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ABSTRACT

Composting refers to aerobic degradation of organic material and is one of the main waste treatment 
methods used in Finland for treating separated organic waste. The composting process allows 
converting organic waste to a humus-like end product which can be used to increase the organic 
matter in agricultural soils, in gardening, or in landscaping. Microbes play a key role as degraders 
during the composting-process, and the microbiology of composting has been studied for decades, 
but there are still open questions regarding the microbiota in industrial composting processes. It 
is known that with the traditional, culturing-based methods only a small fraction, below 1%, of 
the species in a sample is normally detected. In recent years an immense diversity of bacteria, fungi 
and archaea has been found to occupy many different environments. Therefore the methods of 
characterising microbes constantly need to be developed further. 

In this thesis the presence of fungi and bacteria in full-scale and pilot-scale composting 
processes was characterised with cloning and sequencing. Several clone libraries were constructed 
and altogether nearly 6000 clones were sequenced. The microbial communities detected in this study 
were found to differ from the compost microbes observed in previous research with cultivation based 
methods or with molecular methods from processes of smaller scale, although there were similarities 
as well. The bacterial diversity was high. Based on the non-parametric coverage estimations, the 
number of bacterial operational taxonomic units (OTU) in certain stages of composting was over 
500. Sequences similar to Lactobacillus and Acetobacteria were frequently detected in the early 
stages of drum composting. In tunnel stages of composting the bacterial community comprised of 
Bacillus, Thermoactinomyces, Actinobacteria and Lactobacillus.

The fungal diversity was found to be high and phylotypes similar to yeasts were abundantly 
found in the full-scale drum and tunnel processes. In addition to phylotypes similar to Candida, 
Pichia and Geotrichum moulds from genus Thermomyces and Penicillium were observed in tunnel 
stages of composting. Zygomycetes were detected in the pilot-scale composting processes and in the 
compost piles. In some of the samples there were a few abundant phylotypes present in the clone 
libraries that masked the rare ones. The rare phylotypes were of interest and a method for collecting 
them from clone libraries for sequencing was developed. With negative selection of the abundant 
phylotyps the rare ones were picked from the clone libraries. Thus 41% of the clones in the studied 
clone libraries were sequenced.

Since microbes play a central role in composting and in many other biotechnological processes, 
rapid methods for characterization of microbial diversity would be of value, both scientifically and 
commercially. Current methods, however, lack sensitivity and specificity and are therefore under 
development. Microarrays have been used in microbial ecology for a decade to study the presence 
or absence of certain microbes of interest in a multiplex manner. The sequence database collected 
in this thesis was used as basis for probe design and microarray development. The enzyme assisted 
detection method, ligation-detection-reaction (LDR) based microarray, was adapted for species-
level detection of microbes characteristic of each stage of the composting process. With the use of 
a specially designed control probe it was established that a species specific probe can detect target 
DNA representing as little as 0.04% of total DNA in a sample. The developed microarray can be 
used to monitor composting processes or the hygienisation of the compost end product.



A large compost microbe sequence dataset was collected and analysed in this thesis. The 
results provide valuable information on microbial community composition during industrial scale 
composting processes. The microarray method was developed based on the sequence database 
collected in this study. The method can be utilised in following the fate of interesting microbes during 
composting process in an extremely sensitive and specific manner. The platform for the microarray 
is universal and the method can easily be adapted for studying microbes from environments other 
than compost.



TIIVISTELMÄ (abstract in Finnish)

Kompostoinnilla tarkoitetaan biologisesti hajoavan orgaanisen jätteen hajotusta ja se on yksi 
tärkeimmistä biojätteen käsittelytavoista Suomessa. Mullan kaltaista lopputuotetta voidaan 
käyttää lannoitteena maataloudessa ja puutarhanhoidossa sekä materiaalina viherrakentamisessa ja 
maisemoinnissa. Täten jätteenkäsittelymenetelmän ohella kompostointi on myös kierrätysmenetelmä. 
Kompostointiprosessissa mikrobit ovat tärkeässä roolissa orgaanisen aineen hajottajina. Vaikka 
kompostoinnin mikrobiologiaa onkin tutkittu jo vuosikymmeniä, mikrobisto teollisessa suuren 
mittakaavan kompostointilaitoksessa on suurelta osin tuntematon. 

Tässä väitöskirjatyössä selvitettiin sienten ja bakteerien esiintymistä teollisessa 
kompostointilaitoksessa ja pienemmässä tutkimuskäyttöön rakennetussa kompostointirummussa 
molekyylibiologisin menetelmin. Aiemmin on havaittu, että maljakasvatuksiin perustuvilla 
menetelmillä saadaan selville vain noin 1 % näytteen mikrobiyhteisöstä. Yli 6000 mikrobien 
tunnistusalueiden DNA-fragmenttia sekvensoitiin ja tuloksena oli yli 500 erilaista bakteerien 
tunnistussekvenssiä ja 127 erilaista sienten sekvenssiä. Näitä sekvenssejä verrattiin kansainvälisiin 
sekvenssitietokantoihin. Sekä bakteerien että sienten havaittiin eroavan aiemmissa tutkimuksissa 
löydetyistä mikrobeista, vaikka yhteneväisyyksiäkin löytyi. Myös aiemmin tunnistamattomia 
mikrobisekvenssejä oli runsaasti. Tutkimuksessa havaittiin, että mikrobiyhteisöt teollisen- ja 
tutkimusmittakaavan laitoksella erosivat selvästi. 

Kloonikirjastoissa on usein monta kappaletta samaa sekvenssiä. Väitöskirjatyössä kehitettiin 
menetelmä, jolla runsaslukuiset sekvenssit merkitään ennen sekvensointia ja vain harvalukuiset 
sekvensoidaan. Tällöin tietyt yleiset sekvenssityypit eivät estä harvalukuisempien sekvenssityyppien 
havainnointia. Menetelmän avulla havaittiin, että 41 % kloonikirjastojen klooneista oli harvinaisia ja 
vain ne sekvensoitiin. Säästö sekvensoinnissa ja käsiteltävän datan määrässä oli täten huomattava. 

Kompostin mikrobien esiintymisessä havaittiin eroja prosessin eri vaiheiden välillä. Koska 
kaikkien mikrobien kloonaaminen ja sekvensointi on aikaa vievää ja kiinnostuksen kohteena 
on usein vain muutama sekvenssityyppi, kehitettiin näiden sekvenssien havainnointia varten 
mikrosirudiagnostiikkaan perustuva menetelmä. Mikrosiruja on käytetty lajiston selvittämiseen 
jo vuosikymmeniä, mutta käytetyt menetelmät ovat olleet puutteellisia herkkyydeltään ja 
tarkkuudeltaan. Väitöskirjassa kehitetyn mikrosirumenetelmän avulla saavutettiin tarkkuus, jolla 
kaksi lähisukuista mikrobilajia voitiin erottaa toisistaan. Menetelmä perustuu kahden DNA-
koettimen liittämiseen ja työssä suunnitellun kontrollikoettimen käyttöön. Menetelmä osoittautui 
hyvin herkäksi ja myös pieninä määrinä esiintyvät mikrobit voitiin havainnoida. Mikrosirua voidaan 
siksi hyödyntää kompostointiprosessin seuraamisessa tai kompostin lopputuotteen hygieenisyyden 
varmentamisessa. 

Tämän väitöskirjatyön tulokset tuovat tärkeää tietoa teollisen kompostointiprosessin 
mikrobiyhteisöstä. Suunniteltua mikrosirumenetelmää voidaan soveltaa myös muiden ympäristöjen 
mikrobien tutkimiseen.



ABBREVIATIONS 

ARDRA Amplified ribosomal DNA restriction analysis

ARISA  Automated ribosomal intergenic spacer analysis

DGGE  Denaturing gradient gel electrophoresis

DNA  Deoxyribonucleic acid

ITS  Internal transcribed spacer. A non-coding sequence between coding    
  ribosomal RNA gene subunits

HGT  Horizontal gene transfer

LDR  Ligase detection reaction

OTU  Operational taxonomic unit

PCR  Polymerase chain reaction

PLFA  Phospholipid fatty acid analysis

qPCR  Quantitative polymerase chain reaction

RFLP  Restriction fragment length polymorphism

RNA  Ribonucleic acid

rRNA   A gene coding form of ribosomal RNA

SSCP  Single strand-conformation polymorphisms

Sp  Species

t-RFLP  Terminal restriction fragment polymorphism



1. INTRODUCTION

1.1 Microbial diversity

Microbes exist everywhere on earth. It has 
been estimated that the number of microbes 
on earth is as much as 4-6x1030 (Whitman et 
al. 1998) and the estimation for the number 
of different bacterial species in a gram of soil is 
107 (Gans et al. 2005). They affect our health 
and agriculture, and have key roles in most of 
the planet’s geochemical cycles (Curtis & Sloan 
2005). The high diversity of microbes has 
been revealed through the rapid development 
of sequencing techniques. The human gut has 
been found to be coated with microbes essential 
to human health (Eckburg et al. 2005). Vast 
microbial diversity has been found in the seas 
where a huge number of novel genes have been 
detected (Venter et al. 2004). Likewise, great 
diversity and many novel sequences have been 
discovered everywhere from farm soil to whale 
falls, i.e. whale carcasses that have fallen to the 
ocean floor (Tringe et al. 2005), as well as in the 
air (Brodie et al. 2007). Recently, the basaltic lava 
in the oceanic lithosphere has been studied and 
the microbial diversity there (Santelli et al. 2008) 
was comparable to terrestrial soil. Terrestrial 
soil, itself, is considered to be extremely diverse 
because of its spatial heterogeneity, multiphase 
nature and complex chemical and biological 
properties (Daniel 2005), which provide growth 
conditions for diverse groups of microbes. 

In many studies the number of analysed 
clones is usually small, from tens to hundreds 
while the number of individual microbes in the 
sample can be billions (reviewed in Whitman 
et al. 1998). It is now widely accepted that 
with cultivation based methods less than 1% 
of microbes are detected because the growth 
conditions do not represent the growth 
conditions of all the microbes present (Amann 
1995). In other words, there is no growth 
condition or culture media that is general enough 
to allow growth of all microbes in the studied 
samples. For example, their nutrient, pH and 

temperature requirements may be strict, while 
anaerobic microbes do not form colonies in 
aerobic conditions, and slow growing microbes 
can be out-grown by fast growers, which produce 
large colonies. In many cases it is thus possible 
to design the conditions so that a specific group 
of organisms is targeted, however in practise this 
is not a viable approach if the total microbial 
diversity of an environment needs to be revealed. 
Furthermore, microbes can be mutualistic, 
symbiotic and parasitic and for these microbes 
growth conditions are hard to mimic. Since 
the development of polymerase chain reaction 
(PCR, Saiki et al. 1985) to amplify DNA, the 
molecular methods for studying microbes and 
the knowledge about microbial diversity have 
substantially increased.

1.2 Ribosomal RNA genes (rRNA)

The genes coding for ribosomal RNA (rRNA) 
have been broadly used in studying microbial 
diversity with molecular methods. Ribosomal 
RNA molecules are ubiquitous in cellular life 
forms. The small subunits, which are often 
utilised, are small enough to be handled in the 
laboratory, easy to amplify and sequence, and 
most importantly, they show the evolutionary 
changes between different organisms (Torsvik 
& Øvreås 2006). The genes coding for bacterial 
and archaeal small and large ribosomal subunits, 
16S and 23S rRNA genes, respectively, and 
eukaryal 18S and 28S rRNA genes, contain 
both conserved and variable regions, and the 
differences in these genes can be used to infer 
the relationships between DNA sequences 
from different species (Van de Peer et al. 1996). 
Several primers have been developed for the 
PCR amplification of the ribosomal RNA gene 
regions from bacteria, fungi and archaea (e.g. 
Edwards et al. 1989, White et al. 1990, Jürgens 
et al. 1997). Because of the superior sensitivity 
of PCR there is no need to cultivate the microbes 
as the gene of interest can be amplified directly 
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from the sample. The high conservation of 
rRNA genes has lead to extensive use of them 
in microbial diversity studies and in June 2008 
there were 86 2343 bacterial, 82 771 fungal and 
65 295 archaeal ribosomal small subunit RNA 
gene sequences in the EMBL sequence database 
(searched with words [bacteria & 16S], [fungi 
& 18S] and [archaea & 16S], respectively). For 
fungi the internal transcribed spacer region (ITS), 
located between the 18S and 28S rRNA genes, 
is often used because the 18S rRNA sequences 
may not provide enough sequence resolution for 
species level identification (Hugenholtz & Pace 
1996, Anderson & Cairney 2004, Bruns 2006). 
The ITS regions are transcribed but processed 
out of the transcript (Hibbet 1992) and therefore 
contain more variation than in the rRNA genes 
from which the ribosomes are formed.

However, there are problems in the 
use of ribosomal genes for diversity studies. 
Ribosomal genes are present in operons and 
the number of rRNA genes can be up to 220 
in fungi (Hibbet 1992). In published bacterial 
genomes, the number of ribosomal operons 
varies between 1 and 15 (Acinas et al. 2004a). 
In archaeal genomes usually only one ribosomal 
operon was found (Acinas et al. 2004a). Results 
from studies based on rRNA are therefore not 
quantitative as one copy of an rRNA gene does 
not correlate to one microbe. There can also 
be intraspecies differences in rRNA resulting 
in 16S rRNA sequences from the same species 
with different nucleotide compositions (Hibbet 
1992, Acinas et al. 2004b). The definition of 
species in microbial diversity studies has been 
widely discussed and it is a fundamental problem 
that is not yet resolved. Clonally amplifying 
organisms like bacteria, archaea and some fungi, 
cannot be defined as species based on the same 
criteria as, for example, animals, and basing such 
definitions on sequence similarity is somewhat 
arbitrary. This is because the organism is not 
always extracted and characterised, and in 
fact the studied unit is a bare gene sequence. 

Therefore it is not possible to specifically discuss 
species but instead sequence diversity. As a 
result, in sequencing studies the term species is 
often replaced by the definition of operational 
taxonomic unit (OTU), ecotype or phylotype. 
The molecular characterisation of organisms 
has brought novel information to the taxonomy 
of microbes, which has been in continuous 
evolution. Tree of life projects on the phylogeny 
and biodiversity of bacteria and fungi have been 
and are constantly under development (Ciccarelli 
et al. 2006, Lutzoni et al. 2004). These trees are 
constructed with phylogenetic models from 
which the organisms can be classified based on 
similarity, for example in rRNA genes.

1.3 Diversity of Bacteria and Fungi

Bacteria are unicellular organisms without 
a nucleus that are found in a wide range of 
environments and environmental conditions. 
In 1987 Carl Woese published the 12 bacterial 
divisions for the Bacterial kingdom and ten years 
later the number of genera had nearly tripled to 
33 divisions (Pace 1997, Hugenholtz et al. 1998). 
An expansion to 54 divisions (Handelsman 
2004) was published as sequencing techniques 
developed and the price of sequencing came 
down. A recent bacterial taxonomy consists 
of 105 phyla in the EMBL sequence database. 
In the past Archaea were considered to be 
part of the prokaryotes in the classification of 
Eukaryotes and Prokaryotes, but as the Bacteria 
and Archaea were found to be systematically 
distinct, they were separated into kingdoms of 
their own in the three kingdom classification by 
Woese (1987, see Fig. 1).

As mentioned above, species definition 
in microbes is not straightforward. In addition, 
in bacteria horizontal gene transfer (HGT) and 
homologous recombination affect the gene 
content and thus the systematics. A similarity 
of 96% in 16S rRNA genes has often been 
considered to distinguish two bacterial species. 
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Figure 1. The universal phylogenetic tree built from ribosomal small subunit sequences in the Arb-
Silva 96 database (Pruesse et al. 2007). The branch, in which humans, among other vertebrates and 
invertebrates, belong to based on this phylogenetic tree, is marked with an asterisk (*). The scale bar 
indicates 0.10 changes per position. The box in the middle of the tree represents the origin of the tree.

3



It should be noticed, that the interoperonic 
differences in 16S rRNA operons within fully 
sequenced bacterial genomes were found to 
differ <1% and HGT was assumed to occur 
between closely related organisms (Acinas et 
al. 2000a). Ciccarelli et al. (2006) found that 
HGT had occurred in ribosomal proteins 
of one class among the 191 species studied. 
However, when genes of three cultivated 
Escherichia coli-bacteria that were 99% similar 
by 16S sequencing were compared they had 
only 39.2% of genes in common and therefore 
were considered to represent different ecotypes 
(Welch et al. 2002). Thus it must be kept in 
mind that similar 16S rRNA does not correlate 
with similar ecological function as these 
microbes may have specialised to different 
environments (Hunt et al. 2008). Despite these 
limitations, ribosomal genes are valuable tools 
for the study of microbial ecology as long as 
these limitations are kept in mind.

Fungi were separated from the plant 
kingdom into their own when the five kingdom 
classification by Whittaker (1969) was published. 
In the three kingdoms classification Fungi 
belong to Eukarya. In Eukarya the taxonomical 
resolution was higher because of their greater 
morphological diversity. Therefore two species 
that would have been assigned to separate phyla 
in the Eukarya are assigned to the same phylum in 
the Bacterial classification (Ciccarelli et al. 2006). 
The classification of fungi by their phenotypic 
characteristics is difficult in some phyla as those 
characteristics do not provide enough resolution. 
As an example, when the phylogenetics of the 
fungal class Saccharomycetales were studied, 
ascomyceteus yeasts from the genus Pichia 
were found to extend across the phylogenetic 
spectrum of the ascomycetous yeasts. The reason 
for this resides in the classification of these 
yeasts by phenotypic characteristics, in this case 
the shape of the budding cell (Suh et al. 2006). 
The relationship between two species cannot 
be therefore determined based on the simple, 
convergent phenotype (Suh et al. 2006) as the 
resolution is not high enough. 

The number of fungal divisions varies 
depending on the source and the use of molecular 
methods in systematics has revolutionised the fungal 
phylogeny. Besides the four widely accepted phyla 
Basidiomycota, Ascomycota, Chytridiomycota 
and Zygomycota, fungal systematics were recently 
revised by sequencing six gene regions from nearly 
200 species (James et al. 2006). The number of 
phyla as classified by Hibbet et al. (2007) is seven, 
comprising the Basidiomycota, Ascomycota, 
Chytridiomycota, Glomeromycota, Microsporidia, 
Neocallimastigomycota and Blastocladiomycota.  

The diversity and activities of the soil fungal 
community are not as well known as those of the 
soil bacterial communities as mycologists have 
often relied on culture based methods in ecological 
studies on soil fungi (Anderson & Cairney 
2004). When molecular methods have been used 
to study soil fungi, several novel phylotypes have 
been discovered. Vandenkoornhuyse et al. (2002) 
found 49 fungal species in plant roots of which 
7 had a match (>99% similarity) in the sequence 
database and the amount of novel species was 
high. Fungi from tundra soil during different 
seasons were studied by Schadt et al. (2003) and 
the results from sequencing 125 fungal ribosomal 
large subunit genes revealed several novel fungal 
groups as 40% of the sequences clustered into 
unique groups. A novel clade was discovered 
containing many previously unknown fungi. 
Sequences belonging to this novel group were 
also found by Porter and colleagues (2008). It has 
been estimated that the number of fungal species 
on earth is circa 1.5 million (Hawksworth 1991) 
of which only a small fraction, around 5%, have 
been characterised so far.

1.4 Composting

Composting refers to aerobic degradation of 
organic waste into humus-like material. It is 
not only a waste treatment technique but also 
a recycling method as the end product can be 
used in agriculture as fertiliser, in gardening or 
in landscaping. The composting process can be 
divided into four different stages based on the 
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temperature levels (Gray et al. 1971). In the 
early, mesophilic stages the temperature is close 
to the ambient temperature and the pH is low. 
As the material starts to degrade due to microbial 
activity the amount of mesophilic microbes, 
often lactic acid bacteria and yeasts, increases. 
The increase and activity of these acid-producing 
bacteria cause a drop in pH to acidic levels. As 
the temperature starts to increase as a result of 
the vigorous exothermal microbial activity, it 
reaches levels above 45°C and thermophilic 
microbes take over the degradation and the pH 
rises. A falling temperature indicates the start 
of the cooling phase, which is followed by the 
maturation phase. Microbes play key roles in all 
the phases of the composting process as active 
decomposers. 

Presently composting, besides rotting, is 
the main method of treating separately collected 
organic waste in Finland. There are 20 large 
scale composting facilities in Finland. In 10 
of these industrial and household biowaste is 
treated while the remaining 10 treat wastewater 
sludge. These facilities are based on drum, 
tunnel, and tower composting technologies. 
Although the principle of composting is rather 
easy there are intrinsic problems in industrial 
composting. As the scale of the process and 
the volume of material increases controlling 
the process becomes more difficult. In order to 
utilise the composted material as a fertiliser in 
agriculture or as soil enrichment the compost 
end product should be free from human, animal 
and plant pathogens that are often abundant 
during the early stages of composting. Therefore, 
quality control parameters have been set by the 
authorities. These include either proof showing 
that the temperature in the composted mass 
reached 70°C for 60 minutes or validation of the 
process by measuring the reduction of growth of 
certain indicator organisms. Hygienisation of the 
compost is achieved by microbial succession and 
competition where the mesophilic pathogens 
such as Enterococcus faecalis, Clostridium sp. 
and various enteric pathogens are killed by 
high temperatures and the self heating of the 

process. When the composting process does not 
proceed optimally there is a risk that pathogens 
originating from plant and food residues, 
for example, will survive and be present in 
the composted material. External heating of 
compost has been utilised but when used too 
extensively it may also cause the extermination 
of desired degrading microbes. Problems with 
low temperatures in the process are often linked 
to high moisture content and low oxygen levels. 
Anaerobic conditions cause the decomposition 
rate to decline (Tiquia et al. 1996) and severe 
odour problems.  

Various methods such as DGGE 
(denaturing gradient gel electrophoresis, Ishii et 
al. 2000, Steger et al. 2007), SSCP (single strand 
conformation polymorphisms, Peters et al. 2000), 
ARISA (automated ribosomal intergenic spacer 
analysis, Schloss et al. 2003), cultivation (Beffa 
et al. 1996, Ryckeboer et al. 2003a), restriction 
analysis and sequencing (Dees & Ghiorse 2001) 
and microarrays (Franke-Whittle et al. 2005, 
Franke-Whittle et al. 2008) have been used to 
study compost microbial communities to find 
out which microbes are present in certain stages 
of the composting process. Compost microbiota 
have been studied from a wide spectrum of 
different composting scales, from 500 ml 
laboratory batch units (Schloss et al. 2003), 30 l 
synthetic compost made from dog food (Dees & 
Ghiorse 2001), to actual composting drums (Ishii 
& Takii 2003, Vuorinen & Saharinen 1997) and 
composting piles (Steger et al. 2007). Unlike 
normal laboratory scale studies, the composition 
of municipal biowaste varies from day to day 
and thus cannot be controlled. In addition, the 
microbiota at the composting plant provides a 
seed inoculum for the composting process. 

1.5 Microbes in the composting process

In the early phases of composting the microbial 
succession is extremely rapid. In studies regarding 
compost bacteria, the material has included 
artificial biowaste (eg. Dees and Ghiorse 2001), 
biowaste composted in laboratory scale batch 
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units (eg. Strom 1985), pilot-scale reactors (eg. 
van Heerden et al. 2002) and full-scale facilities 
(eg. Ishii & Takii 2003). In the mesophilic stages 
bacteria from the genera Lactobacillus and Bacillus 
are often detected (Ryckeboer et al. 2003a, 
Ryckeboer et al. 2003b). In the thermophilic stages 
the community becomes more thermophilic and 
thermotolerant bacteria such as Actinobacteria 
(Fergus 1964), Bacillus (Blanc et al. 1997) and 
Thermus (Beffa et al. 1996) become abundant. 

Although it has been found that the 
composting process is most efficient when 
both bacteria and fungi are present (Gray et 
al. 1971), the study of compost microbes has 
mainly focused on compost bacteria. Fungi have 
been discovered to have an important role in the 
composting process as degraders of lignin and 
cellulose (Tuomela et al. 2000). Eukarya have 
been found to be numerically abundant in the 
early stages of the composting process (Schloss et 
al. 2005) as well. In the mesophilic stages, yeasts 
(Choi & Park 1998) have been detected, and 
thermophilic fungi such as representatives from 
the Pezizomycota (Fergus 1964) and Zygomycota 
(von Klopotek 1962, Kane & Mullins 1973) 
have been discovered in the thermophilic 
stages of the process. Basidiomycota become 
abundant in the cooling and maturation phase 
of compost (Von Klopotek 1962). Such fungi 
have been studied with culture-based methods 
(Ryckeboer et al. 2003b, Anastasi et al. 2004), 
by fingerprinting (Hansgate et al. 2005), and 
by sequencing (Peters et al. 2000), but of these 
the studies based on molecular methods have 
been rather limited. With cultivation based 
methods the microbial diversity cannot be fully 
determined and thus the microbes present in the 
composting process require more attention. 

1.6 Methods of studying microbial diversity

1.6.1 DNA sequencing

The microbial diversity of many different 
environments has been studied by amplifying 

the gene of interest (often ribosomal genes 
or genes presenting metabolic functions of 
interest), cloning the amplified fragments and 
sequencing them. There are different approaches 
to sequencing; in addition to ribosomal or 
metabolic genes the sequenced fragment may 
also be chosen through functional screening 
or by sequencing active cells or an interesting 
part of the genome. In functional screening the 
metabolic activity of clones in the clone library is 
studied and no sequence information is required. 
New classes of genes that encode either known 
or new functions can be identified (Daniel 
2005). Active cells can be sequenced with, for 
example, use of stable isotope probing (SIP). 
In SIP, microbes utilise an isotopically enriched 
substrate and the isotope incorporates into 
either DNA or RNA. The genomes that have the 
incorporated isotope in them can then be isolated 
and further studied (Radajewski et al. 2000). In 
recent years the study of microbial communities 
has expanded and microbes have been studied 
with both phylogenetic and metagenomic 
approaches (Hugenholtz & Tyson 2008). The 
microbial diversity found in these studies has 
been high and the results have advanced the 
study of microbial ecology with novel findings. 
For example, the archaea have been found to be 
important in ammonia oxidation (Leininger et 
al. 2006), which was previously considered to be 
a process of bacterial origin. Nonetheless, some 
problems exist in cloning-based approaches in 
isolating and sequencing gene fragments from 
environmental samples. First, it is challenging 
to get a representative sample to study the 
diversity and abundance of microbes in the 
sample (Ranjard et al. 2003). It is also difficult 
to estimate the number of clones that need to 
be sequenced to reach the desired coverage in 
a sample. Microbial groups that are present 
abundantly in samples overshadow the ones 
present in lower amounts that might not be 
sampled and sequenced (Curtis & Sloan 2005). 
In recent years several next generation sequencing 
techniques, such as the 454 tag sequencing first 
used for genome sequencing (Margulies et al. 
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2005), have been developed, in addition to the 
broadly used Sanger sequencing (Sanger et al. 
1977). The rRNA tag sequences were introduced 
to microbial ecology as short (from circa 100 
to 210 bp) tag-reads that were sequenced from 
environments such as the deep marine biosphere 
(Sogin et al. 2006, Huber et al. 2007) and soil 
(Leininger et al. 2006, Roesch et al. 2007). 
The amount of data gained is massive in these 
studies, the number of sequences gathered was 
up to 906 347 (Huber et al. 2007).

As microbes have been characterised from 
different environments using sequencing based 
methods, several separate sequence databases 
have been developed and maintained (Amaral-
Zettler et al. 2008). By aligning the sequences 
from the studied sample to those available from 
databases it is possible to determine whether the 
same sequence has been detected from different 
environments and the taxonomical annotation 
can also be compared. There is however much 
redundancy in these databases, and there are also 
mis-annotated sequences (Nilsson et al. 2006) 
or sequences of chimeric origin (Hugenholtz & 
Huber 2003).

The magnitude of microbial diversity is far 
too large to be understood and it is demanding 
to sequence every microbe in a sample. At the 
moment novel sequencing methods require large 
amounts of funding although prices are decreasing. 
There have been several methods developed 
for characterising microbial communities from 
different environments in a fingerprint-like 
manner that are economical and easily accessible. 

1.6.2 DNA fingerprinting methods

Fingerprinting methods are commonly used 
in microbial ecology. For example, restriction 
fragment length polymorphism (RFLP), 
amplified ribosomal DNA restriction analysis 
(ARDRA) and DGGE have been used prior 
to sequencing in order to lower the number of 
sequenced clones. Terminal restriction fragment 
length polymorphisms (t-RFLP) and ARISA have 
been applied to study the community profile in 

the samples of interest. Moreover, these methods 
can be used before sequencing to determine how 
much sequencing is required with the sample of 
interest and also which sequencing technique to 
use, since the diversity in samples varies.

Although these methods give a profile 
of the community composition which can be 
utilised in, for example, studying community 
changes in different locations (Liu et al. 1997, 
Osborn et al. 2000, Brodie et al. 2003) they 
underestimate the true diversity. Microbes from 
different species or genera can share an identical 
restriction pattern (Dunbar et al. 2001), a single 
DGGE band can contain several different 
ribotypes (Costa et al. 2006) and numerically 
rare phylotypes are generally not detected (Bent 
and Forney 2008). These methods are therefore 
not suitable if the aim is to detect rare phylotypes 
or certain species instead of community profiles. 
While bacterial species abundance curves 
generally have log-normal distribution with very 
long tails (Martiny et al. 2006) and dominating 
phylotypes make up the minority of the diversity 
(Curtis & Sloan 2005), capturing the tale-end 
of communities is difficult with fingerprinting 
methods. With cloning they can be captured, 
but in addition, the abundant types in samples 
are captured in large numbers. 

Dot-plotting methods have been 
applied to the study of microbes in different 
environments. In these methods species specific 
probes are blotted on a nylon membrane and 
the labelled sample is then hybridised on the 
membrane (e.g. Valinsky et al. 2002). The species 
present are detected with either colorimetric 
or radioactive markers. These methods lack 
specificity and sensitivity and are therefore not 
in wider use in microbial diagnostics (Bodrossy 
& Sessitsch 2004). 

1.6.3 Diagnostic microarrays

Microbial diagnostic microarrays, also known 
as phylochips or phylogenetic oligonucleotide 
arrays, became a popular high-throughput tool for 
microbial detection from various environments 
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a decade ago (Guschin et al. 1997). With these 
microarrays, parallel detection of hundreds to 
thousands of microorganisms was achieved and 
they have been applied in the study of microbes 
in various environments such as soil (Small et 
al. 2001), landfills (Bodrossy et al. 2003), water 
(Rich et al. 2008, Vora et al. 2005), compost 
(Franke-Whittle et al. 2005, Franke-Whittle et 
al. 2008) and urban air (Brodie et al. 2007). 
Often in microarray platforms short (18-28 mer) 
oligonucleotide probes specific to certain species, 
genus or strains, are printed on a glass slide. In 
some applications longer (50-70 mer) probes are 
used. The short probes have been shown to be 
specific, but only sequences representing more 
than 1-5% are detected. Longer probes are more 
sensitive in reaching lower detection limits but 
on the other hand they are not as specific as the 
short probes (reviewed in Bodrossy & Sessitsch 
2004). Fluorescently labelled total DNA from 
the sample or a PCR amplified gene of interest 
is hybridised on the array and the results, spots 
to which the labelled sample has hybridised, are 
read with a scanner.

Although attention is paid in microarray 
probe design to reaching the highest possible 
nucleotide specificity for the probes, the 
thermodynamic properties of the probes need 
to be verified as well. The microarray probes 
are printed on the same glass slide and therefore 
their thermodynamic properties must be 
identical in order to avoid cross hybridisation. 
In addition, the sensitivity and specificity 
parameters should be similar for all probes as 
well. Besides the probe length and the probe and 
target sequence similarity, there are other factors 
affecting the hybridisation specificity. These 
include the GC-content of the probe, position 
of matching and mismatching nucleotides 
in the probe and the secondary structures the 
probe may form. In addition, hybridisation 
kinetics influence to the specificity. The amount 
of non-target molecules, short duration of 
hybridisation and long posthybridisation washes 
have been shown to reduce the specificity. The 
specific hybridisation is thus dependent on 

the association or disassociation constant of 
competing correct and incorrect probe-target 
molecules (reviewed in Koltai & Weingarten-
Baror 2008). Since ribosomal genes do not have 
sufficiently discrimination power for the use of 
only one probe to detect one species, microarrays 
with several probes specific for a single species 
are widely in use in the nested-probe approach 
with parallel or hierarchical probe specificity 
(e.g. Loy et al. 2004, Brodie et al. 2007). These 
microarray platforms are feasible for the study of 
the microbiota in the sample, but as the microbes 
cannot be distinguished at species level and as 
there are problems with detection limits (Loy et 
al. 2004, Bodrossy et al. 2003, Franke-Whittle 
et al. 2005, DeSantis et al. 2007), different 
platforms have been developed for the study of 
different microbial communities in a specific 
and sufficiently sensitive manner. 

1.6.4 Ligation detection reaction (LDR)

Enzyme assisted detection methods have 
been used in combination with microarray 
hybridisation (Busti et al. 2002, Baner et al. 
2003, Castiglioni et al. 2004) as the specificity 
of the oligonucleotide microarray has not been 
high enough. A ligation detection reaction (LDR) 
based method has been applied for detecting 
single base mutations associated with genetic 
diseases (Landegren et al. 1988, Barany 1991) 
and this method has been adapted to characterise 
microbial communities (Castiglioni et al. 2004, 
Rantala et al. 2008). In LDR two target specific 
probes are adjacently ligated together by a 
thermostable ligase if a perfect complementarity 
between the two probes and the target DNA is 
achieved (Fig. 2). The probes are designed so that 
the nucleotide in the junction point of the probes 
distinguishes the target from other species. The 
ligation products are linearly amplified using a 
thermostable ligase (Barany 1991). One of the 
two probes is fluorescently labelled (Gerry et al. 
1999, Busti et al. 2002) while the other probe 
contains a 3’ tag sequence (Zip sequence, Fig. 
2) which directs it to the correct address on 
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the microarray containing a complementary 
zip code-sequence (c-zip sequence). These zip 
sequences have uniform hybridisation properties 
and the same array platform can be used with 
multiple ligation probe sets. A complementary 
control probe (c-control probe) sequence is 
included in each printed spot to help normalising 

Figure 2. A schematic picture of the ligation detection reaction (LDR) (Barany 1991) and hybridisation 
to the microarray by the zip-code sequences (Gerry et al. 1999). 

A) Ligation. The ligase enzyme ligates the two probes together if high similarity between target and probe 
sequences exist.
B) Linear amplification of the ligation products.
C) Hybridisation to the microarray with control probe. Ligation products hybridise with the complementary 
zip sequence (c-zip sequence) and the control probe with the complementary control probe sequence 
(c-control probe) printed on the microarray.
D) Detection of results with scanner, different wavelengths are used for the species probe and the control 
probe.

oligo hybridisation signals over different spots 
and arrays, and to set limits for detection. In 
hybridisation the control probe is hybridised to 
the microarray with ligation products. It has a 
different fluorescent label in the 5’ end and the 
thermodynamic melting temperature properties 
are similar to the zip-sequences.
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2. AIMS OF THE STUDY

Microbes degrade the organic waste in compost 
and the composition of microbes affecting 
composting was studied. As the process is 
different in industrial composting facilities where 
the throughput levels are high and the composted 
mass differs from day to day, the focus was on 
studying the microbial communities in these 
facilities. The general aim of this thesis was to 
develop a species specific and sensitive detection 
method for compost microbes. As the microbes 
in real full-scale composting processes are only 
partly known, since many of the previous studies 
have been carried out on a pilot or laboratory 
reactor scale, the fungi and bacteria in full-scale 
composting processes had to be characterised 
before the development of detection methods. 
The specific objectives were:

Determination of the microbial community • 
composition in an industrial composting 
process and to study the differences between 
compost processes of different scales. In 
addition, microbes in sub-optimally and 
optimally operating processes were studied.

Developing a method by which the • 
communities could be characterised more 
efficiently.

To develop a method by which the presence • 
or absence of species of interest could 
be determined in a specific and sensitive 
manner. The possibility for multiplex 
detection of hundreds of different microbes 
was also one requirement.
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3. MATERIALS
AND METHODS

3.1 Study sites and sampling

Samples were taken from five different 
composting plants (Table 1). The composted 
material was separately collected municipal 
biowaste, green garden waste and industrial 
biowaste. The processes were conducted in 

either drums, drum and tunnel combinations 
(Fig.1 in paper I) or in windrows. In paper 
I the effect of wood-ash amendment to the 
fungal communities in the composting process 
was also studied.

Composting plant Scale Publication
Kiertokapula, Hyvinkää, Finland full
feed I, II
drum (160 m3) loading-end I, II
drum (160 m3), unloading-end I, II
tunnel (3 pieces, 100 m3 each) I, II
drum (160 m3) loading-end, ash amendment I, III
drum (160 m3), unloading-end, ash amendment I, III
tunnel (3 pieces, 100 m3 each), ash amendment I, III
Kujala, Lahti, Finland pilot
Drum (5 m3) I, II
Drum (5 m3), ash amendment I, III
Compost reactor, SLU Sweden1 pilot
Reactor, 200-litre, 55ºC IV
Reactor, 200-litre, 70ºC IV
Ivar, Hogstad, Norway2 full
Windrow, 100 m3, 55ºC IV
Windrow, 100 m3, 65ºC IV
Ämmässuo, Espoo, Finland3 full
Windrow, floor area 110 m3 IV

1 Samples provided by Cecilia Sundberg, Swedish University of Agricultural Sciences, Uppsala, Sweden
2 Samples provided by Erik Norgaard, Norsk Jordförbedring, Norway
3 Samples provided by Christoph Gareis, YTV, Espoo, Finland.

Table 1. Sampling sites, process scale and the publication the samples were used in. 

11



Method Publication
DNA extraction from compost samples I, II, III, IV
Primer design I
Clone library construction for fungal ITS-region I, III, IV
Clone library construction for bacterial 16S rRNA gene II
High throughput sequencing I, II, III, IV
Phylogenetic analyses I, II, III, IV
Phospholipid fatty acid analysis (PLFA) I
Richness and coverage estimators I, II, III, IV
Ordination analysis I
LDR probe design IV
Macroarray probe design III
Macroarray hybridisation III
LDR array detection IV

3.2.1 DNA extraction, PCR and clone 
library construction

DNA was extracted from compost samples with 
a bead beating method. For bacterial studies 
the 16S rRNA gene was amplified with the 
common bacterial polymerase chain reaction 
primers pA and pH’ (Edwards et al. 1989) 
located at the 3’ and 5’ ends of the 16S rRNA 
gene, creating an amplicon of approximately 
1500 base pairs (bp). For the amplification of 
the fungal internal transcribed spacer (ITS) 
region, comprising of partial 18S, 5.8S and 
partial 28S rRNA genes and the flanking ITS1 
and ITS2 regions, a new primer was designed 
(paper I). The amount of knowledge about fungi 
and the number of fungal sequences in public 
databases has increased since the development 
of the often used ITS1 and ITS4 PCR primers 
(White et al. 1990). Since the ITS1 primer did 
not amplify all of the fungi found in previous 
studies, a new universal primer was needed. 
The new forward primer was situated in the 
18S rRNA-gene, approximately 220 base pairs 
upstream of the beginning of the ITS1 region 
and used with primer ITS4 (White et al. 1990). 

Since the ITS region varies in length between 
different species the amplicon produced was 
between 500 and 1200 bp in size. PCR for the 
samples was done in triplicate and pooled prior 
to cloning. For some of the samples in paper I 
semi-nested PCR was used in order to increase 
the PCR yield sufficiently for cloning. In semi-
nested PCR after the first round of PCR the 
amplified fragments were re-amplified with a 
pair of primers of which one was used in the 
first round of PCR and the other was nested.

3.2.2 Sequencing the clones with high-
throughput sequencing pipeline

The purified PCR products were cloned 
into a commercial T/A cloning vector and 
transformed into competent Eschericia coli cells. 
The plasmids were extracted and the inserts re-
amplified with flanking vector specific primers 
(Fig. 3). Sequencing was conducted with an 
inner flanking vector primer with fungal clones. 
For bacteria an inner flanking vector primer and 
primers situated in the 16S rRNA gene were used 
because the sequenced region was nearly double 
in length compared to the fungal clones.

3.2 Experimental methods

Table 2. Methods used in the publications included in this thesis.
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Figure 3. Schematic picture of the PCR and 
sequencing primer locations in the cloning vector. 
In the sequencing strategy used the insert was 
amplified prior to sequencing with vector primers 
UP and RP. The sequencing was done with inner 
vector primer T7 and the sequence was verified 
with inner vector primer SP6. 

3.2.3 Sequence and phylogenetic analysis

The sequences were analysed with the Staden 
package (Staden et al. 2000) programs Pregap, 
Trev and Gap4 in papers I, II and III and with 
Phred (Ewing and Green 1998 and Ewing et 
al. 1998) and Gap4 in paper IV. Sequences 
with ≥99% similarity were joined into contigs. 
A representative sequence from each contig 
was sequenced in both directions with vector 
primers to verify the sequence. The sequences 
were aligned with either the FASTA (Pearson 
& Lippman, 1988) or BLAST (Altschul et al. 
1990) algorithms to the EMBL and Genebank 
nucleotide database sequences, respectively, and 
used in phylogenetic analyses. The sequence 
alignments were done with either ClustalW 
(Thompson et al. 1994, I, II, IV) or MUSCLE 
(Edgar 2004, III). In paper I the phylogenetic 
analyses were done with the ARB program 
package (Ludwig et al. 2004) and with the 
Phylip package (Felsenstein 2006) in papers 

II, III and IV. The neighbor-joining distance 
method (Saitou & Nei 1987) was used in the 
analyses.

3.2.4 Probe design for macroarray and array 
hybridisation

The macroarray probes were manually designed 
for six abundant fungal phylotypes using 
alignments obtained with ClustalW (Thompson 
et al. 1994) and Gap4 (Staden package, Staden 
et al. 2000). The probes were labelled with 
digoxigenin and hybridised on nylon membranes 
that had 1536 PCR products from clone libraries 
gridded on them (Fig. 4). The clones that did 
not hybridise with the probes were collected for 
sequencing and sequence analysis was done as 
described above. 

3.2.5 LDR probe design, ligation and 
hybridisation

The LDR probes were designed using the ARB 
program package (Ludwig et al. 2004) and 
a fungal sequence database made from ITS-
sequences in public nucleotide databases and 
in in-house databases (I, III and Pitkäranta et 
al. 2008). Probes were designed to be species 
specific so that at least the nucleotide in the 
junction point of the two probes was unique. 
A control probe named B3 was designed in 
addition to the species specific probes and a 
complementary sequence to this probe was 
printed on the microarray glass in addition to 
the complementary zip-code sequence (Fig. 2). 
Both the ligated probe pairs and the control 
probe were hybridised on the microarray.

3.2.6 LDR data-analysis

The data were analysed using the R statistical 
environment (R development core team 2007 
and Gentleman et al. 2004). Briefly, the log ratio 
for the signal from the species probe (LDR) and 
control probe (B3) was calculated. Missing spots 
in which printing to the microarray was not 
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Figure 4. The principle of the macroarray experiment in clone library enrichment by negative selection. 
The left-hand side (1) describes the clone library construction and sequencing (papers I and II). The 
right-hand side shows the macroarray protocol. The PCR products were gridded on the membrane and 
probes specific for the abundant species hybridised on the membrane. The PCR products that did not 
hybridise with the probes represent the rare phylotypes and were picked for sequencing. As knowledge on 
the studied environment increases, new probes can be added to the probe pool.

successful were identified as having control probe 
signal values more than 2 standard deviations 
below median. Spots with no LDR probe were 
used as a background set, against which spot 
replicates of each probe were compared. Spots 
with ratios over 2.5 SD of background median 
indicated the detection of the target sequence. 
Each microarray contained 16 subarrays and 
thus 16 samples could be tested at a time.

3.2.7 Additional sequence similarity analysis

SONS (Shared OTUs and similarity, Schoss 
and Handelsman 2006) analysis was conducted 

for fungal clone library sequences from study 
IV. First, a representative sequence from each 
phylogroup was chosen for alignment in Gap4. 
The similar phylotypes were joined together and 
a list consisting of the names of the sequences in 
each phylotype and library designation files were 
used in the analysis. The abundance-based Jaccard 
similarity indices and the non parametric maximum 
likelihood estimator (theta, θ) were chosen for 
the similarity estimations. The abundance-based 
Jaccard similarity index estimates the fraction of 
sequences belonging to the same phylotype and 
community overlap, and the θ index estimates the 
community structure similarity. 
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4. RESULTS

4.1 Fungal and bacterial clone libraries and 
sequencing

The composition of the microbiota in the 
industrial drum and tunnel composting plants 
was only partly known. To characterise these 
microbes clone libraries were constructed from 
altogether 26 compost samples. The samples were 

Sample Composting plant Scale I II1 III IV
1 feed full 73 77 - -
2 drum (160 m 3 ) feeding-end full 140 307 - -
3 drum (160 m 3 ), unloading-end full 159 89 - -
4 tunnel (3 pieces, 100 m 3  each) full 332 223 - -
5 drum (160 m 3 ) feeding-end full 214 - - -
6 tunnel (3 pieces, 100 m 3  each) full 132 - - -
7 drum (160 m 3 ), unloading-end full 317 - - -
8 tunnel (3 pieces, 100 m 3  each) full 255 - - -
9 drum (5 m 3 ) feeding-end pilot 172 571 - -

10 drum (5 m 3 ) unloading-end pilot 93 408 - -
11 drum (5 m 3 ) feeding-end pilot 95 - - -
12 drum (5 m 3 ) unloading-end pilot 91 - - -
13 drum (5 m 3 ) feeding-end pilot 118 - - -
14 drum (5 m 3 ) unloading-end pilot 101 - - -
15 drum (160 m 3 ) feeding-end, ash amendment full 155 - 144 -
16 drum (160 m 3 ), unloading-end, ash amendment full 185 - 230 -
17 tunnel (3 pieces, 100 m 3  each), ash amendment full 60 - 51 -
18 drum (5 m 3 ) feeding-end ash amendment pilot 130 - 114 -
19 drum (5 m 3 ) unloading-end ash amendment pilot 162 - 73 -
20 reactor, 200 litre, 55ºC pilot - - - 69
21 reactor, 200-litre, 55ºC pilot - - - 17
22 reactor, 200-litre, 70ºC pilot - - - 91
23 reactor, 200-litre, 70ºC pilot - - - 83
24 windrow, 100 m 3 , 55ºC full - - - 69
25a windrow, 100 m 3 , 65ºC full - - - 97
25b windrow, 100 m 3 , 65ºC full - - - 89
26 windrow, floor area 110 m 2 full - - - 73

Table 3. The number of good quality sequences from each stage of composting from the four papers (I-IV) 
included in this thesis.

taken from composting plants located in Lahti, 
Hyvinkää and Espoo in Finland, from Högstad 
in Sweden and from a plant in Stavanger, Norway 
(Table 2). The internal transcribed spacer region 
(ITS) was the ribosomal region analysed in fungi 
(papers I, III and IV) and 16S rRNA gene in 
bacteria (paper II). The total number of good 
quality sequences was 5 859 (Table 3). 

1 Samples were taken over two or three days and the number of clones were combined from the different 
samples.
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4.2 Fungal diversity in samples (I, III, IV)

The good quality sequences based on Pregap 
analyses (I, III) or Phred scores (IV) were joined 
as phylotypes, and phylogenetic analyses were 
conducted to these sequences. Based on the 
clustering in the phylogenetic tree phylotypes 
were further grouped as phylogroups that were 
used in studying the fungal succession in the 
composting process (I, III) and in redundancy 
analyse (paper I). A total of 280 representative 
sequences from each fungal phylotype were 
submitted to the public DNA sequence database 
(EMBL Nucleotide Sequence Database) with 
accession numbers AM711356-AM711521, 
FM173041-FM173102 and FM177644-
FM177696. The sequences were clustered 
based on the distribution in the phylogenetic 
analyses into 8 different phylogroups named 
Saccharomycetales 1, Saccharomycetales 
2, Dipodascaceae, Saccharomycetales 3, 
Pezizomycotina, Basidiomycetes, Zygomycetes 
and Group 1. Hence, fungi were detected 
from three different phyla: Basidiomycota, 
Ascomycota and Zygomycota. Group 1 could 
not be classified into any of the known phyla as 
reference sequences did not exist in the EMBL 
database for the ITS-region of these fungi.

The species richness of the sample was 
estimated with the abundance based coverage 
estimator (ACE, Chao et al. 1992) and Chao1 
Richness estimator (Chao 1984). Basically 
these two methods differ in the classification of 
species into rare and abundant. In Chao 1 the 
species present in singletons and doubletons are 
considered as rare whereas in ACE the species 
with fewer than 10 individuals are marked as 
the rare species. In addition, non-parametric 
estimators were used to calculate coverage of 
the sequenced clone libraries and how much of 
the total richness was covered by the number 
of clones sequenced. The total estimated 
100% coverage was reached in only one of the 
26 compost samples studied (Table 4) with 
both methods, the abundance based coverage 
estimator (ACE, Chao et al. 1992) and Chao1 

Richness estimator (Chao 1984). This indicates 
high fungal richness and the need to analyse 
more clones for proper determination of the 
total microbial diversity in the compost samples 
studied. In drum composting, especially at the 
unloading end of the process, the richness was 
not as high as in the loading end where the 
highest estimated amount was 180 different 
phylotypes with Chao1 estimate. The lowest 
estimate, 4 fungal phylotypes, was in the 
unloading end of full-scale drum compost (I) 
and in a compost windrow (IV). The reason for 
this is presumably that the temperature reached 
thermophilic levels, in combination with low 
oxygen levels, rotating movement and a packed 
compost mass, and thus only provided suitable 
growth conditions for certain species. 

4.3 Fungal community composition and 
similarity between communities

SONS (Shared OTUs and similarity, Schoss 
and Handelsman 2006) analysis was run on the 
fungal clone libraries in paper IV to combine 
the gathered sequence information. SONS 
estimates the similarity between communities 
using non-parametric estimators. The Jaccard 
similarity index was used to estimate the 
similarity of the phylotype composition in the 
samples and theta (θ) indices to analyse the 
similarity of the communities. With the Jaccard 
index the phylotype composition is correlated, 
whereas with theta (θ) indices the abundance of 
the phylotypes is taken into account. Based on 
these analyses (Table 5) the difference between 
the microbiota in reactor experiments and the 
samples from the full-scale composting plants 
can be seen in the Nordic composting plants. 
The Jaccard similarity was from 0.32 to 0.96 
between the full-scale plants (1 = full similarity). 
The indices between the reactor and full-scale 
samples were from 0 (0 = no similarity) to 0.07. 
There were differences between the reactor 
samples as well and the highest similarities were 
detected between samples taken from different 
batches of same age (Reactor sample 20 and 
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Paper Sample 
number2

Origin of sample ACE1 

estimate 
Chao11 

estimate 

ACE 
coverage  
(%) 

Chao1 
coverage  
(%) 

1 Feed, full-scale 35.84 35.4 58.59 59.32 
2 Drum feeding-end, full-scale 25.61 43.5 74.18 43.5 
3 Drum unloading-end, full-scale 5.6 5.5 89.29 90.91 
4 Drum tunnel, full-scale 8.54 10 93.63 80 
5 Drum feeding-end, full-scale 137.89 180 26.11 20 
6 Drum tunnel, full-scale 14.13 14.25 84.95 84.21 
7 Drum unloading-end, full-scale 4 4 100 100 
8 Drum tunnel, full-scale 18.9 15.5 68.79 83.87 
9 Drum feeding -end, pilot-scale 25.37 24.57 86.7 89.53 
10 Drum unloading-end, pilot-scale 40.91 36.08 63.55 72.06 
11 Drum feeding -end, pilot-scale 55.16 43.13 39.88 51.01 
12 Drum unloading-end, pilot-scale 22.32 20.08 80.65 89.63 
13 Drum feeding -end, pilot-scale 12 10.5 50 57.14 
14 Drum unloading-end, pilot-scale 9 11.25 100 80 
15 Drum feeding -end, full-scale, ash-amendment 27.24 27.25 55.07 55.05 
16 Drum unloading-end, full-scale, ash-amendment 4 5.25 100 76.19 
17 Drum tunnel, full-scale, ash-amendment 10.99 9.67 81.9 93.1 
18 Drum feeding -end, pilot-scale, ash-amendment 72.99 53.67 28.77 39.13 

I 

19 Drum unloading-end, pilot-scale, ash-amendment 29.67 19.5 23.6 35.9 
16 Drum unloading-end, full-scale, ash-amendment 8.88 8.25 67.61 72.73 
18 Drum feeding end, pilot-scale, ash-amendment 26.16 26.67 61.15 60.00 
18 Drum feeding -end, pilot-scale, ash-amendment 12.15 12.12 90.51 90.72 

III 

19 Drum unloading-end, pilot-scale, ash-amendment 9.63 8.00 62.34 75.00 
20 Reactor 200 l, day 8 37.0 30.0 37.9 46.7 
21 Reactor 200 l, day 16 6.4 6.0 78.1 83.3 
22 Reactor 200 l, day 3 17.1 24.3 70.0 49.5 
23 Reactor 200 l, day 8 14.2 11.0 78.4 100.0 
24 Windrow, IVAR 40.6 34.7 46.9 54.8 
25a Windrow, IVAR 24.3 29.0 45.3 37.9 
25b Windrow, IVAR 27.5 9.0 31.6 100.0 

IV 

26 Windrow, YTV 4.0 3.5 75.0 85.7 

1 ACE= abundance based coverage estimator (Chao et al. 1992)
Chao1= Chao1 Richness estimator (Chao 1984)
These indices estimate the number of different phylotypes or species in a sample. 
2 Samples 25a and 25b were replicates from a same sample

Table 4. The non-parametric coverage and richness estimations for the studied fungal samples. With 
richness estimators the estimated number of different species in the sample was analysed. The coverage 
estimators were used to estimate the reached coverage of the total diversity in the studied sample. 
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Reactor sample 23, Jaccard 0.92, theta 0.51). 
In successive samples of different ages from 
the same composting batches the communities 
differed (Reactor sample 20 - Reactor sample 
21, Jaccard 0.16, Reactor sample 22 - Reactor 
sample 23, Jaccard 0.04). In samples 25a 
(Windrow, IVAR) and 25b (Windrow, IVAR), 
which were replicates of the same sample 
but for which the DNA extraction and clone 
library construction were conducted separately, 
the indices were 0.96 (Jaccard, standard error 
0.18) and 0.92 (theta, standard error 0.04), 
respectively, showing high similarity.

4.4 Fungal succession in the composting 
processes

The size of the composting plants was found 
to affect the microbiota in samples greatly. 
The difference in community composition 
between different process scales can be seen 
from SONS analysis on the phylotype level 
for the samples in paper IV (Table 5), and on 
the phylogroup level for all of the fungal clone 
libraries (Fig. 5). 

The phylotype composition in the pilot 
and full-scale plants (I, III) was not similar, 
and the phylotype composition in the research 
reactor compared to the pile composting plant 
(IV) was not similar either. In the full-scale 
drum composting process yeasts were abundant 
in all stages of composting process, also in the 
thermophilic stages in the drum unloading 
end and in the tunnel. In the early stages of 
composting process the community in the normal 
state process comprised of yeasts belonging 
to the Dipodascaceae-group with sequences 
sharing similarity with Geotrichum candidum 
and Dipodascus autraliensis. In the unloading end 
of drum fungi from group Saccharomycetales 
1 became abundant. This group comprised of 
sequences with similarity to for example Candida 
ethanolica and Issatchenkia orientalis yeasts. In 
tunnel stages the detected fungi clustered to 
groups Saccharomycetales 1, Pezizomycotina, 
Basidiomycetes and Dipodascaceae. After 

wood-ash amendment (samples 15-17) the 
community in the drum feeding end was similar 
to the normal state drum unloading end. The 
community composed mainly of fungi from 
group Saccharomycetales 1. The same group was 
detected abundantly in the drum unloading end 
and tunnel stages of composting. Basidiomycetes 
were observed in the tunnel stage as well. 

In IVAR pile composting plants (Fig. 
5d) there was no rotating movement and the 
community composed of yeasts from the group 
Saccharomycetales 1, of Pezizomycotina such as 
Thermomyces lanuginosus and Zygomycetes such 
as fungi from genus Absidia and Rhizomucor. 
The samples 25a and 25b were replicate clone 
libraries constructed from the same sample of 
which two independent DNA extractions were 
conducted. They showed to share a similar 
community composition based on the sequencing 
results. Phylotypes detected in sample 26 (YTV) 
clustered to Pezizomycotina group and were 
mostly similar to T. lanuginosus.

In normal state pilot-scale drum (samples 
9-14 Fig. 5a) the diversity was higher than in 
the full-scale. Sequences from a novel group 
were detected in the pilot-scale drum and the 
community composition was thus different 
than in the full-scale process. The detected fungi 
in the feeding end of the drum clustered to 
phylogoups Pezizomycotina, Saccharomycetales 
2, Zygomycetes, Basidiomycetes and the novel 
Group 1. In the unloading end the diversity 
decreased and fungi such as Rhizomucor miehei, 
clustering to Zygomycetes and representatives 
from the Group 1 were observed. Ash-
amendment changed the phylotype composition: 
in the feeding end yeasts such as I. orientalis 
and Kluyveromyces marxianus were present. The 
Zygomycota group fungi that were detected in 
the normal-state pilot drum were not observed 
in the ash amended pilot drum. In the unloading 
end the fungal community comprised of 
Pezizomycotina such as Scytalidium thermophilum 
and Saccharomycetales 1 fungi. 

Communities in the reactor experiments 
(Fig. 5b), which were laboratory scale, shared 
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phylotypes from the same novel phylogroup 
Group1 that were observed in the pilot-scale 
drum. In addition Saccharomycetales 1 fungi, 
Pezizomycotina and Saccharomycetales 2 fungi 
were sequenced.

Table 5. Results from the SONS analysis. Reactor was a laboratory scale process, IVAR and YTV were 
full-scale processes. A and B denote the two samples in which the phylotype composition was correlated. 
Index is the fraction of sequences found in shared phylotypes. The Jaccard similarity index estimates the 
similarity of the phylotype composition between the samples. The theta (θ) index analyses the similarity 
of the communities taking the phylotype abundance into account. S error indicates the standard error 
calculated by the SONS program with 1000 iterations. Samples “Windrow, IVAR – 25a” and “Windrow, 
IVAR – 25b” were replicates from the same sample.

A B index s error index s error
Reactor -20 Reactor -21 0.16 0.15 0.15 0.05
Reactor -20 Reactor -22 0.01 0.03 0.00 0.00
Reactor -20 Reactor -23 0.92 0.14 0.51 0.11
Reactor -21 Reactor -22 0.01 0.04 0.00 0.00
Reactor -21 Reactor -23 0.13 0.15 0.05 0.02
Reactor -22 Reactor -23 0.04 0.07 0.00 0.00
Reactor -20 Windrow, IVAR - 24 0.01 0.02 0.00 0.00
Reactor -20 Windrow, IVAR – 25a 0.01 0.02 0.00 0.00
Reactor -20 Windrow, IVAR – 25b 0.01 0.02 0.00 0.00
Reactor -21 Windrow, IVAR - 24 0.06 0.07 0.02 0.02
Reactor -21 Windrow, IVAR – 25a 0.01 0.02 0.00 0.00
Reactor -21 Windrow, IVAR – 25b 0.07 0.10 0.02 0.02
Reactor -22 Windrow, IVAR - 24 0.04 0.07 0.00 0.00
Reactor -22 Windrow, IVAR – 25a 0.01 0.04 0.00 0.00
Reactor -22 Windrow, IVAR – 25b 0.01 0.03 0.00 0.00
Reactor -23 Windrow, IVAR - 24 0.03 0.04 0.01 0.01
Reactor -23 Windrow, IVAR – 25a 0.01 0.02 0.00 0.00
Reactor -23 Windrow, IVAR – 25b 0.03 0.05 0.01 0.00
Windrow, IVAR - 24 Windrow, IVAR – 25a 0.93 0.20 0.67 0.11
Windrow, IVAR - 24 Windrow, IVAR – 25b 0.80 0.23 0.67 0.10
Windrow, IVAR – 25b Windrow, IVAR – 25a 0.96 0.18 0.92 0.04
Reactor -20 Windrow, YTV – 26 0.00 0.00 0.00 0.00
Reactor -21 Windrow, YTV – 26 0.00 0.00 0.00 0.00
Reactor -22 Windrow, YTV – 26 0.00 0.00 0.00 0.00
Reactor -23 Windrow, YTV – 26 0.00 0.00 0.00 0.00
Windrow, IVAR - 24 Windrow, YTV – 26 0.36 0.24 0.45 0.09
Windrow, IVAR – 25a Windrow, YTV – 26 0.62 0.35 0.80 0.06
Windrow, IVAR – 25b Windrow, YTV – 26 0.57 0.34 0.73 0.07Y
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4.5 Bacterial diversity and succession (II)

Altogether 1678 good quality sequences were 
gathered from the bacterial 16S rRNA clone 
library sequencing. The sequences clustered into 
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Figure 5. The proportion of clones belonging to different fungal phylogroups in the studied samples. A 
and B show the phylogroup composition in the pilot-scale drum (Kujala) and reactor experiments. The 
phylogroup compositions in the full-scale drum and tunnel facility (Hyvinkää) and the pile composting 
unit (IVAR and YTV) are presented in C and D. The sample numbers corresponding to numbering in 
Table 3 are marked after the stage of composting. Group 1 contained fungal sequenced which in the 
phylogenetic analyses did not cluster into any of the sequenced fungal groups. 
drum feed = feeding end of the compost drum
drum end = unloading end of the compost drum.

566 phylotypes of which 255 were found in 
samples from the full-scale composting plants 
and 286 were present in the pilot-scale compost. 
The phylotype composition differed between 
the two process scales, full- and pilot-scale. At 
phylotype level there were only 25 phylotypes 
(4.4%) shared between the processes, at species 
and division level the similarity was higher (7.3% 
and 23%, respectively). The sequences were 
clustered into nine groups by the phylogenetic 
analysis. The groups Actinobacteria, Bacillus, 
Clostridium, Lactobacillus, Acetobacter and 
Thermoactinomyces were named by sequences 
clustering in the phylogenetic tree. The group 
“other bacteria” included bacterial sequences 
annotated to other bacterial classes or genera than 
the six bacterial groups used in this classification. 

The “unidentified”-group represents bacterial 
sequences which were not similar to the sequences 
in the sequence databases. The “uncultivated”-
group included sequences with similarity to 
bacteria that were reported in the EMBL database 
as uncultivated. 

In the feeding end of both process scales 
sequences from the Lactobacillus-group were 
abundant as well as sequences with similarity 
to the Acetobacteria (Fig. 6). On the pilot-scale 
Bacillus and Actinobacteria were frequently 
detected. Sequences from the Bacillus-group were 
abundant in the unloading end of the drums and 
Actinobacteria were detected abundantly in the 
pilot-scale processes. The amount of unidentified 
bacteria was high as well. In the full-scale 
processes Lactobacillus were still observed in the 
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Figure 6. The bacterial 16S rRNA sequence group composition in a full-scale (a) and a pilot-scale (b) 
composting facility. The composting processes correspond to the plants in Figure 5a and 5c.

“other bacteria”   bacterial sequences similar to other than the six bacterial classes or   
   genera used in classification. 
“uncultivated”-group sequences similar to bacteria that were reported in the EMBL    
   database as uncultivated bacteria. 
“unidentified”-group  sequences with no close similarity to sequences in the nucleotide    
   database.

unloading end of the drum as well as sequences 
similar to Clostridium species, which indicates 
anoxic conditions. In the tunnel stage of the full-
scale composting the diversity increased and the 
bacterial sequence groups present comprised of 
Bacillus, Thermoactinomyces, Actinobacteria and 
Lactobacillus. The Clostridia were also found.

The estimated bacterial diversity was 
evidently higher than the fungal diversity 
(Table 5 and Table 6). The highest estimation 
of the number of bacterial phylotypes was 961 
and 905 from the feeding end of the pilot-
scale drum, with ACE and Chao1 models 
respectively (Table 6). The lowest estimated 
abundance was 188 from the full-scale feed 
with the ACE model and 142 from the 

unloading end of the drum with the Chao1 
model. As with fungi, the bacterial diversity 
decreased in the drum unloading end before 
increasing again in the tunnel stages of the 
full-scale composting.

4.6 Macroarray (III)

The macroarray test was developed to find 
the sequences present as a minor fraction of the 
total population. The method was used for 1536 
clones that were gridded with a robot on a nylon 
membrane (paper III). With hybridisation using 
six probes corresponding to abundant phylotypes 
in paper I, 900 of the 1536 clones were recognised 
and were not further sequenced. The remaining 
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41% of the clones were sequenced as they did not 
belong to the six common phylotypes (Fig. 4). 
In addition, 384 clones were sequenced to verify 
the hybridisation results and the specificity and 
sensitivity of the method and the probes used. 
The rate for the false negatives was 5.2%. In false 
negatives, the probe had not hybridised to the 
spot containing the corresponding phylotype 
and a sequence representing one of the common 

phylotypes was sequenced. They were mainly 
from species that were present in high numbers 
in these samples. False positives were found in 15 
cases (n=384, 3.9%). The false positives gave a 
hybridisation signal but the clone did not contain 
a phylotype similar to the probed phylotypes. 
Some of the false positives appeared to be caused 
by impure PCR-products that contained PCR-
products from two clones. 

Paper Origin of sample ACE1

estimate
Chao11

estimate
ACE

coverage (%)
Chao1

coverage (%)
Feed, full-scale 188.75 193.08 28.08 27.45
Drum feeding-end, full-scale 540.19 209.06 17.77 45.92
Drum unloading-end, full-scale 188.89 142.57 26.47 35.07
Drum tunnel, full-scale 426.76 190.56 22.26 49.85
Drum feeding-end, pilot-scale 961.31 905.62 20.7 21.97
Drum unloading-end, pilot-scale 954.1 514.69 16.77 31.09

II

Table 6. The non-parametric coverage and richness estimations for the studied bacterial samples. With 
richness estimators the estimated number of different species in the sample was analysed. The coverage 
estimators were used to estimate the reached coverage of the total diversity in the studied sample.

1 ACE= abundance based coverage estimator (Chao et al. 1992)
Chao1= Chao1 Richness estimator (Chao 1984)
These indices estimate the number of different phylotypes or species in a sample.

4.7 Microarray (IV)

4.7.1 Specificity

In order to find the specificity of the 17 probes 
designed for specific species or phylotypes, all 
probe pairs were used in a ligation and a microarray 
hybridisation with one template at a time. Prior to 
ligation, the template DNA was PCR amplified 
with universal fungal primers. Despite the close 
relatedness of the tested species and phylotypes, 
the probes proved to be specific for the target 
nucleic acids. In the microarray assay a positive 
signal was detected only from the corresponding 
zip-code spot and it was straightforward to 
differentiate between the specific probe and other 
probes used for ligation and hybridisation.

4.7.2 Sensitivity

In diagnostic microarrays the sensitivity is 
an important issue. The sensitivity of the 
LDR-array was tested by titrating different 
amounts of target PCR-product for the ligation 
experiments. Genomic DNA from a Penicillium 
strain was used as a background DNA in 
ligation to perform the test in a spiked manner. 
The tested template amounts were 10 fmol, 1 
fmol and 0.1 fmol, corresponding to 4%, 0.4% 
and 0.04% of target PCR-product versus the 
background DNA. The lowest amount, 0.04%, 
was detected with the microarray (Fig. 7) 
showing the sensitivity of the method.
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Figure 7. A boxplot showing the signal distribution of probes with different concentrations of template 
used in the ligation reactions. “bg” is the background distribution from the corresponding subarray. Yellow 
triangles denote the detection limit (2.5 SD above the background median). The false positives above the 
detection limit are from cZip number 17 which was not used in any of the probes. Even with 0.1 fmol of 
template PCR-product used, the signal can be clearly differentiated from the background signal.

4.7.3 Application of the microarray to 
environmental samples

After testing and optimising the microarray with 
pure cultures and clones, environmental samples 
were used as templates for the micoarray test. Ten 
samples were taken from composting plants in 
Finland and Norway and from a research reactor 
located in Sweden. Extracted genomic DNA 
and PCR amplification products were used as a 
template. The extracted DNA from an amount 
of 10 ng was not sufficient for use as a template. 
However, 20 ng of fungal PCR amplified 
DNA gave good fluorescent signals. Probes also 
functioned in a multiplex manner and they were 
all used in the same ligation reaction. 

As these samples were uncharacterised, 
clone libraries were constructed from eight 

samples and 96 clones were sequenced per 
library, except for one library in which there 
were problems with cloning. The sequencing 
results were mainly in concordance with the 
microarray results (paper IV, table 3). There 
was a problem with one probe, specific for K. 
marxianus, which did not give a signal although 
the phylotype was found with cloning and 
sequencing. Clones similar to G. candidum, 
Aspergillus fumigatus and Candida rugosa were 
not among the sequenced clones, however they 
were detected with the microarray, showing 
the high sensitivity of the microarray platform. 
With the use of a control probe (Fig. 2) the 
differentiation between positive and negative 
spots was straightforward and the signals could 
be normalised within each microarray and 
between different microarray hybridisations.
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5. DISCUSSION

Most of the genetic diversity on earth is from 
microbial life forms (Hugelholtz & Pace 1996). 
While the number of insects has been assumed 
to be extremely high, the number of microbial 
species exceeds this (Pace 1997). In recent 
years the study of microbial communities has 
expanded as the tools for studying them have 
developed. Microbes have been studied using 
both phylogenetic and metagenomic approaches. 
Examples of some of the target environments 
include soil (Tringe et al. 2005, O’Brien et 
al. 2005), acid mine drainage (Tyson et al. 
2004), oceans (Venter et al. 2004,DeLong et al. 
2006), marine sediments (Inagaki et al. 2006) 
and human intestines (Eckburg et al. 2005). 
These studies have focused mainly on bacterial 
communities, whereas the fungal communities 
have not been studied to the same extent. 
Although fungi are important components 
of soil ecosystems (Daniel 2005), the fungal 
diversity in soil and many other natural habitats 
is only partly characterised (Vandenkoornhuyse 
et al. 2002).

The widespread use of modern DNA-
based techniques for determining biodiversity 
and the presence of specific microbes has also 
opened up new possibilities for the determination 
of microbial diversity and succession during 
composting. Composting differs from microbial 
succession in natural environments such as 
soil, because composting, as described in this 
thesis work, is an enclosed system where the 
substrate level is kept close to maximum. As a 
result of the microbial decomposition activity 
the temperature rises and the pH changes 
radically within a relatively short period of 
time, causing the decline of certain species 
while the amount of others increases (Epstein 
1997). The methods used here were large scale 
clone library sequencing, selection of rare 
phylotypes from clone libraries, and diagnostic 
microarrays, which were used independently or 
in combination. As a result, a large dataset of 
information on the microbes present in different 

stages of composting processes of different scales 
was gathered and a method for monitoring these 
microbes was developed.

In this thesis fungi were studied broadly 
as the information on the fungi involved in 
composting, obtained using molecular methods, 
is limited (Hansgate et al. 2005, Peters et al. 2000). 
It was found that the fungal communities in the 
industrial composting plants and the pilot and 
laboratory scale reactors comprised of microbes 
that were different from the microbes previously 
detected in compost environments (reviewed 
by Ryckeboer et al. 2003b, Anastasi et al. 2004, 
Hansgate et al. 2005). Ascomycetous yeasts were 
frequently found in the studied composting 
processes at different time points and seasons (I, 
III, IV). In previous studies the fungi detected 
have mainly included Pezizomycotina such as 
Aspergillus or Penicillium species (e.g. Anastasi 
et al. 2004), fungi from the genus Mucor or 
Rhizomucor (Von Klopotek 1962, Fergus 1964, 
Anastasi et al. 2004), or basiodiomycetes such as 
Coprinus cinereus (Von Klopotek 1962). Yeasts 
have been rarely detected (von Klopotek 1962, 
Peters et al. 2000) in these studies although they 
are known to be important in the first phases 
of the composting process for overcoming the 
acidophilic early stages (Choi & Park 1998). In 
Nordic composting facilities, in particular, a low 
pH in the initial stages of composting and its 
inhibitory effect on the composting process has 
been observed (Sundberg et al. 2004), which 
may explain the fungal community composition 
found in this thesis. With phospholipid fatty 
acid analysis (PLFA, paper I) fungi were found to 
represent up to 20% of the biomass in samples. 
As composting is a dynamic process, the fungal 
biomass detected with PLFA can be considered 
to be from active, living cells. PLFA results 
cannot be correlated with the sequencing results 
as the resolution of PLFA is low and different 
fungal groups cannot be differentiated. 

Yeasts were observed from the full-
scale drum and tunnel facility (Fig. 5c) from 
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all stages, whereas in the two other full-scale 
facilities the community composed of moulds 
(Pezizimycotina-group) and Zygomycetes in 
addition to the yeast-groups. The abundance of 
yeasts might be due to the rotating movement 
of the drum compost, which prevents the 
growth of the filamentous fungi such as the 
Pezizomycotina-fungi. The fact that yeasts were 
not detected as often in the composting batches 
studied in paper IV (IVAR and YTV in Fig. 5d) 
supports this hypothesis. Yeasts can be considered 
to be important for process operation, especially 
the yeasts clustering to the Saccharomycetales 
1b-group (paper I), which were present in every 
stage of each process, including one that was 
treated with wood ash and was functioning 
efficiently. It was assumed that the yeasts would 
be associated with the first stages of composting 
where Lactobacillus are abundantly present. This 
was observed in paper I and II, but yeasts were 
also found in the tunnel stages where the mass 
had been composting for 7 to 21 days and where 
the bacterial community consisted of Bacillus, 
Thermoactinomyces and Actinobacteria.

Fungal taxonomy is based on morpho-
logical properties. The sequencing of fungal 
cultures and the use of molecular methods has 
caused fungal taxonomical classification to 
change. For example, the existence of sexual and 
asexual types of some fungal species, which have 
been categorised into different taxa as a result 
of their different morphology, is one reason 
that some fungal sequences, mainly yeasts, 
in the sequence databases have been wrongly 
annotated. This has caused problems in this 
study as the amount of reference sequences 
has been low and sequences with annotation 
to certain genera have clustered differently in 
phylogenetic analyses. It was found (papers 
I, III, IV) based on the phylogenetic analyses 
that yeasts from the genus Pichia and Candida 
were observed in different branches of the 
phylogenetic tree. The almost certain polyphyly 
of Pichia and the misidentification of yeasts into 
the genus Candida was seen to cause the same 
phenomenon with the use of sequences from 

five loci (Suh et al., 2006). The names for the 
phylogoups used in papaers I, III, and IV were 
therefore not from the genus in certain branches 
but those of higher taxa. For example, sequences 
from the order Saccharomycetales were clustered 
into 4 different branches. This makes the 
comparison with previous studies where the 
fungi have been characterised from composts 
based on morphology (Fergus 1964, Kane & 
Mullins 1973, Ryckeboer et al. 2003a, Anastasi 
et al. 2004) or restriction patterns (Peters et al. 
2000, Hansgate et al. 2005) difficult. In this 
study, only one area, the ITS-region of the 
rRNA gene cluster, was examined. The use of 
two or more regions (loci) would have made the 
assumptions more accurate, but the databases 
still contain relatively few other sequences, 
meaning a low number of reference sequences. 

A wide picture of the bacterial 
communities in composting processes was 
gathered in paper II as over 1500 bacterial 
16S rRNA clones were sequenced. After 
comparing the results between the suboptimally 
functioning full-scale facility and an optimised 
pilot-scale facility, it was found that there were 
no single species that could be an indicator 
of the different conditions. However, based 
on the data, a bacterial family or genus may 
be used as an indicator as these were found 
to differ between certain phases or conditions 
in the processes. Nonetheless, the fact that 
bacteria from the genus Clostridia, which 
indicated anaerobic conditions, were detected 
in both processes shows that a wide spectrum 
of different microbes should be studied to get 
a good overview of the state of a composting 
process. Even in optimally functioning compost 
processes there can be anaerobic pockets 
containing anaerobic microbes (Ryckeboer et 
al. 2003b). 

Based on the theoretical non-parametric 
coverage and abundance estimations the 
coverage and abundance of phylotypes in the 
studied samples varied according to the stage of 
the composting process. Microbes are too diverse 
to count exhaustively and methods to estimate 
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the diversity are needed. These methods have 
been adapted to microbial ecology and are based 
on the capture-recapture methodology (Hughes 
et al. 2001). The estimated number of bacteria 
and fungi in these compost samples was lower 
than in farm soil (3000 phylotypes, Tringe et al. 
2005) or urban aerosols (1500-1800 phylotypes, 
Brodie et al. 2007). The reason for this could be 
that the composting process is a closed system. 
The conditions during the process can be very 
extreme: the pH can drop to acidic levels close 
to pH 4 and the temperature can range from 
below zero up to plus 80°C. This can reduce the 
number of different bacteria, fungi and archaea 
in these processes as the harsh conditions favour 
growth of only certain organisms. The same 
kind of situation has been found for example 
in acid mine drainage (Tyson et al. 2004). The 
community composition has been extensively 
studied in these low pH conditions with a 
metagenomic approach and only a few bacterial 
phylotypes were found to be present.

In these estimations there were a lower 
number of fungal phylotypes than bacterial ones. 
This may be because the calculations were based 
on phylotypes that can be comprised of several 
species, depending on the differences in the 
ITS-region between two fungal species. There 
could also be bias caused by the method used 
to detect the diversity, cloning and sequencing. 
Several novel bacterial species were found with 
pyrosequencing from previously characterised 
samples (Sogin et al. 2006) showing that cloning 
and sequencing selected certain bacteria. The 
reason for this could be in the nucleotide 
composition. For example, sequences making 
secondary structures are difficult to clone. 
In addition, the sequence number was much 
higher in the pyrosequencing based study than 
with cloning and sequencing. Pyrosequencing 
should not be the sole method of identification 
from now on, as only short tag-sequences are 
produced instead of the full-length ribosomal 
RNA coding gene sequences that are necessary 
for phylogenetic alignments and which provide 
more phylogenetic resolution.

The distinctions between the different 
scales of process were clearly seen as the 
phylotype composition and also the succession 
of microbial communities varied between the 
two processes. Therefore assumptions cannot 
be made based on laboratory experiments 
regarding compost studies although there 
have been attempts to analyse the microbial 
succession at different stages of composting 
on the laboratory scale (Alfreider et al. 2002, 
Hansgate et al. 2005, Peters et al. 2000, Schloss 
et al. 2003). The problems with microcosm 
experiments are that the process is closed, the 
material used is usually known and that the scale 
is smaller than in the industrial composting 
process. In the composting process new material 
of varying composition is fed into process and 
the microbes already present in the composting 
facility function as a seed for the process. When 
the process progresses, the microbial activity 
alters the conditions (Epstein 1997) from acid 
to neutral and from mesophilic to thermophilic, 
before returning to the mesophilic stage. The 
results of this thesis showed that the microbial 
community composition in the industrial, 
full-scale composting process had similarities 
to the communities studied in laboratory-
scale experiments (Schloss et al. 2003, Dees & 
Ghiorse 2001, Hansgate et al. 2005) but that 
there were clear differences as well. It was found 
that in pilot-scale composting the processes 
proceeded faster as the community composition 
was similar in the full-scale tunnel and pilot-
scale drum unloading stages. This was seen with 
both bacteria and fungi. 

With the method developed in paper III 
the rare phylotypes in the studied sample were 
detected in an effective manner. Microbial 
communities are often rank-abundance 
distributed (Curtis & Sloan 2005) and capturing 
the tale-end of those communities, i.e. the 
species present in small numbers, is difficult 
with fingerprinting methods (Bent & Forney 
2008). With cloning they can be captured, but 
in addition, the abundant types in samples are 
captured in large amounts. With the membrane 
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hybridisation method the common phylotypes 
are marked and only the rare ones, that there is 
no probe for, are further sequenced. In samples 
from paper I it was found that certain phylotypes 
were found repeatedly and other phylotypes 
were rare in clone numbers. By using phylotype 
specific probes these abundant phylotypes were 
selected out from the sequenced clones and 
only the rare ones sequenced. New probes can 
be added to the probe pool when the studied 
sample is further characterised and more of the 
abundant phylotypes have been detected. 

With the use of LDR-microarray 
technology the presence or absence of the 
species being studied can be determined in 1.5 
days, whereas with clone library construction 
and sequencing this would take at least 3 days. 
The diversity of natural microbial communities 
can cause problems with cloning as it has been 
estimated for a soil sample that over 40 000 
sequencing reactions are required to reach 50% of 
the diversity (Dunbar et al. 2002). Cloning and 
sequencing of microbes is not the best method 
to choose if the aim is to detect certain species 
in a sample, as it is laborious and sequencing 
costs are still relatively high. With the new 
generation of sequencing technologies it is easy 
to gain sequence information on hundreds or 
thousands of tag-fragments, but the technology 
is not always available and it is rather expensive. 
The different microarray platforms provide 
tools for microbial diagnostics (Bodrossy & 
Sessitch 2004), diversity studies (Brodie et al. 
2007, DeSantis et al. 2007) and community 
functional potential studies (GeoChip, He et 
al. 2007). Recently, a genome proxy microarray 
was published in which fragments of genes from 
ecologically relevant uncultivated microbes were 
detected in a sensitive (0.1-1% of total DNA 
sufficient for detection) manner, though there 
were problems with the specificity (Rich et al. 
2008). Depending on the aim of the research, 
one of these different platforms can be chosen. 

The LDR based microarray (Busti et al. 
2002) was further developed (paper IV) and the 
sensitivity of the microarray proved to be very 

high. The detection limit was lowered from 
the previously published limits (Rantala et al. 
2008) and 0.04% of target DNA in total DNA 
was adequate for detection. The sensitivity 
reached the level of quantitative-PCR, which 
is considered extremely sensitive. With qPCR 
the presence of one species or phylotype can 
be analysed at a time. At the moment, with 
the LDR-array developed in this thesis, up to 
120 species can be studied with one microarray 
from 16 different samples (paper IV). In many 
oligonucleotide studies detection limits of 1-5% 
have been calculated (e.g. Loy et al. 2004, 
Franke-Whittle et al. 2005) and the increase 
in sensitivity of the microarray method is 
considerable. Furthermore, the microarray was 
species or phylotype specific despite the close 
relatedness of the target microbes. Species that 
are highly similar based on their rRNA small 
subunit sequences can have different niche 
spaces (Jaspers and Overmann 2004) and with 
this method they can be distinguished. The use 
of control probes increased the functionality of 
the array and results within and between arrays 
could be normalised. 

With the development of faster, cheaper 
and more accessible of sequencing techniques the 
amount of sequence data is growing. This brings 
great challenges to the maintenance of the public 
sequence databases. These challenges include the 
minimisation of redundancy, the accuracy of the 
annotations, and the computational challenges 
involved in keeping the search and aligning 
processes efficient, even though the number of 
sequences is growing nearly exponentially. The 
taxonomy should be correct in these databases 
as well. As whole genomes have been sequenced 
novel information based on microbial phylogeny 
and ecology has been gathered (Hugenholtz & 
Tyson 2008). Still, genome and gene sequencing 
mainly focuses on certain divisions that are often 
biotechnically or clinically interesting. The 
fungal genomes that have been sequenced have 
been pathogens or model genetic systems (Bruns 
2006): of the 82 finished fungal genomes (In 
NCBI database 13th of October 2008) many 
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were from pathogens (e.g. Aspergillus nidulans, 
Galagan et al. 2005) or industrially interesting 
fungi (e.g. Trichoderma reesei, Martinez et al. 
2008). To understand microbial diversity, and 
more importantly, microbial ecology as whole, 
genomes from the whole spectrum of bacteria, 
archaea, protists and fungi should be studied. As 
knowledge about the vast diversity of microbes 
is provided in many studies, the focus of research 
has changed towards studying the ecology and 
evolution of organisms instead of descriptive 
studies on their diversity. 

Methods which are based on PCR 
amplification, such as the ones used in this 
thesis, face certain problems. PCR does not 
provide amplification products in the same 
ratios as the genomic templates that are added 
to the reaction (Poltz & Cavanaugh 1998) 
and problems with primer selection and the 
formation of PCR artefacts have been reported 
(reviewed in von Wintzingerode et al. 1997). 
The possible bias that has emerged with the 
use of PCR based methods could be avoided 
by using whole genome amplification instead 
of PCR prior to ligation detection reaction and 
microarray hybridisation. This amplification has 
been successfully applied to a soil microbiome 
study in which community composition was 
further studied with cloning and sequencing 
(Abulencia et al. 2006) and to a microarray 
study (Wu et al. 2006). The development of the 
LDR microarray test into a quantitative method 
is of interest. In the LDR-microarray method 
(paper IV) the control probe can be important 
when quantifying the results since the data 
can be normalised between different subarrays 
and microarray slides, and the uneven printing 
of DNA onto the microarray glass is not a 
problem. With methods such as the microarray, 
the composition of the microbial community, 
based on the species of interest, can be studied 
efficiently in a specific and sensitive manner. 
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6. CONCLUSIONS

In this thesis compost microbiota were studied 
in a comprehensive way. Fungal and bacterial 
communities from different phases of composting 
on two scales were characterised with cloning and 
sequencing. The stage and scale of the composting 
was found to shape the communities. The full-
scale industrial drum composting process was 
found to contain a diverse yeast community in 
both suboptimally and optimally functioning 
processes. In industrial batch composts the 
filamentous fungi such as Pezizomycota and 
fungi from Zygomycota were present in low 
numbers among the sequenced clones. Both 
fungal and bacterial communities were dissimilar 
between the different scales showing that full-
scale composting processes should be studied to 
understand compost microbiology. The bacterial 
diversity was higher than the fungal diversity 
showing the wider diversity of bacteria and their 
better adaptation to partly extreme conditions 
with high temperatures, low pH and low oxygen 
levels.

Nowadays, there are many methods for 
studying microbial diversity. In this thesis two 
methods were developed for diversity studies. 
It was demonstrated that with the macroarray 
method the clones that are present in high 
numbers in environmental clone libraries can 
be selected out from the sequenced clones. This 
method can be used in diversity studies to target 
the rare phylotypes that may be of importance in 
microbial communities. In the studied samples 
41% of the clones were sequenced after the 
negative selection and so the method was cost-
effective.

 In this thesis the LDR microarray method 
was further developed and shown to be capable 
of sensitive and specific detection of species of 
interest in compost samples. With the multiplex 
detection method just 0.04% of the studied 
organism’s target gene was sufficient for detection 
from the sample’s total DNA. This detection 
limit is lower than in previously published 
studies and species level discrimination was 

achieved as well. The microarray was tested with 
compost samples. To verify the gathered results 
of the diversity in the samples, clone libraries 
were constructed and sequenced. The results 
were in concordance and the LDR microarray 
can be further developed as a tool for compost 
process monitoring in industrial composting 
facilities.

With cloning, sequencing and microarrays 
microbial community composition can be 
determined, but the next goal is to utilise the data. 
This can be achieved by additionally studying 
the physical and chemical properties of samples 
which was already done to some extent in this 
thesis. By studying samples from different depths 
and from different timescales it is possible to get 
more information about the community and 
the ecology of the microorganisms detected.
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