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Microorganisms are able to produce a wide variety of volatile organic compounds. 
This thesis deals with sampling, analysis and identification of such compounds, 
produced by microorganisms commonly found in buildings.

The volatiles were sampled on adsorbents and analysed by thermal desorption cold 
trap-injection gas chromatography, with flame ionization and mass-spectrometric 
detection. The injection was optimized, with respect to the recovery of adsorbed 
components and the efficiency of the chromatographic separation, using multivariate 
methods. Eight adsorbents were evaluated with the object of finding the most 
suitable for sampling microbial volatiles. Among the adsorbents tested, Tenax TA 
proved to have the best properties for the purpose. Some carbon-containing 
adsorbents, e.g., Tenax GR and Carbopack B, showed a catalytic effect on thermal 
decomposition of some compounds, mainly terpene derivatives.

Five fungal species, Aspergillus versicolor, Pénicillium commune, Cladosporium 
cladosporioides, Paecilomyces variotii and Phialophora fastigiata, and an 
actinomycete, Streptomyces albidoflavus, were cultivated on various artificial media 
and/or building materials. Cultivation was performed in culture flasks, provided 
with air inlet and outlet tubes. Humidified air was constantly led through the flasks, 
and samples were taken by attaching adsorbent tubes to the outlet tubes of the 
flasks. The cultivation medium proved to be of vital importance for metabolite 
production, quantitatively as well as qualitatively. For Streptomyces albidoflavus 
the effect of medium, cultivation temperature, and oxygen and carbon dioxide levels 
in the supplied air on the production of volatiles, was studied using multivariate 
techniques. The medium and the temperature exerted the largest influence, but the 
oxygen and carbon dioxide levels also affected the amounts of some metabolites 
produced.

The produced volatile metabolites were identified by mass spectrometry and 
reference compounds. Alcohols, ketones, sulphur compounds and terpenes were 
most frequently found, but hydrocarbons, ethers and esters were also produced by 
some species. Among the most commonly produced metabolites, which are also 
suggested as potential indicator substances for excessive growth of microorganisms 
in buildings, were 3-methyl-1-butanol, 2-methyl-1-butanol, 3-methyl-2-butanone, 
3-methyl-2-pentanone, dimethyl disulphide, 3-methylfuran, 2,5-dimethylfuran and 
geosmin.
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Identification, Indicator substances, Indoor air, Mass spectrometry, Metabolites, 
Microbial volatile organic compounds, Optimization, Sampling, Sick buildings, 
Thermal desorption, Aspergillus versicolor, Cladosporium cladosporioides, 
Paecilomyces variotii, Pénicillium commune, Phialophora fastigiata, Streptomyces 
albidoflavus.

ISBN: 91-7191-102-2 Arbetslivsinstitutets tryckeri, Umeå, 1995



Svensk titel: Flyktiga metaboliter frän mikroorganismer i inomhusmiljön -  provtagning, analys
och identifiering.

Författare: Anna-Lena Sunesson, Umeå Universitet, Avdelningen för analytisk kemi, S-901 87
Umeå och Arbetslivsinstitutet, kemiska enheten, Box 7654, S-907 13 Umeå, 
Sverige.

Abstract: Mikroorganismer kan producera ett stort antal flyktiga organiska ämnen av olika
slag. Denna avhandling handlar om provtagning, analys och identifiering av sådana 
ämnen, producerade av mikroorganismer som ofta hittas i byggnader.

De flyktiga ämnena provtogs på adsorbenter, injicerades med hjälp av termisk 
desorptions-injektor (med kylM a) på en gaskromatograf, och detekterades med 
flamjonisationsdetektor och masspektrometer. Injektionen optimerades, med 
avseende på utbytet av adsorberade föreningar och effektiviteten i den 
kromatografiska separationen, med hjälp av multivariata metoder. Åtta adsorbenter 
utvärderades för att hitta den bäst lämpade för provtagning av mikrobiellt 
producerade, flyktiga ämnen. Bland de undersökta adsorbentema hade Tenax TA de 
bästa egenskaperna för detta syfte. Vissa kolbaserade adsorbenter, t. ex. Tenax GR 
och Carbopack B, visade sig ha en katalytisk effekt på termisk nedbrytning av vissa 
föreningar, framför allt terpenderivat.

Fem mögelsvampar, Aspergillus versicolor, Pénicillium commune, Cladosporium 
cladosporioides, Paecilomyces variotii och Phialophora fastigio ta, samt en 
aktinomycet, Streptomyces albidoflavus, odlades på olika artificiella medier 
och/eller byggnadsmaterial. Odlingarna utfördes i odlingskolvar, utrustade med 
glasrör där luft kunde ledas in och ut. Befuktad luft leddes kontinuerligt genom 
kolvarna, och prover togs genom att sätta adsorbentrör på kolvarnas utlopp. 
Odlingsmediet visade sig ha avgörande betydelse för metabolitproduktionen, såväl 
kvantitativt som kvalitativt. För Streptomyces albidoflavus undersöktes, med hjälp 
av multivariata tekniker, även vilka effekter odlingstemperaturen, syre- och 
koldioxidhalterna i den tillförda luften hade på metabolitproduktionen. Mediet och 
temperaturen hade störst betydelse, men även syre- och koldioxidhalterna 
påverkade hur mycket som producerades av vissa metaboliter.

De producerade flyktiga ämnena identifierades med hjälp av masspektrometri och 
referenssubstanser. Alkoholer, ketoner, svavelinnehållande ämnen och terpener 
hittades oftast, men även kolväten, etrar och estrar producerades av vissa stammar. 
Bland de metaboliter som producerades oftast var 3-metyl-l -butanol, 2-metyl-1- 
butanol, 3-metyl-2-butanon, 3-metyl-2-pentanon, dimetyldisulfld, 3-metylfuran, 
2,5-dimetylfuran och geosmin. Dessa ämnen, och ytterligare ett antal föreningar, 
föreslås som potentiella indikatorer för onormal växt av mikroorganismer i 
byggnader.

Nyckelord: Adsorbenter, analys, bestämning, gaskromatografi, identifiering, indikator-
öreningar, inomhusluft, masspektrometri, metaboliter, mikrobiella flyktiga 
organiska ämnen, odling, optimering, provtagning, sjuka hus, termisk desorption, 
Aspergillus versicolor, Cladosporium cladosporioides, Paecilomyces variotii, 
Pénicillium commune, Phialophora fastigiata, Streptomyces albidoflavus.
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1. Introduction

1.1 Microorganisms - a general introduction

Organisms too small to be perceived by the human eye, that is, those with a 
diameter of less than 0.1 mm, are called microorganisms. They have a wide 
taxonomic distribution, including some metazoan animals, protozoa, many algae 
and fungi, bacteria and viruses. This thesis concentrates on two kinds of 
microorganisms, fungi and bacteria. Fungi are eucaryotic organisms, most having a 
mycelial growth form. They are heterotrophic, that is they derive all their energy 
from preformed organic nutrients. The nutrients are absorbed through the cell walls, 
and the fungi can secrete extracellular enzymes to degrade polymers that cannot be 
absorbed. The fungi studied are all moulds, belonging to the class Deuteromycotina 
(fungi imperfecti). The bacterium studied belongs to the genus Streptomyces, an 
actinomycete. The actinomycetes are Gram-positive eubacteria, encompassing a 
wide range of genera. Streptomyces are sporoactinomycetes, bacteria with 
branching hyphae and specialized spore-bearing structures -  structures normally 
connected with fungi.

1.2 Primary and secondary metabolites -  a definition

Generally, metabolites are substances produced by a living organism. The 
substances produced are often divided into two main groups: primary and secondary 
metabolites. Primary metabolites are usually defined as the substances needed and 
used by the producing organism, as energy sources and building material or for 
reproduction [1], Primary metabolic pathways are mainly the same for all living 
systems [2]. Secondary metabolites are not considered to have an essential 
metabolic function. They are often distinctive products of particular groups of 
microorganisms -  sometimes even of a single strain. A majority of the secondary 
metabolites are excreted by the producing organism into the surroundings. Several 
suggestions have been put forward to explain why secondary metabolites are 
produced. This could be a way for the organism to excrete unwanted residual 
products from the primary metabolic pathways. They can act as a means of 
communication with the surrounding environment, as attractants or exerting a 
negative influence on competing organisms [1]. Some microorganisms are able to 
produce secondary metabolites which affect the regulation of some of their 
physiological as well as genetic functions [3]. Among the secondary metabolites 
isolated from fungi and bacteria there are numerous compounds known to have 
antibiotic activity, because of their ability to inhibit essential primary metabolic 
processes in other organisms.
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The formation of secondary metabolites requires energy, and either the secondary 
metabolism itself or its products must therefore be beneficial to the producing 
organism. The production is mainly controlled by environmental factors, and 
secondary metabolism has a lower priority for the organism than growth. 
Microorganisms generally produce more secondary metabolites under conditions of 
nutritional stress [1], Secondary metabolites are often produced by metabolic 
pathways involving enzymes which are not used in growth, and in many cases 
production starts after active growth has ceased [2],

1.3 Human use of fungal and bacterial metabolites

A well-known use of microbial metabolites is production of antibiotics from a wide 
range of moulds and bacteria, especially actinomycetes. In 1929, Alexander 
Fleming noted that growth of the bacterium Staphylococcus aureus was inhibited 
by the mould Pénicillium chrysogenum, which had contaminated some of his 
cultures. The active component produced was found to be penicillin G, which 
inhibits the cell-wall synthesis of Gram-positive bacteria. After this revolutionary 
discovery, numerous metabolites with antibiotic activity have been discovered and 
used against a wide variety of infections and for other medical applications.

The use of enzymes produced by fungi has enormous importance for many sections 
of the food-processing industry. People have used baker’s yeast, Saccharomyces 
cerevisiae, as fermenting agent for the production of bread and wine for many 
centuries. Pénicillium camemberti and P. roqueforti are used in the cheese industry 
[4-6], and Aspergillus oryzae for fermentation of soya beans during production of 
soya sauce [7], Fungal enzymes are used to improve the aroma, texture, colour or 
durability of many different foodstuffs. Examples are proteases from Aspergillus 
species used in bread and beer, and pectinases from various moulds used in juice 
and fruit processing and in wine-making [8]. Organic acids, like citric acid, are 
produced by different fungi and are used, for example, for protection against 
oxidation of foodstuffs [8],

Metabolites and various cell components have also been used as a method for 
classification and characterization of microorganisms. Blomquist et al. [9] have 
used fatty acids to characterize various moulds by analysing the gas chromatograms 
of the derivatised fatty acids by pattern recognition analysis. Frisvad et al. have 
used secondary metabolite profiles to identify Pénicillium and Aspergillus species, 
which can otherwise be difficult to classify [10-14], Secondary metabolites have 
also been utilized to characterize various bacteria [15]. In this thesis, the use of 
microbially produced volatile metabolites as indicator substances for growth of 
microorganisms is discussed.
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1.4 What is a sick building?

In recent years, an increasing number of people have voiced complaints concerning 
their indoor environment. This is usually referred to as the sick building syndrome. 
The most common symptoms are eye irritation, irritation of the mucous membranes 
of the nose and throat, lethargy and headache. The American National Research 
Council, Committee on Indoor Air Quality [16], has proposed two distinct 
categories of ill health associated with non-industrial buildings: the sick building 
syndrome and building-related illness. The sick building syndrome is characterized 
by an increased prevalence of the non-specific symptoms mentioned above in more 
than 20% of the work force. Relief of these symptoms usually occurs on absence 
from the building [17]. However, the figure of 20% of the work force does not 
constitute a definitive limit for classification of a building as “sick”. In buildings 
with a few occupants percentages are irrelevant. Moreover, in buildings where a 
large number of people live and/or work, negative health effects can be caused by 
factors in the building, even though less than 20% of the people suffer from the 
symptoms. The term building-related illness is used to describe illness caused by 
exposure to indoor contaminants leading to specific clinical symptoms. Examples 
are humidifier fever, caused by excessive growth of microorganisms in 
contaminated air humidifiers, or, in extreme cases, legionnaires’ disease, caused by 
exposure to Legionella bacteria. These symptoms do not generally disappear when 
the persons concerned leave the building, and often strike only a few workers. The 
sick building syndrome and building-related illness may occur simultaneously 
within a building.

Several scientific disciplines have been applied in an effort to find the causes of the 
health problems associated with non-industrial buildings. Some explanations 
suggested are exposure to biological agents, formaldehyde, combustion by
products, tobacco smoke, radon and volatile organic compounds (VOC). Thermal 
factors often play a role [18, 19]. Insufficient ventilation is often suggested as part 
of the explanation and may also be one reason for the increase in the number of 
reported problems, since the ventilation rates of buildings have often been scaled 
down to save energy [20, 21]. There are, however, investigations that show that the 
occurrence of sick building syndrome is not associated directly with the type of 
ventilation system [22], A Finnish study of day-care centres did not find a link 
between the rate of mechanical ventilation and the sick building syndrome [23],

Many investigations have been carried out into the possible connection between 
mould growth in buildings and health problems for the people who stay in the 
buildings. An increased rate of respiratory symptoms in children living in homes 
where mould growth was demonstrated, compared with children living in reference
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houses, has been claimed [24-27], Links between exposure to moulds in the indoor 
environment and various sick building symptoms among adults have also been 
noted [25, 26, 28-33],

1.5 Fungal and bacterial species in buildings

A number of fungal species are reported as commonly occurring in indoor 
environments. Pénicillium is the most frequently found genus. Like Aspergillus 
species, also commonly found in indoor environments, Pénicillium species are often 
identified only on the genus level. Aiternaria, Cladosporium, Mucor and 
Ulocladium species are also found in most indoor environments. A list of 
commonly reported indoor moulds is presented in Table 1. When several species are 
commonly found within the genus, examples of the most frequently reported species 
are given.

Table 1. Commonly encountered indoor moulds [8, 34-40],

Aiternaria spp Geomyces pannorum
A. alternata Mucor plumbeus

Aspergillus spp Paecilomyces variotii
A. flavus Pénicillium spp
A. fumigatus P. aurantiogriseum
A. niger P. brevicompactum
A. versicolor P. chrysogenum

Aureobasidium pullulons P. commune
Botrytis cinerea P. expansum
Chaetomium globosum Phialophora spp
Cladosporium spp P. fastigiata

C. cladosporioides Phoma spp
C. herbarum P. herbarum
C. sphaerospermum Rhizopus spp

Epicoccum spp Trichoderma spp
Eurotium spp T. viride

E. repens Ulocladium spp
Fusarium spp U. chartarum

F. culmorum U. botrytis
F. monoliforme Wallemia sebi
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Yeasts are also found in indoor environments. The most common genera 
are Rhodotorula and Cryptococcus [34], Bacteria isolated from buildings 
usually include members of the genera Bacillus and Micrococcus [39, 41-44], 
Pseudomonas aeruginosa is reported as a possibly allergenic bacterium isolated, 
for example, from air conditioning systems and humidifiers [39, 41], Other bacteria 
found in indoor environments belong to the genera Staphylococcus, 
Flavobacterium, Streptococcus, Actinetobacter, Alicagenes and Serratia [39, 41, 
44], Streptomyces are also found in buildings [43, 45],

Some fungi found in buildings are able to produce highly toxic metabolites, so- 
called mycotoxins. Examples of toxins from species of moulds isolated from indoor 
air of houses are sterigmatocystin from Aspergillus versicolor, trichothecenes from 
Stachybotrys chartarum and penicillic acid and citrinin from several Pénicillium 
species [10-14, 39, 46], The structures of these compounds are shown in Figure 1. 
A majority of the toxins cannot be classified as volatile and are unlikely to diffuse 
into the air in gaseous form, but they can be bound to spores or dust and might 
cause negative effects on inhalation [46],

III

II
OH

IV

-Rl 

• H

Figure 1. Structures of some toxic metabolites produced by mould species isolated 
from indoor environments. I. Sterigmatocystin II. Basic structure of trichothecenes
III. Penicillic acid IV. Citrinin.
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1.6 Prerequisites for growth of microorganisms in buildings

To be able to grow in buildings, the fungi must satisfy a few basic needs: sufficient 
nutritive substances, moisture and a temperature within a range that permits 
germination, hyphal growth and sporulation.

All fungi need organic carbon compounds as a source of energy and for 
biosynthesis. Almost all fungi utilize glucose and most use maltose, sucrose and 
starch as well [47]. Other sugars or sugar derivatives are common sources, and 
fats, proteins and polysaccharides, such as cellulose, are utilized by fungi. 
A condition is that the organisms should be able to supply the necessary enzymes to 
break down the structures to substances that can be transported through the cell 
membranes of the fungi. Most investigations concerning nitrogen metabolism in 
fungi point to the fact that fungi cannot fix atmospheric nitrogen [48, 49], Most 
fungi can use nitrate as nitrogen source, but ammonium salts and a number of 
organic nitrogen compounds ranging from urea and amino acids to proteins are also 
good nitrogen sources for many fungi [50],

The various building materials present in houses invariably include sufficient 
nutrients for at least some fungal species, and the temperatures of the buildings are 
normally within the limits for fungal growth. Accordingly, the water availability of 
the building material is almost always the critical factor determining whether 
growth of microorganisms occurs or not. Fungi need very humid conditions to 
germinate [35, 51-54], and water damage or condensation of water often precedes 
microbial growth in buildings [55], Different fungi have varying humidity 
requirements for germination. The water content available to microorganisms in a 
material is often quantified in terms of water activity (a*), defined as the partial 
pressure of water in the material relative to that of pure water [56]. The terms 
primary, secondary and tertiary colonizers are sometimes used when discussing 
fungal growth in buildings [35, 56, 57], The primary colonizers, such as 
Aspergillus and Pénicillium species, are able to grow at the lowest humidities 
(aw < 0.8). Secondary colonizers, such as species of Cladosporium, need a water 
activity of at least 0.8-0.9 for growth, and tertiary colonizers, such as Stachybotrys 
and Ulocladium, only grow at aw > 0.9. The temperature and the kinds of nutrients 
available in a substrate can also affect the tolerance of a mould to a particular aw 
[35, 54], If a building material becomes progressively moister, for example, 
because of condensation, the numbers of fungi able to grow on the material will 
increase.
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1.7 Methods for measuring microorganisms in buildings

There are basically four different approaches for measuring abnormal occurrence of 
microorganisms in buildings: 1) sampling and counting of spores and/or bacteria in 
air or house dust 2) analysis of microbial cell-wall components in house dust
3) microscopic examination of building materials damaged by microbial growth and
4) analysis of microbially produced metabolites.

1) The most common method involves sampling of spores or bacteria in air or house 
dust. The microbes are either sampled directly on cultivation media on petri dishes, 
for determination of the number of colony forming units (CFU)/m3, or on different 
kinds of filters or liquid impingers. When sampling with filters or impingers, it is 
possible either to analyse the total amount of spores and/or bacteria sampled, or to 
cultivate and determine CFU/m3. Determination of total amounts of spores/bacteria 
is performed by microscopic methods. When sampling directly on cultivation media 
for CFU analyses, active sampling by means of a slit sampler or a cascade 
impactor, usually an Andersen sampler [58], is the most common practice [59, 60], 
In these techniques, air is pumped through a slit or through six stages of plates with 
decreasing diameter holes in each succeeding plate, and impacted onto a medium 
plate. Sampling on open petri dishes is also frequent, a method that relies on the 
gravitational deposition of mould propagules and bacteria. The last-mentioned 
method cannot be used for quantitative determinations and should be used with care 
for qualitative estimations of the indoor air flora, since the size and form of the 
fungal spores affect their gravitational behaviour [61].

Fungal spores are present everywhere, both in indoor and outdoor environments. In 
houses where no health complaints associated with the indoor environment are 
reported, the air normally contains lO'-lO3 CFU/m3 [62-64], Most investigations of 
spore contents in buildings show little or no difference in CFU/m3 between buildings 
associated with health complaints and those that are not [39, 62, 65-67], This can 
be explained by the fact that microorganisms often grow inside the building 
construction. It also indicates that the adverse health effects might be caused by 
microbially produced volatiles and not by spores in these cases. There are, however, 
some studies showing a difference in species between buildings with and without 
health problems among the residents [28, 67], The main fungal spore sources are 
outdoor air [35, 39, 68], house dust [38, 68-71], room air humidifiers [61, 68, 72] 
or house plants and soil in flowerpots [68]. The season and the outdoor 
surroundings have a highly significant effect on the spore and bacteria levels found 
indoors [67, 73],

2) An alternative method suggested by Rylander et al. [74] involves analysis of
ß-l,3-glucans in house dust. ß-Glucans are polymers of glucose, present in the cell 
walls of most fungi. Fungi belonging to Zygomycotina (for example Mucor and
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Rhizopus), have chitosan, a poorly or non-acetylated form of chitin, as wall 
component instead of glucans [47], Fox and Rosario [75] have shown the 
possibility of using muramic acid, an amino sugar present in the cell walls of both 
Gram-positive and Gram-negative bacteria, as a marker for bacterial contamination 
in house dust.

Both the above-mentioned techniques presuppose that the microorganisms are 
present in the room air or dust.

3) Microscopic investigations of damaged building materials offers a way of 
obtaining an indication of the occurrence of abnormal growth. However, it requires 
samples to be taken at the very site of growth. Another disadvantage is that the 
assessment of the degree of microbial growth is subjective.

4) This thesis concentrates on a fourth principle for measuring microbial growth in 
buildings, namely analysis of microbially produced metabolites. This strategy has 
formerly been suggested for determination of mould growth in stored cereals 
[76-80], Some investigations involving measurement of microbial metabolites in 
buildings have been performed. Miller et al. [71] used three substances as markers 
for fungal growth in buildings in a study of 50 Canadian houses. Ström et al. [81] 
used 13 substances as indicators of microbial contamination in damp buildings. 
Both groups found increased levels of the marker substances in problem buildings 
as compared with reference houses. The use of metabolites as indicators of 
microbial growth in buildings offers several advantages: i) Unlike CFU 
determinations, this method does not require any cultivation, ii) Unlike glucan 
determinations, no biological assay is needed for the analyses, iii) There is no need 
to take samples from the building materials, iv) The main advantage over the two 
first-mentioned methods is, however, that analysis of metabolites would not imply 
air- or dust-bome microorganisms. Metabolites from moulds or bacteria growing 
within walls etc. can diffuse through building materials [81], or reach indoor air by 
air movements in the building construction. Analysis of metabolites might therefore 
be a potential way to detect such sources of microbial contamination as well. This 
is not possible when performing CFU determinations or measuring cell-wall 
components. The main problems concerning marker metabolites as a method have 
been i) the lack of knowledge about the choice of metabolites as indicators ii) the 
concentrations of the substances within the air could be expected to be very low. 
These low concentrations demand a sensitive analytical method.
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2. Aims of the study

The main objectives of this study were:

- to identify volatile metabolites produced by moulds and actinomycetes commonly 
found in buildings afflicted with excessive microbial growth.

• to suggest a suitable method for sampling and analysis of such metabolites.

- to suggest possible marker substances for microbial growth in buildings.

3. Characteristics of the chemical substances focused on 
in the study

Volatile metabolites released by fungi and bacteria differ in composition, molecular 
weight and volatility. There are many reports in the literature concerning aroma 
compounds produced by fungi. The most commonly reported compounds are i) 
alcohols, //) ketones, iii) esters and ;'v) terpenes (see Table 6, pages 56-65). Those 
compound classes, and several others, could consequently be expected to be found 
from cultures of common indoor air microbes.

There is no distinct and universally prevailing definition as to which substances 
should be classified as volatile. The molecular weight, the number of carbon atoms 
in a molecule and its boiling point can all give some indication about the volatility 
of the compound. Other measures are the molar entropy of vaporization of liquids 
and sublimation of solids [82], However, there is no distinct limit under which 
compounds are considered volatile and over which they are defined as non-volatile. 
The World Health Organization has suggested a classification of organic indoor 
pollutants based on boiling points [83], The intervals for the various classes are 
shown in Figure 2. However, the boiling point is not the only property influencing 
the volatility of a compound. Such factors as vapour pressure are also of 
importance. Besides, the boiling points are not known for all compounds that can be 
found from air samples. The substances focused on in this study are all volatile in 
so far as they are released from the cultures into the air in gaseous state in 
detectable amounts. Only metabolites easily adsorbed on, and desorbed from, 
commercially available adsorbents are studied. This sampling and analysis method 
covers all compound classes listed above. Less attention has been given to the most 
volatile metabolites, such as carbon dioxide, because they have not been considered 
as being of main interest as potential microbial markers. Nor has attention been 
focused on compounds which require totally different methods for sampling and 
analysis, such as volatile amines [84], or volatile aldehydes, such as formaldehyde
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[85], A main object of the work has been to find a single sampling and analysis 
method which embraces as many volatile compounds as possible, and methods 
applicable specially to one compound class only have therefore been considered of 
less interest. Sampling on adsorbents and analysis by gas chromatography-mass 
spectrometry is by far the most promising method for the purpose.
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Figure 2. Classification of organic indoor pollutants according to WHO [83], 
W OC = very volatile organic compounds, VOC = volatile organic compounds, 
SVOC = semi-volatile organic compounds and POM = organic compounds 
associated with particulate matter.
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4. Methods for sampling and analysis

4.1 Sampling of airborne compounds

The levels of microbial compounds found in indoor air can be expected to be low 
(pg/m3-levels). These substances are present together with compounds from other 
sources, for example, from the outdoor air, the building materials themselves, 
household chemicals, and compounds caused by all kinds of human activity. All 
these factors make great demands upon the sampling and analytical technique, to 
enable sampling, separation and determination of the compounds of interest in such 
a complex matrix.

Sampling of airborne compounds can be performed in several different ways. The 
simplest method, which has sometimes been used in headspace analysis [86, 87], is 
to fill a gastight syringe with the air of interest and inject it directly onto a gas- 
chromatographic column. However, preconcentration before analysis of the 
compounds of interest is almost always necessary. This can be done by sucking the 
air through gas bubblers or impingers, and then injecting a small aliquot of the 
liquid onto the column of a gas chromatograph [88], Another possibility is to collect 
air samples in canisters and perform analysis by passing the sample through a cold 
trap, which is then thermally desorbed [89, 90], Direct cryogenic preconcentration 
of volatiles in air for automated sampling and analysis using a specially designed 
cryotrap mounted on a gas chromatograph was described by McClenny et al. [91]. 
This technique requires the analysis equipment to be located at the sampling site or 
the samples to be supplied from canisters. However, sampling on adsorbents has the 
widest application and is incontrovertibly the most commonly used method for 
sample collection of airborne compounds for gas- chromatographic analysis.

Sampling on adsorbents can be performed according to two different principles: 
dynamic (active) or diffusive (passive) sampling. In dynamic sampling, air is 
sucked through the adsorption tube at a known flow-rate using a pump. The total 
sample volume is calculated from the flow-rate and sampling time. The technique 
makes it possible to sample larger volumes of air in a shorter time than diffusive 
sampling, but it requires the pump to fulfil several basic criteria regarding 
reliability, precision and flow-rate stability. Diffusive sampling is based on gaseous 
diffusion of substances from the atmosphere to the adsorbent. The uptake on the 
adsorbent is related to the concentration of the compounds in the atmosphere. The 
technique demands exact knowledge of the geometry of the sampling device. If the 
identities of the substances of interest are known, the diffusion coefficients can be 
computed and the concentrations of the analytes in the sampled atmosphere can be 
calculated [92], Diffusive sampling is easy to handle, but involves longer sampling 
times than dynamic sampling and makes greater demands upon the precision of the 
packing of adsorbent tubes. There is a risk of loss of adsorbed components by back-
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diffusion into the surrounding atmosphere. The extent of back-diffusion is mainly 
determined by the capacity of the adsorbent for the adsorbate at issue, and can be 
evaluated according to standard procedures [93], Such complications are avoided if 
the sampling is based on the use of reagent-coated adsorbents (chemosorption) [85]. 
This method involves a reaction between the substance(s) of interest and a chemical 
component in the sampler, which binds the trapped compound(s) on the sampler 
until desorption.

4.2 Gas chromatography and thermal desorption

High-performance gas chromatography is an excellent technique for separation of 
complex mixtures of volatile compounds. It also offers high sensitivity, precision 
and reasonable speed, and can be combined with a wide variety of detectors. Low 
concentrations of the substances of interest in the air necessitate preconcentration of 
the compounds before analysis. This is, as previously described, usually done by 
sampling the compounds in the air on solid adsorbents. Transfer of the sampled 
substances to the gas-chromatographic column may be effected on the basis of two 
different principles: 1) solvent extraction and subsequent injection of the liquid 
sample, or 2) thermal desorption(-cold trap)-injection.

1) In solvent extraction, the adsorbent is removed from the sampling tube and the 
trapped compounds are extracted by an appropriate solvent. A small aliquot is then 
injected onto the chromatographic column. Several injection techniques are 
available, the most common being i) split injection ii) splitless injection and iti)  on- 
column injection. The first two methods are flash vaporization techniques, where 
the sample is vaporized in a liner inlet in an injector before entering the column. In 
on-column injection, the sample is injected directly onto a capillary column without 
preceding vaporization.

i) In the case of split injection, the sample is split into two unequal portions in 
the injector, and the smaller part goes onto the column. The method is 
convenient to use for samples where the concentrations of solutes are high 
enough to permit splitting. Since the injector must be operated at high 
temperatures to permit the fast vaporization required, the technique should be 
applied to thermally stable solutes. It gives only a small solvent peak, which is 
an advantage when compounds eluting close to the solvent are analysed. 
However, splitting results in a risk of sample discrimination. The splitting 
behaviour can be affected by differences in molecular weights of the solutes, 
their polarity and concentration, the injected volume, inlet temperature, split 
ratio and inlet pressure [94], The large losses of analytes during splitting makes 
this injection technique inappropriate for trace analysis.
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ii) In splitless injection, the whole vaporized sample goes onto the column, 
where the solutes are reconcentrated at the beginning of the column. The 
reconcentration is based on solvent effect [95, 96] or cold trapping by low 
column temperature. This is a much used injection technique for routine gas- 
chromatographic separations of a wide variety of samples, as it is easily 
automated and much more sensitive than split injection. Disadvantages are the 
critical operational conditions, especially for complex samples containing 
compounds with a large spread in boiling points. The injector temperature, the 
time in which the syringe needle is positioned in the heated injector, the delay 
time in activating the injector purge flow, the carrier gas flow-rate, the column 
temperature, and the boiling point and amount of the solvent are important 
experimental variables that should be taken into consideration when optimizing 
the splitless injection [96-98], Lower injection temperatures are required than in 
the case of split injection, since vaporization can occur more slowly. This 
lessens the risk of thermal decomposition of sample components [99],

Hi) On-column injection is a cool injection technique, where the sample is 
introduced directly onto the column. This diminishes the problems of solute 
decomposition and thermally catalysed rearrangements. It also reduces 
discrimination problems to a minimum [100, 101]. Thus, on-column injection is 
the most reliable liquid injection technique for gas chromatography. It is well 
suited to most samples, with some exceptions, such as the analysis of solutes 
eluting before the solvent. The direct introduction of the entire liquid sample 
onto the column makes greater demands upon sample purity than split/splitless 
injection. Non-volatile sample contaminants may cause damage to the column 
[101].

The choice of extraction solvent is important for ensuring a satisfactory recovery of 
the trapped analytes from the adsorbent. Not all adsorbents are appropriate for all 
solvents, because of dissolution of the sorbent. Tenax is, for example, soluble in 
such solvents as carbon disulphide, tetrahydrofuran and lower, chlorinated 
hydrocarbons [102],

2) In thermal desorption, the compounds trapped on the adsorbent tubes are 
desorbed by heating the tube in a desorption oven in a stream of carrier gas, which 
transfers the substances to the column of a gas chromatograph. The desorbed 
compounds are usually reconcentrated in a cold trap before entering the column, in 
order to avoid broad, tailing peaks caused by slow desorption from the adsorbent. 
The cold trap can consist of a piece of open tubular capillary column, as in the 
commercial thermal desorption injector from Chrompack (Figure 3), or be packed 
with a small amount of an adsorbent, as in the ATD 50 and ATD 400 injectors 
from Perkin-Elmer. The cold traps are designed for rapid heating to enable the 
sample to be injected in a narrow band at the head of the column. One advantage of
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thermal desorption as compared with solvent extraction is the lack of a solvent 
giving a solvent peak which may hide interesting sample components. The principal 
advantage of thermal desorption over the solvent-based techniques is, however, its 
sensitivity, since the whole sample is transferred to the chromatographic column in 
one injection. The solvent-based techniques cause a thousandfold dilution of the 
sample, as the extraction volumes are in quantities of millilitres and the injection 
volumes in magnitudes of microlitres. The main disadvantage of thermal desorption 
is possible breakdown and rearrangement of thermally unstable compounds [Paper 
II, 103-105]. The fact that the entire sample from an adsorbent tube is used in one 
injection allows no room for mistakes or analysis failure. One practical problem is 
the possibility of leaks in the analytical equipment, which may make some tubes 
impossible to analyse or give unreliable results. It is thereby necessary to take 
several samples on a sampling occasion, for safety and statistics. The pros and cons 
for the various injection techniques are summarized in Table 2.
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Table 2. Advantages and disadvantages of various injection techniques in high- 
resolution gas chromatography [94, 97, 98, 100, 101, 106],

Injection technique Advantages Disadvantages

Split Easy to handle and automate Solvent extraction prior to 
analysis
Risk of discrimination 
because of flash vaporization 
Risk of discrimination 
because of split 
Not suitable for low 
concentrations

Splitless Easy to handle and automate Solvent extraction prior to 
analysis
Risk of discrimination 
because of flash vaporization 
Critical operational 
conditions for complex 
samples

On-column Minimal problems with 
thermal decomposition 
Minimal discrimination

Solvent extraction prior to 
analysis

Thermal desorption 
(-cold trap)-injection

No solvent peak

Superior sensitivity 
Sampling devices can be 
reused

Risk of thermal 
decomposition and 
rearrangements 
Adsorbent limitations 
Automatic injectors 
expensive
Direct quantification 
complicated

In the work summarized in this thesis, all samples were injected onto the gas 
chromatograph using the thermal desorption-cold trap injection technique.

25



4.3 Critical parameters in thermal desorption injection

A two-stage thermal desorption system facilitates good resolution and is necessary 
for analysis of high-boiling compounds. Consequently, both the first desorption 
stage and the second reconcentration and injection stage are critical for achieving a 
satisfactory analysis. Werkhoff and Bretschneider [107, 108] studied the effects of 
desorption temperature and desorption flow on die recovery of 11 compounds 
(mainly terpenes) sampled on Tenax TA. Within the examined temperature range 
(150-250°C) and desorption gas flow-rate (2-30 ml/min), the highest settings were 
found to give the best recoveries.

Thermal
desorpt ion  oven

Cold t rap

Gas flow (He)

Sample tube  
with Tenax TA

Injector block

Analytical
column

Figure 3. Thermal desorption cold trap (TCT) injector [fromPaper!].
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The second reconcentration and injection stage includes several parameters that 
might be expected to be relevant to the final analysis. In order to optimize the 
analysis, factors considered important for the chromatographic separation were 
examined for the Chrompack thermal desorption injector (Figure 3) [Paper /]. 
Multivariate techniques were used, which made it possible to ascertain interaction 
effects [109, 110], Both the physical properties of the cold trap, such as the coating 
of the capillary and the different temperature settings during cold trapping and 
injection, and the injection time, were supposed to be important for the recovery of 
the desorbed sample. The investigation was performed using a dynamically 
generated test atmosphere consisting of eight compounds differing in volatility and 
polarity. The influence of the experimental factors on the amount of sample injected 
onto the column and on the sharpness of the chromatographic peaks was studied. Of 
the nine factors investigated, the temperature of the injection block, the thickness of 
the internal coating of the fused silica capillary used as cold trap, and the flow-rate 
had the greatest influence on the amount transferred onto the column. Strong 
interaction effects were noted, especially between the temperature of the injection 
block and the thickness of the inner coating of the trap capillary. The flow-rate 
during the separation was the most important factor for the sharpness of the 
chromatographic peaks, but the temperature rise during the chromatographic 
separation was, as expected, also significant for the shape of the peaks. The peak 
areas obtained for the test substances were on average almost twice as high in the 
experiments giving the best results, compared with runs with the experimental 
settings giving the lowest areas. The study clearly demonstrates that the second 
desorption stage (i.e., the injection) in thermal desorption cold trap-injection is also 
critical for achieving as high recoveries of the sampled compounds as possible.

4.4 Calibration of thermal desorption-gas-chromatographic analysis

Generation of standards for quantification with the use of thermal desorption 
injection is not as simple as with splitless and on-column injection. External 
standards injected by splitless or on-column injection are sometimes used [111]. It 
is, however, somewhat doubtful whether such methods are suitable, since they 
involve an injection based on a principle different to those underlying thermal 
desorption methods. A commonly used method to prepare standards for thermal 
desorption injection is to inject a small volume of the analyte in a solvent for which 
the adsorbent has low adsorption capacity onto the adsorbent tube. Most of the 
solvent is then removed by blowing helium or nitrogen through the tube [Papers II, 
IV, V, 112-114], before the tube is thermally desorbed. The method is easy to use, 
but an objection to the procedure is the introduction of a solvent which is not 
present in the samples. A method of a similar kind is to inject standard compounds 
dissolved in a solvent directly onto the tubes in the injector, and desorb them
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without prior removal of the solvent [108], This results in an analysis in the 
presence of larger amounts of solvents. Dynamic generation of standard 
atmospheres [Papers I, II, III, 105, 115, 116] gives standards without solvent 
interferences, but the generation procedure is more complicated. Another common 
method for generation of gaseous standards employs permeation tubes. This 
technique is based on the principle that liquid compounds stored in an inert 
polymeric tube permeate through the walls at a constant rate [117], Use of static 
dilution bottles for preparation of mixed standards of volatiles has also been 
reported [118], A question at issue when using vapour standards is to know the 
exact amount of compounds collected on the adsorbents. Salkin and Calpin [119] 
used a high-capacity microbalance for quantitative vapour spiking of charcoal 
tubes. The weighing of the tubes constituted an objective measure of the adsorbed 
amounts, but a necessary condition was that the sampling atmosphere should be 
absolutely free of moisture. To be useful for thermal desorption standards, the 
technique described would, however, demand an even more sensitive microbalance 
than the one used in the report, since the presented standards are in mg quantities 
and thermal desorption standards involve ng amounts. Gas (air, nitrogen or helium) 
cylinders with certified standard contents of target substances are available for 
some compounds. They can be used directly as standards or for calibrating 
equipment for generating gases used as standards.

4.5 Adsorbents for thermal desorption

Activated charcoal has been used in combination with solvent extraction for 
numerous applications, both in indoor environments and in outdoor air, for trace 
analysis as well as in highly contaminated environments. However, activated 
charcoal is too effective an adsorbent to be applicable with thermal desorption 
[106], Adsorbents used for thermal desorption injection are usually either porous 
polymers or some form of carbon with weaker adsorption efficiency than activated 
charcoal. When choosing a suitable adsorbent for analysis with thermal desorption 
injection, several factors must be taken into consideration [Paper II, 106], Some of 
the most important factors are:
1) The adsorbent should have an affinity which covers the compound range of 

interest, with respect to volatility as well as to polar and nonpolar properties.
2) The thermal stability must be high and the presence of volatile contaminants 

giving background disturbances should be low.
3) The adsorption should be reversible on heating.
4) Samples taken on the adsorbent should be stable on storage.
5) The adsorption should not be influenced by moisture in the air.
6) Fluctuations in the sampling temperature should not have a large influence on 

the adsorption properties.
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Unfortunately, no ideal adsorbent fulfilling all requirements for sampling complex 
airborne mixtures is available, and the choice of adsorbent must therefore be a 
compromise. The most commonly used adsorbent in thermal desorption methods is 
Tenax. It is a porous polymer consisting of 2,6-diphenyl-p-phenyleneoxide, first 
described by Van Wijk in 1970 [102], The first grade introduced, Tenax GC, has 
now been largely replaced by Tenax TA for thermal desorption applications. Tenax 
TA is treated to give lower background disturbances, a quality confirmed by 
MacLeod and Ames [120], It is thermally stable, has low water adsorption [121], is 
applicable to a wide range of compounds [122, 123] and has good storage stability. 
A third grade, Tenax GR, consisting of Tenax TA mixed with 23% graphitized 
carbon, has recently been introduced. The objective of mixing Tenax with 
graphitized carbon was to lessen its main disadvantage, namely its poor retention 
for compounds boiling under 100°C [106], The introduction of carbon does, 
however, cause problems arising from rearrangement and breakdown of some 
compounds, as shown in the study described in Paper 11.

Physical data regarding some solid adsorbents used for thermal desorption is given 
in Table 3.

Table 3. Some adsorbents used for thermal desorption. (Data from [Paper 11, 106, 
124, 125].)

Adsorbent Polarity Identity Surface
area
(m2/g)

Max.
temp.
(°C)

Tenax TA nonpolar 2,6-diphenyI-/?-
phenyleneoxide

35 375

Tenax GR nonpolar ditto mixed with 23% 
graphitized carbon

24 375

Chromosorb 102 slightly polar polystyrene/di vinylbenzene 350 250
Carbotrap C nonpolar graphitized carbon black 10 >500
Carbopack B nonpolar graphitized carbon black 100 >500
Anasorb 727 nonpolar cross-linked polystyrene 600-700 250
Porapak Q slightly polar ethylvinylbenzene/

divinylbenzene
500-600 250

Porapak S polar vinylpyridine 300-450 250
Ambersorb XE 340 nonpolar carbonized styrene/ 

divinylbenzene
400 250

Carbosieve S-III nonpolar carbon molecular sieve 820 200
Carboxen 569 nonpolar carbon molecular sieve 485 200
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All the above-mentioned adsorbents have their advantages, disadvantages and 
limitations. The Chromosorb, Anasorb, Ambersorb and the Porapaks all have lower 
maximum operation temperatures than Tenax and carbon-based polymers. This 
limits the range of compounds that can be desorbed without severe background 
disturbances. The adsorbents based on graphitized carbon catalyse reactions of 
some compounds [Paper II, 103, 104] and do not easily desorb high molecular 
weight compounds [106], Some carbon adsorbents, such as Anasorb 747 tested in 
the investigation reported in Paper II, cause severe analytical problems because of 
water adsorption.

Paper II describes an evaluation of eight adsorbents with the purpose of finding the 
most suitable adsorbent for sampling complex mixtures of microbial volatiles. The 
six adsorbents listed firstly in Table 3 were, together with Anasorb 747 and Porasil 
C/n-octane, evaluated for sampling and quantitative thermal desorption-gas- 
chromatographic analysis of 10 compounds. These test substances were chosen as 
representatives of presumptive metabolites from microorganisms able to grow in 
buildings. Many of the compound classes known to be produced by microorganisms 
were included. A test atmosphere was dynamically generated and air was sampled 
actively on the different adsorbents. The relative humidity of the test atmosphere 
was kept either at 20% or at 85%. It was desirable to find an adsorbent capable of 
sampling atmospheres at high humidity, in order to adsorb air samples from 
cultures at high moisture levels as well as from indoor air. The atmosphere was 
generated at two levels, 1 pg/m3 and 50 pg/m3 of each compound, and volumes of 
6 litres and 1 litre were sampled, respectively. The recoveries of the compounds on 
the various adsorbents, breakthrough and storage stabilities were investigated. The 
study showed that no single adsorbent can fulfil the desiderata for an ideal 
adsorbent for all metabolites of interest. Tenax TA did, however, exhibit the overall 
best properties for the purpose. The recoveries of the test components on Tenax TA 
were generally close to 100%, with relative standard deviations of around 10%. One 
exception, with considerably lower recovery, was 2-propanol, the only compound 
showing any breakthrough on Tenax TA. The storage stability on the adsorbent was 
satisfactory. To be able to sample the most volatile substances, such as 2-propanol, 
it would be necessary to take samples on an additional adsorbent. Chromosorb 102 
has better adsorption capacity than Tenax for such compounds [Paper II], but other 
adsorbents are also available that have been specially made for sampling very 
volatile compounds only, such as Carboxen 569 and Carbosieve S-III. These two 
adsorbents have been found suitable for collecting methyl ethyl ketone (2-butanone) 
and methylene chloride in a recent study [126],

Tenax GR was used as adsorbent in the work summarized in Paper III. This study 
was started parallel to the evaluation of adsorbents, and the choice of Tenax GR as 
adsorbent was based on the expectation that the added carbon would improve the 
adsorption of the more volatile components produced by the fungi. However, the
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adsorption capacity for 2-propanol was found to be totally equivalent for the two 
Tenax grades in the evaluation of adsorbents described in Paper II. An important 
disadvantage of the adsorbent, which was discovered during the evaluation, is its 
catalytic effect on decomposition of some compounds during thermal desorption. 
Decomposition was noted on the terpenoid structures, geosmin and 2-methyl- 
isobomeol. Mass spectra indicated loss of water from the original molecules, and 
almost nothing was found of the original compounds. Thermal decomposition of 
monoterpenes on thermal desorption from Tenax GR has also been reported by Cao 
and Hewitt [104] and Peters et al. [105], In our study, we found that also 1-octen- 
3-ol was partly decomposed during the analysis [Paper II]. This makes the 
adsorbent less suitable for analysis of unknown samples. Decomposition of
2-methylisobomeol occurred on all adsorbents which desorbed it in the study, but 
was most pronounced on Tenax GR and Carbopack B. On these two adsorbents, 
and on Carbotrap C, geosmin was also found to decompose. This indicates that 
carbon-containing adsorbents may be inappropriate for sampling of terpenoid 
compounds.

Combined adsorbents have been used in many investigations and some are 
commercially available, for example, combinations of different Carbotraps and 
Carbosieve S-III [125], Multi-adsorbents consisting of Tenax and Carbotrap [113] 
and Tenax, Ambersorb XE 340 and charcoal [127, 128] have been used in thermal 
desorption-gas-chromatographic analysis of indoor air. However, combined 
adsorbents have some disadvantages that are difficult to overcome. The optimal 
desorption temperature differs for adsorbents in the same tube, and inclusion of an 
adsorbent for polar compounds causes water retention [129],

The use of adsorbents carries the risk of introduction of artefacts formed by 
decomposition of the adsorbent itself during sampling or analysis. Lewis and 
Williams [130] listed a number of decomposition products formed on heating 
untreated Porapak Q and Tenax GC. The background produced was higher from 
Porapak Q. Substituted benzenes, such as toluene, and naphthalenes were the most 
commonly found compounds from both adsorbents. On Tenax GC, benzaldehyde 
and acetophenone were also among the compounds identified. Peters et al. [105] 
have shown how the formation of benzaldehyde from Tenax TA is affected by 
sunlight, and they recommend that Tenax tubes be protected from sunlight before, 
during and after sampling to avoid unnecessary high background levels of 
benzaldehyde. Benzene and toluene were reported by De Bortoli et al. [112] as 
main background contributors from freshly cleaned sampling tubes of Tenax TA as 
well as of Carbotrap. Cao and Hewitt [131] reported increased artefact formation 
on storage of adsorbents. This artefact formation was more pronounced on 
Chromosorb 106 and on Carbotrap than on Tenax TA and GR. Thermal 
conditioning of the adsorbents shortly before use is recommended for reduction of 
these background disturbances.
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4.6 Identification and confirmation: mass spectrometry, reference 
compounds

Analysing atmospheres with unknown substances makes it necessary to have an 
analytic technique which makes identification possible. The first step in the 
identification procedure is to separate the complex sampled mixture into its 
different analytes. This is achieved by gas chromatography. After the 
chromatographic separation, the choice of detector is the factor determining how 
much structural information will be obtained. Using a mass spectrometer as 
detector after the gas chromatographic separation gives a powerful tool for 
identification of the compounds in the sampled atmosphere. The mass spectrometer 
converts the sample components into gaseous ions. The standard ionization 
technique involves bombardment of sample molecules with a stream of electrons 
(electron impact (El) ionization). This results in a fragmentation of analyte 
molecules, and gives a number of ions having different mass-to-charge (m/z) ratios. 
These ions give a mass spectrum characteristic of the compound (Figure 4) [132]. 
Interpretation of the fragmentation pattem gives information about the structure of 
the compound.

-e
A B C D A B C D 4

1
A B C 4 + D*

m/z

1
A B+ + C
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Figure 4. Fragmentation of the molecule ABCD and its mass spectrum.
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Commercially available libraries of mass spectra simplify the identification of 
unknown compounds by comparing the fit and purity of the mass spectrum obtained 
from the analysis with the library spectra. The library search programs compare the 
m/z ratios and the intensities of die signals from the different fragments of the 
unknown spectrum and the library spectra, and look for the library spectrum 
showing the best correspondence with die unknown. The purity value measures the 
degree to which the spectra are similar. A purity value of 1000 denotes that the m/z 
fragments, and their relative peak intensities, of the two spectra are identical. The 
fit number gives a measure of the degree to which the library spectrum is included 
in the unknown spectrum. A fit value of 1000 denotes that all library peaks are 
present in the spectrum of the unknown, and that the intensities of the common 
peaks are proportional. The library search program used in the studies presented in 
this thesis also contains a third concept, reverse fit, which is equivalent to fit but 
compares the spectra the other way around [133], However, several compounds can 
give very similar mass spectra. This applies, for example, to the different classes of 
terpenes, for which isomeric molecules often give almost identical mass spectra, 
although their structure might differ considerably (Figure 5) [Papers III-V, 134], 
Thus, reliance should not be placed on the suggestions from the mass-spectrometric 
library for identification of an unknown compound. A reasonable retention time of 
the proposed compound is also needed for the suggestion to be likely. However, to 
corroborate the identity of a compound, reference substances are required. The 
correspondence of mass spectra is not in itself a confirmation of the identity of an 
unknown compound, but if analysis of the pure compound, with the same technique 
as the sample, gives a retention time and mass spectrum identical to the ones from 
the sample, the conclusion that the unknown and the reference compound are 
identical is plausible.

One major problem in the identification of unknown samples is to find reference 
compounds. This applies in particular to samples from natural sources, such as 
metabolically produced compounds from living organisms, when the analyst cannot 
fully predict what compounds to expect. Furthermore, the compounds produced by 
living organisms are not always of industrial interest or even known, and might 
therefore not be commercially available. This complicates identification of such 
samples, and might necessitate specific synthesis of the compound with the 
supposed structure to ensure the identity of the unknown. Geosmin, used in all 
studies summarized in this thesis, was synthesized according to a new method [135, 
136], Other compounds synthesized as reference substances for this project are 2- 
methylisobomeol [Papers I, II], a-curcumene [Paper III] and 2,5-dimethyl-furan 
[Papers III, V], The structures of these compounds are shown in Figure 6.
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Figure 5. Mass spectra of the monoterpenes camphene and limonene (reduced 
library spectra [133]).
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Figure 6. Structures of synthesized compounds. I. Geosmin, II. 2-Methyl- 
isobomeol, III. a-Curcumene, IV. 2,5-Dimethylfuran

The mass-spectrometric analyses in this thesis have all been performed with 
electron impact ionization on a quadropole mass spectrometer. The mass 
spectrometer was scanned from m/z 12 to 300, with a few scan intervals omitted to 
avoid disturbances from air and water. Operating the instrument in full scan mode 
is necessary to enable identification of unknown components. When it is of interest 
to detect only one or a few known components, analysis is often performed by 
selected ion monitoring (SIM). This method, which means that only a few ions 
characteristic of the compound(s) of interest are considered, gives a substantial 
increase in the sensitivity of the detection. However, the identification of compounds 
using SIM is not as reliable as with full mass spectra, and it can only be used when 
searching for known components.
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4.7 Statistical methods

In chemical analysis, an analytical method is a procedure which define the settings 
of externally controlled factors. Such factors as temperatures, pressures and flow- 
rates must be adjusted to obtain a result with acceptable accuracy and precision. 
The settings of these factors define the chemical system and control the processes 
yielding the result. Metabolic processes in living organisms are also influenced by 
externally controllable factors. The transformation of chemical compounds to other 
products is here a result of a complicated machinery of regulatory mechanisms on 
the cellular level, and a large number of factors can be expected to influence the 
final outcome of these processes.

It is, generally, rare that the result of any process depends on just a single factor. In 
most cases, several factors exert influence on the result. Some factors have an 
isolated and direct effect on the final outcome of a process. It is, however, also 
common that the influence of one factor depends on the settings of other factors, 
i.e., there are interaction effects between experimental factors. Such effects can be 
compensating as well as amplifying (synergistic). The possibility of the occurrence 
of interaction effects should be taken into consideration, whenever a process is 
subjected to experimental studies. To enable such effects to be detected, it is 
necessary to use multivariate statistical methods for designing and evaluation of the 
experiments. Such experimental designs define a series of experiments in which all 
pertinent factors are allowed to vary simultaneously over the set of experiments. 
Experiments in which the factors are varied one at a time can never reveal any 
interaction effects, and the results may therefore lead to erroneous conclusions as to 
the roles played by the various factors.

The first step in any experimental study of a process should be a screening 
experiment, with a view to finding which factors, and which interactions, exert a 
significant influence on the result. For this, the experimenter has to go through the 
entire experimental procedure, analyse critical steps and potentially influencing 
factors and determine which response(s) to measure. Usually, a fairly large number 
of factors considered potentially influencing are found at this stage of an 
investigation. To make it possible to find the important factors and interactions in 
the screening, it is necessary to run the experiments in such a way that the roles 
played by each single factor can be discerned. This is ensured by using an 
orthogonal design, i.e., the variation of each variable (and each interaction) over the 
whole set of experiments is uncorrelated to the variation of any other variable (or 
interaction). These demands are fulfilled by, for instance, two-level factorial or 
fractional factorial designs. Examples of the latter are given in Papers I  and IV. 
Thorough accounts of the principles of multivariate experimental design are given 
in the literature [109, 110],
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Response surface modelling can be used to evaluate the factors which have a 
significant influence. The basis for these models is the reasonable assumption that 
the variation in the observed response, y, is functionally related to the settings of the 
experimental variables:

y  =ÅXu *2, -  *k) + e

X] - xic are the experimental variables, and an experimental run is defined by their 
settings. The upper and lower bounds of each variable define the experimental 
domain, i.e., the variations to be explored in the experiments. The term e is an 
experimental random error component. A variable, Xj, is considered significant if its 
variation in the experimental domain produces a variation in the response, y, which 
is significantly larger than the noise level given by the random error term. In 
chemical experiments it is reasonable to assume that the random error is 
independently and normally distributed, and has fairly constant variance in a limited 
experimental domain. Significant variables can thus be identified by known 
probability distributions, like the t or the F distribution.

An exact analytical expression for f  cannot be derived by theoretical means. A local 
approximation of the function /  as a Taylor expansion is therefore constructed, 
where y is expressed as a polynomial in the experimental variables, x; and xj :

y  =ßo +ßiXi +ß2X2 + ... +A*k +ßnX\X2 +...+AjX.Xj +ßnx 2 +.. +ßuxk2 +... e

The coefficients of the Taylor polynomial are partial derivatives of f  with respect to 
the corresponding experimental variables; e is an overall error term, consisting of 
the experimental error and a systematic model error due to the truncation of the 
Taylor expansion. On condition that the experimental domain not is too large, up to 
second degree terms in the Taylor expansion usually give a sufficiently good 
approximation, i.e., the contribution from the higher degree terms is significantly 
less than the random noise described by e [110],

The “true” model parameters, ßo, ß\, ...,ß ti, ... ,ß„, etc., of the Taylor polynomial 
are not known. By using a proper experimental design, it is possible to obtain least 
squares estimates, b0, bu ..., b,,, ..., bü etc., of those parameters by fitting the 
polynomial model to the observed experimental results by using multiple linear 
regression techniques [110, 137], Examples of response surfaces are shown in 
Papers I  and IV.

It is common to express the model in scaled and centred variables, so that X\ = 
x2 = ... = xic = 0 correspond to the centre of the experimental domain. The 
coefficients of the response surface model can be interpreted geometrically: The 
constant term, b0, corresponds to the response at the average settings of the 
experimental variables. The linear coefficient, b„ is the slope of the response
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surface along the corresponding x, axis, and thus measures the sensitivity of the 
response to changes in the settings of the corresponding variables. The cross term, 
èÿXjXj, describes interaction effects between the corresponding variables. The square 
term, ò„x,2, describes the curvature of the response surface along the corresponding 
Xi axis, and such terms are often necessary to include in the model when optimum 
experimental conditions are sought, see Paper I. A coefficient significantly different 
from zero means that the corresponding term in the model produces a systematic 
variation of the response, above the noise level given by the error term.

Often, more than one response has to be considered, and in this context PLS 
modelling is, in many cases, useful [110, 138], In the studies summarized in this 
thesis, PLS modelling has not been used as an analytical tool, since another 
multivariate technique, principal component analysis, was found to be satisfactory 
for the work described in Paper I. PLS was only used as a computational tool in 
Paper IV  to determine regression coefficients in the response surface model. For 
this reason, details of PLS modelling are not further discussed here; see, for 
example, Geladi and Kowalski [139] or Carlson [110] for detailed descriptions of 
the PLS modelling technique.

Paper I  reports a study of experimental variables that might have an influence on 
the quality of gas-chromatographic peaks after thermal desorption injection. The 
analyses were carried out with a test mixture containing eight different compounds, 
and each experiment thus produced eight peaks. The responses were the integrated 
peak areas and the peak widths, respectively. It was assumed that the optimum 
experimental conditions most likely could be established by adjusting the 
experimental factors that exerted a similar influence on the chromatographic 
response from each of the eight compounds. For this, the variance-covariance 
structure of the eight responses of each type (area and peak width) over the set of 
experiments was determined by principal component analysis. The between-run 
variation constituted a measure of the sensitivity of the chromatographic behaviour 
to variations in the experimental settings. Detailed descriptions of principal 
components are given in the literature [110, 138], and only a brief summary of the 
basic features is given here.
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The eight responses, e.g., the peak areas over the set of experiments, yield a table, 
data matrix, X, with rows (responses) and columns (experimental runs). A principal 
component analysis constitutes a factorization of this data matrix into two entities, 
a score matrix, T, and a loading matrix, P, such that

X = T P t

where PT is the transposed loading matrix. The column vectors of P (loading 
vectors), pi-ps, portray the correlation between the responses. The column vectors 
of T (score vectors), ti-tg, portray the between-experiment variation. The loading 
vectors, pi, are eigenvectors to the variance-covariance matrix, XTX.

(XTX)Pi = Xp,

The eigenvalue, X, measures how much of the variance is described by the 
corresponding eigenvector. The score vector is computed as

ti = Xpi

Often, the systematic variation in X can be described by only a few loadings and 
score vectors; the eigenvalues of the remaining vectors are small and not 
significantly different from the random error variation of the observed variables. 
The significant vectors, i.e., those portraying a variation above the noise level, are 
called the principal components.

The meaning of these vectors is more easily understood from a geometrical 
description of principal component modelling: Each response variable defines a 
coordinate axis, and these axes are orthogonal (perpendicular) to each other. They 
thus define an eight-dimensional space (difficult to imagine, but analogous to a 
three-dimensional space). For each experimental run, the observed value of each 
response defines a coordinate along the corresponding axis. In the eight-dimensional 
space this experiment will be described as a point, and the set of responses recorded 
in the series of experiments will thus define a swarm of points in this space, see 
Figure 7. The swarm of points has an extension in this space. A principal 
component analysis constitutes a projection of this swarm of data points down to a 
space of lower dimensions, spanned by the principal component vectors, pi. The 
first component vector, p(, describes the direction showing the largest variation 
through the swarm of points. This vector is anchored in a point corresponding to the 
average of each variable, and an orthogonal projection of each data point in the 
swarm onto the component vector defines the score values as the coordinates 
measured from the average point along pt. The score values thus describe how the 
data points are dispersed along the direction showing the largest variance. The 
principles are illustrated in Figure 7.

39



Variable 3

o o

Variable 2

Variable 1

Figure 7. Projections of data points along the first principal component vector, pi.

If there is a systematic variation in the response data not described by the first 
principal component, a second principal component is determined, orthogonal to the 
first one, in such a way that it defines the direction through the swarm of points 
showing the second next-largest variation. This is continued until all systematic 
variation has been described by the principal components. The essence of principal 
component analysis is that the systematic variation will be described by fewer 
variables (scores and loadings) than were present in the original data set. The 
contributions of the various experimental variables to the systematic variation, and 
the interaction effects between the variables, are found by using the score vector as 
response vector in the multiple regression.
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5. Cultivation of microorganisms and determination of 
volatile metabolites

5.1 Cultivation of microorganisms and sampling of metabolites

A total of six different microorganisms were studied in Papers III-V: Aspergillus 
versicolor (Vuill.) Tiraboschi, Pénicillium commune Pitt, Cladosporium 
cladosporioides Ellis, Paecilomyces variotii Bain, Phialophora fastigiata Lagerb. 
& Melin and Streptomyces albidoflavus A22. The fungi were obtained from 
Pegasus Lab AB, Uppsala, Sweden, and the streptomycete from Dr. John Lacey, 
IACR-Rothamsted, Harpenden, U.K. The species were chosen because they are 
frequently found in indoor environments, and because, for a majority of them, no or 
few studies of volatile metabolite production were reported in the literature. They 
were cultivated on different media under continuous aeration in culture flasks with 
adapters for air inlet and outlet (Figure 8). The air was humidified to avoid 
desiccation of the media and was purified using oil- and particle-filters and Tenax 
TA to avoid introduction of volatile contaminants with the inlet air. Spore filters 
consisting of sterilized silanized glass wool were connected closest to the air inlet 
and outlet of the adapters, to prevent microbial contamination of the flasks and to 
avoid trapping spores on the adsorbent tubes. Constant air flows, or mixed-gas 
flows [Paper IV\, of 30 ml/min were led through the flasks. Pressure regulators 
were used to maintain a constant pressure on the flasks and glass capillaries were 
used to adjust the flows, which kept very stable throughout the cultivation periods. 
Samples were taken simply by attaching adsorbent tubes to the outlet of the 
adapters. Analysis by thermal desorption-gas chromatography and mass 
spectrometric identifications were usually performed immediately, or within a week 
of storage in freezer. Tenax GR was used as adsorbent in the study in Paper 111, 
and Tenax TA in the work summarized in Papers IV  and V.

The time dependence of metabolites production was registered by taking samples on 
several occasions during the cultivation period. Cultivation was generally continued 
until production of a majority of the metabolites had started to diminish or reached 
a constant level. Examples of time dependence of metabolite production by Pa. 
variotii on different media are given in Figure 9. Some metabolites, like the alcohols 
3-methyl-1-butanol and 2-methyl-1-propanol, found from this species on three out 
of the four media, and 1-hexanol produced on pine wood, were produced mainly 
during the first part of the cultivation periods, while the terpenoid compounds were 
produced in largest amounts later during the cultivation. This is not surprising, 
since terpenes are considered to be produced by secondary metabolic pathways [2], 
and secondary metabolism, as mentioned in the Introduction, often starts after 
active growth has ceased [2],
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Figure 8. Equipment used for cultivation and sampling [modified from Paper III].
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Figure 9. Time dependence of metabolite production by Paecilomyces variotii 
cultivated on various media [modified from Papers III and V\. TMMEB = l,2,3,4- 
tetramethyl-4-(I-methylethyl)benzene, DMMEB = l-(l,l-dimethylethyl)-4-ethyl- 
benzene.
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In the work summarized in Paper III, the fungi were cultivated on malt extract agar 
(MEA) and dichloran glycerol agar (DG18). Both media are considered 
nutritionally rich, but differ in composition and water availability. In the study 
described in Paper TV, S. albidoflavus is grown on tryptone glucose extract agar 
(TGEA), a medium which is favourable for growth of actinomycetes, and on 
gypsum board. In the work described in Paper V, Pe. commune and Pa. variotii., 
both also included in the study presented in Paper III, were cultivated on pine wood 
and on a combination of gypsum board and mineral wool. Pine wood, gypsum 
board and mineral wool are all frequently used as building materials. Gypsum 
board/mineral wool is a commonly found combination in wall constructions. These 
two materials were therefore used in combination in the cultivation study as well.

5.2 Metabolites produced in the studies

The metabolite studies reported in Papers III-V show the ability of microorganisms 
to produce a wide variety of volatile compounds. There are, however, some 
compound classes that are found in all studies: alcohols, ketones, sulphur- 
containing substances and terpenoid compounds. Ethers and esters are produced by 
several of the fungal species [Papers III, V], but not by S. albidoflavus [Paper IV\. 
Some of the most frequently found metabolites in the studies are summarized in 
Table 4.
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Table 4. Commonly produced volatiles from Aspergillus versicolor (A. vers.), 
Pénicillium commune (Pe. com.), Cladosporium cladosporioides (C. clad), 
Paecilomyces variotii (Pa. var), Phialophora fastigiata (Ph. fast.) and 
Streptomyces albidoflavus (S. alb.) cultivated on various media. X denotes that the 
metabolite was found from cultures on dichloran glycerol agar, M on malt extract 
agar, T on tryptone glucose extract agar, W on pine wood and G on gypsum board 
[Paper IV] or on a combination of gypsum board and mineral wool [Paper V],

Compound A. vers. Pe. com. C. clad. Pa. var. Ph. fast. S. alb.

Hydrocarbons
1-Octene X X
Alcohols
2-Ethyl-1 -hexanol M G
1-Hexanol W W
2-Methyl-1 -propanol X X, W, G X, M, G G
2-Methyl-1 -butanol X X, M, X, M T

W, G
3-Methyl-1 -butanol X X,M, X, M, X T

W, G W
l-Octen-3-ol X G
Ketones
Acetone X X,W T
2-Butanone X, W, G X X T
Cyclopentanone X X
3-Methyl-2-butanone X T, G
3 -Methyl-2-pentanone X W T, G
2-Heptanone W w
3-Octanone X G X
2-Pentanone W w
Ethers
2,5-Dimethylfuran x , w X, w
3-Methylfuran X X X X, M
Esters
Methyl acetate M, W M
Propyl acetate M W
Sulphur compounds
Dimethyl disulphide X M, G X T
Terpenes and terpene
derivatives
a-Curcumene X X
Geosmin X, M, G T, G
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Many of the metabolites identified in the studies described in Papers III-V have not 
been reported earlier as metabolites from these species. Other metabolites that have 
been previously found were also confirmed in our studies. Examples of metabolites 
frequently found in our studies, which have been reported only from a few or no 
species before, are dimethyl disulphide and 2,5-dimethylfuran. The frequency with 
which these substances are produced makes them of interest as possible markers for 
microbial growth. A literature summary of metabolites from some common indoor 
air fungi and Streptomyces, including the species studied in Papers III-V, is given in 
Table 6, pages 56-65.

Sesquiterpenes and their derivatives were produced in considerable amounts by all 
species except C. cladosporioides, for which only minor amounts were detected on 
one medium (DG18). It was however, for reasons already mentioned, possible to 
identify only a few of them. Geosmin was produced by two species and on several 
media, and a-curcumene was also found from two species. The mass spectra of 
these compounds are characteristic, which is important when considering their 
potential as indicator substances.

5.3 M etabolic pathways

A schematic picture of some metabolic pathways for production of volatile 
microbial metabolites is presented in Figure 10. Ethanol, which is reported as a 
metabolite from a wide variety of microorganisms, is produced by yeasts during 
anaerobic fermentation of sugars, such as glucose or fructose, via glycolysis [140], 
Production of ethanol via fermentative metabolic pathways has also been shown to 
occur in some fungi [141], Higher alcohols can be produced via the Ehrlich 
pathway, which consists of decarboxylation and reduction of amino acids [142], 
3-Methyl-1-butanol, 2-methyl-1-butanol, 1-butanol, 2-butanol, pentanol, hexanol,
3-octanol, l-octen-3-ol and phenylethanol can be derived from leucine, isoleucine, 
valine and phenylalanine according to the Ehrlich pathway [143]. Another source of 
alcohols is via biosynthetic pathways leading to biosynthesis of amino acids. The 
latter dominates when nitrogen access is limited [142], l-Octen-3-ol and other 
eight- and ten-carbon compounds can be produced by oxidation and successive 
cleavage of linoleic acid [144, 145],

Fatty acids and monoglycerides with six to twelve carbons can be converted, by a 
modified ß-oxidation, to the corresponding methyl ketones with one carbon less 
[141, 146-148], This process is also utilized commercially for production of methyl 
ketones [149], The methyl ketones can subsequently be reduced to secondary 
alcohols [147, 148], The formation of alcohols rather than ketones is favoured by 
anaerobic conditions [148], Esters are produced via enzymatically catalysed
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conversions of acids and alcohols, a metabolic transformation which is assumed to 
be a detoxification process [150, 151]. Aromatic secondary metabolites can be 
produced from aromatic amino acids, or from intermediates of the shikimic acid 
pathway leading to the production of aromatic amino acids from glucose [152].

Lactones, which often have pleasant fragrances, are much used by the flavouring 
industry. A well-examined example is the coconut-smelling compound 6-pentyl-a- 
pyrone produced by Trìchoderma vìride [153], Lactones are produced via 
conversions of keto acids [150], Sulphur-containing metabolites can be produced 
from sulphur-containing amino acids, for example, the production of dimethyl 
sulphide from S-methyl methionine [154], Alkylmethoxypyrazines, for instance the 
earthy-smelling 2-isopropyl-3-methoxypyrazine produced by, among others, species 
of Streptomyces [155] and Pénicillium [4, 5], are suggested to be synthesized via a 
condensation between a-amino acids and 1,2-dicarbonyl compounds [150],

Glucose
Aromatic secondary
metabolites «----- ,  ,

Shikimic
T acid pathway

Aromatic amino acids

Glycolysis 
Pentose phosphate 
pathway
Entner-Douderoff
pathway

Ethanol Pyruvate

Alkylmethoxy
pyrazines

î
Amino acids 
e.g., leucine, valine, 
isoleucine

Ehrlich 
pathway

Alcohols
e.g., 2-Methyl-1-butanol 
3-Methyl-1 -butanol 
1-Hexanol 
l-Octen-3-ol 
3-Octanol

Oxalo-
acetate

Threonine

Aspartate

A
Methionine

Sulphur-containing
compounds

Mevalonate

Geranyl-PP

Famesyi-PP

l-Octen-3-ol

Methyl
ketones

Monoterpenes
2-Methvlisobomeol

Sesquiterpenes
Geosmin

Acetyl-CoA Fatty acids
Alcohols

Esters

Lactones

Secondary
alcohols

Figure 10. Some metabolic pathways leading to the formation of various volatile 
microbial metabolites. TCA = tricarboxylic acid cycle, PP = pyrophosphate. (Data 
from [140-148, 150-152, 154, 156-159].)
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Lanza and Palmer [156] used radioactively labelled mevalonic acid, L-leucine and 
acetate to investigate biosynthetic pathways for monoterpenes in Ceratocystis 
moniliformis. They concluded that the terpenes were formed via the mevalonate 
pathway, and that all precursors were converted into monoterpenes. The off- 
odorous compounds geosmin and 2-methylisobomeol are also results of this 
metabolic pathway. Geosmin is produced via loss of three carbons from 
sesquiterpene precursors and 2-methylisobomeol via methyl addition to 
monoterpene precursors [157, 158],

Numerous investigations have been carried out on metabolic pathways for 
production of microbial metabolites, but a detailed review is beyond the scope of 
this thesis. For further information, see, for example, Fungal Metabolites I and II 
[152, 159],

5.4 Effect of media and other cultivation factors

The nutrients available to the microorganisms are known to influence their growth 
as well as the production of metabolites. The carbon and nitrogen sources are the 
most important factors, but sulphur and phosphoms can also be important for 
growth and metabolism. The vital importance of water availability for growth has 
already been mentioned. Other factors of interest for microbial growth, and thereby 
also for production of metabolites, are temperature, light, pH of the substrate, and 
carbon dioxide and oxygen levels at the growth area. It is also known that different 
strains of the same species can produce different metabolites [160, 161].

There are several studies in the literature concerning the effect of carbon and 
nitrogen sources. Norrman [86, 87] studied the influence of different carbon and 
nitrogen sources on the production of volatile compounds from the yeast fungus 
Dipodascus aggregatus when cultivated under aerobic conditions. The form of both 
carbon and nitrogen affected the production, but while the carbon source influenced 
the nature of the compounds produced as well as their amounts and the time for 
production, the influence of the nitrogen source was mainly quantitative. Norrman 
also noted that a carbon source favourable for growth could be unsuitable for the 
production of volatile compounds and vice versa. This is also seen in Paper III, 
where growth of a fungus did not necessarily result in production of metabolites. 
This was shown by, for example, Phialophora fastigiata, which grew well on both 
malt extract agar (MEA) and dichloran glycerol agar (DG18), but produced 
metabolites in detectable amounts only on DG18. The influence of various carbon 
and nitrogen sources on the production of terpenes and other aroma compounds 
from different species of the ascomycete genus Ceratocystis has been investigated 
by several groups [161-163], Both the carbon and the nitrogen sources affected
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growth and had a quantitative as well as a qualitative influence on the production of 
volatiles. Sprecher and Hansson [161] also showed that the concentration of the 
different sources and the C:N-ratio of the medium were of great importance for 
metabolite production. The substrate effect on metabolite production by the 
deuteromycete Trichoderma viride has been investigated by Zeppa et al. [164], As 
in the above-mentioned studies, the nutrient composition of the media affected both 
the quantitative and the qualitative production of volatiles. In a study on the odour 
produced by various Streptomyces strains, Sivonen [165] concluded that the carbon 
source influenced the odour of a majority of the studied strains, while a few strains 
had the same earthy odour when cultivated on all carbohydrates investigated, 
whenever odour production was recorded. Lind and Katzif [166] found that 
geosmin production per unit biomass of a Streptomyces strain varied with the form 
of nitrogen present in the medium. The geosmin production was expressed as 
threshold odour number [167] and assessed by an odour panel.

The studies described in Papers 1II-V, where fungi and Streptomyces were 
cultivated on various media, also clearly demonstrate the effect of available 
nutrients on metabolite production. Although some compounds were produced by a 
species on several media, a majority of the volatiles were produced on one medium. 
The gas chromatograms in Figure 11 from cultures of Pénicillium commune on 
MEA, DG18, pine wood and gypsum board/mineral wool illustrate the influence of 
medium on metabolite production. Peaks for 13 interesting compounds are marked 
in the figure. The media used are all complex and their exact nutrient compositions 
are not known. However, it is interesting to note that aldehydes, which are present 
in all media, seem to be attractive nutrients for all microorganisms studied. The 
amounts of most of the aldehydes detected as emission compounds from the blanks 
are considerably lower in the cultures. This shows that aldehydes are consumed 
during growth of the microorganisms.

Wainwright et al. [168] showed that Streptomyces species are able to oxidize 
sulphur in various forms to sulphate. These actinomycetes are able to grow 
heterotrophically in carbon-rich as well as in carbon-deficient media containing 
sulphur compounds. The latter was presumably made possible by uptake of organic 
carbon from the surrounding air, allowed by the energy gained from the sulphur 
oxidation. The oxidation of thiosulphate in carbon-deficient media also increased 
the biomass of several fungi [169], Sulphur is an important element in many 
biochemical compounds. In the metabolite studies summarized in Papers III-V, 
detectable amounts of sulphur-containing compounds were produced by all species 
except Cladosporium cladosporioides and Paecilomyces variotii. Sulphides and 
sulphur-containing esters were the major compounds produced by Streptomyces 
albidoflavus on TGEA, despite the fact that the total sulphur content of the medium 
extract (tryptone glucose extract agar + casein) was only 0.6% according to 
elemental analysis. The gypsum board obviously does not offer any useful form of
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Figure 11. Gas chromatograms of volatiles from Pénicillium commune cultivated 
on a) MEA, b) DG18, c) pine wood, and d) gypsum board/mineral wool [modified 
from Papers 111 and V\. 1. 3-Methylfuran, 2. 2-Methyl-1-propanol, 3. 2-Pentanone, 
4. 2,5-Dimethylfuran, 5. 3-Methyl-1-butanol, 6. 2-Methyl-1-butanol, 7. Dimethyl 
disulphide, 8. 2-Heptanone, 9. l-Octen-3-ol, 10. 3-Octanone, 11. 3-Methylanisole, 
12. Geosmin, 13. a-Curcumene.
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sulphur for the streptomycete, since no sulphur-containing substances were detected 
on this medium, despite the proven ability of the microorganism for biosynthesis of 
such compounds. Volatile sulphur compounds produced by fungi are generally 
considered not to have any significant function in the intermediary metabolism of 
the microorganisms [154],

Yagi et al. [170] studied the effect of temperature, pH and the amounts of nitrogen, 
phosphorus, magnesium, iron and starch on cell growth and on production of 
2-methylisobomeol and geosmin by six Streptomyces strains. The amounts of 
odorous compounds produced were correlated to cell growth for a majority, but not 
all, of the factors studied. For instance, alkaline pH promoted both growth and 
metabolite production, but the effect of soluble starch in the media on the 
concentration of the odorous compounds was not linked with growth. Dionigi and 
Ingram [171] studied the effects of temperature and oxygen concentration on 
geosmin production by Streptomyces tendae and Pénicillium expansum cultured on 
artificial media. Increased temperature promoted geosmin production by both 
species, whereas the oxygen concentration influenced the two species differently. 
Geosmin production by P. expansum was most abundant at an atmosphere of 10% 
oxygen, while production by S. tendae increased with increasing oxygen levels, 
within the explored experimental domain (5-30% oxygen). The effect of 
temperature, pH, light and dark on growth of six fungi, including an Aiternaria 
species, Cladosporium herbarum and Stachybotrys atra, was investigated by 
Curran [172], Slightly acidic media enhanced growth of these fungi. Only two 
fungi, of which Stachybotrys atra was one, were affected by light or dark. 
However, the investigation did not include any metabolite studies. All studies 
mentioned above were performed by considering one factor at a time, and possible 
interaction effects could therefore not be discovered. All cultivation in the studies 
reported in Papers III-V was performed in the dark, since growth on constructional 
materials within buildings occurs in the absence of light.

The effect of carbon dioxide dissolved in aerated fermentation broths of some 
antibiotic-producing actinomycetes was investigated by Bylinka et al. [173], 
Increased carbon dioxide levels decreased metabolite production by 40-50% for all 
species. Nash III [174] studied the influence of increased carbon dioxide levels in 
the air during cultivation of Streptomyces erythreus. He found that an addition of 
11% carbon dioxide in the supplied air decreased the production of the antibiotic 
metabolite erythromycin. The growth of the actinomycete was, however, not 
affected by the increased carbon dioxide level. The effect of atmospheric oxygen on 
growth and mycotoxin production by Neosartorya flsheri (anamorph of Aspergillus 
fischeri) was examined by Nielsen et al. [175], TTiey concluded that production of 
metabolites was always associated with growth. Growth and toxin production were 
approximately the same in atmospheres containing 3.0% and 20.9% oxygen, while 
oxygen levels of 1% or less reduced growth rate and metabolite production.
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The medium had a pronounced effect on metabolite production by Streptomyces 
albidoflavus [Paper IV\. Five out of seven of the metabolites detected from gypsum 
board cultures were also produced on TGEA, but a number of additional 
metabolites, including all sulphur-containing substances, were produced on TGEA 
only. The temperature was a determining factor for the production on gypsum 
board, since no metabolites were produced in detectable amounts at 10°C. The 
levels of oxygen and carbon dioxide had little effect on production on this medium. 
The effect of temperature on metabolite production on TGEA was mainly 
quantitative. Cultivation at the higher temperature resulted in production of larger 
amounts of several metabolites, for example, the alcohols, while other substances 
were obtained in decreased yields. This applies particularly to the sulphur- 
containing esters. It is noteworthy that these compounds were produced in the 
beginning of the cultivation period, when the bacterium was most likely in its 
growth phase. Lowering the temperature prolonged the growth period, which might 
have contributed to the increase of these sulphur components. A comparison of the 
growth behaviour of S-methyl butanethioate and geosmin at two different 
experimental settings, one at 30°C and one at 10°C, is shown in Figure 12. Not 
surprisingly, the time required for reaching maximum production levels of the 
various metabolites was much longer at a temperature of 10°C than at 30°C. The 
levels of oxygen and carbon dioxide also affected various metabolites differently -  
lower oxygen levels and higher carbon dioxide levels were not generally negative for 
the production of volatiles, as might be expected since Streptomyces are aerobic 
organisms. The carbon dioxide level exerted an influence on the production of more 
metabolites than the oxygen concentration. Two metabolites, 3-methyl-1-butanol 
and 3-methyl-2-butanone, were strongly influenced by both factors, but in the 
opposite direction. A majority of the volatiles were, however, unaffected by the 
variation in the oxygen and carbon dioxide levels. The increased production of 
geosmin by Streptomyces tendae at higher oxygen levels reported by Dionigi and 
Ingram [171] was not seen for S. albidoflavus. Lowering the oxygen level led to 
increased production of geosmin on TGEA.
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Figure 12. Production of 5-methyl butanethioate and geosmin by Streptomyces 
albidoflavus cultivated at a) 30°C, O2 16% and CO2 0%, and b) 10°C, O2 16% and 
CO2 10% [from Paper TV\.
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5.5 Literature summary of microbial metabolites

There are many studies concerning metabolites from fungal and bacterial species in 
the literature, mainly from two fields of interest: production, flavouring and 
preservation of food, and production of antibiotic compounds. The latter usually 
concerns larger molecules, which can scarcely be considered volatile. There are also 
a number of investigations concerning the identity of aroma compounds from 
various microbial species.

Table 6 lists metabolites from a number of species of interest in indoor 
environments, selected from Table 1. The reason why all species from Table 1 are 
not included is the lack of reported volatiles from some species. Compounds with 
15 or fewer carbon atoms have been included. This is, as previously mentioned, not 
an ideal description of the volatility of the compounds. However, the concept 
includes the most volatile microbially produced substances likely to be found in 
indoor air. The species are listed in Table 5.

As previously mentioned, it is well known that different strains of the same species 
can produce different metabolites. In many of the works referenced in Table 5, there 
is no specification of strains or any information according to which key the fungi 
are identified. Several names have sometimes been used for the same species, 
because of isolation of the species by different people and because of the difficulty 
in carrying out taxonomic identifications [13, 14, 176, 177], In some cases, species 
have been reclassified when new identification techniques have become available, 
for example, the use of secondary metabolites [13, 14, 177], This is common not 
least among the Penicillia, which is a very species-rich genus and in which 
identification of species is difficult [13, 14, 177], The metabolites included in Table 
6 are all reported from the species under the names listed in Table 5. Metabolites 
reported from the species under synonym names only are not included. The reason 
for this, is the uncertainty of the true identities of some of the synonym names 
reported. Pénicillium aurantiogriseum is an example: According to Pitt [176], the 
following species are placed in synonymy with P. aurantiogriseum-. P. puberulum 
Bainer, P. cyclopium Westling, P. aurantiovirens Biourge, P. martensii Biourge, 
P. lanoso-coeruleum Thom and P. verrucosum var. cyclopium Westling. However, 
the difficulty in making correct identifications is illustrated by Frisvad and 
Gravesen [177], who list a great number of other species, among which P. 
chrysogenum, P. commune and P. expansum are represented, which have also been 
given the name P. cyclopium for some isolates. A recent revision of the taxonomy 
of P. aurantiogriseum and related species, based on a combination of 
morphological, physiological and secondary metabolite data, gives nine groups 
related to P. aurantiogriseum species status [13], despite earlier proposals to 
reduce them to varieties of P. aurantiogriseum [14].
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Table 5. Microorganisms included in Table 6. The literature sources for production 
by the various species are given in the References column.

No. Species References

1 Aiternaria alternata
2 Aspergillus flavus
3 Aspergillus niger
4 Aspergillus versicolor
5 Aureobasidium pullulons
6 Botrytis cinerea
7 Chaetomium globosum
8 Cladosporium cladosporioides
9 Cladosporium herbarum
10 Eurotium repens
11 Fusarium culmorum
12 Paecilomyces variotii
13 Pénicillium aurantiogriseum
14 Pénicillium brevicompactum
15 Pénicillium chrysogenum
16 Pénicillium commune
17 Pénicillium expansum
18 Phialophora fastigiata
19 Streptomyces albidoflavus

(griseus)
20 Trichoderma viride
21 Ulocladium botrytis

77,178-180
10, 78, 152, 159, 180-188 
78, 142, 152,183, 188-190 
Paper III, 152, 159, 185, 188, 190-194 
159,181
159, 183, 195-197 
159, 195, 198 
Paper III, 149 
159 
141
152, 184, 199 
Papers III, V
10, 12, 13, 188, 192, 200, 204 
10, 12, 185, 188, 192, 202 
142, 180, 189, 192, 199, 203 
Papers UI, V, 12, 192 
10, 12, 158, 171, 180, 192, 204 
Paper 111
Paper IV, 183, 205, 206

152, 164, 179, 207, 208 
209
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5.6 Volatile organic compounds with non-microbial sources in 
indoor air

For microbially produced volatiles to be used as marker compounds for microbial 
contamination in buildings, it is necessary to have a knowledge of other possible 
sources of the substances in indoor air. There are many reports in the literature 
concerning identification of volatile organic compounds in indoor air. The main 
sources of the compounds are i) building materials, furniture and fixtures 
ii) humans and their activities and Hi) outdoor sources, such as exhaust from motor 
vehicles. Seifert et al. [2 1 0 ] studied the seasonal variation in concentrations of 
volatile organic compounds in 12 German homes during one year. They concluded 
that the total concentration of volatiles was two to three times higher during the 
winter. About half of the total concentration originated from the occupants 
themselves or their activities, such as use of household products or renovation 
activities. The influence of occupant activities on VOC levels and identities was 
also shown by Lébret et al. [211] when comparing newly built homes, before and 
after occupation. In offices there is a clear difference in the variation of emission 
levels depending on the compound source. Emissions from building materials and 
similar sources appear constant over the day, while emissions from human-related 
activities are higher during the workday. Some compounds, such as aliphatic 
hydrocarbons emitted from photocopiers, are generated at a fairly constant rate 
during the workday, while generation from other sources is of an episodic nature 
[2 1 2 ].

The most frequently reported emission compounds from building materials include 
hydrocarbons, aliphatic as well as aromatic, halogenated hydrocarbons, terpenes, 
aldehydes, ketones, alcohols and esters. Molhave [213] measured the emission from 
42 commonly used building materials. The 10 most frequently found compounds 
were all alkanes or alkyl-substituted benzenes, such as toluene and xylenes. 
Monoterpenes, 1-butanol, butyl acetate and ethoxyethyl acetate were also found in 
relatively high concentrations in the air around the materials. Colombo et al. [214] 
reported mainly aldehydes, esters and alkanes from three building materials. The 
highest emission rates were reported from particle board with carpet,
2 -(2 -butoxyethoxy)-ethanol acetate being the compound emitted in the highest 
concentration. Aliphatic hydrocarbons were the dominating emission compounds 
from floor adhesive, and aldehydes and monoterpenes the major emission 
components from particle board, in a study by Merrill et al. [215]. De Bortoli et al. 
[216] identified emission compounds from fresh wall-coating materials. 
Formaldehyde, vinyl chloride, 2-butanone, and aromatic and aliphatic hydrocarbons 
were among the main components found, but the concentrations of the components 
declined substantially within a week after introducing the samples in test chambers. 
The emission from pine wood used as cultivation medium in Paper V consisted 
mainly of terpenes and some aldehydes. This emission of terpenes from wood is
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well known [217, 218], Gypsum board emitted hydrocarbons, alcohols, aldehydes 
and esters [Papers IV, V\.

New building materials may be expected to contain residual solvents and other 
compounds remaining after the manufacturing processes, leading to higher emission 
concentrations than from materials which have been in use for some time. Declining 
concentrations of volatiles, particularly 1 -butanol, during the first half year of 
occupation of a newly built pre-school were shown by Berglund et al. [219]. This is 
in agreement with a study by Rothweiler et al. [220], who reported that new or 
recently renovated buildings had a higher total concentration of VOC, compared 
with older buildings.

In a study of volatiles from household products (waxes, polishes and detergents), 
Knöppel and Schauenburg found esters, aliphatic alcohols, alkoxyalcohols, terpene 
alcohols and terpene acetates from water-based products, while aliphatic 
hydrocarbons and terpenes were dominating emission components from products 
without water [2 2 1 ],

There are numerous reports concerning volatile compounds in indoor air. For 
example, Hollowell and Miksch found aliphatic hydrocarbons, alkylated aromatic 
hydrocarbons and chlorinated hydrocarbons as the most common compound classes 
in offices [222], These compound classes, oxidized hydrocarbons {i.e., alcohols and 
carbonyl compounds) and terpenes (limonene) were found in offices also by Daisey 
et al. [223], An alternative approach is sampling of house dust and analysing the 
emitted volatiles. Wolkoff and Wilkins identified 188 volatile organic compounds 
from household air and dust [224], Among the compounds emitted from dust were 
also several volatiles of possible microbial origin, such as 2 -methyl-1 -propanol, 
3-methyl-2-butanone, dimethyl disulphide and 2 -heptanone.

Measurement of total volatile organic compounds (TVOC) is a much used strategy 
for judgement of indoor air quality. The usefulness of the concept has been 
questioned, however [225], The sampling and analysis methods used influence the 
results obtained [226], and indoor TVOC values are highly correlated to outdoor 
concentrations [227], Batterman and Peng [226] suggest a modified indicator of 
indoor air quality, a “VOC enrichment factor”, (VEF). The concept includes 
measures of TVOC and carbon dioxide concentrations indoors and outdoors, and 
expected bioeffluent concentrations of VOC and carbon dioxide as constants taken 
from the literature. The model does not include any identification of the volatiles, 
and the authors suggest that VOC spéciation should be performed at high VEF 
values or when specific sources are expected, to enable the sources to be identified. 
This points to the major limitation of the TVOC concept. Uniting all volatiles under 
one concept makes it impossible to utilize the multivariate information, available
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when the individual airborne volatile compounds are identified and quantified, in 
order to identify possible sources of contamination.

5.7 Possible marker metabolites

The most frequently found metabolite in the studies described in Papers III-V,
3-methyl-1-butanol, is also the most often reported compound in the literature 
survey in Table 6 . Other commonly found alcohols are 2-methyl-1-butanol, 
2-methyl-1-propanol and l-octen-3-ol. The frequency with which these substances 
are found makes them highly interesting as marker metabolites. However, it cannot 
be ruled out that the smaller alcohols might be present, for example, in paint and 
similar products, something which must be kept in mind if the compounds are found 
in indoor environments. l-Octen-3-ol is most probably a more pronounced marker 
metabolite. 2-Ethyl- 1-hexanol is produced by several microorganisms. It is not to be 
recommended as a microbial marker, as it is also found as an emission component 
from water-damaged floor coverings [228] and is emitted from gypsum board 
[Papers IV, V\. However, since the compound is known to be irritating [228] and as 
a possible indicator of humid indoor environments, which promote growth of 
microorganisms, it is still of interest in indoor air analysis. Another alcohol often 
reported as a fungal metabolite and thereby of interest as an indicator is 3-octanol. 
It was also produced by Aspergillus versicolor on DG18 [Paper III],

Acetone and 2-butanone are frequently produced by microorganisms. They are 
nevertheless unsuitable as indicator substances, since they are much used as 
solvents in various household products and building materials. Of greater potential 
as marker ketones are 3-methyl-2 -butanone, 3-methyl-2-pentanone, 2-pentanone 
and the higher 2 -methyl ketones in Tables 4 and 5, and 3-octanone. 2 -Pentanone, 
2 -hexanone and 2 -heptanone were, among other ketones and aldehydes, emitted 
from moist mineral wool samples taken from buildings in an investigation by van 
der Wal [229], The study did not indicate whether growth of microorganisms had 
occurred on the materials.

Sulphur-containing compounds were found from several species in Papers III-V. 
The most interesting sulphur substance found was dimethyl disulphide, since it was 
produced by three out of the five moulds studied [Paper III] and as major 
metabolite from Streptomyces albidoflavus on TGEA [Paper W \. The fact that 
dimethyl disulphide is also found as a minor emission compound from gypsum 
board complicates its application as microbial indicator, but its ability to be 
microbially produced should definitely be taken into consideration if it is found in 
indoor air.
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Sesquiterpenes and their derivatives are frequently produced by microorganisms 
and are of general interest as a marker group. The difficulty of identifying them 
reduces their marker abilities, but if increased indoor levels of sesquiterpenes are 
found the underlying possibility of microbial growth should be taken into 
consideration. However, certain sesquiterpenes are also emitted from various types 
of wood [218, 218]. Examples of sesquiterpenes from pine (Pinus) and whitewood 
(Picea) are ß-caryophyllene, also found from Phialophora fastigiata cultivated on 
DG18 [Paper III], y- and 5-cadinene [217], Geosmin is easy to identify by mass 
spectrometry and is a highly potential indicator substance, since its sole origin in 
indoor air, to the best of my knowledge, is production by microorganisms and it is 
produced by several species. a-Curcumene is another easily identified 
sesquiterpene, found from two species in Paper III, which might be a potential 
microbial marker. This terpene was also found from several fungal cultures 
inoculated on wheat by Tuma et al. [77], The earthy-smelling compound 
2 -methylisobomeol was not found in our studies, but is often reported from 
microorganisms in the literature and is therefore considered as an interesting 
indicator substance.

Böijesson [80] suggested 3-methylfuran as indicator of mould growth on cereals. 
This compound was also found from four out of five fungi discussed in Paper III. 
This strongly indicates that it is frequently produced by moulds and is therefore an 
interesting indicator. A similar substance produced by Pénicillium commune and 
Paecilomyces variotii, both on artificial medium (DG18) and on pine wood, was 
2,5-dimethylfuran, which also is of interest as a marker compound.

Several other compounds, found from one or a few species in the studies presented 
in Papers III-V, and found from other species by other investigators, should also be 
taken into consideration as marker substances. Examples are 3-methylanisole, 
found from Pénicillium commune on DG18 and on gypsum board/mineral wool 
[Papers III, V], and 3-methoxyanisole, produced by Aspergillus versicolor on MEA 
[Paper III]. Those compounds are also reported as fungal volatiles by Tuma et al. 
[77], Larsen and Frisvad [192], Ezeonu et al. [194], Wilkins and Scholl [200] and 
Seifert and King [230],
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6. Concluding remarks and future perspectives

This thesis is a summation of my work on sampling, analysis and identification of 
volatile metabolites, produced by microorganisms of interest in indoor 
environments.

The analytical technique used has been thermal desorption cold trap-injection gas 
chromatography for separation, in combination with mass spectrometry for 
identification. These techniques make it possible to analyse low pg/m3-levels of 
volatiles in air, a prerequisite for analysis of microbial volatiles in indoor air. The 
injection and gas-chromatographic separation were optimized according to 
multivariate statistical methods. The sampling was performed on solid adsorbents. 
An evaluation of adsorbents was performed. Tenax TA was found to be the most 
suitable adsorbent for sampling microbial volatiles. It must, however, be borne in 
mind that a single adsorbent can never sample all volatile organic compounds 
present in the air.

Five fungal species, Aspergillus versicolor, Pénicillium commune, Cladosporium 
cladosporioides, Paecilomyces variotii and Phialophora fastigiata, and an 
actinomycete, Streptomyces albidoflavus, were cultivated on various artificial 
media and/or building materials. A large number of metabolites were identified. The 
most common compound classes were alcohols, ketones, sulphur compounds and 
terpenes. Hydrocarbons, ethers and esters were also frequently found. The 
production was highly dependent on both species and medium. The influence of 
other externally controlled cultivation factors, temperature, oxygen and carbon 
dioxide concentrations, was studied for S. albidoflavus. Of these factors, the effect 
of temperature was most pronounced, but the atmospheric composition had a 
quantitative effect on the production of some metabolites.

Some metabolites were produced by several species and on more than one medium. 
Among these were geosmin, dimethyl disulphide, 3-methylfuran, 2,5-dimethylfuran, 
2-methyl-1-propanol, 2-methyl-1-butanol, 3-methyl-1-butanol, 3-methy 1-2-butanone 
and 3-methyl-2-pentanone. These metabolites, and several others, are of interest as 
possible marker metabolites for fungi and actinomycetes in indoor air. Monitoring 
indicator substances can be a first step in investigating suspected microbial 
contamination of indoor air. However, the pronounced effect of species and media 
on production require a sampling and analysis strategy which allows identification 
of a majority of the volatiles in the air, especially when increased concentrations of 
the selected marker substances are not found. If interest is confined to only a few 
tracer compounds, there is a risk that microbially affected buildings may be 
overlooked. It is also necessary to analyse a considerable number of samples from 
“healthy” buildings, without known abnormal microbial growth, to determine 
common background levels of compounds of possible microbial origin.
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This dependence on medium and species makes it interesting to extend the studies to 
additional species and building materials, with a view to further widening 
knowledge of common and specific metabolites of interest as microbial markers. 
Increased knowledge of the metabolites produced also makes it possible to 
investigate possible health effects of volatile compounds of microbial origin. Today, 
little is known of the effect of long-time exposure to the complex mixtures of these 
compounds, which can be found in low concentrations in microbially affected 
indoor environments. Remedying this situation is an important task for, and a 
challenge to, toxicologists and medical researchers.
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