3 
using DG-18 agar [20]. Examination of air samples from 100 large office 
buildings revealed an average concentration of 679 spores/m3 [10]. In 17 
sawmills in eastern Canada, the airborne fungal spore concentration reached 
1.5×106 CFU/m3 [21]. In Finnish farms, the concentrations of total fungal 
propagules in cow barns were 105 to 107 CFU/m3 [14]. In a farm in northern 
Sweden, 107 spores/m3 of Wallemia sebi and Cladosporium in the aerosols 
were detected by real-time PCR assays (Paper IV and V). In some other 
working environments, as much as 109 spores/m3 of viable fungal spores were 
detected [9, 22]. Prolonged exposure to such high concentrations of fungal 
spores would imply health risks. 
 

Table 1. Common fungi in indoor environments. 
Alternaria alternata  Paecilomyces 
Aspergillus  Paecilomyces lilacinus 

Aspergillus versicolor  Paecilomyces variotii 
Aspergillus flavus  Paecilomyces inflatus 
Aspergillus fumigatus  Penicillium 
Aspergillus niger  Penicillium chrysogenum 
Aspergillus oryzae  Penicillium commune 
Aspergillus ochraceus  Penicillium brevicompactum 

Botrytis cinerea  Penicillium italicum 
Chaetomium  Penicillium frequentans 
Chrysonilia sitophila  Penicillium citrinum 
Cladosporium  Rhizopus 

Cladosporium cladosporioides  Rhizopus microsporus 
Cladosporium herbarum  Rhizopus stolonifer  
Cladosporium sphaerospermum  Stachybotrys 

Eurotium herbariorum  Stachybotrys chartarum 
Microdochium nivale  Stachybotrys dichroa 
Mucor  Stachybotrys oenanthes 

Mucor plumbeus  Stachybotrys kampalensis 
Mucor piriformis  Trichoderma 
Mucor mucedo  Trichoderma viride 

Fusarium  Trichoderma harzianum 
Fusarium oxysporum  Trichoderma reesei 
Fusarium cerealis  Ulocladium botrytis 
  Wallemia sebi 
  Yeasts 

Compiled from references [7, 12, 23-25]. 
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1.2 Health effects of fungal exposure 
 
 
1.2.1 Fungal infection 

Fungal infections are also called mycoses. Mycoses are categorized into 
endemic and opportunistic. Endemic mycoses are caused by the inhalation of 
airborne fungal spores found in certain geographic regions where there is a 
higher frequency of pathogenic fungi because of unique soil, flora and climate 
[26, 27]. Endemic mycoses remain a major public health problem in many 
countries, particularly in developing countries [27]. In the past decade, the 
frequency of opportunistic fungal infection has increased, especially in 
immunocompromised patients and organ transplant patients [28, 29]. Moreover, 
the spectrum of fungal pathogens has changed. The vast majority of the 
invasive fungal infections are due to Aspergillus, Candida, Cladosporium, 
Mucor and Rhizopus species [30, 31]. 

Aspergillus fumigatus can cause Invasive Aspergillosis, a fungal 
infection in the respiratory system, which is often fatal, especially among 
AIDS, cancer, hematology and organ-transplant patients [32]. Invasive 
Aspergillosis has risen over the past two decades [33]. There has been a 
documented increase of 158% in the USA in the last decade and a 14-fold 
increase in Germany between 1981 and 1993 [33-35]. Candida albicans is an 
opportunistic fungal pathogen that infects primarily immunocompromised 
human hosts [36]. During the past two decades, the prevalence of candidiasis 
has increased markedly and Candida albicans has now become one of the most 
important causes of nosocomial infections [37]. Except for Aspergillus 
fumigatus and Candida albicans, many other fungal species such as A. niger, A. 
terreus, A. flavus, A. niveus, A. restrictus, Emericella nidulans and Eurotium 
amstelodami are potentially pathogenic to humans [25]. 

 
 

1.2.2 Fungal allergens 
Fungal spores are a well-known cause of allergic reactions and are 

identified as one of the major indoor allergens [26, 38]. A number of studies 
have suggested that exposure to high concentration of fungi can trigger allergic 
symptoms [39-41]. More than 80 genera of the major fungal groups have been 
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associated with symptoms of respiratory tract allergy [39, 42]. Alternaria, 
Aspergillus, Cladosporium and Penicillium are considered to be the most 
important airborne fungal allergens [25, 43-45]. The frequently encountered 
fungi in allergy are listed in Table 2.  

Exposure to high concentration of fungal spores has been shown to 
exacerbate symptoms of asthma and allergic rhinitis in sensitive individuals 
[45-47]. In a few case studies, a positive relationship between the presence of 
the fungi in dwellings and allergic reactions of their occupants is found [9]. 
After cleaning the contaminated sites, or when the occupants moved into a new 
building, the symptoms disappears [9]. The prevalence of respiratory allergy to 
fungi is estimated at 20 to 30% among atopic individuals and up to 6% in the 
general population [42, 48]. More recently, a direct relationship is found 
between the level of exposure to indoor fungi and the incidence of lower 
respiratory tract illnesses in children [39, 49]. By examination of air samples 
from 499 homes, researchers found that Penicillium, Cladosporium, 
Zygomycetes and Alternaria are significantly associated with lower respiratory 
tract illness [49]. 

In some occupational environments, such as biowaste treatment and 
garbage sorting facilities, sawmill and food factory, the fungal spore counts are 
much higher than in domestic environments [25]. This may impose a higher 
risk for employees to acquire respiratory allergic symptoms. In a Finnish farm, 
high concentrations of Wallemia sebi and Fusarium (103-106 CFU/m3) are 
detected [14]. Using enzyme-linked immunosorbent assay (ELISA), high levels 
of immunoglobulin (Ig) G antibodies against Wallemia sebi and Fusarium are 
detected in farmers having farmer’s lung disease and asthma [18], which 
indicates that the farmers with symptoms had been exposed to high 
concentration of Wallemia sebi and Fusarium. Health problems have been 
found in workers in garbage-sorting facilities [25, 50]. In sawmills, long-term 
exposure to fungal spores exceeding 106 spores/m3 has been found to be related 
to respiratory symptoms [51]. For the compost workers, a distinct relationship 
is found between frequent health complaints and exposure to high 
concentrations of Aspergillus fumigatus, Aspergillus niger and Penicillium 
crustosum [52]. 
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Table 2. Genera of fungi frequently associated with allergy. 

Alternaria Drechslera Trichoderma 
Aspergillus Epicoccum Trichophyton 
Aureobasidium Fusarium Trichothecium 
Botrytis Gliocladium Ulocladium 
Candida Helminthosporium Saccharomyces 
Cephalosporium Paecilomyces Scopulariopsis 
Cladosporium Penicillium Stachybotrys 
Curvularia Phoma Stemphylium 
Compiled from reference [42]. 

 
 
1.2.3 Mycotoxin 

Fungi produce a number of secondary metabolites. Some secondary 
metabolites pose potential health risk to humans. These toxic secondary 
metabolites are called mycotoxins. Mycotoxins are excreted into the substrate 
or are present in fungal cells. Consequently, two routes for mycotoxins 
becoming airborne are possible: (i) dust that is contaminated by mycotoxins 
excreted by fungi; (ii) the conidia and hyphal fragments contain toxic 
metabolites that become airborne [25]. Historically, human exposure to 
mycotoxins is mainly through ingestion of food containing or contaminated 
with mycotoxins. Recently, inhalation of mycotoxin-containing spores has 
become a public health concern along with ingestion and dermal contact [26]. 
Many toxigenic fungi, such as Stachybotrys, Aspergillus and Penicillium, have 
been found to infest buildings with known indoor air and building-related 
problems [53]. 

Most of fungi are probably capable of producing mycotoxins, 
depending on the species, strains and environmental conditions, such as 
temperature, water availability, light and nutrient substrate [24]. Many species 
in the genera Aspergillus, Penicillium, Cladosporium and Fusarium are known 
to produce potent mycotoxins [53]. These four groups of fungi are commonly 
found in indoor environments [10-12]. Other toxigenic fungi frequently found 
in indoor environments are Alternaria, Trichoderma, Paecilomices, 
Stachybotrys, Chaetomium and Acremonium [53]. Many species of Aspergillus 
can produce well-known toxins such as aflatoxins, ochratoxins and 
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sterigmatocystin (Table 3). T-2 toxins are often produced by species of 
Fusarium. Ochratoxins are produced by many species of Penicillium. Another 
fungus that has increasingly been linked to building-related problems is 
Stachybotrys chartarum, which produces several toxic metabolites (Table 3). 
The fungus has frequently been found to grow on water-damaged cellulose-
containing materials, such as ceiling tiles, wallpaper and sheet-rock wallboard, 
in residential and commercial buildings. Many indoor air quality related 
problems have been connected to the growth of this fungus in buildings [13]. 

Mycotoxin exposures have been linked to a variety of acute and chronic 
adverse health effects. Acute effects include pulmonary hemorrhage, burning 
sore throat, headaches, excessive fatigue, etc. Chronic effects include 
carcinogenicity, immune system damage, central nervous system effects, etc 
[53, 54]. Table 3 lists some common indoor toxigenic fungi, their associated 
mycotoxins and possible health effects. Occupational or building-related 
exposures to mycotoxins through inhalation are being recognized as an 
important indoor air quality problem. If a building is known to have extensive 
fungal contamination, removal of causative agents is necessary. If exposure to 
molds and mycotoxins is suspected, it is then necessary to consult occupational 
health professionals. 
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Table 3. Common mycotoxins and their potential health effects. 
Fungi Mycotoxin  Possible health effect 
Acremonium spp. Cephalosporin  antibiotic 
    
Alternaria alternata  Tenuazoic acid  nephrotoxic 

hepatotoxic 
hemorrhagic 

    
Aspergillus clavatus Cytochalasin E 

Patulin 
 cell division, protein 

synthesis inhibitor 
nephrotoxic 
carcinogenic 

    
Aspergillus flavus 
Aspergillus parasiticus 
Aspergillus fumigatis 

Aflatoxins 
Fumitremorgens 
Gliotoxin 

 mutagenic, carcinogenic 
hepatotoxic 
tremorgenic, cytotoxic 

    
Aspergillus nidulans 
Aspergillus versicolor 

Sterigmatocystin  hepatotoxic 
carcinogenic 

    
Aspergillus ochraceus 
Penicillium verrucosum 
Penicillium viridicatum 

Ochratoxin A  nephrotoxic 
hepatotoxic 
carcinogenic 

    
Cladosporium spp. Epicladosporic acid  immunosuppresive 
    
Chladosporium cladosporiodes Cladosporin, Emodin  antibiotic 
    
Fusarium graminearum Deoxynivalenol 

Zearalenone 
 emetic 

estrogenic 
    
Fusarium monoliforme Fumonisins  neurotoxic, hepatotoxic 

nephrotoxic 
carcinogenic 

    
Fusarium poae 
Fusarium sporotrichoides 

T-2 toxin  hemmorrhagic 
hepatotoxic 
nephrotoxic 
carcinogenic 

    
Penicillium chrysogenum Penicillin  antibiotic 
    
Penicillium crustosum Penitrem A 

Roquefortine C 
 tremorgenic, neurotoxic 

    
Penicillium expansum Citrinin,Patulin 

RoquefortineC 
 nephrotoxic 

carcinogenic, protein 
synthesis inhibitor 
neurotoxic 

    
Penicillium griseofulvum, 
Penicillium viridicatum 

Griseofulvin  tumorigenic, teratogenic 
hepatotoxic 

    
Stachybotrys chartarum Trichothecene 

Satratoxins 
Verrucarins, Roridins 
Stachybocins 

 inflammatory agents 
immunosuppressive 
dermatitis, hemotoxic 
hemorrhagic 

Compiled from references [25, 53]. 
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1.2.4. Volatile fungal metabolites 
Actively growing microorganisms produce a variety of volatile organic 

compounds (MVOCs), which can emit into air. Fungal VOCs produce musty 
and moldy odors [26], which include alcohols, terpenes, ketones, esters, 
aromatic compounds, amines, sulfur, aldehydes and thujopsene, etc. [55, 56]. In 
Aspergillus fumigatus, A. versicolor, A. niger, A. ochraceus, Trichoderma 
harzianum, T. pseudokoningii, Penicillium brevicompactum, P. chrysogenum, 
P. claviforme, P. expansum and Fusarium solani, more than 150 volatile 
substances have been detected by head-space solid-phase microextraction (HS-
SPME) [57]. Analysis of 13 airborne fungal species isolated from composting 
plants detected a total of 109 VOCs [58]. 

MVOCs profile is media dependent [59]. For a given fungal strain, 
MVOCs differ considerably with cultivation media [57, 59]. For example, 
Stachybotrys chartarum strains cultivated on rice and gypsum board 
respectively generated different VOCs, four VOCs on rice, while one VOC on 
gypsum board [59]. Different fungal species may produce different MVOCs. 
For example, by analyzing MVOCs produced by Aspergillus penicillioides, 
Stachybotrys chartarum and Chaetomium globosum using Gas 
chromatography-mass spectrometry/solid phase microextraction (GC-
MS/SPME), methyl benzoate was found to be produced only by S. chartarum 
and A. penicillioides [60]. Some MVOCs such as 3-methyl-l-butanol and 1-
octen-3-ol are produced by a number of species, whereas some other volatiles 
are specific to a species, such as 6-methyl-2-heptanone produced only by 
Aspergillus versicolor and neo-allo-ocimene produced only by Paecilomyces 
variotii [56, 58]. These species-specific MVOCs may serve as markers for the 
detection of fungal species in indoor environments. Examination of MVOCs 
from indoor air samples is an important method for monitoring indoor air 
quality and for the detection of type and intensity of masked contamination by 
moulds [57]. 

The MVOCs produced by fungi contribute to adverse health effects. 
Epidemiological studies have shown that exposure to low levels of MVOCs is 
related to a range of non-specific symptoms, including redness of the eyes and 
irritation of the nose and skin [61]. An evident relationship is found between 
high concentrations of MVOCs and asthma in 1410 school employees in 38 
Swedish schools [62, 63]. Exposure to MVOCs is expected to be much higher 
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in some occupational environments where biowaste or compost are handled, 
because of the extremely high microbial activity in the substances [25]. The 
odor compounds as well as non-pungent compounds must, therefore, be 
considered possible health hazards. Identification and quantification of 
substances will help to elucidate the connection between the level of MVOCs in 
indoor environments and health effects on humans [58]. 

 
 

1.2.5. Sick building syndrome 
Symptoms and illnesses from indoor air exposures have been a public 

health concern since the 1970s. Sick building syndrome (SBS), also known as 
nonspecific building-related health complaints [64], is used to describe 
situations in which building occupants experience adverse health effects that 
appear to be linked to the time spent in a building, but no specific illness or 
cause can be identified [65]. General symptoms of SBS include irritated eyes, 
coughing, sore throat, difficulty in concentration and fatigue, etc. [66]. 
Although there is likely no single cause for SBS, fungal contamination in 
buildings has been associated with this spectrum of symptoms [67]. Molds 
growing inside buildings may be a significant source of airborne volatile 
organic compounds and mycotoxins that can cause indoor air-quality problems 
[67, 68]. 

A specific case report linked pulmonary disease to exposure to 
Stachybotrys chartarum and Aspergillus versicolor in buildings [69]. The 
symptoms consisted of mucosal irritation, fatigue, headache and chest tightness 
that occurred within weeks of moving into the infected building. Cultivation of 
air samples from these buildings revealed high concentration of S. chartarum 
and A. versicolor. Moreover, mycotoxins were detected in moldy ceiling tiles. 
Thus, it was concluded that the symptom outbreak is likely a result of 
inhalation of fungal toxins [69]. Another case report described an unexpected 
pulmonary haemorrhage in an infant [70]. Health inspector found Stachybotrys 
chartarum at a concentration of 6.29×104 CFU/m3 in the child’s bedroom. This 
illness is, thus, suspected to be associated with exposure to Stachybotrys 
chartarum [70]. 

Recently, there has been a big concern regarding exposure of school 
children in “contaminated schools,” sometimes resulting in building closures 
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[13, 71]. There are evidences of an association between moisture or mold 
problems in school buildings and the occurrence of respiratory infections, 
repeated wheezing and prolonged coughing among school children [72]. 
Through examination of the levels of serum mold-specific immunoglobulin G 
(IgG), an association between elevated levels of serum IgG antibody to 
Penicillium notatum and Eurotium amstelodami and moisture damage in 
schools is found [73]. 

 
 
 

1.3 Conventional methods for detection of indoor fungi 
Up to now, the conventional methods for detection and quantification of 

indoor fungi have mainly relied on microscopic and cultural techniques. The 
identification of fungi based on the morphological and physiological 
characteristics requires weeks of cultivation on medium. Due to the subtle 
differences in morphological traits among closely related taxa, species 
identification is highly subjective and can only be accurately accomplished by 
experienced mycologists. In addition, morphological traits vary significantly 
with changes in growth conditions. Consequently, uncertain determinations are 
frequently made. For example Fusarium venenatum was identified as Fusarium 
sulphureum, Fusarium crookewellense and Fusarium graminearum by different 
taxonomists [74]. Thus, identification of fungal species is difficult and costly 
[75].  

Quantification though culture is biased toward rapidly growing fungi as 
well as fungi present in high concentrations. Rapidly growing fungi such as 
Mucorales and Rhizopus species often obscure slowly growing ones, such as 
Wallemia sebi and Stachybotrys chartarum [76, 77]. The fast-growing molds, 
such as Zygomycetes spp., often make the colony counting impossible after 5 
days of incubation [78]. Species present at high concentrations, such as 
Penicillium spp. and Aspergillus spp. often inhibit the growth of less abundant 
fungi [76]. Moreover, not all fungi can grow on a given medium [78], and some 
fungi are difficult to cultivate, e.g. Phoma requires alternating periods of light 
and dark in the laboratory [79]. The non-culturable spores could still be viable 
and allergenic and cause health problems, e.g. the conidia of Stachybotrys 
chartarum, producing a series of highly toxic macrocyclic trichothecenes, 
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rapidly lose viability without any loss of toxigenicity [80]. When cultivation 
methods are used for quantification of airborne fungi, multiple spores can grow 
together and form one colony [81]. These factors will result in underestimation 
of fungal concentration and sometimes even false negative detection. Only a 
fraction of fungi in environmental samples can be detected using culture 
techniques [78, 82-85]. Comparisons of the amounts of total and culturable 
microbes in indoor environments have shown that the culturable part of the 
microbial community ranges from 1 to 10% [86]. 

 
 
 

1.4 Molecular methods for detection of indoor fungi 
Limitations of the traditional techniques for detection and quantification 

of fungi present a need to develop new sensitive and accurate techniques. 
Molecular techniques are promising approaches complementary to the 
conventional detection methods. DNA-based methods have the advantage of 
detecting the presence of microorganisms in a sample regardless of their 
culturability at the time of analysis. These techniques are extremely sensitive 
and have been used effectively for specific detection of many medically 
important fungi in environmental and medical samples [80, 87-92].  

 
 

1.4.1. Molecular target 
The initial step for any molecular assays is to select a target DNA 

molecule. Up to date, the most popular DNA region targeted for diagnostic 
development is ribosomal DNA (rDNA). rDNAs are present in all organisms 
and at high copy numbers [93-95]. The fungal nuclear rDNA unit consists of 
three genes, the large subunit (LSU) rRNA gene (25S), the small subunit (SSU) 
rRNA gene (18S) and the 5.8S rRNA gene, separated by internal transcribed 
spacer (ITS) regions (Fig. 1). This unit is tandemly repeated many times in the 
genome. The SSU and LSU rDNA comprise highly conserved and variable 
regions. Based on the conserved regions, group specific markers can be 
developed to detect a large number of fungal species [93, 96]. The species-
specific markers can be designed based on the variable regions. The ITS 
regions in the nuclear rDNA unit evolve rapidly, and significant variations 
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among strains within a species or even within a genome have been reported [93, 
97-99]. This high variability could offer high resolution markers to strain level 
detection within a species. On the other hand, its high mutation rate could also 
cause instability for markers based on ITS. Extensive sample testing is needed 
to validate the ITS-based markers before their application. 

The cytoplasmic mitochondrial genome in fungi also contains rRNA 
genes. The mt rRNA gene evolves more rapidly than nuclear rRNA genes [93], 
and variable sequence regions even among closely related taxa can be found. 
This character can be utilized to develop markers for species-specific detections 
in fungi. 

Apart from the rDNA regions, other specific genes can also be utilized 
for diagnostic applications. For example, Fusarium is often found in grains and 
cereals, and some Fusarium species produces mycotoxin trichothecene. Based 
on trichodiene synthase gene (tris5), a PCR-based method is developed to 
detect and identify trichothecene-producing Fusarium species [100]. 

 
 
 
 
 
 
 

Figure 1. The structure of a repeat unit of the nuclear rDNA cluster in fungi. 
 
 
 

1.4.2 Properties of single-step PCR 
PCR is a powerful method with broad applications in molecular 

biology. Since its introduction in the mid 1980’s, it has been the foundation of 
molecular biology [101, 102]. PCR allows the exponential amplification of a 
specific DNA segment by in vitro DNA synthesis. In a standard PCR, a pair of 
oligonucleotide primers is used to selectively hybridize to a DNA target. 
Because the Taq DNA polymerase mediated amplification is an exponential 
process, after 30 PCR cycles, large number of copies of the DNA molecule can 
be accumulated to a detectable level [103]. Theoretically, the presence of a 
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single copy of the template DNA in the reaction mixture can be detected by 
PCR [104]. PCR-based assays often successfully detect pathogens that have 
failed by culture techniques in medical examinations [90, 105-107]. 

Specificity and sensitivity of PCR assays are important considerations 
in applying the technique in the detection and identification of fungi. The 
specificity of PCR assays is mainly determined by primers. The selected 
oligonucleotide primers must be highly specific to the target species, and show 
no cross-homology to other species. The cross homology of the designed 
primers can be checked by screening against sequence database in GenBank 
using the BLAST function (http://www.ncbi.nlm.nih.gov/BLAST/). However, 
target fungal species and closely related fungi must always be tested 
experimentally in order to ensure the specificity of the PCR assay. In addition, 
the annealing temperature and the concentration of PCR reagents (especially 
magnesium chloride) can influence specificity. The increase in the annealing 
temperature or decrease of magnesium ion concentration can increase the 
specificity of PCR assays. The quality of Taq DNA polymerase can also affect 
the specificity of PCR assays. High-fidelity DNA polymerase is recommended 
whenever possible. In general, the PCR conditions must be optimized to 
achieve the high detection specificity. 

Detection sensitivity can vary significantly among PCR systems 
employing different primer pairs, ranging from 1 ng to 1 fg of target DNA 
[107-109]. The sensitivity of a PCR assay depends on several factors, most 
importantly on the primer composition, structure and its homology to the target 
molecule [95, 108]. In Paper II, primer pair ML.Asp.flav-P1/2 that is 100% 
matching to target Aspergillus flavus sequence showed a 10,000-fold higher 
detection sensitivity compared to the imperfect matching primer pair ML1/2. 
Thus, exact knowledge of target sequence is critical for achieving high 
sensitivity in PCR assays. 

The design of primers should be optimized for the specific target to 
yield high specificity and sensitivity of the PCR assays [95, 110, 111]. For 
species-specific detection, the primer pair should (i) amplify all strains of this 
species; (ii) amplify all strains with equal sensitivity; (iii) be highly specific, 
not amplify other fungal species or bactera; (iv) be 18 to 30 nucleotides long; 
(v) have similar melting temperatures for each primer; (vi) have no 
dimerization capability; (vii) have no significant hairpin formation (>3 bp); and 
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(viii) lack of secondary priming sites in the template. In practice, it is difficult 
to design primers to meet all the above criteria. Some primer-design softwares 
are useful to evaluate primers, e.g. Primer Premier v.5.0 (PREMIER 
Biosoftware International, Palo Alto, Calif. USA). However, they cannot 
replace experimental examinations, especially in specificity studies. 

 
 

1.4.3 Nested PCR 
In some diagnostic applications, the use of standard single-step PCR 

cannot deliver the specificity and sensitivity required by a test. This can be 
managed by a two-step nested PCR. In nested PCR, two sets of primers are 
used. One set (out primers) is used in the first round of amplification. The PCR 
products of the first round amplification are used as templates in a second 
round of PCR using another set of primers (inner primers) designed to bind to a 
specific sequence in the first round PCR products. The two-step nested PCR 
has higher sensitivity and specificity than standard one-step PCR. 

In nested PCR assays for environmental samples, one strategy is to use 
fungal universal primers as out primers and specific primers as inner primers. 
This strategy has the advantage in the characterization of composite samples, 
especially if it is a sample of minor quantity. After PCR amplification with 
universal primers, the product can be further analyzed with series of highly 
specific probes/primers for the identification of species composition. This is a 
practical procedure for environmental sample screening. However, for species 
that exist in extremely low quantity, this method may still fail in their detection. 
This is because the universal primers are compatible with all the fungi in the 
composite sample, the very low proportion of the target species would have 
little chance to compete for the primers, resulting in the low detection 
sensitivity. Another strategy that can always deliver high detection sensitivity is 
to use specific primers in both rounds PCR. For example, in Paper III, when the 
first round of PCR using fungal universal primers NS1/8 was followed by 
species-specific primers in the second round PCR, a detection sensitivity of 
75000 fg target (G. abietina) DNA was observed. In contrast, when specific 
primers were used in both rounds PCR, the detection limit increased to 7.5 fg 
target DNA (Fig. 4, Paper III). Highly sensitive detection using nested PCR is 
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also observed by other studies [91, 92, 112-115], e.g. about 1 fg of Candida 
DNA in the serum of patients can be detected by a nested PCR assay [116]. 

Although the nested PCR is highly sensitive and specific, this technique 
is more prone to contamination than the standard single-step PCR [94, 102]. 
Contamination problem can be diminished by strict laboratory operation 
procedure for avoiding false-positive results [95, 117]. Another solution for 
reducing the risk of contamination with nested PCR is the one-tube nested PCR 
procedure. The contamination-prone step in performing a nested PCR is the 
opening of the reaction tube after the first round PCR. The one-tube nested 
PCR eliminates this step. Instead of amplifying the DNA in two separate tubes, 
both the first and second PCRs with outer and inner primers are done in one 
reaction vessel. The two pairs of nested PCR primers are designed with a higher 
annealing temperature for outer primers and a lower annealing temperature for 
inner primers. In the first round PCR with the high temperature, the inner 
primers have no chance to anneal. In the second round PCR, the temperature is 
decreased for the annealing of the inner primers [95, 118]. In this procedure, the 
difficulty lies in the design of compatible primers with different temperature 
profiles. Using this technique, the fungal pathogen Pneumocystis carinii was 
detected in respiratory tract specimens [119]. The short operation procedure 
and the technical ease of the nested PCR technique render it suitable for 
implementation in routine diagnostic laboratories [119]. 
 
 
1.4.4 PCR followed by probe hybridization 

PCR followed by probe hybridization is another approach to overcome 
the low specificity and sensitivity sometimes associated with single-step PCR. 
Oligonucleotide probes are short single-stranded DNA labelled with radioactive 
or non-radioactive molecules, and are used to detect complementary target 
DNA sequences. After an initial PCR, the PCR products are immobilized onto 
a nitrocellulose or nylon membrane. Double-stranded target DNA on the 
membrane is denatured into single strands by alkali or heat. The membrane is 
then hybridized to the labelled oligonucleotide probe. After removing 
unattached probe, the target DNA molecule to which the probe bound is 
detected by radioactive or non-radioactive detection systems. Currently, non-
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radioactive detection systems, e.g. the digoxigenin (DIG) system, are widely 
used because of their less hazardous nature to personnel and environment. 

An optimal probe for species-specific detection should have the 
following characteristics: (i) it should hybridize to all strains of the fungal 
species; (ii) it should be highly specific, contain at least two to three (if 
possible, more than four) base differences over the probe length from the 
excluding fungi; (iii) it should be 18 to 30 nucleotides long; (iv) the 
discriminating bases should be located in the centre of the probe; (v) the 
hybridization temperature is in the range of 55°C to 65°C. In practice, it is 
difficult to design the species-specific probes to meet all the above criteria. 
Thus, experimental validation should be performed to ensure the specificity of 
the probes. 

Studies show that the PCR followed by probe hybridization has better 
specificity and sensitivity than single-step PCR in detection and identification 
of fungi in environmental samples and clinical specimens [120-124]. Using this 
procedure we attained an approximately 10-fold higher sensitivity than one–
step PCR. Similarly, a 10-fold increase in detection limit by PCR followed by 
probe hybridization is also reported by other investigations [105, 120, 122, 
123]. This increase in detection sensitivity is mainly due to the enriched 
hybridization target after the PCR amplification. When PCR-hybridization is 
applied to examine the compositions of fungi in air samples, a detection limit 
about of 100 fg of fungal genomic DNA is observed [120]. Similarly, 100 fg 
Penicillium marneffei and 10 fg Candida albicans genomic DNA are detected 
by this technique [122, 123]. By using perfect matching specific primers in 
PCR, PCR-hybridization technique can detect 5 fg of Aspergillus flavus 
genomic DNA (Paper II). The PCR-hybridization technique is a useful 
procedure in the assessment of fungal composition and in clinical screening of 
fungal infections. 
 
 
1.4.5 Multiplex PCR 

Multiplex PCR is a variant of PCR that enables simultaneous 
amplification of more than one targets of interest in one reaction by using more 
than one pair of primers [125]. It reduces the examination time due to more 
than one target organisms can be detected at the same time. This method has 
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been shown to be valuable for detection and identification of fungi in clinical 
specimens and environmental samples [126-130]. In a multiplex PCR test, four 
different sets of primers are used to detect five human pathogenic Rhizopus 
species, R. oryzae, R. microsporus, R. azygosporus, R. stolonifer and R. 
schipperae [130]. The four sets of primers specific for the above mentioned 
five Rhizopus species generate four differently sized amplification fragments in 
one reaction. Another multiplex PCR assay used a universal primer  (forward 
primer) in combination with five species-specific reverse primers to detect five 
plant fungal pathogens Neofabraea alba, N. malicorticis, N. perennans, N. 
populi and Neofabraea sp. nov [129]. In one reaction, these primers generated 
five different amplification fragments specific to the above listed five 
Neofabraea species and succeeded in the detection of the pathogens in infected 
plants [129]. Since multiplex PCR can detect several targets in one reaction, the 
method is cost- and labor-saving and attractive in environmental sample 
screening [131]. The primers used in multiplex reactions must be carefully 
designed to have similar annealing temperatures, which often requires extensive 
empirical testing [125, 131]. Up to date, only a limited number of multiplex 
PCR assays have been developed for fungi [127, 129, 130, 132]. 

 
 

1.4.6 Quantitative real-time PCR 
Although the conventional PCR is a powerful tool in the detection and 

identification of fungi, it has its limitations in quantitative analysis. Recently, 
the introduction of the real-time PCR technique offers the ability to quantify the 
initial target DNA in one reaction. Today, real-time PCR has been widely 
applied to detect and quantify fungi in environmental samples, plant tissues and 
clinical specimens. 

A basic PCR run can be divided into three phases (Fig. 2): (i) 
Exponential: exact doubling of product is accumulating at every cycle, and the 
reaction is very specific and precise; (ii) Linear: the reaction components are 
being consumed, the reaction is slowing down; (iii) Plateau: the reaction 
stopped, no more products are being generated. Slight variations in the 
amplification procedure can generate different amounts of final product from 
the same amount of starting DNA templates (Fig. 2a and b), or generate the 
same amount of final product from different amounts of starting DNA 
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templates (Fig. 2b and c). Thus, the measurement of the end-point PCR 
products is not sensitive to the initial DNA amounts. The quantification based 
on the detection of exponential phase amplification products better reflects the 
initial DNA quantity. 

 
 
 
 
 
 
 
 
 

Figure 2. Illustration of PCR phases, a, b and c indicate different PCR 
amplification. 

 
 

The real-time PCR allows the absolute quantification of the initial 
target DNA by the measurement of the amplification products at each cycle 
throughout the PCR procedure. The monitoring of the accumulation of PCR 
products in real time has been made possible by labeling of primers, 
oligonucleotide probes or amplification products with fluorescent dyes. Fig. 3 
shows the principles of the main real-time PCR systems. During PCR, the 
accumulation of PCR products is measured automatically after each cycle by a 
fluorimeter [94, 102]. The signal strength is correlated to the amount of 
amplification products present during each cycle, and increases as the amount 
of specific amplification products increases. Direct measurement of the 
accumulated PCR product allows the phases of the reaction to be monitored. 
The initial amount of target DNA in the reaction can be measured by cycle 
threshold (Ct). The Ct reflects the cycle number at which the fluorescence signal 
exceeds the background during the exponential phase of amplification (Fig. 
3B). The target DNA can be quantified by correlation to a standard curve that 
relates Ct to known amounts of template DNA (Fig. 3C). This ability to detect 
the presence of DNA throughout the entire replication process, rather than just 
the end product, is one of the main advantages of real-time over conventional 
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PCR [104]. Furthermore, since post-reaction processing is unnecessary, the 
real-time PCR is faster than the conventional PCR and also reduces risk of 
cross-contamination [94]. 

Fluorescence signals that are proportional to the amount of PCR 
products can be generated by fluorescent dyes that bind to double-stranded 
DNA (dsDNA) or by sequence-specific fluorescent oligonucleotide probes. 
Currently, four main detection formats are commonly used to detect and 
quantify fungi using real-time PCR technique [133].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Principle of real-time PCR. The green plots are standard curves. 
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1.4.6.1 SYBR Green I based detection 
SYBR Green I is an intercalating dye which binds to minor groove of 

dsDNA. SYBR Green I does not emit fluorescence when it is in its free form. 
But once bound to the dsDNA, SYBR Green I emits fluorescence signal (Fig. 
4A). The intensity of the fluorescent signal is proportional to the amount of 
dsDNA present in the reaction. Therefore, at each cycle of PCR, the intensity of 
fluorescent signal increases as the amount of PCR products increases. This 
provides a simple and reliable method to monitor PCR process in real time. The 
advantage of SYBR Green I is that signal detection is based on the binding of 
the SYBR-Green I dye into double-stranded PCR products. Thus, unmodified 
oligonucleotide primers can be used in the SYBR Green I based real-time PCR 
assays, making its application cheaper than other detection forms. However, the 
detection specificity and sensitivity with SYBR Green I can be affected by 
nonspecific PCR products [134-137]. Moreover, amplified nonspecific products 
may alter the amplification efficiency of the specific product, and result in a 
systematic error for the quantification [137]. Therefore, for quantitative 
analysis, optimization of the primer design and PCR conditions are absolutely 
necessary. 
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Figure 4. Principles of quantitative real-time PCR using SYBR Green I dye 
(A), TaqMan probe (B), Molecular beacon probe (C) and dual hybridization 
probe (D). : SYBR Green I fluorescent dye; : fluorescent reporter dye; : 
quencher; : acceptor fluorophore; : donor fluorophore; Taq: Taq DNA 
polymerase. 
 
 
 
1.4.6.2 TaqMan probe based detection 

In the TaqMan real-time PCR assay, three oligonucleotides are used: a 
forward primer, a reverse primer and a probe. The probe is labelled with a 
fluorescent reporter dye (e.g. FAM, 6-carboxyfluorescein) at the 5’ end, and a 
quencher (e.g. TAMRA, 6-carboxytetramethylrhodamine) at the 3’ end (Fig. 
4B). When the probe is intact, the quencher absorbs the fluorescence of the 
reporter dye due to the physical proximity between the two. During PCR, the 
probe hybridizes to the single-stranded DNA template (Fig. 4B a). During the 
extension step, the probe is cleaved by the 5’-nuclease activity of Taq DNA 
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polymerase when the enzyme reaches the probe, resulting in separation of the 
fluorescent reporter dye from the quencher, thus, generating a fluorescent signal 
(Fig. 4B b). Repeated cycles of primer and probe annealing and cleavage of the 
probe in the exponential amplification stage results in a corresponding increase 
of reporter fluorescence. The increase in fluorescence is measured cycle by 
cycle and is a direct consequence of the amplification process [134, 138]. Thus, 
the intensity of the fluorescent signal is proportional to the amount of dsDNA 
present in the reaction. One advantage of the TaqMan assay is an increased 
specificity over SYBR Green I assay because the probe only binds to the 
desired sequence in the PCR amplification products [104]. However, the 
labelling of TaqMan probe with double dyes makes this assay more expensive 
than that of SYBR Green I assay. In addition, the design of TaqMan probe is 
more complicated than that of SYBR Green I primers. 

 
 

1.4.6.3 Molecular Beacon based detection 
Molecular beacons are single-stranded oligonucleotide hybridization 

probes that form a stem-and-loop structure. The loop of the probe is 
complementary to target DNA sequence, and the two ends are complementary 
to each other forming a hairpin-like structure (Fig. 4C a). A fluorophore is 
attached to one end of the probe and a quencher to the other end. Molecular 
beacons do not emit fluorescence when they are in a hairpin-like structure due 
to the quenching action (Fig. 4C a). When the probe hybridizes to a single-
strand target DNA, a conformational change occurs and the arm sequences are 
forced apart, which releases fluorescence (Fig. 4C b) [133, 134, 139, 140]. 
During PCR, the molecular beacon probe and primers hybridize to the target 
DNA template in the annealing stage. Fluorescent signals are collected at each 
annealing stage when probes hybridize to the target. During the extension step, 
the probes dissociate from the templates [139, 141]. The design of molecular 
beacon is more difficult than other types of probes, but the molecular beacon 
based detection has higher specificity than other types of probes. A single base 
pair mismatch will prevent the molecular beacon to bind to the target DNA 
template [139]. This property of molecular beacons can be used to develop 
extremely specific assays that other types of probes could not achieve [104, 
137]. 
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1.4.6.4 Dual hybridization probe based detection 
In this real-time PCR system two oligonucleotide probes are used. One 

probe is labelled with a donor fluorophore and another probe labelled with an 
acceptor fluorophore (Fig. 4D). The two oligonucleotide probes are 
complementary to a target DNA sequence. The two probes are designed to 
hybridize to the target sequence in a head-to-tail arrangement. When the two 
probes are free from the target sequence, no fluorescence is emitted. When the 
two probes hybridize to the target sequences in a head-to-tail arrangement, 
excitation of the donor dye molecule at the 3’ end of one probe by the light 
source of the thermocycler results in fluorescence resonance energy transfer 
(FRET) from the donor to the acceptor fluorophore at the 5’ end of the adjacent 
probe. The emission of acceptor fluorophore is recorded (Fig. 4D). The amount 
of fluorescence is directly proportional to the amount of target DNA generated 
during the PCR process [133, 134, 142]. Due to the use of two specific probes, 
this method is extremely specific. 
 
 
1.4.6.5 Melting curve analysis 

Melting curve represents the temperature dependence of the 
fluorescence. In melting curve analysis (with SYBR Green I based real-time 
PCR assay), the signal decreases gradually as a result of a temperature-
dependent quench, and the fluorescence decreases rapidly near the denaturation 
temperature [137]. The PCR product’s melting curve is obtained after PCR by 
monitoring the fluorescence of dsDNA dye (SYBR Green I) as the temperature 
passes through the PCR product denaturation temperature. Because the melting 
temperature of a PCR product is dependent on GC content, length and 
sequence, different PCR products can be distinguished by their melting curves 
[143]. With SYBR Green I based real-time PCR assay, the amplification of the 
correct target sequence can be confirmed by melting curve analysis. In most 
cases, nonspecific products have different lengths and therefore deviating 
melting temperatures. In Fig. 5, curve b and c show different melting 
temperatures, thus, they represent different PCR products. The primer dimers 
can be distinguished from the intended products because they melt at a lower 
temperature (Fig. 5, curve a). Melting curves of sequence-specific probes, such 
as molecular beacon and dual hybridization probes, are used for genotyping of 
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insertion/deletion polymorphisms and of single nucleotide polymorphisms 
(SNPs). TaqMan probes cannot be used for melting curve analysis because their 
signal generation depends on the hydrolysis of the probe. 
 
 

 
 
 
 
 
 
 

Figure 5. Melting curve for different amplification products with SYBR Green 
I dye. 
 
 
1.4.6.6 Application of real-time PCR in fungal diagnosis 

Real-time PCR techniques, especially SYBR Green I and TaqMan 
probe based assays, are becoming popular in the detection and quantification of 
fungal contamination in clinical specimens and environmental samples [144-
151]. Using SYBR Green I based real-time PCR system, species of Candida, 
Aspergillus and Fusarium have been detected and quantified in clinical and 
aerosol samples [144, 152, 153]. TaqMan probe based real-time PCR systems 
are also developed for Aspergillus spp with high detection sensitivity of ca. 10 
spores in a reaction [154, 155]. In recent years, the Environmental Protection 
Agency, USA, developed about 130 TaqMan probes, which could be applied to 
the detection and quantification of the major groups of indoor fungi 
(http://www.epa.gov/nerlcwww/moldtech.htm) [149, 151]. These real-time 
PCR systems have been used in commercial service. 

Analysis of multiple targets simultaneously within a single real-time 
PCR is an attractive idea. The multiplex real-time PCR offers a better platform 
for the detection and quantification of more than one target DNA molecule in a 
single reaction tube [156]. The multiplexing can be achieved by using multiple 
fluorescent probes (e.g. TaqMan probes) labelled with different reporter 
fluorochrome for the discrimination of multiple amplicons that may have been 
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produced by one or several primer pairs [157]. With the existing technology, up 
to four different colors can be detected during a reaction [158]. Recently, a 
TaqMan probe based multiplex real-time PCR system is developed to detect 
Fusarium graminearum and Fusarium verticillioides. The detection limit of 
this assay is 5 pg of genomic DNA in a reaction [159]. Another procedure for 
monitoring multiple amplicons in a single PCR is based on the use of a double 
stranded DNA dye (e.g. SYBR Green I) and followed by the melting 
temperature differentiation among the amplicons [156]. Recently, Candida 
albicans and Aspergillus flavus from clinical specimens are identified in a 
SYBR Green I based multiplex real-time PCR system [144]. Up to now, the 
number of successful multiplex real-time PCR system for the detection of fungi 
is limited [144, 159]. Further development of multiplex real-time PCR systems 
will greatly expand the power of this technique in fungal diagnostic research. 

 
 

1.4.7 Bioaerosol sampling and factors affecting DNA-based assays 
Bioaerosols include microorganisms (fungi, bacteria and virus), pollen, 

algae, fragments from animals and manmade bio-particulates. For the 
characterization of microorganisms in bioaerosols, the selection of an 
appropriate sampling device and strategy depends on the hypothesis to be tested 
[160]. The anticipated characteristics of the bioaerosol, e.g. expected 
concentrations of fungal spores, should be considered. Sample volumes and 
collection times directly affect detection limits and the accuracy of the 
measurements [160]. Many devices are developed for air sample collection 
[161]. Investigations have shown that sampling methods and devices affect the 
detection sensitivity [162]. Thus, standard protocols for sampling airborne 
fungi should be established for the assessment of fungal exposure and to make 
interlab results comparable. 

PCR assays for environmental samples may give false negative results 
for many reasons, including the low number of target, presence of contaminants 
that inhibit the PCR, degradation of the target DNA by nucleases, or reagent 
problems. The ineffective release of DNA from fungal cells, or poor DNA 
recovery from extraction and purification steps may also lead to false-negative 
results. To verify DNA extraction efficiency, the environmental samples can be 
spiked with predetermined quantity of known fungal tissues or spores [96]. To 
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identify the effect of inhibitors, an internal positive control (such as the 
amplification of a house-keeping gene or a conserved DNA segment) should be 
included in the experiment. The problem with PCR inhibitors is often 
encountered when environmental samples are examined [120, 147]. The 
inhibitory substances could be removed using gel filtration resins, spin columns 
or agarose gel electrophoresis [145, 163, 164]. This is sometimes achieved by 
the use of commercial kits that contain resins to purify the DNA. Sometimes 
dilution of the DNA sample can help to deduce the inhibitory effect of the 
contaminants [120, 145]. 

Another problem of DNA-based assays is the risk of false positive 
results due to contaminating nucleic acids, such as exogenous DNA from 
cells/cultures, or contaminating DNA as carry-over from previous experiments, 
especially the accumulation of PCR amplification products in the laboratory by 
repeated amplification of the same target sequence [95]. The risk of 
contamination can be reduced by careful laboratory operation, using negative 
control, positive control and reagent control in every PCR run. In addition, 
special care must always be taken in the quality control of reagents and in 
ensuring that storage conditions of all reagents and DNA samples are optimal. 
 
 
 
1.5 Future technical developments 

Since the early 90s, considerable progress has been made in the 
development of molecular diagnostic tools for many pathogenic and indoor 
airborne fungi. DNA sequences of suitable target genes are growing rapidly, 
making the design of new assays easier. Up to date, most assays for fungal 
diagnostic research are rDNA based. These rDNA based assays are practical for 
general detection and identification applications. They can not, however, make 
functional discriminations. Assays based on functional genes, such as specific 
toxin synthesis regulation genes, would better characterize the biotypes in 
microbial community and shed lights on the association between microbial 
diversity and health consequences. 

Most current molecular diagnostic assays for fungal pathogens analyze 
one pathogen per assay. As environmental samples always contain complex 
microorganisms, analytical procedures that could detect a number of target 
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pathogens in one reaction would be a significant advance. Multiplex PCR, 
particularly multiplex real-time PCR, is likely to be developed for more groups 
of important microorganisms. Moreover, the development of cheaper novel 
chemicals and improved real-time instrumentation and software would enhance 
the real-time PCR in large-scale applications.  

Microarray technology is currently primarily used in genomic research. 
It also has the potential in environmental microbiology, to detect a large 
number of organisms in one examination. If large numbers of species-specific 
oligonucleotide probes are developed and spotted on a microchip, large 
numbers of microbes can be screened in one hybridization reaction. This 
technology is already finding applications in clinical medicine and could be 
used to monitor changes in the composition of fungal communities in response 
to environmental changes [94]. 

Biosensors that use DNA-based methods are beginning to be used in 
clinical diagnostics [165]. These devices contain a biological recognition 
element (e.g. a DNA probe) coupled with a physical transducer that translates a 
recognition event (e.g. target-probe hybridisation) into a useful electrical signal 
(light, current or frequency). The application of this technology to fungal 
diagnostic research could lead to the development of simple, rapid, on-site 
detection systems [94, 165]. 
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2. AIMS OF THIS THESIS 
 

The aim of this thesis was to develop rapid and sensitive molecular 
methods to facilitate better characterization of fungal community in different 
living and working environments and to improve the forest disease 
management. The specific aims were: 
 
• To develop species-specific oligonucleotide probes for the detection of 

common airborne fungi in living and working environments. (Paper I and 
II) 

 
• To develop rapid and sensitive detection method for the conifer fungal 

pathogen Gremmeniella abietina and to facilitate early infection diagnosis. 
(Paper III) 

 
• To develop detection and quantification methods for the characterization of 

exposure to Wallemia sebi in agricultural environments. (Paper IV) 
 
• To develop detection and quantification methods for environmental 

monitoring of the distribution of Cladosporium in indoor aerosols. (Paper 
V) 
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3. PRESENT INVESTIGATIONS 
 
 
3.1 Development of mitochondrial rDNA-based oligonucleotide 
probes for specific detection of common airborne fungi. (Paper I and 
II) 

Fungal spores are ubiquitous, being found in all types of indoor 
settings, including homes, offices and other working environments, and they 
have the potential to affect occupants’ health. Thus, monitoring the risk of 
exposure in these environments and the development of preventive measures to 
safeguard public health require rapid detection and quantification of fungi. 
Molecular techniques have demonstrated to be sensitive and accurate for rapid 
detection of fungi in clinical specimens and environmental samples [36, 120, 
123, 130, 147, 149, 166, 167]. Rapid and accurate detection and identification 
of fungi using molecular techniques require specific DNA markers. Although 
some genus- or group-specific probes are developed [124, 168, 169], probes 
that can distinguish among closely related species are limited for many fungal 
groups. The mitochondrial (mt) rRNA genes evolve more rapidly than nuclear 
rRNA genes [93]. Variable sequence regions even among closely related taxa 
can be found, which can be utilized to develop species-specific probes for 
specific detections of fungi. 

For this purpose, we sequenced partial mt SSU rDNA from 32 fungal 
strains representing 31 species from 16 genera (see Table 1 in Paper I for 
accession numbers). Most of these species are common airborne fungi and 
pathogens that may cause various public health concerns. The length of the 
rDNA segment in the 32 fungi ranged from 777 bp in Fusarium culmorum to 
558 bp in Wallemia sebi. Sequence alignment showed several conserved and 
highly variable regions (Fig. 2, Paper I). Based on the variable regions in the 
alignment, 24 species-specific probes were designed (Table 4). Sequence 
homology search in GenBank indicated that the partial mt SSU rDNA sequence 
of Fusarium culmorum was only a single base different from Fusarium 
flocciferum (GeneBank: U85553) and Gibberella zeae (GeneBank: U34520). 
Ulocladium botrytis and Ulocladium alternariae (GeneBank: AF229679) 
shared identical sequence, and Chrysonilia sitophila differed from Neurospora 
crassa (GeneBank: L33367) at two far-apart bases. Therefore, it was 
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impossible to design species-specific probe for these three species, Fusarium 
culmorum, Ulocladium botrytis and Chrysonilia sitophila, based on the present 
partial mt SSU rDNA sequence. Similarly, based on the present partial mt SSU 
rDNA sequence, it was difficult to design species-specific probes for 
Aspergillus flavus, Aspergillus fumigatus, Penicillium frequentans and 
Penicillium brevicompactum. Thus, to develop more species-specific probes, 
the partial mt LSU rDNA sequences of these fungal strains were sequenced (see 
Table 1 in Paper II for accession numbers). The sequence lengths of the 32 
fungi ranged from 432 bp in Penicillium brevicompactum to 233 bp in 
Fusarium culmorum and Rhizopus microsporus. The alignment matrix of the 32 
sequences revealed a variable region (alignment positions 160–400) containing 
many indels (Fig. 2, Paper II). Although the sequences of Aspergillus and 
Penicillium species are conserved, variable sites were observed in this region. 
Thus, based on these variable regions, 26 species-specific probes were designed 
(Table 4). 

The specificity of these probes (Table 4) was first evaluated through 
homology search against GenBank database 
(http://www.ncbi.nlm.nih.gov/BLAST/) using the BLAST function. All probes 
listed in Table 4 had >25% mismatches to any other fungal sequences in the 
GenBank. To further investigate the specificity of these probes, all probes were 
verified through hybridization experiments to 38 fungal strains (Fig. 3, Paper I 
and II). The optimal hybridization temperatures for each of the 50 probes are 
indicated in Table 4. Forty-eight of the 50 probes presented in Table 4 were 
verified as highly specific to 25 fungal species (Fig. 3, Paper I and II). All these 
fungi are commonly found in various living and working environments and 
have the potential to cause health problems. 

The detection limit of single-step PCR amplification and PCR followed 
by probe hybridization assays were evaluated by testing a dilution series of 
Aspergillus flavus genomic DNA with fungal universal primers ML1/2 and 
species-specific probe ML.Asp.flav-H1. The results showed that the PCR 
detection limit using the fungal universal primer pair ML1/2 was 0.5 ng 
genomic DNA (Fig. 6A1). PCR-hybridization assay was approximately 10-fold 
more sensitive than PCR alone and can detect 0.05 ng genomic DNA (Fig. 
6A2). Universal primers, due to imperfect match to some of the templates, may 
have lower detection sensitivity compared to perfect-matching specific primers. 
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By designing primers (ML.Asp.flav-P1: 5’-TACTAGTCAGTTTTGTCTTTC-
3’, ML.Asp.flav-P2: 5’-GTTAATTTTAGATGCAAGCAA-3’) 100% matching 
to Aspergillus flavus mt LSU rDNA, we observed an increase of 10,000-fold in 
detection limit to 50 fg genomic DNA (Fig. 6B1). Consistently, the subsequent 
hybridization detection gave a 10-fold increase from the PCR level (Fig. 6B2). 
Although not as sensitive as specific primers, universal primers have the 
advantage of being applicable to unknown or composite samples, especially if it 
is a sample of minor quantity. After PCR amplification with universal primers, 
the product can be further analyzed with series of highly specific probes for the 
identification of species composition. This would be a very practical procedure 
for environmental sample screening. 

 
 
 

 
 
 
 
 
 
 
 
 
Figure 6. PCR detection limit was tested using fungal universal primer pair 
ML1/2 (A1) and specific primer pair ML.Asp.flav-P1/2 (B1). The PCR 
products were further analyzed by hybridization to probe ML.Asp.flav-H1 (A2, 
B2). Lanes 1–7 each was amplified from: 5×10−1, 5×10−2, 5×10−3, 5×10−4, 
5×10−5, 5×10−6 and 5×10−7ng A. flavus genomic DNA, Lane 8: negative 
control. 
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Table 4. The specific probes developed from mt SSU and LSU rDNA 
sequences, and their optimal hybridization temperatures. MS and ML in probe 
names indicate the origin of the probe from mt SSU rDNA and mt LSU rDNA 
sequence, respectively. 
     Hybridization 
Designed for Probe name Probe sequence (5’ - 3’) temp. °C 
Aspergillus niger  MS.Asp.nige-H1 TGGTATTTGCGTATTTTATCCC 54 
 MS.Asp.nige-H2 ATTGTATTTCTtGAATACATTTACA 50 
 ML.Asp.nige-H1 GTTTCTTGGCTTTTTACCAAGAA  47 
Aspergillus flavus  ML.Asp.flav-H1 GTTCCATGCGCAAAGCGCACGAA 45 
Aspergillus fumigatus  ML.Asp.fumi-H1 GTTTTATGCGAAAAGCGCATAAA 45 
Aspergillus ochraceus  MS.Asp.ochr-H1 TGGTATCAAAAGATTATATCCCTAC 50 
 MS.Asp.ochr-H2 AAGCTAAATAAAATCTAGCCT 40 
 ML.Asp.ochr-H1 AGTTACTTGCTACTTTTCCAAGT 54 
Aspergillus penicilloides  MS.Asp.peni-H1 AATTTATTTTCTAGTCTTTGGCA 45 
 ML.Asp.peni-H1 ATATTGCGCCTTAAACGCTATAG 50 
Cladosporium cladosporioides MS.Cla.clado-H1 GTCTGTTCCCTTTTGAGGCTAGAA 50 
 MS.Cla.clado-H2 GACATAGTCGTTTATATTTATATCCCGA 54 
 ML.Cla.clado-H1  GCAGCTAAATCTAAAACTCTT 45 
 ML.Cla.clado-H2 GGTAATCATTCTCAGTTTACTC 50 
Chrysonilia sitophila  ML.Chr.sito-H1 TATGTAGCCGCCATACTGAAAAC 55 
Eurotium herbariorum ML.Eur.herb-H1 CTAATCACATTCGTAATTGC 48 
Fusarium culmorum  ML.Fus.culm-H1 ACGTAGAATCTCGCATCTAATGTT 53 
Microdochium nivale MS.Mic.niva-H1 ACAGGTAGAATTTCATTTGAATAA 51 
 MS.Mic.niva-H2 TTTATATAACCACAAGGGTATT 40 
 ML.Mic.niva-H1 TACGCGGTTTTGCTCGCATC 60 
 ML.Mic.niva-H2 AATTCATTTTGTTAATCATCGG 45 
Mucor plumbeus MS.Muc.plum-H1 ATTCATTTAGTTCGATACCTTTC 56 
Paecilomyces lilacinus MS.Pae.lila-H1 TTCTTTACTGACAAACTAAGTTAT 51 
 MS.Pae.lila-H2 TCTATGATATAATCAAAATAAGA 38 
 ML. Pae.lila-H1 ACGCGTGAACTCGCATCTAATGT 53 
Paecilomyces variotii MS.Pae.vari-H1 TGTATTATTACTAATACATTTTCA 45 
 ML.Pae.vari-H1 AAGCTAGATTTTGTATAATCATCG 50 
Penicillium commune  MS.Pen.comm-H1 TTAAATATATTTATCTAATG 34 
 ML.Pen.comm-H1 TAGACATAATGTCTAATGTTCT 45 
Penicillium brevicompactum ML.Pen.brev-H1 CCCTCCTTATTAGATTTTACT 43 
 ML.Pen.brev-H2 TACTAAATTAAGCATAACTTAA 34 
Penicillium chrysogenum  MS.Pen.chry-H1 TGTAACCATACAAGTTACATAGACA 47 
 ML.Pen.chry-H1 ATATCTATATTGTTATCATCTATTG 48 
 ML.Pen.chry-H2 TTGTAAATGATAATATTCTAAAT 40 
Penicillium frequentans  ML.Pen.freq-H1 CAAAATTTTTAGGTTCATTGCTTG 50 
 ML.Pen.freq-H2 TCTAAGCAAATACTACTAATTTT 40 
Penicillium italicum  MS.Pen.ital-H1 AACCGCTAATGAACCGATACAAAATTTC 60 
 ML.Pen.ital-H1 TTATACATATATTATTATGTAT 34 
Rhizopus microsporus var. 
rhizopodiformis MS.Rhi.micr-H1 ATTCGTTTAGTTTGATATCCTTC 56 

Stachybotrys dichroa MS.Sta.dich-H2 GTATTTATTTTTTTTACTTAGAC 40 
Stachybotrys kampalensis MS.Sta.kampa-H1 TTACTAAAAAAGCTATTAATTAATAT 40 
 MS.Sta.kampa-H2 TTTTACTATCTAGATTGGACTTA 45 
Stachybotrys oenanthes MS.Sta.oena-H1 CTTTGACAAAATAAAATTCTAAAGA 51 
 MS.Sta.oena-H2 ACCTTTTTATTATCTAACTAGAAC 40 
 ML.Sta.oena-H1 CGCATGTTTCAAATACACGCTTGCA 50 
Wallemia sebi MS.Wal.sebi-H1 CCAACGTGCTCAAAACACCCATTAG 50 
 MS.Wal.sebi-H2 ATTATGAATATACCCTACTC 38 
Wallemia sebi  ML.Wal.sebi-H1 CACCATAGCTATTTTATAACTAAG 47 
 ML.Wal.sebi-H2 TCACTAGGACTTCTCTTATAT 45 
Ulocladium botrytis  ML.Ulo.botr-H1 TATTCACTATTCTACTCTCATTTA 43 
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3.2 Specific and sensitive detection of the conifer pathogen 
Gremmeniella abietina by nested PCR. (Paper III) 

The conifer tree pathogen Gremmeniella abietina (Lagerb.) Morelet is 
among the most destructive forest pathogens in the northern hemisphere [170]. 
This fungus has a broad host range, including many conifer species of the 
genera Pinus, Abies, Picea, Larix, Tsuga and Pseudotsuga [171-173]. Based on 
the morphological, physiological, pathogenic and biochemical characters and 
molecular markers G. abietina is divided into EU race and NA race. In 
Scandinavia G. abietina is divided into two biotypes: large tree type (LTT = A 
type) and small tree type (STT = B type) [170, 174]. The STT infects only 
small trees covered by snow during the winter, and the LTT can damage host 
trees of all sizes [170, 174, 175]. 

Gremmeniella abietina occurs throughout Scandinavia and causes 
damage to the two native conifers Picea abies and Pinus sylvestris, as well as 
the introduced species Pinus contorta by causing stem canker and shoot 
dieback (Fig. 7) [176, 177]. Large-scale epidemics usually begin after cloudy, 
cold and rainy growing seasons [178]. The most recent severe G. abietina 
attack in Sweden occurred in the 2001 - 2003 [179]. According to the Swedish 
National Forest Survey, approximate 300,000, 220,000 and 484,000 hectare of 
forest was moderately or severely damaged in 2001, 2002 and 2003, 
respectively [174, 179]. 

Under favorable conditions, the life cycle of G. abietina takes two years 
to complete [180]. The fungus may grow in the host as an endophyte for more 
than one year [181, 182], and infected trees can remain undetected for several 
years before manifesting visible symptoms. This poses difficulties for 
diagnosing disease at an early stage, using asymptomatic materials. Nursery 
seedling inspection and quarantine control require sensitive detection methods 
to limit the spread of the pathogen. Thus, there is a need for development of 
specific and sensitive methods to directly detect G. abietina from plant 
materials without fungal isolation and subsequent cultivation. 
 
 
 
 
 

 42



 
 
 
 
 
 
 
 
 
 
Figure 7. A and B, dieback and stem canker caused by G. abietina. C, the pine 
forest damaged by G. abietina (the red area). Photo by Jesper Witzell. 

 
 
Eleven G. abietina isolates representing EU race, NA race and LTT and 

STT types were sequenced for the nuclear 18S rRNA gene. All the isolates 
produced identical sequences, with one exception of a single substitution 
among them (GenBank accession numbers see Table 1, Paper III). This 
demonstrates the conserved nature of 18S rDNA in G. abietina. This sequence 
was aligned with the 18S rDNA sequences of 31 other fungal strains listed in 
Table 2 of Paper III as well as 40 Helotiales and Rhytismatales fungi accessed 
from GenBank. The inclusion of Helotiales and Rhytismatales is due to their 
close phylogenetic relationship to G. abietina [183]. Unique sequence patterns 
of G. abietina were used to design specific primers. Two pairs of specific 
primers, NS.Grem3/4 and NS.Grem5/6 (Fig. 1, Paper III), were designed for G. 
abietina. These primers were validated against a wide range of fungi and 14 
potential conifer hosts (Fig. 2B and C, Paper III). Using these specific primers, 
two nested PCR systems were developed. The first system employed universal 
fungal primers NS1/8 to enrich the fungal DNA targets from the host tissues in 
the first round, followed by a second round of selective amplification of the 
pathogen using specific primer pairs NS.Grem3/4 or NS.Grem5/6 (Fig. 1, Paper 
III). The other nested PCR system employed G. abietina-specific primer pair 
NS.Grem3/4 in the first round PCR, and NS.Grem5/6 in the second PCR. To 
ensure the specificity of the nested PCR assays, genomic DNA of 27 G. 
abietina strains, 31 other fungal strains and 14 potential conifer hosts were 
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examined. The nested PCR systems showed high specificity for all strains of G. 
abietina. 

If the method is to be used for early detection of infection in bulked 
samples in forest practice, a high sensitivity is required. The detection 
sensitivity tests indicated 0.15 ng (1.5×105 fg) G. abietina DNA can be detected 
by the universal primer pair (NS1/8) and the two specific primer pairs 
(NS.Grem3/4 and NS.Grem5/6) in single-step PCR assays (Fig. 3, Paper III). 
Using the nested PCR systems, as little as 15 fg G. abietina DNA can be 
detected, which is approximately equivalent to a single fungal genome (Fig. 8, 
Test 1 and Table 5). The presence of high concentration of host DNA did not 
affect the detection of G. abietina. However, detection limit of G. abietina 
decreased in the presence of high concentration of composite fungal 
background when universal primer pair was used in the first round PCR and 
specific primer pairs in the second round PCR (Fig. 8a and b, Test 3). In 
contrast, the detection sensitivity of the nested PCR using the specific primers 
in both PCR steps was not affected by the presence of other fungal DNA (Fig. 
8c Test 3). 

To test the ability of the nested PCR systems to directly detect G. 
abietina infection in conifer trees, both brown and green needles from the 
infected trees of Pinus contorta were used for DNA isolation and PCR 
amplifications. All the nested PCR assays detected G. abietina in the needle 
samples from the infected twigs. Neither the healthy P. contorta sample, nor 
the negative control produced any amplification product (Fig. 5, Paper III). This 
demonstrates that the nested PCR procedures can be applied to forest samples 
for infection diagnosis.  

The methods described in this study can be applied directly to a wide 
range of conifer host, without the need for fungal isolation and cultivation. 
Therefore, it represents a promising alternative to disease inspection in forest 
nurseries, plantations and quarantine control facilities. 
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Table 5. DNA dilutions and mixtures used in the sensitivity test. The relative 
abundance of G. abietina DNA to the other genomic background DNA is 
indicated in parentheses. 

 Test 1 
G. abietina 

Test 2 
G. abietina + P. contorta 

Test 3 
G. abietina + 7 fungi mix 

Sample 
1 
2 
3 
4 
5 
6 
7 
 

 
5×10-1 ng/µl 
5×10-2 ng/µl 
5×10-3 ng/µl 
5×10-4 ng/µl 
5×10-5 ng/µl 
5×10-6 ng/µl 
5×10-7 ng/µl 
3µl in PCR 

 
5×10-1 ng/µl + 4 ng/µl (1:8) 
5×10-2 ng/µl + 4 ng/µl (1:80) 
5×10-3 ng/µl + 4 ng/µl (1:800) 
5×10-4 ng/µl + 4 ng/µl (1:8000) 
5×10-5 ng/µl + 4 ng/µl (1:80000) 
5×10-6 ng/µl + 4 ng/µl (1:800000) 
5×10-7 ng/µl + 4 ng/µl (1:8000000) 
1:1 vol. mix, 3µl in PCR 

 
5×10-1 ng/µl + 6 ng/µl (1:12) 
5×10-2 ng/µl + 6 ng/µl (1:120) 
5×10-3 ng/µl + 6 ng/µl (1:1200) 
5×10-4 ng/µl + 6 ng/µl (1:12000) 
5×10-5 ng/µl + 6 ng/µl (1:120000) 
5×10-6 ng/µl + 6 ng/µl (1:1200000) 
5×10-7 ng/µl + 6 ng/µl (1:12000000) 
1:1 vol. mix, 3 µl in PCR 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Comparison of the detection sensitivity between different nested PCR 
setups. Test 1, G. abietina; Test 2, G. abietina mixed with P. contorta; Test 3, 
G. abietina mixed with seven other fungi, in amplifications with NS1/8-
NS.Grem3/4 (a), NS1/8-NS.Grem5/6 (b) and NS.Grem3/4-NS.Grem5/6 (c). 
See Table 5 for DNA contents in each lane. 
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3.3 Detection and quantification of Wallemia sebi in aerosols by real-
time PCR, conventional PCR and cultivation. (Paper IV) 

Among numerous microorganisms present in air, fungal spores are the 
most encountered in the agriculture environments, and they have the potential 
to affect farmers’ health. Among the pathogenic fungi, Wallemia sebi has been 
suspected to be a causative agent of farmer’s lung disease (FLD) [184]. 
Wallemia sebi is a xerophilic mold capable of growth over a wide range of 
water activity from 0.69 to 0.997 [185]. The presence of W. sebi in different 
environments has often been overlooked due to its slow growth on commonly 
used culture media, such as MEA medium, and thus is often obscured by the 
fast growing fungi. Recently, with the use of a selective culture medium for 
xerophilic fungi, W. sebi has been found to be common in agricultural 
environments [14, 18, 184, 186]. Because of its small-sized spores (2.5 - 3.5 
µm in diameter) [79] W. sebi can easily reach the respiratory bronchioles when 
inhaled. Wallemia sebi has been suspected to be a causative agent of human 
allergies, particularly bronchial asthma [187]. Elevated levels of 
immunoglobulin G (IgG) antibodies are observed among Finnish farmers 
exposed to W. sebi [18]. In eastern France, W. sebi has also been identified as 
playing a role in farmer’s lung disease [184]. To monitor the exposure risk to 
W. sebi in agriculture environments, specific quantitation method that measures 
the presence of W. sebi in aerosols is needed. 

In this study, W. sebi isolates were sequenced for the nuclear 18S rDNA 
sequence. This sequence was aligned with the 18S rDNA sequences of 36 other 
fungal species from 16 genera of common airborne fungi (Table 1, Paper IV) 
and additional 33 mitosporic Ascomycota fungi accessed from GenBank. Based 
on the variable regions in the multiple alignment, two pairs of primers were 
designed: Wall-SYB4/6 (5’-GTAGTGAACTATATTGAAGAA-3’ and 5’-
ATGAGTCAATAATATAACGTC-3’) and Wall-SYB7/8 (5’-
GATTGGATGACGTTATATTAT-3’ and 5’-ACAACAAAATGTCGTACCG-
3’). To ensure the specificity of the PCR assays, these primers were screened 
against sequences in GenBank by using the BLAST function 
(http://www.ncbi.nlm.nih.gov/BLAST/) to examine their possible homology to 
other fungi. The results showed that all the four primers maintained a mismatch 
of >25% to any other fungal sequences in the GenBank database. To further 
ensure the specificity of the PCR assay, the two primer pairs were tested in 
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conventional PCR and real-time PCR. All 31 W. sebi isolates gave identical 
amplification patterns, while none of the other 36 fungal species tested gave 
amplification product when these two primer sets were used in conventional 
PCR (Fig. 1A and B, Paper IV). In the real-time PCR assays, all isolates of W. 
sebi gave strong positive fluorescent signals after 12 to 20 cycles, while the 
other 36 fungal DNAs produced very faint signals only after 36 cycles (Fig. 
1C1 and D1, Paper IV). Melting curve analysis indicated that the melting 
temperatures of the PCR products from W. sebi amplified with primer pairs 
Wall-SYB4/6 and Wall-SYB7/8 were 83.0 and 86.0°C, respectively (Fig. 
1C2and D2, Paper IV). No melting peak was observed for any other fungal 
species, except for the weak signals observed after 36 cycles that were 
identified by melt-curve analysis as primer dimers (Fig. 1C2 and D2, Paper IV). 
Thus, the two primer pairs had high specificity for W. sebi. 

The sensitivity of conventional PCR and real-time PCR assay was 
tested on two dilution series of W. sebi genomic DNA (Table 2, Paper IV), with 
and without background fungal DNA. The results showed that the presence of 
other fungal background did not affect the detection of W. sebi in conventional 
PCR and real-time PCR assays. In the conventional PCR, 4.2×10–4 ng of W. 
sebi genomic DNA (about 10 spores) can be detected (Fig. 2A and B, Paper 
IV). In the real-time PCR assay, 4.2×10–5 ng of W. sebi genomic DNA (about 
one spore) can be unambiguously detected (Fig. 2C and D, Paper IV). The real-
time PCR had ten-fold higher sensitivity than conventional PCR. 

Six aerosol samples collected from a Swedish farm were analyzed by 
PCR and cultivation. Three DNA elutions from the DNA purification column 
were collected for each sample. In conventional PCR and real-time PCR assays, 
for most of the samples, the first and the second DNA elution (undiluted) did 
not yield any PCR amplification while the third elution did. When the first and 
the second DNA elution were diluted 100-fold, strong and specific 
amplification was observed in all the six aerosol samples (Fig. 3, Paper IV). 
These results indicated that PCR inhibitors were present in the air samples. 

Based on the standard curve (Fig. 4, Paper IV), the amount of W. sebi 
propagules in the air samples was quantified. Assuming one fungal genome is 
ca. 4.0×10–5 ng (40 fg) DNA, the real-time PCR generated an estimate of 
0.8×107 – 2.1×107 W. sebi spores/m3 in the aerosols, with an average value of 

 47



1.3 × 107 and 1.6×107 spores/m3 by primer set Wall-SYB4/6 and Wall-SYB7/8, 
respectively (Table 6).  

Cultivation of the air samples on DG18 medium revealed 
concentrations of W. sebi of 0.6×106 - 1.3×106 CFU/m3, with a mean value of 
0.9×106 CFU/m3. The real-time PCR gave 10-fold higher estimate than the 
CFU counting. High concentration of W. sebi in cow barns indicates W. sebi is 
one of the dominant fungi in the agriculture environments. The methods 
developed in this study could serve as rapid, specific and sensitive detection 
and quantification for W. sebi in aerosol, and thus facilitate investigations on its 
distribution, clinical diagnosis and exposure risk assessment. 

 
 
 

Table 6. Quantification of W. sebi in aerosol samples by real-time PCR and 
cultivation. 
 

Spores/m3 by real-time PCR detection Air sample Sample volume  CFU/m3

primer set Wall-SYB4/6 primer set Wall-SYB7/8 
1 108 L 1.3 × 106 2.1 × 107 1.9 × 107

2 108 L 1.1 × 106 1.1 × 107 1.4 × 107

3 108 L 0.7 × 106 0.8 × 107 1.5 × 107

4 108 L 0.8 × 106 1.0 × 107 1.7 × 107

5 108 L 1.0 × 106 1.6 × 107 1.3 × 107

6 108 L 0.6 × 106 1.0 × 107 1.5 × 107

Mean  0.9 × 106 1.3 × 107 1.6 × 107
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3.4 Quantitative detection of Cladosporium in aerosols using real-
time PCR. (Paper V) 

Cladosporium is one of the most common airborne molds found in 
indoor and outdoor environments. The abundance of conidia in the atmosphere 
is to a large extent due to their ability to exist and thrive on a wide array of 
substrates, such as plants, wood products, leather goods and foods [188]. 
Cladosporium spores are found throughout the year. Peak levels of up to 105 
spores/m3 are observed in outdoor agriculture environment [149]. Spores are 
prevalent on dry, windy days, and spore clouds may be airborne for long 
distances [189]. Indoors, Cladosporium grows in damp places. Prolonged 
exposure to high concentrations of Cladosporium spores can trigger severe 
asthma and upper respiratory symptoms [189]. The genus Cladosporium 
consists of ca. 60 species [190]. Several species are plant pathogens, and others 
are allergenic fungi [9, 38, 189, 191-193]. Up to date, the detection and 
quantification of Cladosporium in aerosols have relied on microscopic and 
culture techniques [17, 194-196]. Culture-based examinations are time 
consuming and laborious and not all airborne spores can be cultivated due to 
variations in viability. Thus, quantification of airborne fungi based on 
cultivation may not accurately reflect the true concentrations [82, 84, 197]. 
Thus, accurate detection and quantification methods are needed to better clarify 
the distribution of Cladosporium in working and living environments. Although 
it is known that Cladosporium spores are important aeroallergens, the majority 
of Cladosporium species are still not characterized. Development of species-
specific detection and quantification systems for each Cladosporium species is 
not feasible and would be time consuming in applications. Generic group-
specific detection and quantification methods are desirable and would facilitate 
the environmental monitoring of Cladosporium for exposure risk assessment. 
Thus, in this study we aimed at the development of real-time PCR systems for 
generic detection and quantification of Cladosporium. 

Mt SSU rDNA sequences of ten Cladosporium species were sequenced. 
These sequences were aligned with mt SSU rDNA sequences of 24 other fungal 
species. The sequence alignment showed that all species of Cladosporium 
shared the same sequence pattern in the region between alignment positions 81 
and 110, which differed from the other fungi by a 6-bp insertion (Fig. 1, Paper 
V). Another discriminative sequence pattern was observed between alignment 
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positions 172 and 197. Based on these specific regions, two primers (Clado-
SYBRG-PF/R) were designed for a SYBR Green I based real-time PCR assay, 
and another two primers (Clado-TaqMan-PF/R) and a TaqMan probe (Clado-
TaqMan-PB) were designed for a TaqMan probe based real-time PCR system 
(Fig. 1, Paper V). 

To validate the specificity of the real-time PCR assays, the two real-
time PCR systems were used to amplify 45 Cladosporium strains representing 
ten different species and 45 other fungal strains from 16 genera of common 
airborne fungi (Table 1, Paper V). The results showed that in the SYBR Green I 
and TaqMan probe based real-time PCR assays, all isolates of Cladosporium 
gave strong positive fluorescent signals, while the other 45 fungal strains 
produced very faint signals only after 36 cycles (Fig. 2A and B, Paper V). 
Thus, the two real-time PCR systems are highly specific for Cladosporium. 
This study tested 10 of the 60 Cladosporium species, including the most 
common ones in aerosols, such as C. herbarum, C. cladosporioides and C. 
sphaerospermum. These three species are considered to constitute nearly all 
spores of Cladosporium in aerosols [149]. It is impossible for us to include all 
the Cladosporium species in this experiment. Thus, although the two real-time 
PCR systems showed high specificity for all Cladosporium species listed in 
Table 1 of Paper V, they may not be applicable to some of the untested species. 
Further sequence analysis of the whole genus would validate the applicability 
of the methods to other Cladosporium spp. Nevertheless, the most common 
Cladosporium species were included in this study, which validates the 
application value of our methods for generic detection of Cladosporium for 
environmental monitoring. 

The sensitivity of the real-time PCR assays were tested on two dilution 
series of C. cladosporioides genomic DNA, with and without background 
fungal DNA. The results showed that the two real-time PCR systems could 
detect 4×10–5 ng of C. cladosporioides DNA with and without background 
fungal DNA. Assuming one fungal genome is ca. 40 fg DNA [36], the two real-
time PCR systems could potentially detect one fungal spore in one reaction. 

The two real-time PCR systems were employed to quantify 
Cladosporium in aerosols from five different indoor environments. The two 
real-time PCR systems gave similar estimation of Cladosporium concentration 
in each air sample (Table 7). The investigation revealed a high spore 
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concentration of Cladosporium (107/m3) in a cow barn that accounted for 28 – 
44% of total fungal propagules. In a countryside house and a paper and pulp 
factory, the concentrations of Cladosporium were measured at 104 spores/m3, 
which accounted for 2 - 6% of the fungal propagules in the aerosols. In a power 
station and a fruit and vegetable storage, the concentrations were at 103 
spores/m3, which accounted for 0.01-0.1% of the total fungal propagules. 
Detection of Cladosporium through cultivation on MEA medium was also 
performed for these aerosols. For the samples from the paper and pulp factory, 
the cultivation revealed a Cladosporium concentration of 2×103 - 5×103 
CFU/m3 (Table 7). But for the samples from the cow barn and the family house, 
the cultivation failed to detect Cladosporium. The lack of detectable 
Cladosporium by cultivation reflects the detection uncertainty using cultivation. 
Contaminants, spore viability, growth medium and the abundance of other fast 
growing fungi could all have affected the detection of Cladosporium colonies. 

Cladosporium spores are important aeroallergens. The concentration of 
3,000 Cladosporium spores/m3 in the air is suggested as threshold value for 
clinical significance [198]. The results of this study revealed that Cladosporium 
may not be the dominant fungi in some indoor environments but its 
concentration could still be exceeding the threshold value for clinical 
significance. The methods developed in this study could facilitate accurate 
detection and quantification of Cladosporium for public health related risk 
assessment. 
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Table 7. Quantification of Cladosporium and total fungal spores in aerosols by 
real-time PCR, microscopic examination and cultivation. Mean values are 
given in parentheses. 
 

Cladosporium spores/m3 by real-time PCR with 
Sampling site Number of 

samples 
Cladosporium 
CFU/m3

Total fungal 
spores/m3

SYBR Green I TaqMan probe 

Cow barn        12 ND 
3×107 ~ 5×107 
(4.3×107) 

1.0×106 ~ 1.5×107 
(1.2×107) 

1.6×107 ~ 2.1×107 
(1.9×107) 

Countryside house        5 ND 
6×105 ~ 2×106 
(1.4×106) 

1.5×104 ~ 6.3×104 
(3.1×104) 

5.1×104 ~ 9.9×104 
(6.8×104) 

Fruit and vegetable 
storage        4 NT 

1×107 ~ 2×107 
(1.8×107) 

4.7×102 ~ 6.9×103 
(2.5×103) 

5.0×102 ~ 2.4×103 
(1.2×103) 

Power station         12 NT 
1×106 ~ 1×107 
(4.7×106) 

1.0×103 ~ 3.2×103 
(2.3×103) 

1.1×103 ~ 9.4×103 
(4.8×103) 

Paper and pulp 
factory         6 2×103 ~ 5×103

4×105 ~ 8×105 
(5.8×105) 

7.3×103 ~ 6.5×104 
(2.5×104) 

1.5×104 ~ 5.8×104 
(3.7×104) 

Lab background        1 NT NT ND ND 
ND: not detected; NT: not tested. 
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4. DISCUSSION 
 
 
4.1 Evaluation of the molecular methods for environmental sample 

analysis 
 
4.1.1 Selection of the target molecule 

In DNA based detections, the target DNA molecules can be grouped as 
high copy number target and low copy number target. High copy number target 
provides good detection sensitivity. In fungal diagnostic research, rDNA are 
often utilized. In fungi, nuclear 18S rDNA comprises conserved and variable 
regions. This allows the design of universal primers based on the conserved 
regions, which will amplify a segment of the 18S rRNA gene cluster from a 
large number of fungal species, as well as of species-specific markers based on 
the variable regions, which can be used to identify species [96]. For example, 
based on the conserved regions of fungal nuclear 18S rDNA sequence genus-
specific probes and primers are developed [105, 112, 169], and based on the 
variable regions species-specific primers are developed (Paper III and IV). 
Compared to mitochondrial rDNA, nuclear rDNA sequence is more conserved 
[93]. For certain groups of fungi, it can be difficult to design species-specific 
markers based on the nuclear rRNA genes. In a previous study of our 
laboratory, 49 fungal strains representing 31 species from 15 genera were 
sequenced for the nuclear 18S rDNA. Only seven fungal species could be 
specifically identified by the probes from these sequences [169]. However, 
based on the mt rDNA sequences of these fungal strains, 25 fungal species 
(Table 4) can be specifically identified. This indicates that mt rDNA is a good 
molecular target for designing species-specific markers. 

The most important consideration in marker development is the genetic 
stability. Intraspecific variation will make ‘species-specific’ marker unstable. 
The ITS sequence evolves rapidly, and significant variations within a species or 
even within a genome have been reported for fungi and plants [97-99]. This 
region has been often used in analysis at lower taxonomic levels (e.g. within 
species). Specific markers from the ITS region are potentially unstable because 
of the high mutation rate, and would need to be validated by extensive sample 
testing. In Paper III, different G. abietina biotypes (NA, EU, Asian race and 
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var. balsamea, GenBank accession No. U72256 – 72260 and AF260815) show 
13% variation in ITS regions. Thus, species-specific markers from the ITS 
region are difficult to develop. The 18S rDNA sequences from G. abietina of 
NA, EU, LTT and STT race/types are almost identical. Thus, markers from 
conserved rDNA are more applicable for species or genus level detections. 

 
 

4.1.2 Detection specificity 
DNA isolated from environmental samples contains DNAs of many 

known and unknown organisms. Thus, high specificity of the PCR assay is 
necessary to accurately detect and quantify the target fungal species. The 
specificity of a PCR assay is mainly determined by the primers [95]. Thus, 
emphasis should be placed on extensive sequence analysis and careful primer 
and probe design (see sections 1.4.2 and 1.4.4 in this thesis). The PCR 
conditions also affect the specificity of a PCR assay [164]. In the standard PCR, 
high annealing temperature, low Mg2+ concentration and short annealing time 
will improve the specificity of PCR. In this thesis, all the PCR conditions were 
optimized by testing a range of annealing temperatures, Mg2+ concentrations 
and annealing time. 

In the hybridization assays, hybridization temperature is critical for the 
specificity of each oligonucleotide probe. The suitable hybridization 
temperature depends on the nucleotide sequences and the length of the probe. 
Low hybridization temperature will increase nonspecific binding of the 
nontarget DNA. Temperature exceeding the suitable hybridization temperature 
will weaken the hybridization signal. For example, the probe MS.Muc.plum-H1 
(Table 4) is highly specific to Mucor plumbeus under the optimal hybridization 
temperature 56°C. When the hybridization temperature decreased to 54 °C, a 
weak hybridization signal appeared in Rhizopus microsporus, and when 
temperature increased to 58°C, the hybridization signal became weak even in 
Mucor plumbeus (Paper I). Thus, various hybridization temperatures should be 
tested for each probe to achieve the best specificity of a hybridization assay. 

In real-time PCR assays, some reports showed that SYBR Green I 
based assays are not as specific as TaqMan probe based assays [199-201]. The 
TaqMan probe based real-time PCR assay measures the fluorescence released 
during primer extension as the 5’-nuclease activity of Taq DNA polymerase 
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cleaves a dual-labeled fluorescent hybridization probe, designed to bind inside 
the amplified region. SYBR Green I is an intercalating dye that emits 
fluorescent signal when bind to dsDNA. If the primers are not designed 
properly, the SYBR Green I based assay could have poor specificity due to the 
disturbance of nonspecific PCR products [135]. It is critical that the primers 
used in SYBR Green I based real-time PCR are optimized with high stringency. 
If primers are highly specific to the target DNA, SYBR Green I based real-time 
PCR can have the same detection efficiency as the TaqMan system. The two 
real-time PCR systems developed in Paper V showed similar specificity and 
comparable detection efficiency for Cladosporium (Fig. 3 and Table 3, Paper 
V). 
 
 
4.1.3 Detection sensitivity 

Apart from the specificity, the sensitivity of a detection system is also 
important for diagnostic research. The sensitivity of a PCR assay depends on 
several factors, most importantly on the primer composition, structure and 
homology to the target molecule [108]. The detection sensitivity of perfect-
matching primers is 10,000-fold higher than imperfect matching primers (Paper 
II). Thus, careful design and selection of the primers can significantly improve 
the sensitivity of a PCR assay. 

Compared to single-step PCR, PCR-hybridization assay is 
approximately 10-fold more sensitive than PCR alone (Fig. 4, Paper II). The 
10-fold increase in detection limit by PCR-hybridization assay is also reported 
by other investigations [122, 123, 202]. This increase in detection sensitivity is 
mainly due to the enriched hybridization target after the PCR amplification. 
The nested PCR assay is another sensitive technique. In the detection of the 
plant pathogen Gremmeniella abietina, the nested PCR assay showed a 10,000-
fold increase in detection sensitivity than single-step PCR assay (Paper III), and 
as little as 7.5 fg G. abietina DNA in the host genomic background can be 
detected. Similar detection sensitivity of nested PCR assays is reported by other 
investigations [91, 116, 155, 203]. The real-time PCR assays developed in this 
thesis also showed high sensitivity, and could detect as little as a single fungal 
genome in one reaction (Paper IV and V). 
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Another factor that could influence the DNA-based detection is the 
DNA quality. Inefficient extraction of fungal DNA from environmental 
samples or the presence of inhibitory substances will decrease detection 
sensitivity. DNA composition and concentration can also influence the 
detection sensitivity in certain PCR configurations. For example, in the 
detection of Gremmeniella abietina, a high concentration of composite fungal 
background significantly decreased detection sensitivity when universal fungal 
primers were used in the first round PCR (Fig. 8a and b, Test3). This is mainly 
caused by primer competition in the first round PCR. Since the universal 
primers are compatible with all the fungi in the mixture, the very small 
proportion of G. abietina present (<0.1%) would have little chance to compete 
for the primers. The target template was, therefore, not enriched in the first 
round PCR, which in turn affected the nested PCR sensitivity. This problem 
can be avoided by employing G. abietina-specific primers in both PCR rounds. 
The detection sensitivity of the nested PCR using the specific primers in both 
PCR steps was not affected by the presence of other fungal DNA (Fig. 8c Test 
3). Thus, the nested PCR assay employing the specific primers in both PCR 
steps is a strategy for high sensitivity detection of a pathogen in composite 
samples. 

 
 

4.1.5 Handling of environmental samples 
PCR inhibitor is a main problem when environmental samples are 

examined. Environmental contaminants acting as PCR inhibitors can be co-
extracted with DNA and result in false-negative results. The PCR inhibitors can 
be removed by dilution of the template DNA, further purification by agarose 
gel electrophoresis or various columns and resins [86]. The use of DNA 
dilutions to dilute out the PCR inhibitors also dilutes the DNA present. 
Therefore, in cases where the target organism is present in low numbers, this 
practice may also produce a false-negative result. The implementation of an 
internal positive control could help to distinguish false negatives caused by 
dilution or inhibitors.  

The presence of PCR inhibitors also raises the question of how the 
standard curve in real-time PCR should be constructed to derive accurate 
quantitation for environmental samples. In most studies employing real-time 
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PCR, the standard curve is generated from purified DNA and used to quantify 
environmental samples prepared from a different matrix. If DNA samples 
contain inhibitors, the standard curve made from purified DNA would 
underestimate the real quantity. For absolute quantitation, one should consider 
having the standard curve prepared with the matrix in question. Two procedures 
have been suggested to correct for the matrix difference: spiking the 
unprocessed sample with known amounts of target spores or spiking the 
processed sample with known amounts of target DNA. The first approach, 
spiking a set of parallel unprocessed aerosol samples with a known amount of 
spores, would make the DNA isolation efficiency and PCR inhibitors 
comparable between the standard curve and the sample in the test. A limiting 
factor of this practice is the number of available parallel samples that can be 
spiked for the standard curve. In addition, the standard curve constructed in this 
procedure may not be linear due to different DNA isolation efficiencies at 
different spore concentrations. Spiking the processed sample with a known 
amount of DNA is more realistic but will not correct for the DNA isolation 
efficiency factor. This procedure would reveal the response of the standard 
curve to different amounts of PCR inhibitors, thus helping to derive better 
quantification for environmental samples. In general, accurate and absolute 
quantitation in environmental samples, such as aerosols, still represents a 
technical challenge. More experimental designs should be carried out to 
identify the effects of different factors on the accurate evaluation of 
environmental samples. 

 
 

4.2 Comparison of molecular methods and cultivation 
Many studies show that molecular methods are more sensitive than the 

culture methods in the detection of fungi in clinical specimens and 
environmental samples [86, 204-207]. Culture based methods are biased 
towards identification of rapidly growing fungi and species present in high 
concentrations [76, 147]. There is no ideal medium suitable for all fungi. The 
non-culturable and nonviable spores that are not detectable by culture methods 
can be detected by molecular methods. In this thesis, the real-time PCR based 
detection of W. sebi in aerosols gave 10-fold higher estimates than the CFU 
counting (Paper IV). Similar trend is observed in the quantification of 
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Cladosporium in aerosols from a paper and pulp factory using real-time PCR 
assays versus cultivation (Paper V). For the samples from a cow barn and a 
family house, the cultivation failed to detect Cladosporium. These results 
demonstrate that the molecular methods are more sensitive and reliable than 
culture methods, and gave estimates that better reflect the true concentration of 
fungal propagules in environmental samples. 
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5. CONCLUSIONS 
 
(i) Fungal mt SSU and LSU rDNA containe sufficient amount of variation 

for the development of markers to discriminate even among closely 
related species. We designed 48 probes based on the mt SSU and LSU 
rDNA sequence patterns. These probes were verified as highly specific to 
25 fungal species commonly found in living and working environments. 
These specific probes have potential applications in clinical diagnosis and 
public health-related environmental monitoring. 

 
(ii) Fungal diagnostic research often requires highly specific and sensitive 

detection methods. Nested PCR could be applied to detect a specific 
pathogen in composite environmental samples. The three nested PCR 
systems developed for the conifer tree pathogen G. abietina showed high 
specificity and sensitivity for the pathogen in host tissues. These methods 
could have broad applications in forest protection and disease 
management programs. 

 
(iii) Wallemia sebi is suspected to be associated with farmers’ lung disease. 

Application of real-time PCR methods in the mesurement of W. sebi in 
aerosols from a farm revealed a high concentration of W. sebi spores, 
107/m3 by real-time PCR and 106/m3 by cultivation. This indicates the 
prevalence of W. sebi in agriculture environment. Further studies on its 
metabolic compounds and toxicological effects would shed lights on the 
health effects of exposure to this fungus. 

 
(iv) Cladosporium spores are important aeroallergens. Application of 

quantitative real-time PCR methods in different indoor environments 
revealed that the concentrations of Cladosporium in cow barn, paper and 
pulp factory and countryside house far exceeded the threshold value for 
clinical significance. Prolonged exposure in these environments could 
impose certain health risk. 
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