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ABSTRACT 

The study of soil microbiota and their activities is central to the 
understanding of many ecosystem processes such as decomposition and 
nutrient cycling. Unfortunately we have very limited possibilities to 
investigate soil microbiological characteristics in situ in real time; the 
collection of microbiological data generally involves soil sampling and several 
sequential steps of pretreatment, storage and laboratory measurements of 
samples. The reliability of results and their correct interpretation are 
dependent on reliable methods in every step of the data collection process.  
The  challenges  of  sampling  and  measuring  arise  from  the  complexity  and  
heterogeneity of soil matrix and habitats, the microscopic scale of microbial 
communities and the sensitivity of living organisms to changes in their 
environment.  

The aim of the work presented in this thesis was to critically evaluate 
some central methods and procedures utilised in microbial ecological studies 
of soils in order to improve our understanding of the factors that affect the 
measurement results and to provide support for the design of experiments. 
The  thesis  focuses  on  four  major  themes:   1)  soil  microbiological  
heterogeneity  and  sampling,  2)  storage  of  soil  samples,  3)  DNA  extraction  
from soil, and 4) quantification of specific microbial populations by the 
cultivation-based most-probable-number (MPN) procedure. Soil 
microbiological heterogeneity and sampling are discussed as a single theme 
because understanding of the spatial and temporal variation of soil 
microbiological communities and processes is crucial when designing 
sampling procedures.  

Adjacent forest, meadow and organically cultivated field were compared 
with regard to the average level and horizontal spatial variation of hydrolytic 
enzyme activities and bacterial community in topsoil. It was shown that land 
use has a strong impact on these microbiological properties of soil. 
Cultivation generally decreased both the level and the variation of soil 
enzyme activities. Variation of soil enzyme activities and bacterial 
community structure were clearly highest in the forest organic layer. 
However, regardless of the land use, the variation of microbiological 
characteristics appeared not to have predictable spatial structure (i.e. 
increasing variance with increasing distance) at 0.5-10 m, which suggests 
that most horizontal microbiological variation is already present at a distance 
shorter  than  0.5  m.  In  terms  of  sampling  it  can  be  concluded  that  soil  
samples taken 0.5 m apart are independent with regard to most 
microbiological  characteristics,  on  condition  that  there  are  no  obvious  
environmental gradients e.g. for vegetation, soil type or topography.  

Temporal and soil depth-related patterns of enzyme activities and 
microbial biomass were studied in the top 40 cm profile of arable soil in 
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relation to the root growth of timothy and red clover during one growing 
season. Most enzyme activities displayed a clear decreasing trend as a 
function  of  soil  depth.  However,  the  great  difference  in  the  root  biomass  of  
red clover and timothy in the topsoil was not reflected in the enzyme 
activities. Seasonal patterns were observed. Most activities were highest early 
in the growing season during vigorous plant growth.  

A new strategy for the sampling of soil microbiological characteristics 
based on stratified sampling was developed. In this strategy, a reserve of 
multiple individual samples is collected and divided into subgroups (strata) 
on  the  basis  of  pre-characteristics,  which  are  simple  to  measure  but  which  
provide important predictive information on the soil microbiological 
characteristics in question. A practical example showed that the analysis 
efforts  of  soil  enzyme  activity  profiling  could  be  reduced  without  loss  of  
precision using soil organic matter content as a pre-characteristic. In 
addition, pre-characterisation provides information on the degree of 
heterogeneity and possible visually unidentifiable gradients within the 
habitat.  

The investigation of frozen and air-dried storage of soil samples revealed 
that freezing (-20 °C) of small sample aliquots retains the activity of most 
enzymes and the structure of the bacterial community in different soil 
matrices relatively well whereas air-drying cannot be recommended as a 
storage method for soil microbiological properties due to large reductions in 
activity. Ultrafreezing (below -70 °C) was the preferred method of storage for 
samples with high organic matter content.  

Efficient DNA extraction from soil samples is a critical step common to 
most DNA-based analyses of soil microbial communities. Five different 
direct DNA extraction methods differing in cell lysis treatments were 
compared  on  the  basis  of  PCR-DGGE  community  fingerprinting.  The  DNA  
extraction  method  was  shown  to  have  a  strong  influence  on  the  molecular  
size of DNA obtained and on the bacterial community structure detected. 

An improved MPN method for the enumeration of soil naphthalene 
degraders was introduced as an alternative to more complex MPN protocols 
or the DNA-based quantification approach. The main advantage of the new 
method is the simple protocol and the possibility to simultaneously analyse a 
large number of samples and replicates in order to increase the analytical 
precision or environmental representativeness of measurements. Method 
comparison with an earlier MPN method indicated that naphthalene may be 
dosed in vapour-phase without compromising the result. The detection of 
growth-positives by absorbance measurement was objective and more 
reliable than measurement with indicator dye. As no toxic indicator dyes are 
needed,  viable  bacteria  can  be  recovered  from  the  plates  after  scoring  the  
results. 

 



6 

TIIVISTELMÄ (ABSTRACT IN FINNISH) 

Maaperän mikro-organismien ja mikrobiologisten aktiivisuuksien 
tutkiminen on keskeistä monien ekosysteemiprosessien kuten orgaanisen 
aineen hajoamisen sekä alkuaineiden kierron ymmärtämiseksi. 
Mahdollisuutemme maaperän mikrobiologisten ominaisuuksien 
reaaliaikaiseen mittaamiseen niiden luonnollisessa ympäristössä ovat 
kuitenkin hyvin vähäiset, ja siten aineistonkeruuprosessi useimmiten 
käsittää näytteenoton sekä useita esikäsittely-, säilytys- ja laboratorio-
mittausvaiheita. Mittaustulosten luotettavuuteen vaikuttaa menetelmien 
luotettavuus aineistonkeruuprosessin joka vaiheessa. Haasteita 
maaperämikrobiologiselle havaintojen teolle asettavat sekä kompleksinen ja 
heterogeeninen ympäristö että tutkimuskohteena olevat mikroskooppiset 
eliöt, jotka reagoivat herkästi pieniinkin muutoksiin ympäristössään. 
Väitöskirjatyöni tavoitteena oli arvioida ja kehittää joidenkin maaperän 
mikrobiologisessa tutkimuksessa käytettävien keskeisten menetelmien ja 
menettelytapojen luotettavuutta. Tarkastelu keskittyi neljään pääteemaan: 1) 
maaperän heterogeenisyys ja näytteenotto, 2) näytteiden säilytys, 3) DNA:n 
eristys maasta sekä 4) spesifisen MPN-menetelmän kehittäminen. 

Näytteenoton suunnittelussa on tärkeää ottaa huomioon maan 
mikrobiologisten ominaisuuksien paikasta riippuva (spatiaalinen) ja 
ajallinen vaihtelu. Maankäytön vaikutuksia maaperän mikrobiologisten 
ominaisuuksien spatiaalisen vaihtelun määrään ja rakenteeseen tutkittiin 
geostatistisen otantastrategian mukaisesti suunnitellussa kokeessa, jossa 
verrattiin entsyymiaktiivisuuksia ja bakteeriyhteisön sormenjälkiä metsän, 
niityn ja pellon pintamaissa. Ajallista ja syvyydestä riippuvaa vaihtelua 
selvitettiin seuraamalla entsyymiaktiivisuuksia yhden kasvukauden aikana 
kymmenen sentin kerroksiin jaetussa peltomaaprofiilissa 40 cm:n syvyyteen 
saakka.     

Tulokset osoittivat, että maankäyttö vaikuttaa mikrobiyhteisön 
rakenteeseen ja toimintaan voimakkaasti. Metsän orgaaninen kerros erottui 
selvästi kivennäismaista sekä entsyymiaktiivisuus- että 
bakteeriyhteisöprofiilien perusteella. Huomattavia eroja havaittiin sekä 
entsyymiaktiivisuuksien ja biomassan tasossa että spatiaalisen vaihtelun 
suuruudessa. Vaihtelu oli yleisesti alhaisinta peltomaassa, keskimääräistä 
niittymaassa ja metsän mineraalimaassa ja korkeinta metsän orgaanisessa 
kerroksessa. Sitä vastoin selvää spatiaalirakennetta, jossa varianssi kasvaa 
etäisyyden kasvaessa, ei mikrobiologisille muuttujille yleensä havaittu 
tutkitussa mittakaavassa 0.5-10 m. Horisontaalisen spatiaalirakenteen 
puuttumista maankäyttömuotojen sisällä selittävät biologisiin muuttujiin 
vaikuttavien ympäristötekijöiden monitahoisuus ja mikrobiyhteisöjen 
mikrotason mittakaava sekä se, että ilmeiset ympäristögradientit suljettiin 
kokeen ulkopuolelle (yhtenäinen topografia, maaperän ja kasvipeitteen 
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tasalaatuisuus). Peltomaan syvyysprofiilissa entsyymiaktiivisuudet laskivat 
syvemmälle mentäessä.  Kasvukauden aikana aktiivisuudet yleensä laskivat. 

Väitöskirjassa kehitettiin uusi näytteenoton menettelytapa maaperän 
mikrobiologisille muuttujille. Menettely perustuu lukuisista erillisistä 
näytteistä koostuvan näytevarannon keräämiseen ja siitä 
esikarakterisointimuuttujien perusteella tehtävään ositettuun otantaan. 
Käytännöllisen esimerkin avulla havainnollistettiin, miten yksinkertaista 
orgaanisen aineen pitoisuusmittausta voidaan hyödyntää työläistä 
entsyymiaktiivisuusmittauksista koituvan työmäärän vähentämiseen 
tarkkuuden kärsimättä.  Lisäksi esikarakterisointi antaa tietoa tutkitun 
habitaatin heterogeenisyydestä sekä mahdollisista silmämääräisesti 
tunnistamattomista gradienteista. 

Näytteiden säilytyskokeessa selvitettiin pakastuksen ja ilmakuivauksen 
vaikutusta erilaisista maamatriiseista (peltomaa, metsämaa, komposti) 
mitattaviin entsyymiaktiivisuuksiin sekä bakteeriyhteisön 
sormenjälkiprofiiliin. Tulokset osoittivat, että 4 kuukauden pakastus (-20 °C) 
säilyttää aktiivisuudet sekä bakteeriyhteisön rakenteen eri näytematriiseissa 
suhteellisen hyvin, mutta ilmakuivaus laskee aktiivisuuksien tasoa niin 
paljon, ettei sitä voi suositella mikrobiologisten maaperänäytteiden 
säilytysmenetelmäksi. Pakastus alle -70 °C lämpötilassa on orgaanisille 
maanäytteille suositeltavin säilytysmuoto.   

DNA-uuttokokeessa vertailtiin erilaisiin kemiallis-entsymaattisiin ja 
mekaanis-kemiallisiin solujen rikkomiskäsittelyihin perustuvien DNA:n 
eristysmenetelmien vaikutusta maaperänäytteistä saatavan DNA:n laatuun. 
Tutkimuksessa havaittiin, että DNA:n eristysmenetelmä vaikuttaa 
huomattavasti paitsi DNA:n saantoon ja pilkkoutumiseen myös PCR-DGGE-
yhteisöanalyysin perusteella havaittavaan bakteerikirjoon. 

Tietyn funktionaalisen mikrobiryhmän kokoa voidaan mitata mikrobien 
kasvatukseen sekä DNA:han perustuvilla menetelmillä. Kehitimme uuden 
yksinkertaistetun kuoppalevyillä tapahtuvaan liemikasvatukseen 
pohjautuvan MPN-menetelmän naftaleenia hajottavien mikrobien 
lukumäärän määrittämiseksi maaperänäytteistä.   Uudessa menetelmässä 
naftaleenisubstraatti lisätään kivennäissuoloja sisältävään kasvuliuokseen 
kaasufaasin kautta, mikä yksinkertaistaa menettelyä huomattavasti ja tekee 
mahdolliseksi lukuisten rinnakkaisnäytteiden analysoinnin. Mikrobien 
kasvun havainnointi perustuu aiemmissa naftaleeninhajottaja-MPN-
menetelmissä käytettyjen myrkyllisten hengitysindikaattorireagenssien 
sijasta absorbanssimittaukseen, minkä ansiosta hajottajaorganismit voidaan 
ottaa talteen elinkykyisinä jatkoanalysointia varten. 
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1 INTRODUCTION 

1.1 SOIL ENVIRONMENT 

1.1.1 COMPLEX PHYSICAL, CHEMICAL AND BIOLOGICAL 
PROPERTIES 

Soils have a complex aggregated structure which depends on physical, 
chemical and biological interactions between mineral particles and organic 
matter. The aggregated structure of soil creates heterogeneous 
microenvironments with highly different liquid, gas and nutrient 
concentrations, pH and oxidation-reduction conditions (Stotzky 1997).  

Soils  can  be  categorised  on  the  basis  of  different  physical  and  chemical  
properties. The most often reported soil characteristics include texture (i.e. 
the distribution of different mineral particle size fractions), organic matter 
content, pH and nutrient status. The proportions of mineral and organic 
fractions differ extensively between different soils. Soils with a maximum of 
20% organic matter are classified as mineral soils (Hartikainen 1992).  

Soils are structured at various spatial scales. Spatial structure occurs both 
vertically through the soil profile and horizontally. Typically the soil profile 
consists of several distinct layers that differ in organic matter and mineral 
nutrient contents and texture. Most of the organic matter is accumulated in 
the surface soil characterised by high plant, animal and microbial activity. In 
boreal forests, the most common soil type is podzol, with a humus layer 
underlain by distinguishable eluvial and illuvial mineral soil layers. The most 
common humus type in boreal forests is mor. Agricultural soils have been 
formed by clearing forests and drying wetlands and littoral meadows. The 
upper layers of the agricultural soil profile are mixed by tillage.   

Horizontal spatial patterns are not as clear as vertical gradients, and have 
been less well studied. In addition, the range of horizontal scales is very 
broad, from microhabitats to continents. Parkin (1993) grouped horizontal 
scales into four classes: microscale, plot scale, landscape scale and regional 
scale.  
All three domains of life, bacteria, archaea and eukaryotes (Woese et al. 
1990), are present in abundance in soil ecosystems. Excluding plant roots, 
the majority of soil biomass is formed by microorganisms, the two largest 
groups being prokaryotic bacteria and eukaryotic fungi. In temperate 
grassland, bacterial (including actinobacteria) and fungal biomass is 
estimated to be 1-4 and 2-5 tonnes per hectare, respectively (Killham 1994). 
The ratio of fungal and bacterial biomass differs between soil and land use 
types. Soil biodiversity is huge; estimates of prokaryotic diversity vary from 
103 to 106 distinct genomes per gram of soil (Torsvik et al. 1998; Gans et al. 
2005; Roesch et al. 2007).  
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Microorganisms are present in soil primarily attached to solid surfaces 
(Or et al. 2007). Surfaces of soil particles also adsorb extracellular 
biomolecules such as nucleic acids and proteins (Nannipieri et al. 2003). 
Bacteria occur in microcolonies that display patchy occurrence in 
unsaturated topsoil (Nunan et al. 2003). Fungi form long branching 
networks of filaments called hyphae. 
 

1.1.2 SPATIAL AND TEMPORAL DETERMINANTS OF SOIL 
MICROBIOTA 

Heterogeneity is a fundamental property of soil ecosystems and therefore the 
study of soil biological communities in spatial and temporal contexts is 
important (Young and Ritz 1998; Ettema and Wardle 2002). Ettema and 
Wardle (2002) wrote that “spatial variability is the key, rather than the 
obstacle, to understanding the structure and function of soil biodiversity”.  

The basic elements that regulate microorganisms in any environment 
include carbon and energy sources, mineral nutrients, growth factors, ionic 
composition, available water, temperature, pH, oxidation-reduction 
potential, surfaces and different forms of interaction between organisms. The 
occurrence of these factors in different soil habitats depends on multiple 
interrelated factors, both abiotic and biotic, that operate at various spatial 
and temporal scales. It is thus reasonable to try to find larger mechanisms or 
principles, instead of individual parameters, that impact and regulate the 
spatial and temporal organization and variability of microbial communities 
and processes in soils.    

The physical structure of soil matrix affects gas diffusion and water 
movement, and it is of major importance in determining biological activity 
(Young and Crawford 2004). Spatial isolation of microcolonies and 
heterogeneity of carbon resources are likely to influence the high prokaryotic 
diversity in unsaturated surface soils (Zhou et al. 2002; Or et al. 2007). 
Microscale spatial patterns of soil microbial community composition and 
processes have been attributed to environmental gradients within aggregates 
(Mummey et al. 2006) and in the proximity of root surfaces (Kandeler et al. 
2002) and next to hot spots of fresh organic residues (Gaillard et al. 1999; 
Wachinger  et  al.  2000).  Readily  available  carbon  sources  released  by  roots  
stimulate microbial growth in the rhizosphere and lead to increased 
decomposition activity (Bottner et al. 1999). Different particle-size fractions 
are colonized by different microbial communities (Sessitsch et al. 2001; Poll 
et al. 2003). The results of Poll et al. (2003) suggest that coarse sand 
fractions  are  dominated  by  fungi,  whereas  silt  and  clay  have  complex  
bacterial communities.  

Our understanding of the spatial patterns of soil microbial communities 
at larger scales is more obscure possibly due to more interrelated parameters. 
It is known that spatial variation is created by differences in soil parent 
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material and texture (Gelsomino et al. 1999; Girvan et al. 2003; Ulrich et al. 
2006), plant communities (Grayston et al. 1998; Smalla et al. 2001; 
Loranger-Merciris et al. 2006; Slabbert et al. 2010), the quantity and quality 
of soil organic matter (Degens et al. 2000; Dehlin et al. 2006; Kanerva and 
Smolander 2007; Sinsabaugh et al. 2008; Štursová and Baldrian 2011) and 
macro- and microclimatic conditions related e.g. to altitude and land 
topography (Margesin et al. 2009). In addition, the intensity of management 
such  as  tillage  has  a  large  impact  on  soil  microbial  communities  (e.g.  
Dumontet et al. 2001; Jansa et al. 2003, Ceja-Navarro et al. 2010). Changes 
in land use and agricultural management greatly alter soil characteristics 
including physical, chemical and biological properties. For example, 
conversion  from  forest  to  cropped  field  typically  involves  major  changes  in  
plant biomass and species diversity, soil organic matter content and quality 
as well as soil porosity and aggregation. The position and species identity of 
trees  have  been  shown  to  influence  the  spatial  pattern  of  soil  microbial  
communities  (Saetre  and  Bååth  2000,  Priha  et  al.  2001).  Furthermore,  pH  
has  been  shown  to  be  an  important  predictor  of  bacterial  community  
composition across a wide range of spatial scales (Fierer and Jackson 2006; 
Lauber et al. 2008; Baker et al. 2009; Osborne et al. 2011).  

In addition to horizontal gradients, soil depth has a strong impact on 
microbial community composition and biomass (Ekelund et al. 2001; Blume 
et  al.  2002;  Fierer  et  al.  2003;  Allison  et  al.  2007).  The  highest  biomass  is  
generally in the topsoil. Soil depth-related effects on soil microbiota depend 
on soil profile characteristics and are mainly attributed to gradients of carbon 
and other nutrients, water and temperature and compaction of soil structure 
in the deeper layers. The size and distribution of horizontal patches of 
bacterial communities have been observed to be different in topsoil than in 
subsoil, but the regulatory mechanisms at different depths are largely 
unknown (Nunan et al. 2002).  

In addition to horizontal and vertical spatial heterogeneity, soil physical 
characteristics such as moisture and temperature are highly variable in time 
which causes temporal variation in microbial structure and activity (Bardgett 
et  al.  1997;  Grayston  et  al.  2001;  Blume  et  al.  2002;  Kennedy  et  al.  2005).  
Seasonal changes in soil microbial communities and processes are also 
related to plant growth and nutrient dynamics. However, it is probable that 
long-term plant growth legacies overwhelm short-term plant growth effects 
on soil microbial community structure (Kulmatiski and Beard 2011).  The 
time span of successional changes on the whole ecosystem level may be tens 
to hundreds of years. Land use history, especially cultivation, is known to 
have a long-lasting impact on soil microbial communities (Buckley and 
Schmidt 2001, Jangid et al. 2011). 

Despite many detailed studies, our understanding of the relative 
importance and combined effects of different spatial and temporal 
determinants of soil microbial communities is still rather blurred and new 
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theories  and  data  are  needed  to  build  a  more  comprehensive  picture  of  the  
subject.  

1.1.3 SOIL PROCESSES MEDIATED BY MICROBES 
Soils and their inhabitants contribute to multiple natural processes that are 
important  to  ecosystem  functioning.  Turbé  et  al.  (2010)  divided  soil  biota  
into three main functional groups: 1) chemical engineers that transform and 
decompose organic matter, 2) biological regulators that regulate microbial 
populations through grazing and competition and 3) physical engineers that 
maintain soil structure. Human society benefits from these soil functions in 
the form of ecosystem services, such as maintenance of soil structure and 
fertility for plant growth, regulation of carbon flux and climate control, 
decontamination and bioremediation, pest control and regulation of the 
water cycle (Turbé et al. 2010). 

Microorganisms play important roles in all three functional groups of soil 
biota but especially as chemical engineers. Soil microbial communities 
display a vast diversity of different metabolic processes, occurring both 
aerobically and anaerobically. Cycling of carbon and nitrogen is dependent 
on microbial processes. Decomposition and transformation of organic matter 
occurs on the lowest trophic level and is crucial to all other soil functions 
(Kibblewhite et  al.  2008).  It  has been estimated that  more than 90% of  the 
energy flow in soil systems passes through microbial decomposers 
(Nannipieri et al. 2003). Apart from catabolic decomposition processes, soil 
microbes have important roles in anabolic reactions such as nitrogen 
fixation.   

Interaction between plants and soil microbes occurs in multiple forms. As 
an example, mycorrhizas are widespread symbiotic associations between 
fungi and vascular plants. Another important example of plant-microbe 
interaction is the nitrogen fixing symbiosis between bacteria (rhizobia) and 
leguminous plants. In addition to symbiotic relationships microbes compete 
with  plants  for  nutrients.  Plant  root  and  leaf  litter  is  the  primary  source  of  
soil organic matter and it affects the quality and quantity of carbon 
substrates and nutrients available to microbes.   

Enzymes mediate the activities performed by microbes in soil. Some 
enzymes are present only in living cells, e.g. dehydrogenases that are part of 
the  respiratory  chain  of  cells.  Enzymes  involved  in  the  degradation  of  
macromolecules are transported out of the cells or attached to cell surfaces in 
order to achieve close contact with their substrates (Burns 1982). Apart from 
cell surfaces, extracellular enzymes may be located in soil aqueous phase or 
bound to clay and humic particles (Burns 1982). A large part of extracellular 
enzymes are hydrolytic, catalysing transformation of biopolymers such as 
cellulose, hemicelluloses, polysaccharides, proteins and lipids (Tabatabai and 
Dick 2002). Degradation of lignin involves the action of oxidative 
peroxidases and laccases.   
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1.2 STUDYING SOIL MICROBIOLOGY 

1.2.1 TOPICAL RESEARCH THEMES  
Much of the current soil microbiological research is explorative, trying to 
discover the unknown majority of microbial species in soil ecosystems. The 
basic questions of the explorative approach are: What are they? How many of 
them are there? What do they do? 

The other, and currently growing part of soil microbiological research is 
hypothesis-based. Hypothesis-based studies investigate the effects of 
different disturbances, land use types and soil management practices on soil 
microbiota and their processes.  

Fundamental ecological issues that have generated considerable interest 
during recent decades concern the relationship between soil microbial 
community structure and soil functioning (e.g. Waldrop et al. 2000; Griffiths 
et  al.  2001;  Torsvik and Øvreås 2002; Nannipieri  et  al.  2003; Nielsen et  al.  
2011) as well as the link between plant diversity and the diversity of soil 
microbial communities and functions (e.g. Wardle et al. 1999; Kowalchuk et 
al. 2002; Loranger-Merciris et al. 2006; Rodríguez-Loinaz et al. 2008; Lamb 
et al. 2011). One of the main applied themes of soil microbiological research 
is the development of relevant microbial indicators of ecological soil quality 
for  environmental  monitoring  purposes  (Winding  et  al.  2005;  Ritz  et  al.  
2009, Turbé et al. 2010). 

Soil microbiological properties are most often characterised either at 
microscale or at plot scale. The research questions differ at different scales. 
Studies on bacterial distribution, rhizosphere processes and mechanisms 
driving microbial processes are mostly conducted at microscale, whereas the 
effects of different disturbances and soil management practices such as 
tillage, different crops and bioremediation are studied at plot scale. 
Geostatistical studies addressing the spatial autocorrelation structure of soil 
microbiological properties at different spatial scales are a relatively new 
branch of soil microbiological research (e.g. Ettema and Wardle 2002; 
Franklin and Mills 2003, Ritz et al. 2004).     

  Common to most research topics in soil microbiology is the requirement 
for a quantitative measuring procedure. Development of molecular 
techniques  has  been  fast  during  the  last  decades,  and  it  is  evident  that  the  
available techniques have both driven and limited the research questions.   

1.2.2 OVERVIEW OF THE METHODOLOGY 
Collection of microbiological data from soils starts with sampling and 
typically includes several sequential steps of pretreatment, storage and 
laboratory measurements. Figure 1-1 presents an overview of the different 
approaches for studying microbial community structure and functions from 
soil samples.  
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Until  the  1990s,  the  studies  of  soil  microbial  community  structure  were  
almost entirely based on cultivation and isolation of strains. The most 
common cultivation approach is to incubate soil dilutions on solid agar 
medium followed by colony-counting and isolation of strains for further 
characterisation. Another widely-used approach is the most-probable-
number (MPN) technique which estimates microbial population sizes in 
liquid medium.  The main limitation of traditional cultivation-based 
community diversity analysis is that only a minority of microbial species in 
environmental samples are readily cultivated (Ward et al. 1992; Amann et al. 
1995, Torsvik and Øvreås 2002). It is not feasible to simultaneously cultivate 
microorganisms with contradictory growth requirements. However, 
cultivation approaches may provide a highly sensitive and simple means for 
enumeration and characterisation of specific groups if a suitable selective 
medium and cultivation conditions are available. For example, populations 
with  a  particular  ability  to  grow  on  a  certain  substrate  can  be  selected.  
Cultivation is also necessary for the characterisation of physiological traits of 
strains and for reliable description of new species. 

Cultivation-independent approaches to characterise soil microbial 
community structure are based on the extraction (or detection) of molecular 
markers and their subsequent analysis with various methods. The most 
important molecular markers are nucleic acids (DNA and RNA) that contain 
the genetic information of cells, and phospholipid fatty acids (PLFA) that are 
important cell membrane components. Although PLFA analysis cannot 
compete with nucleic acid methods in phylogenetic resolution, it is still a 
highly valuable and rapid means for detecting changes in the microbial 
community composition of soils (Frostegård et al. 2011). Specific PLFAs may 
be used as indicators of certain microbial groups, e.g. for estimating the 
relative abundance of fungal and bacterial biomass in soil (Frostegård and 
Bååth 1996).         

Cultivation-independent DNA tools comprise a wide selection of different 
approaches to characterise microbial communities (reviewed by Hirsch et al. 
2010). Most often the analysis is targeted to specific parts of the genome by 
amplifying homologic gene sequences from the template community DNA 
with the help of polymerase chain reaction (PCR, Mullis and Faloona 1987). 
Studies on community structure and diversity are generally based on the use 
of ribosomal RNA genes as indicators of phylogenetic relationships (Olsen et 
al. 1986). Microbes with certain metabolic traits may be assayed with the 
help of protein-encoding target sequences. The amplified PCR products may 
be analysed with a number of different techniques, e.g. by cloning and 
sequencing or by different community fingerprint methods.   

Tools for the functional profiling of soil microbial communities include 
different enzyme activity assays (e.g. Marx et al. 2001; Vepsäläinen et al. 
2001),  community-level  physiological  profiles  (CLPP),  also  known  as  the  
Biolog approach (Winding 1994), and the measurement of short-term 
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respiration response to addition of different organic acids (Degens and 
Harris 1997).  

General measures of microbial biomass and activity provide information 
on the whole community of microorganisms. Carbon, nitrogen and 
phosphorus in the microbial biomass can be measured by the chloroform-
fumigation extraction method (Vance et al. 1987). Measurements of soil 
respiration and ATP, PLFA and DNA content have been used as relative 
estimates of active microbial biomass (Vanhala and Ahtiainen 1994; 
Vepsäläinen et al. 2004; Mikkonen et al. 2011a). In addition, there are highly 
useful  biochemical  methods  to  measure  microbial  activities  e.g.  in  the  
different processes involved in N cycling.  

Tools applied to assess microbial populations at the microscale include 
microsampling techniques, light and electron microscopy and fluorescence in 
situ hybridisation (FISH) techniques (Amann and Fuchs 2008). The 
advantage of FISH is that it enables single cell idenfication in complex 
microbial communities, but the challenge is to permeabilise different cell 
wall structures to allow efficient diffusion of probes to their intracellular 
rRNA  targets  (Amann  and  Fuchs  2008).  In  addition,  the  activity  of  
microorganisms and the flow of nutrients between different pools can be 
assessed by coupling sensitive stable isotope and radioisotope techniques to 
different molecular and other methods. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Fig. 1-1 Overview of the different approaches for studying microbial community structure 
and functions from soil samples.  
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1.2.3 SAMPLING PROCEDURES 
Characterisation of heterogeneous soil habitats requires analysis of multiple 
samples that are collected in a representative manner from the site of 
interest. When designing the sampling procedure the researcher needs to 
decide the size and number of samples as well as the spatial arrangement of 
sampling points in the study site. The choice of sampling procedure and 
equipment depends on the spatial scale, the degree of heterogeneity and the 
objective of the study. In addition, the researcher must consider whether it is 
sufficient to obtain the mean value or whether information on spatial 
variability and structure is also needed.  

When designing a new experiment, it is important to characterise the site 
under study with regard to its land use and management history, topography, 
soil  type  and  vegetation,  as  they  are  likely  to  influence  the  microbial  
community structure and functions. Obvious environmental gradients should 
be avoided or carefully defined within the sampling plot. Prior knowledge or 
at least approximate estimates of the spatial variation and structure of the 
target variable are also highly valuable when designing sampling procedures. 
Variation of a variable determines the number of independent samples 
required  to  estimate  its  value  with  a  certain  precision.  The  range  of  spatial  
autocorrelation determines the threshold distance at which samples can be 
considered to be independent. 

Basic soil sampling procedures include simple random sampling, 
stratified sampling and different systematic designs (Wollum 1994; van Elsas 
and Smalla 1997). In simple random sampling, the collection of samples is 
arranged so that each sampling point has an equal opportunity to be selected. 
In stratified sampling,  the site  under study is  divided into subareas (strata)  
that are internally relatively homogenous with regard to e.g. vegetation or 
physical and chemical soil characteristics. Simple random samples are then 
taken from each stratum. Stratification enables the researcher to characterise 
each subgroup separately and to increase the precision of estimates over the 
entire population (Wollum 1994).   

In composite sampling multiple individual samples are combined, 
homogenised and treated as a single sample in order to gain representative 
estimates of mean concentrations while keeping the cost and analytical load 
to a minimum. However, composite samples do not provide information on 
the natural spatial variation of the target variable. For example Baker et al. 
(2009) reported that pooling of spatially separated samples reduced the 
variance of pH, moisture content and bacterial community fingerprints 
compared  to  individual  samples.  Manter  et  al.  (2010)  also  observed  a  
significant reduction of bacterial and fungal species richness in pooled 
samples. Thus composite sampling can best be applied to sites which are 
known  to  be  relatively  uniform,  i.e.  sites  with  low  variability  and  random  
distribution of the target variable.  

For studies of spatial structure (spatial autocorrelation), a geostatistical 
sampling design is needed (Ettema and Wardle 2002; Franklin and Mills 
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2003). Geostatistical designs involve extensive sampling of individual 
samples, the locations of which are optimised to yield a wide range of 
interpoint distances at the scale of interest. Geostatistical designs can be 
optimised using simulation (Lark 2002, Diggle and Lophaven 2004).  

The size of soil samples influences the characterisation of microbial 
communities (Grundmann and Gourbière 1999; Ellingsøe and Johnsen 
2002;  Ranjard  et  al.  2003,  Nicol  et  al.  2003,  Kang  and  Mills  2006).  The  
sample sizes required to gain a representative picture of the dominant 
members of the community differ for bacteria, archaea and fungi. The 
minimal sample size required for reproducible community fingerprinting 
appears to be less than 1 g for bacteria (Ranjard et al. 2003, Kang and Mills 
2006) but up to 10 g for archaea (Nicol et al. 2003). On the other hand, 
detection of minor populations and inventories of microbial diversity can be 
improved by the microsampling approach (Grundmann and Gourbière 1999; 
Nicol et al. 2003).  

1.2.4 PRETREATMENT AND STORAGE OF SAMPLES 
Most commonly after soil sampling, samples are transferred in cooled boxes 
to  the  laboratory  where  they  are  homogenised  by  sieving  and  mixing.  
Homogenisation is necessary to gain representative subsamples for the 
analyses. However, it is important to note that homogenisation may increase 
the microbial activity of samples due to altering their physical properties (e.g. 
increased air space and availability of nutrients). Proceeding to the analysis 
(or storage) immediately after pretreatments is therefore desirable. In 
addition, homogenisation of large soil samples, especially those with high 
clay or organic matter content, might not be technically feasible and 
therefore it is better to use small sample volumes. Drying and grinding would 
benefit homogenisation, but this pretreatment is not suitable for 
microbiological studies (Thomson et al. 2010). For the studies of microscale 
spatial structure, intact soil cores are not homogenised but are further 
sampled using microsampling techniques (e.g. Grundmann et al. 2001; 
Kandeler et al. 2002).  

It is recommended that microbiological properties of soil are analysed 
without  delay  after  sampling  (ISO  10381-6,  2009).  However,  this  is  not  
always feasible due to large sample sets and several measurands and 
analytical procedures needed for representative characterisation of the site. 
The most common methods to store soil samples for microbiological analyses 
are freezing, refrigeration and air-drying. Details of the storage procedures 
used  vary  with  regard  to  e.g.  duration,  sample  volume,  rapidity  of  freezing  
and thawing and the possible re-equilibration period between storage and 
analysis.  

Previous studies indicate that the effect of storage on soil microbiological 
characteristics differs widely between different storage treatments, soil types 
and target variables. Generally, frozen and cold storage appear to affect the 



 

25 

microbiological characteristics of soil samples less than air-drying (Pesaro et 
al.  2004,  Lee  et  al.  2007,  Liu  et  al.  2009),  but  there  are  also  studies  
indicating that air-drying would be a suitable method for storage of soils 
intended for enzyme activity measurements (Gianfreda and Bollag 1996; 
Bandick and Dick 1999). The recommended maximum duration of cold or 
frozen storage varies from 3 months to 2 years depending on the test 
objective and the storage temperature (ISO standard 10381-6, 2009). Most of 
the studies in this area have concentrated on mineral agricultural soils, 
whereas relatively little is known about the effects of storage on organic soil 
matrices. It is assumed that organic and acidic forest soils are more 
susceptible to storage-related changes than mineral agricultural soils 
(Brohon et al. 1999; Lee et al. 2007). Findings of Pesaro et al. (2003 and 
2004) indicate that DNA-based analyses are more sensitive to freeze-thaw 
and drying-rewetting stresses than activity measures. However, the effects of 
thawing  of  frozen  soil  and  rewetting  of  dried  soil  are  somewhat  
uncontrollable, as they may induce a considerable initial peak in microbial 
activity and oscillations thereafter (Clein and Schimel 1994; Schimel and 
Clein 1996). 

1.2.5 DNA-BASED ANALYSES OF MICROBIAL COMMUNITIES 
DNA-based analyses of soil microbial communities rely on the efficient 
extraction of community DNA from soil samples. Since the pioneering works 
of  Torsvik  (1980)  and  Ogram  et  al.  (1987),  a  wide  array  of  literature  
describing different DNA extraction techniques from soil has been published 
(e.g.  Steffan  et  al.  1988;  Picard  et  al.  1992;  Zhou et  al.  1996;  Jackson  et  al.  
1997). Soil DNA extraction has also recently attracted considerable interest 
(Thakuria et al. 2008; Feinstein et al. 2009; Delmont et al. 2011; Petric et al. 
2011; Williamson et al. 2011). The aim of soil DNA extraction is to gain pure 
and high-molecular weight DNA that is representative of the whole target 
group. Problems with purity are often caused by humic acids that are easily 
co-extracted with soil DNA due to their similar physical and chemical 
characteristics. Soil matrix type and differences in cell wall structure and in 
adhesion behaviour between different microorganisms affect the DNA 
extractability (Frostegård et al. 2001). 

The DNA extraction methods can be divided into two main categories: 
direct and indirect DNA extraction. Direct extraction involves lysing the 
microbial cells in soil matrix using different physical, chemical, and 
enzymatic treatments. In indirect DNA extraction, the prokaryotic cell 
fraction is separated from the soil matrix using density gradient 
centrifugation prior to cell lysis and DNA recovery. Mechanical treatments to 
lyse cells include bead beating with glass beads (Ogram et al. 1987), freeze-
thaw cycles (Tsai and Olson 1991), sonication (Picard et al. 1992) and 
grinding (Frostegård et al. 2001). Chemical and enzymatic cell lysis reagents 
include e.g. SDS (Ogram et al. 1987), lysozyme (Holben et al. 1988) and 
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proteinase  K  (Saano  and  Lindström  1995).  In  addition  to  the  lysis  step,  
another critical  phase of  DNA extraction is  the separation of  DNA from cell  
debris,  humic  substances  and  other  impurities  which  may  hamper  
subsequent analyses. Basic methods involve phase partitioning by phenol 
and chloroform and precipitation of DNA by ethanol, isopropanol and 
polyethylene  glycol  (Sambrook  et  al.  1989;  Ogram  et  al.  1987).  Humic  
substances and proteins may be precipitated by polyvinyl polypyrrolidone 
(PVPP, Holben et al. 1988) or cetyl trimethylammonium bromide (CTAB, 
Saano and Lindström 1995). In addition, gel electrophoresis (Myrold et al. 
1995), different chromatographic procedures (Tsai and Olson 1992; Moreira 
1998) and a number of commercial kits are used for DNA purification.  

Extracts of community DNA (also called metagenomic DNA) may be used 
as a starting material for a variety of different applications including 
community fingerprint analyses (e.g. Muyzer et al. 1993; Liu et al. 1997; 
Suzuki et al. 1998), diversity analyses by different sequencing approaches 
(e.g.  Roesch  et  al.  2007;  Lemos  et  al.  2011),  DNA  reassociation  kinetics  
(Torsvik  et  al.  1990)  and  microarray  applications  (Sessitsch  et  al.  2003)  as  
well as quantification of specific genes by real-time PCR (Sharma et al. 2007; 
Smith and Osborn 2009). It must be noted, however, that the different 
applications have varying requirements for the quantity and quality of the 
recovered DNA regarding yield, purity, molecular size and 
representativeness.   

Community fingerprint methods are used for rapid comparative 
community analysis or monitoring of changes in soil microbial community 
structure.  The  methods  are  generally  based  on  the  PCR  amplification  of  
rRNA genes. The PCR amplicons or their restriction fragments are separated 
by gel electrophoresis either according to length variation (T-RFLP, LH-PCR, 
ARISA)  or  to  variation  in  sequence-related  conformation  (DGGE,  TGGE,  
SSCP).  

PCR-based analysis of microbial communities is faced with several 
challenges. Inhibition of enzyme reaction by different organic and other 
compounds is a widespread problem of PCR (Wilson 1997). The varying level 
of PCR inhibition in different samples may hamper justified comparisons 
between different matrices and treatments. In addition, PCR is highly 
sensitive to amplification of contaminant sequences (Tanner et al. 1998). 
Artefacts may also be caused by chimeric products (Liesack et al. 1991; Wang 
and  Wang  1997)  and  polymerase  reading  errors.  The  frequency  of  chimeric  
products in PCR is increased by short template molecules (Liesack et al. 
1991).  However,  the  most  important  source  of  uncertainty  in  PCR-based  
microbial community analysis may be the differential amplification of rRNA 
genes, which causes bias in template-to-product ratios (Reysenbach et al. 
1992, Polz and Cavanaugh 1998). The primer choice strongly affects PCR-
based microbial community analysis due to variable priming specifities and 
annealing kinetics (Suzuki and Giovannoni 1996; Schmalenberger et al. 
2001; Engelbrektson et al. 2010). Another important source of bias is the 



 

27 

variation of rDNA copy number within and between microbial species 
(Farrelly et al. 1995).  

1.2.6 CULTIVATION-BASED QUANTIFICATION OF SPECIFIC 
MICROBIAL POPULATIONS 

The two basic cultivation-based approaches that can be used to quantitate 
microbial populations in environmental samples are the plate-count 
technique  and  the  most-probable-number  (MPN)  procedure  (ISO  
8199:2005). Plate-counts are based on incubating dilutions of soil 
suspension on solid agar on Petri plates and counting colony-forming units. 
The MPN methods also utilise serial dilutions but the incubation is 
performed  in  liquid  medium.  Calculation  of  the  population  size  by  MPN  is  
based on the pattern of positive and negative test results across several 
dilutions and replicates per dilution. 

Cultivation-based procedures are best applied to quantification of 
microbial populations that have specific growth requirements or a particular 
ability to grow on a certain substrate or to resist certain antibiotics. A good 
example of using MPN methods in soil microbiological research is the 
enumeration  of  soil  hydrocarbon  degraders  for  assessing  the  potential  of  a  
soil to degrade oil contaminants and for monitoring bioremediation 
(Johnsen 2010). Unlike DNA-based quantification of gene sequences, the 
MPN techniques measure only live organisms with a proven ability  to carry 
out  the  process  of  interest.  Another  advantage  of  MPN  is  that  the  
quantification is not restricted to bacteria with known gene sequences but 
the method may recover bacteria with different metabolic pathways. 

The present-day MPN methods for hydrocarbon degraders generally 
employ a 96-well microtiter plate set-up. Aromatic substrates are usually 
dissolved  in  a  suitable  solvent  and  added  to  each  well  individually  (Wrenn  
and  Venosa  1996;  Johnsen  et  al.  2002;  Kirk  et  al.  2005).  Johnsen  and  
Henriksen (2009) mixed the aromatic substrates with inert mineral oil in 
order to reduce the toxicity of pure aromatics to the degrader community. 
Distinguishing growth-positive wells from negative wells appears to be rather 
difficult,  and  several  methods  have  been  published  for  this  purpose  
(reviewed by Johnsen 2010). The most common way of detecting growth is to 
use respiration indicators, which change colour upon reduction by active 
respiratory cells (Haines et al. 1996; Wrenn and Venosa 1996; Johnsen et al. 
2002; Johnsen and Henriksen 2009).   

1.2.7 FUNCTIONAL PROFILING OF SOIL MICROBIAL COMMUNITIES 
Soil microbial communities may be profiled for their functional abilities by 
measuring the utilization of different substrates. 

Community  level  physiological  profiles  (CLPP;  e.g.  Biolog)  are  based  on  
incubating soil suspension with different carbon sources and measuring 
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growth by the colour change of an indicator dye (Garland and Mills 1991; 
Winding 1994). CLPPs have been criticised for their inability to measure the 
functional potential of the entire soil microbial community, as it appears that 
only a very limited number of soil microbial genera grow on CLPP plates 
(Ros et al. 2008). In the method of Degens and Harris (1997), the problem of 
artificial conditions is alleviated by adding substrates directly to soil and by 
measuring short-term respiration response.  

Several different methods for measuring soil enzyme activities have been 
developed (reviewed by Baldrian 2009). The methods differ in the use of 
substrates, detection technique (fluorescence / spectrophotometry) and 
reaction conditions (reaction time and temperature, buffers). The 
measurement may be performed directly from soil suspension or indirectly 
from the extractable enzyme fraction. In fluorescence-based techniques, 
artificial fluorogenic substrates create a fluorescent product upon cleavage, 
which can be assayed with high sensitivity. 

The most widely used fluorogenic substrates for the measurement of 
hydrolytic enzyme activities are based on 4-methylumbelliferone (MUF) and 
aminomethylcoumarin (AMC) (e.g. Marx et al. 2001; Vepsäläinen et al. 
2004). The assay may be performed simultaneously for several substrates on 
multiwell  plates  and  the  reaction  time  is  normally  short,  1-3  hours.  The  
measurement is independent of microbial growth. Enzyme activity 
measurements are limited by the inability to distinguish between 
extracellular and intracellular enzymes and the use of artificial reaction 
conditions and substrates. The values of activity may be calculated per unit of 
soil fresh weight, soil dry weight, soil organic matter or even soil volume or 
land  area.  The  most  common  way  to  report  results  is  based  on  soil  dry  
weight.  Values  based  on  organic  matter  reflect  differences  in  the  quality  of  
soil organic matter.  The unit of analysis to be selected depends on the study 
in question and several approaches may be needed in the analysis of results.  

1.2.8 SOURCES OF SAMPLING AND MEASUREMENT UNCERTAINTY 
Soil is a challenging matrix for quantitative sampling and measuring of 
microorganisms and their processes. Challenges arise from the properties of 
both the microscopic target organisms, the majority of which are unknown, 
and their complex and heterogenic living environment. Data collection 
typically  includes  several  successive  steps  and  sub-samplings  that  alter  the  
physical, chemical and biological status of the sample. 

The overall uncertainty of a specific measurement result originates from 
multiple sources along a data collection process. The measurement 
uncertainty has both random and systematic components. The magnitude of 
systematic bias is difficult to estimate in soil microbiology, since in most 
cases there are no valid reference methods and matrices available that would 
reveal the ‘true value’ for comparison. Random uncertainty may be estimated 
by replication.  
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Table 1-1 summarises the major challenges and sources of uncertainty in 
the different phases of the data collection process for the assessment of soil 
microbial community structure by DNA-based fingerprinting. The critical 
elements that cause uncertainty are divided into two categories: the 
properties of target organisms/matrix and methods. For each study, the 
sampling and measurement procedure must be specified and optimised. 
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2 OBJECTIVES OF THE STUDY 

2.1 BACKGROUND 

During  the  past  twenty  years,  the  methodological  development  of  soil  
microbiological research has largely focused on cultivation-independent 
molecular approaches. The most rapid progress has been seen in high-
technology gene analysis techniques. At the same time, much less attention 
has been paid to the advancement of soil sampling and storage strategies 
although the performance of these procedures is vitally important for the 
validity of the overall data collection process. Moreover, the highly 
heterogenic nature of soils emphasises the need for careful sampling 
considerations.  

In the collection of DNA-based molecular data, the subsequent step after 
sampling  and  storage  is  DNA  extraction  from  soil  samples.  Although  the  
development of soil microbial DNA extraction techniques already began 
more  than  thirty  years  ago  (Torsvik  1980)  this  theme is  still  topical,  as  the  
challenges of representative DNA extraction from different soil matrices and 
organisms have not yet been solved (Delmont et al. 2011).  

It also is important to notice that although nucleic acid techniques have 
undoubtedly opened up unprecedented possibilities for investigating soil 
microbial  communities,  some research  questions  may  be  better  solved  with  
other types of techniques. For example, the monitoring programs of soil 
ecological quality benefit from functional characterisation of key microbial 
processes and activities (Winding et al. 2005). There is also a clear need for 
simple and inexpensive quantification procedures for specific microbial 
populations e.g. in monitoring soil bioremediation processes (Margesin et al. 
2000; Diplock et al. 2009). 

The general aims of this thesis were to critically evaluate methods and 
procedures  utilised  in  microbial  ecological  studies  of  soils  in  order  to  
improve our understanding of the factors that affect the measurement 
results, and to provide guidance and new approaches on the collection, 
storage and laboratory measurements of soil samples for the assessment of 
microbiological  processes  and  community  structure.  As  the  overall  scope  is  
very  broad,  the  focus  was  set  on  some  of  the  most  critical  or  previously  
inadequately investigated themes of soil microbiological data collection. The 
four major themes of this thesis were 1) soil heterogeneity and sampling, 2) 
storage of soil samples, 3) DNA extraction from soil and 4) quantification of 
specific microbial populations by a cultivation-based MPN approach.  
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2.2 SPECIFIC AIMS 

The specific aims of this thesis are described under four major themes:  
  
1. Soil heterogeneity and sampling   
 
I To compare different land use systems (forest, meadow and 

field) with regard to the level and spatial heterogeneity of 
decomposition activities and the bacterial community in topsoil  

 
II To characterise temporal and soil depth-related variation of soil 

decomposition activities in relation to the growth of plant roots 
in arable soil  

 
III To develop a new sampling procedure for estimating both the 

mean and spatial heterogeneity of soil microbiological 
characteristics with reasonable cost and workload   

 
2. Storage of soil samples 
 
IV To evaluate the suitability of common storage methods (freezing 

and air-drying) for different microbiological properties and soil 
matrices 

 
3. DNA extraction from soil 
 
V To compare the suitability of different direct soil DNA extraction 

methods for the assessment of bacterial community structure 

 

4. Quantification of specific microbial populations by MPN  
 

VI To  develop  a  new  MPN  method  for  the  enumeration  of  soil  
naphthalene degraders with three essential requirements: 1) 
reproducible and objective quantification, 2) simple protocol and 
3) an additional possibility for further enrichment and 
characterisation of degrader strains 
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3 MATERIALS AND METHODS 

3.1 EXPERIMENTAL SET-UP 

A schematic overview of the thesis is presented in Fig. 3-1. Papers I, II and III 
deal with issues related to soil heterogeneity and sampling. Storage of soil 
samples, DNA extraction from soil and MPN-enumeration of specific groups 
are examined in Papers IV, V and VI respectively. Soil enzyme activity 
analysis and bacterial community fingerprint methods comprise unifying 
methodological links between several papers. A fluorescence-based enzyme 
assay was used to measure several hydrolytic enzymes contributing to the 
decomposition of cellulose, hemicelluloses, starch, xylose, chitin and proteins 
and to the acquisition of organic phosphorus and sulphur. Differences in the 
bacterial  community  structure  were  measured  by  LH-PCR  or  PCR-DGGE  
community fingerprint methods. 

In Paper I, different rural land use types were compared with regard to 
the level, plot-scale variation and horizontal spatial structure of several 
hydrolytic enzyme activities and the bacterial community in topsoil. In order 
to eliminate the effects of factors not related to land use (e.g. soil origin, 
climate, topography), adjacent forest, meadow and field plots on an area of 
flat ground were compared. The study site was unique because all the three 
land use systems shared the same soil formation history (ancient sea floor). 
The soil type was Vertic Cambisol (WRB classification) throughout the whole 
area (Yli-Halla et al. 2009; Soinne et al. 2011). Another advantage of the 
selection of this experimental site was the management history known over 
extended period of time, even if the results cannot be generalised too much, 
since only one site was studied.  Sampling was performed from the top 5 cm 
because carbon pool and flux are greatest in this part of the soil profile. Land 
use-derived changes in the characteristic soil profiles were taken into account 
by separate sampling of the organic and mineral soil layers of the forest soil.  

Temporal and soil depth-related variation of soil decomposition activities 
were characterised by monitoring active microbial biomass (ATP) and several 
hydrolytic enzyme activities in relation to the root growth of timothy and red 
clover during one growing season in arable field soil (Paper II).  

A new strategy for the sampling of soil microbiological characteristics 
based on stratified sampling and pre-characterisation of samples was 
introduced in Paper III.  The  potential  of  the  new  approach  to  reduce  the  
costs of soil enzyme activity profiling was demonstrated with a practical 
example,  in  which  soil  organic  matter  content  was  used  as  a  pre-
characteristic. The example was based on the data from Paper I.  

The effects of frozen and air-dried storage on soil microbiological 
characteristics were studied in Paper IV. The samples chosen to the study 
represented diverse matrix types with widely differing organic matter 
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content, pH and usage: mineral agricultural soil with clay loam texture, 
organic and acidic coniferous forest humus layer and composted municipal 
sewage sludge. The microbiological characteristics included ten soil enzyme 
activities and bacterial LH-PCR fingerprints. Evaluation of storage effects 
was based on the testing of similarity rather than difference of results.  

In Paper V, five DNA extraction methods differing in cell lysis 
treatments  were  compared  on  the  basis  of  PCR-DGGE  community  
fingerprinting. Attention was paid to the complexity and intensity of the 
band patterns obtained with different methods, PCR inhibition, 
fragmentation of DNA and feasibility of the treatments. 

A simplified microplate MPN procedure to quantify the naphthalene 
degrader population in soil samples was introduced in Paper VI. The 
method is based on providing the aromatic substrate in vapour-phase and 
measuring the growth of bacterial culture by optical density. The validity and 
applicability  of  the  introduced  method  was  tested  in  two  experiments.  The  
first  experiment  was  a  method  comparison  with  a  recently  introduced  
method in which the substrate is dosed using biologically inert silicone oil as 
carrier material and the detection of growth is based on a respiration 
indicator dye. In the second experiment, the correspondence between 
naphthalene  degrader  MPN  counts,  the  level  of  oil  contamination  and  
microbial biomass was investigated. 

 

 

 

 

Fig. 3-1 Schematic overview of the thesis. The papers are indicated in parentheses. 

3.2 SOILS AND SITES  

Characteristics of the soils and sites studied in this thesis are summarised in 
Table 3-1 and described in more detail in the original publications. 

3.3 METHODS  

The methods used for sampling, storage and laboratory analyses are 
summarised in Table 3-2 and described in more detail in the original 
publications and in the references mentioned therein. 
  

Sampling of soil 
environments 

(I, II, III) 

Storage of soil 
samples (IV) 

DNA extraction 
from soil (V) 

Community fingerprint 
analysis (I, IV, V, VI) 

Quantification of 
specific microbial 
groups by MPN 

(VI) 

Enzyme activity 
analysis  

(I, II, III, IV) 
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Table 3-1  Sites and soils  

Paper / major theme Site Land use / 
dominant 
vegetation 

Sampling 
time 

Soil sampling 
depth 

Soil 
texture 

I, III / Horizontal 
heterogeneity, sampling 

Jokioinen, 
Yöni 

Forest / Norway 
spruce, mosses 

June The whole org. 
layer (4-8 cm 
thick) 

Organic  

 Jokioinen, 
Yöni 

Forest / Norway 
spruce,  mosses 

June 0-5 cm 
(underneath 
org. layer) 

Clay 

 Jokioinen, 
Yöni 

Meadow / 
different grass 
species 

June 0-5 cm Clay 

 Jokioinen, 
Yöni 

Cropped field / 
rotations with 
grass, barley, 
rye, pea, oat   

June 0-5 cm Clay 

II / Temporal and soil 
depth related variation 

Jokioinen, 
Ojainen 

Cropped field / 
timothy 

Six times 
between 
June and 
August 

0-10 cm;         
10-20 cm;      
20-30 cm;      
30-40 cm 

Fine sand 

 Jokioinen, 
Ojainen 

Cropped field / 
red clover 

Six times 
between 
June and 
August 

0-10 cm;         
10-20 cm;      
20-30 cm;      
30-40 cm 

Fine sand 

IV / Storage of samples Helsinki, Viikki Cropped field / 
forage grass 

May 0-20 cm Clay loam 

 Tuusula, 
Ruotsinkylä 

Forest / Scots 
pine, common 
heather 

May The whole org. 
layer 

Organic  

 Porvoo, 
Metsäpirtti 

Open-air 
compost made 
from municipal 
sewage sludge, 
peat and wood 
chips 

May 20-40 cm Organic 
(compost)  

V / Soil DNA extraction Sipoo, 
Fårholmen 

Littoral sand September Rhizosphere 
soil around 
black alder  

Sand 

 Helsinki, 
Hakuninmaa 

Yard lawn September Rhizosphere 
soil around 
white clover  

Clay 

 Helsinki, Viikki Cropped field September Rhizosphere 
soil around 
fodder galega  

Coarse 
sand 

VI / MPN method for 
naphthalene degraders  

Porvoo, 
Kilpilahti 

Landfarming 
field for oil-
refinery waste 

January and 
May 

0-20 cm Fine sand 

 Helsinki, Viikki Cropped field / 
forage grass 

January 0-20 cm Clay loam 
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Table 3-2  Methods 

Aim / target Method  Reference Used in 
paper 

Soil sampling Geostatistical sampling: lattice plus 
close pairs design   
Composite sampling 

Diggle and Lophaven 2004 
 

 

I 
 

II, IV, VI 

Storage of soil samples Freezing at -20 °C 

Freezing at -70 °C 
Air-drying at room temperature 

 I, II, IV 

I, IV 
IV 

Soil dry weight Loss of fresh mass at 105 °C SFS-EN 12880:2000 I, II, IV, VI 

Soil organic matter 
content 

Loss of dry mass on ignition at 550 °C SFS-EN 12879:2000 I, II, IV 

Soil pH pH measurement in 0.01 M CaCl2 

pH measurement in water 
ISO 10390:2005 I, IV 

II 

Soil C and N contents Dry combustion method  I 

Hydrolytic soil enzyme 
activities: 
  Arylsulphatase 
  -Glucosidase 
  -Glucosidase 

  -Xylosidase 
  -acetylglucosaminidase 
  Cellobiohydrolase 
  Phosphomonoesterase 
  Phosphodiesterase 
  Leucine aminopeptidase 
  Alanine aminopeptidase   

Fluorogenic assay with MUF- and 
AMC-based substrates (ZymProfiler®)  

Vepsäläinen et al. 2001 and 
2004;  ISO TS 22939: 2010 

I, II, IV 

DNA extraction from soil 
samples 

Commercial DNA isolation kits from 
MoBio Laboratories, Inc. 
Several manual DNA extraction 
methods with different chemical, 
enzymatic and mechanical 
treatments for cell lysis 
 

 

 
Saano and Lindström 1995; 
modifications described in 
Paper V 

 

I, IV, V 

 
V 
 
 

Quantification of DNA 
concentration 

PicoGreen assay Sandaa et al. 1998 I, IV 

Bacterial community 
fingerprint analysis 

Denaturing gradient gel 
electrophoresis (PCR-DGGE)  
Length heterogeneity PCR (LH-PCR) 

Muyzer at al. 1993   
 
Suzuki et al. 1998; Tiirola et 
al. 2003; Mikkonen et al. 
2011b 

V 
 
I , IV, VI                      

Cloning of PCR products TOPO-TA Cloning kit from Invitrogen  VI 

Microbial biomass C Fumigation-extraction method Vance et al. 1987  VI 

Relative estimate of active 
microbial biomass 

DNA content 

ATP content 

Mikkonen et al. 2011a 

Vanhala and Ahtiainen 1994 

I 

II 

Root biomass Hydropneumatic elutriation Smucker et al. 1982 II 

Enumeration of soil 
naphthalene degraders 

Most-probable-number methods: 

Silicone oil method 
 Vapour method 

 

Johnsen and Henriksen 2009 
First described in Paper VI 

 

VI 
VI 
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3.4 DATA ANALYSES 

Simple calculations and basic statistical analyses (e.g. standard curves, 
logarithmic and Fisher transformations, Box and Whisker plots, t-test, 
ANOVA, confidence intervals) were performed using Excel (Microsoft), 
Origin (OriginLab, USA) or Statistix for Windows (Analytical Software, USA) 
programs. The more specialised data analyses regarding community 
fingerprint data, cluster analyses and semivariograms were performed using 
Bionumerics (Applied Maths, Belgium), ZymProfiler cluster analysis 
programs (Finnish Environment Institute, Finland) or R software 
environment (R Foundation for Statistical Computing).       

The degree of overall similarity between different treatments or soil 
environments was analysed by clustering methods appropriate to the form of 
the data.  The cluster analyses of enzyme activity profiles were performed on 
equally weighted enzyme characteristics using Gower’s 
similarity/dissimilarity measure and Ward’s clustering algorithm (Papers I, 
IV).  Pearson  correlation  coefficient  was  used  as  a  measure  of  similarity  for  
both the LH-PCR and PCR-DGGE bacterial community profiles. The 
clustering was performed by Ward’s method for LH-PCR (Papers I, IV) and 
by UPGMA for PCR-DGGE profiles (Paper V).  

Horizontal plot-scale spatial structure of soil enzyme activities, DNA yield 
and soil physical and chemical properties within forest, meadow and field 
environments (Paper I) were analysed using semivariograms (Ettema and 
Wardle 2002). As a prerequisite to semivariogram analysis, the samples were 
collected using a geostatistical design (Diggle and Lophaven 2004). More 
specifically,  the sampling design consisted of  25 locations in a regular 5 x 5 
lattice  with  2  m  spacing  between  each  location,  and  25  points  which  were  
located  at  random within  2  m x  2  m area  around each  lattice  location.  The  
regular lattice ensured that whole area was covered whereas the close pairs 
provided  an  array  of  short  distances  evenly  over  the  whole  area.  The  
semivariance  was  determined  for  lag  classes  0.5,  1.5,  2.5,  3.5,  4.5,  5.5,  6.5,  
7.5, 8.5 and 9.5 m using the geoR package (Ribeiro and Diggle, 2001) in the R 
environment (version 2.6.0, R Foundation for Statistical Computing). The 
resulting semivariograms were classified into four types: 1) obvious spatial 
structure  =  variance  consistently  increases  with  increasing  distance,  2)  
suspected spatial structure = general trend of increasing variance with 
increasing distance but the trend is weaker or the line more bumpy than in 
the type 1 variogram, 3) nugget effect = spatial dependence is not present at 
the scale sampled (relatively homogenous variance), 4) anomalous = 
unexpectedly shaped variogram e.g. decreasing variance with increasing 
distance. The ranges of spatial autocorrelation were estimated by visual 
inspection of the experimental semivariograms. 

Horizontal spatial structure of the bacterial community composition in 
field, meadow and forest soil (Paper I) was analysed by plotting the genetic 
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similarity based on LH-profiles as a function of physical distance between 
soil cores (Ritz et al. 2004). 

The statistical testing of storage effects (Paper IV) was based on assessing 
similarity  of  treatments  as  described  by  Rita  and  Ekholm  (2007).  The  
similarity analysis was based on the specification of maximum acceptable 
difference between the results of fresh and stored treatments and subsequent 
statistical testing of whether the observations supported the difference to be 
below this limit. The similarity hypothesis was tested using a similarity limit 
of ±10%, i.e. the change in enzyme activities due to storage was regarded as 
acceptable if the mean of stored soil was between 90% and 110% of that of 
fresh soil. A less conservative similarity limit of ±20% was also used. 

Calculations for the stratified sampling procedure presented in Paper III 
were performed according to Cochran (1977). The stratum boundaries were 

calculated using the so-called cumulative )(yf rule. Allocation of the 

sampling effort to each stratum was performed proportionally (each stratum 
had the same sampling proportion) and disproportionally (assumed 
optimum) using the within stratum variances of the pre-characterisation 
variable SOM. 
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4 RESULTS AND DISCUSSION 

4.1 SOIL HETEROGENEITY AND SAMPLING  

Knowledge on the spatial and temporal variation of soil biological, physical 
and chemical characteristics is essential for understanding the underlying 
factors that control microbial processes (Parkin 1993; Ettema and Wardle 
2002; Griffiths et al. 2003). Understanding of this variability is also crucial 
when designing sampling procedures (van Elsas and Smalla 1997; 
Klironomos  et  al.  1999;  Baldrian  2009).  The  more  heterogenic  the  soil,  the  
more challenging is its representative sampling and the more samples are 
required for its characterisation.  

4.1.1 LAND USE-ASSOCIATED HETEROGENEITY  
The  results  of  Paper  I  show  that  land  use  has  a  strong  impact  on  both  
structural and functional soil microbiological properties. Cluster analyses on 
the  basis  of  soil  enzyme  activities  (I:  Fig.  1)  and  bacterial  community  
structure  (I:  Fig.  2)  grouped  samples  according  to  land  use  and  soil  matrix  
type. Forest organic layer stood out with a pattern clearly different from 
those of mineral soils. The bacterial community profiles of field and meadow 
were distinct (I: Fig. 2) but at the same time surprisingly similar as revealed 
by averaged profiles (I: Fig. 3).  

The different land use systems varied with regard to the level and within-
plot variation of soil microbiological properties (I: Fig. 4). SOM content 
predicted well the major differences in soil enzyme activities: seven of eight 
enzyme activities (per soil dry weight) measured were clearly highest in the 
forest organic layer. High DNA content corresponded to high enzyme activity 
levels. When the comparison was restricted to mineral soils, SOM content 
was not sufficient to predict land-use associated differences in the level of 
soil enzyme activities. The same mean SOM content yielded significantly 
higher enzyme activities in the meadow than in the field. The order of 
mineral soils with regard to mean/median activities was generally: meadow 
> forest mineral > field (I: Fig. 4, Table 2).  

In order to reveal land use-associated differences in the quality of SOM, 
enzyme activities were further calculated on the basis of SOM content. 
Enzymes contributing to the degradation of cellulose and hemicellulose 
(cellobiohydrolase, -glucosidase and -xylosidase) exhibited similar trends 
with high SOM-normalised activities in the meadow, intermediate activities 
in  the  forest  organic  layer  and  low activities  in  the  field  and  forest  mineral  
soil (I: Fig. 5). Starch-degrading -glucosidase and organic phosphorus-
releasing phosphodiesterase also displayed highest activities in the meadow. 
Regardless of the way of reporting the results, chitinase and 
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phosphomonoesterase showed highest activities in the forest organic soil and 
arylsulphatase in the forest mineral soil. The field samples consistently 
showed relatively low activities. 

Within-plot variation of soil enzyme activities (per soil dry weight), DNA 
content and bacterial community profiles was clearly highest in the forest 
organic  soil  layer  as  revealed  by  the  widths  of  whiskers  in  box  and  whisker  
plots (I: Fig. 4) and the spread of LH-PCR similarity values in similarity-
distance scatter plots (I: Fig. 6). Differences in the within-plot variation of 
enzyme activities were best explained by differences in the variation of SOM 
content. Comparison of relative standard deviations (coefficient of variation, 
CV) evened the differences between soils (I: Table 3), indicating that 
variation is associated with the activity level. The mineral and organic soil 
layers of forest had the largest and generally similar CVs. Enzyme activities 
displayed  higher  CVs  in  the  meadow than  in  the  field,  which  indicates  that  
plant diversity increases and/or tillage decreases variation of microbiological 
activities in soil. On the other hand, meadow soil appeared to have more 
homogeneous bacterial community structure than field soil (I: Fig. 6).  

Microbiological variables showed no or only weak spatial structure at the 
horizontal scale studied, 0.5-10 m (I: Table 5, Fig. 6). Lack of spatial 
structure may be explained by the influence of a complex set of interrelated 
factors that govern microbial communities, by the microscopic scale of 
microbial communities and by the fact that obvious environmental gradients 
for topography, soil type and or vegetation were excluded from the 
experiment. 

In  terms  of  sampling  it  can  be  concluded  that  forest  soils  require  more  
intensive  sampling  than  field  or  meadow  soils  in  order  to  yield  a  
representative view of the microbiological characteristics. Regardless of the 
land use, soil samples taken 0.5 m apart may be regarded independent with 
regard to most microbiological characteristics on condition that there are no 
obvious environmental gradients within the habitat of interest.  

Our  results  are  in  agreement  with  earlier  studies  on  the  microbiological  
effects of land use. Carpenter-Boggs et al. (2003) reported that soils 
managed under permanent grassland had significantly higher microbial 
biomass  and  activities  than  cropped  tilled  or  non-tilled  soils.  In  a  study  by  
Stevenson et al. (2004), pasture and forest soil microbial communities 
showed distinct patterns in their catabolic respiration responses. Our results 
also agree with those of Bossio et al. (2005), who reported that both the 
composition and function of soil bacterial communities were affected by land 
use in woody and agricultural soils in Kenya. Similarly to our study, Bossio et 
al.  (2005)  found  that  functional  indicators  (enzyme  activities  and  CLPP)  
showed lower specificity to land use than compositional indicators (DGGE 
and PLFA). Štursová and Baldrian (2011) identified SOM as the most 
important factor affecting soil enzyme activity in their study which covered a 
wide range of forest, grassland and arable soils. 
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Hitherto, most studies on the microbiological effects of land use have 
focused on comparing soil microbial community structure or mean activities 
using composite samples, whereas only little attention has been paid to land 
use-associated differences in the spatial variation of these properties. Studies 
on microbiological spatial variation and structure in plot scale have most 
often  concentrated  in  a  single  habitat  (Saetre  and  Bååth  2000;  Ritz  et  al.  
2004; Baldrian et al. 2010). Our results are consistent with the findings of 
Baldrian  et  al.  (2010),  who  reported  that  the  spatial  autocorrelation  of  soil  
enzyme  activities  and  microbial  biomass  typically  occurred  in  the  range  of  
tens of centimetres in forest topsoil. Our results contrast those of Saetre and 
Bååth (2000) and Ritz et al. (2004), who observed plot scale spatial patterns 
for individual fatty acids in a spruce-birch stand and unimproved grassland, 
respectively.  

4.1.2 TEMPORAL AND SOIL DEPTH-RELATED VARIATION  
Strong depth gradients of microbial biomass, community composition and 
activities  are  well  documented  for  forest  soils  with  discrete  layers  (Fritze  et  
al. 2000; Priha et al. 2001; Ekelund et al. 2001; Šnajdr et al. 2008). This is in 
accordance with the results of Paper I, which showed distinct enzyme activity 
profiles for the top organic and mineral soil layers in forest.  

The results of Paper II showed a clear depth-related pattern of soil 
enzyme activities in the top 40 cm of arable soil with periodic tillage. 
Activities declined as a function of soil depth, but the steepness of the depth 
gradient varied between different enzymes (II: Fig. 3, Table 4). Enzymes 
contributing to the degradation of cellulose ( -glucosidase, 
cellobiohydrolase) and hemicellulose ( -xylosidase) showed the strongest 
decline in activity. Concomitant to the decrease in enzyme activities, active 
microbial biomass (ATP), plant root biomass, SOM, moisture and nutrient 
contents decreased with increasing depth whereas pH was lower in the 
surface soil than in the deeper layers (II: Fig. 1, Fig. 4, Table 4). Root biomass 
of red clover was substantially greater than that of timothy in the surface soil 
(0-10  cm)  (II:  Fig.  4)  but  this  was  generally  not  reflected  in  the  enzyme  
activities as only a few activities showed a significant plant-related effect.     

Our results are in agreement with those of Aon and Colaneri (2001), who 
observed  a  decline  of  enzyme  activities  with  depth  in  agricultural  soil.  
Griffiths et al. (2003) and Allison et al. (2007) observed soil depth-related 
patterns in bacterial community structure and activities in grassland soils. 
The depth-gradients of soil microbiological properties are likely mediated by 
several interrelated environmental factors. The most obvious causes for 
microbiological depth-gradients are the soil profile-related patterns of soil 
organic matter (Kramer and Gleixner 2008), water, temperature, oxygen and 
plant root systems. When soil sampling is performed, it is important to 
collect well-defined samples with regard to natural soil horizons and depth. 
In forest podzol profile the soil horizons are obvious. For agricultural soils, 



 

41 

the whole ploughing layer (0-25 cm) is typically collected but it might be well 
justified to separate this large layer into several depths, as the 
microbiological variables typically show the strongest gradients in the 
topsoil.   

In addition to obvious depth-related patterns, the majority of enzyme 
activities showed a temporal trend, with higher activity early in the growing 
season  than  later  in  the  summer  (II:  Fig.  3,  Table  3).  As  an  exception,  the  
activity of leucine aminopeptidase increased during the growing season. The 
observed temporal pattern probably reflects differences in the substrate 
quality and plant growth stages. Li et al. (2002) and Aon and Colaneri (2001) 
observed that plant growth stages affected soil enzyme activities. The 
increasing activity of aminopeptidases during the growing season was also 
observed by Vepsäläinen et al. (2001).  

Seasonal variation can make verification of long-term changes in soil 
microbial  communities  challenging.  In  studies  that  are  conducted  over  
several years, it is advisable to collect samples in several time points annually 
and in the same phases of the growing season. 

4.1.3 STRATIFIED SAMPLING BASED ON PRE-CHARACTERISATION 
OF SAMPLES 

Paper  III  presents  a  new  strategy  for  sampling  of  soil  microbiological  
characteristics based on stratified sampling and pre-characterisation of 
samples. The basic idea is to maintain precision while reducing analysis costs 
compared to simple random sampling. Stratification is performed on the 
basis of the properties of collected samples and not on areal characteristics as 
in traditional soil stratified sampling (Wollum, 1994). The phases of the new 
procedure are outlined in the schematic diagram (III: Fig. 1). 

A reserve of multiple individual samples is collected and stored by an 
appropriate method. Prior to the main investigation, the sample reserve is 
divided into homogeneous subgroups on the basis of pre-characteristics.The 
pre-characteristics  are  chosen  in  each  study  and  they  should  be  simple  and  
inexpensive to analyse while providing important predictive information on 
the soil microbiological characteristics in question. For example pH, 
moisture, soil organic matter (SOM) content and C:N ratio are good 
candidates for pre-characteristics due to their central role in regulating 
microbial communities and activities.   

It was demonstrated that stratified sampling based on pre-
characterisation  of  samples  can  be  used  to  reduce  the  analysis  efforts  of  
laborious and expensive microbiological measurements without loss of 
precision  (III:  Fig.  2,  Table  1).  In  our  example,  SOM content  was  used  as  a  
pre-characteristic to estimate soil enzyme activities.  

In addition to gains obtained in precision or in reduced analytical load by 
stratification, pre-characterisation provides information about the degree of 
heterogeneity and possible visually unidentifiable gradients within the 
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habitat. This information can be used for the design of future experiments in 
a similar manner to the procedures described by Klironomos et al. (1999) 
and by Peigné et al. (2009). In our approach, the storage of samples in a 
reserve provides cost savings and enables multiphase analysis of the primary 
characteristics and possible changes e.g. in the allocation of the sampling 
effort on the grounds of interim audits. 

4.2 STORAGE OF SOIL SAMPLES  

4.2.1 EVALUATION OF STORAGE EFFECT BY SIMILARITY ANALYSIS 
In Paper IV, it was pointed out that lack of statistically significant difference 
should  not  be  used  as  evidence  for  no  or  negligible  effect  of  storage  
treatment, as is commonly concluded (e.g. Stenberg et al. 1998; Lee et al. 
2007; DeForest 2009; ernohlávková 2009). Such a conclusion is 
problematic because ANOVA type tests are designed to reveal differences. As 
statistical testing relates the effect to residual noise, even a difference of 
practical importance may remain undetected in the sense that statistical 
significance is not achieved. The problem is emphasised in soil microbiology, 
where sub-sampling variation and measurement uncertainty are typically 
high and the number of replicates small.  

We used a different approach and performed hypothesis testing using 
similarity analysis (Rita and Ekholm 2007). The similarities of storage 
treatments to the fresh reference were tested using ±10% and ±20% 
similarity limits. It was shown that statistical non-significance is not 
sufficient to show that the effect is small: The change of cellobiohydrolase 
activity due to freezing was non-significant in all matrices but the stored 
mean values were not similar to the fresh reference even with the ±20% 
similarity criterion (Table 4-1). Moreover, the leucine aminopeptidase results 
demonstrated that statistically significant difference and similarity may 
occur at the same time (Table 4-1). 

The magnitude of tolerated storage effect is determined by the objective of 
the  study  and  the  experimental  set-up.  If  the  soils  to  be  compared  respond 
similarly to storage, the magnitude of the storage effect is of minor 
importance as long as the relative difference between the compared soils 
remains constant. By contrast, comparisons between divergent soil matrices 
with dissimilar responses to storage treatment might not allow even a ±10% 
similarity criterion. 

4.2.2 EFFECTS OF FROZEN AND AIR-DRIED STORAGE ON SOIL 
ENZYME ACTIVITIES 

The effects of frozen and air-dried storage on soil enzyme activities were 
investigated in Paper IV. In order to ensure rapid freezing and drying 
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processes, the samples were stored as thin layers in small measuring 
aliquots. After storage, the samples were processed quickly for measurement 
in order to avoid microbial growth and new enzyme synthesis. The thawing 
and re-wetting of 4 g sample aliquots took place during homogenisation of 
soil suspensions with a hand mixer in room temperature.  

Differences in the enzyme activity pattern due to sample storage were 
evident (Table 4-1). Air-drying substantially decreased the activities in all 
matrices, with the exception of arylsulphatase. The most dramatic decreases 
(>50%) in activities were observed in compost. The greatest reductions in 
compost activities occurred in the drying process during the first week, and 
prolonged air-dried storage further reduced the activities. In clay loam and 
forest humus, some of the enzymes, e.g. amino peptidases, appeared to 
maintain their activity rather well during the first week but the activities 
decreased later between 1 and 8 weeks of air-dried storage.  

The effect of freezing was smaller, although also dependent on the matrix 
analogously  to  air-drying.  In  clay  loam  and  forest  humus,  the  difference  
between fresh and stored activities was generally within the ±20% similarity 
limit. In compost, the decreases in activities due to frozen storage were 
generally significant and greater than 20%. Ultrafreezing at -70 °C appeared 
to  be  a  more  appropriate  method  to  preserve  enzyme  activities  in  compost  
samples than storage at -20 °C.  

Our results are consistent with the findings of Lee et al. (2007), who 
found that freezing or refrigeration are preferable storage methods to drying 
in soil enzyme activity studies. Refrigeration was not included in the present 
study because temperatures above zero (°C) enable significant microbial 
activity and enzyme synthesis in carbon-rich environments (Buchon et al. 
2000; Margesin et al. 2006), compromising unequivocal results for soils with 
variable SOM and microbial biomass contents. Stenberg et al. (1998) 
reported that the effects of freezing on microbial biomass, respiration and 
denitrification activity were smaller than those of refrigeration. 

Additionally, it was found that air-dried and frozen storage may change 
the properties of moist organic samples in a way that alters the observed 
fluorescence intensity of fluorophors dissolved in soil suspension. Storage 
did not change the quenching properties of  mineral  clay loam soil,  whereas 
interactions of forest humus and compost with the standard fluorophors 
were clearly changed especially due to air-drying (IV: Fig. 1). The measured 
fluorescence intensity increased in the order fresh, frozen and air-dried 
storage  for  both  forest  humus  and  compost  samples,  but  the  changes  were  
more  prominent  in  the  compost.  There  was  also  a  tendency  of  increasing  
fluorescence as a function of storage duration, especially in the compost 
samples. This finding is important, as the phenomenon affects the 
standardisation of fluorescence-based assays: The soil used for 
standardisation  measurement  should  be  stored  in  the  same  way  as  the  soil  
intended for enzyme activity measurements. The phenomenon may be 
explained by increased water repellence of samples due to drying (Diehl et al. 
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2009). Increased water repellence decreases the solubility of humic 
compounds and other light-absorbing matter in buffer, and therefore 
quenching of the fluorescence emitted from the fluorophors is greater for 
fresh than for stored soil samples. 

 

Table 4-1 Effects of storage treatments on enzyme activities. Activities of fresh samples are 
given as a mean of six replicates ( mol MUF or AMC g-1 (f.w.) 3h-1). Activities of 
stored samples are given as a percentage of the corresponding fresh value. 
Statistically significant (P<0.05) similarities of storage treatments to the fresh 
reference with ±10% limit and ±20% limit are indicated with small ( ) and large ( ) 
open circles, respectively. An example of the similarity testing logic is given in the 
footnote. Statistically significant (P<0.05) differences as compared to the fresh 
reference are indicated with an asterisk (*).  UDL = under detection limit. Source: 
Paper IV 
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Fresh 0.333 0.135 0.380 0.450 1.447 0.897 0.368 2.293 0.494 0.801 

Frozen 1 wk 109  108  95 102   113 92  99  88 * 102  98 

Frozen 3 wk 116 * 99   106 97  104  94  102  90 110a * 105 

Frozen 16 wk 106  99   87 102   95 95  96  88 * 116 * 123 * 

Dried 1 wk 159 * 107  72 * 89 * 94  72 * 83 * 67 * 88 * 91 

Dried 8 wk 127 * 87 * 45 * 68 * 62 * 57 * 57 * 53 * 84 * 84 

Fo
re

st
 h

um
us

 

 

Fresh 0.387 0.245 0.342 0.915 1.345 1.721 3.113 21.388 0.892 1.250 

Frozen 1 wk 99   99  114 102  105 98  92  89 95  91  

Frozen 3 wk 98   102  97 98  86 92  84 * 88 * 89 * 95  

Frozen 8 wk 100   95  102 89 97 94  91  97  86 * 86 * 

Frozen 16 wk 99   97  104 88 94 98  91  94  94  104  

Dried 1 wk 156 * 80 * 49 * 72 * 88 82 * 51 * 78 * 94  100   

Dried 8 wk 112 51 * 41 * 53 * 66 * 64 * 34 * 58 * 63 * 69 * 

Co
m

po
st

 

Fresh 0.171 0.230 0.659 0.506 1.510 1.095 1.406 11.063 0.937 0.878 

Frozen 1 wk 105  91  97  92  88 93  72 * 80 * 82 * 82 * 

Frozen 3 wk 98  88 * 78 86 * 76 * 81 * 72 * 75 * 87 * 82 * 

Frozen 8 wk 97  84 * 88 82 * 67 * 79 * 69 * 73 * 72 * 71 * 

Frozen 16 wk 98  79 * 79 83 * 63 * 78 * 74 * 72 * 84 * 82 * 

Ultrafr. 8 wk 105  94  112  104  103 88 86 94  88 *  86 * 

Dried 1 wk 66 * 34 * 12 * 43 * 25 * 32 * 23 * 21 * 44 * 44 * 

Dried 8 wk 35 * UDL 8 * 32 * 12 * 18 * 14 * 10 * 27 * 28 * 

a Upper and lower limits of the 90% confidence interval for the difference between the fresh 
reference and the specified case were 0.0247 and 0.0765, respectively. 10% of the fresh value is 
0.0494 and 20% is 0.0988. As the confidence interval [0.0247, 0.0765] is not included in the 
10%-interval [-0.0494, 0.0494],  is not achieved. However, the confidence interval is within the 
20%-interval [-0.0988, 0.0988]; hence  is achieved.   
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4.2.3 EFFECTS OF FROZEN STORAGE ON BACTERIAL COMMUNITY 
STRUCTURE 

The results of Paper IV indicate that frozen storage for 8 weeks at -20 °C is a 
suitable method to preserve soil samples intended for bacterial community 
analysis. Despite high variation in DNA yields, the community fingerprints of 
sample replicates were very similar; the lower similarity limit (Pearson 
correlation) exceeded 0.95 in all matrices (IV: Table 4). The lower similarity 
limits within fresh and between fresh and stored samples were on the same 
level,  indicating  that  the  frozen  storage  did  not  affect  the  profiles.  In  
addition, overlay of the averaged profiles from fresh and stored samples was 
almost complete in all three matrix types (IV: Fig. 3). 

Pesaro et al. (2003) and Lee et al. (2007) reported significant reduction of 
soil total DNA due to storage at -20 °C. In our study, high variation in DNA 
yield obscured the possible effect. On the other hand, no changes in the 
bacterial community fingerprint analysed by restriction fragment length 
polymorphism  were  found  in  the  study  of  Pesaro  et  al.  (2003),  which  is  in  
accordance  with  the  results  of  Paper  IV.  A  recent  study  by  Lauber  et  al.  
(2010) also suggests that bacterial community structure (assessed by 
pyrosequencing  of  16S  rDNA  genes)  is  not  influenced  by  short-term  frozen  
storage of soil. It should be noted, however, that the eukaryotic and archaeal 
communities may be more vulnerable to storage-related effects than the 
bacterial community (Pesaro et al. 2003). 

4.3 DNA EXTRACTION AND PCR-BASED COMMUNITY 
FINGERPRINTING   

DNA-based community analysis relies on the efficient extraction of DNA that 
is representative of the whole target community. In addition, high molecular 
weight and pure DNA is necessary for many downstream applications.  

4.3.1 COMPARISON OF DIFFERENT DNA EXTRACTION METHODS 
The results of paper V revealed that the DNA extraction method has a strong 
influence on the fragmentation of DNA as well as on the bacterial community 
structure detected (V: Figs. 1-6). The commercial method from Mo Bio 
Laboratories (Soil DNA Isolation Kit) and the method of Saano and 
Lindström  (1995)  yielded  DNA  of  large  molecular  size.  When  harsher  
chemical and enzymatic treatments or physical treatments were added to the 
method of Saano and Lindström, DNA fragmentation increased. PCR-DGGE 
band patterns were clearly different between different DNA extraction 
methods, as revealed by cluster analysis (V: Fig. 6). The DNA obtained by the 
gentle method of Saano and Lindström yielded less intensive band patterns 
than the other methods. The widest and the most intense band patterns were 
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obtained by the commercial method which includes bead beating, indicating 
that it was able to recover the broadest spectrum of bacteria.  

Our results are in agreement with those of earlier studies which suggested 
that the DNA extraction method and especially the cell lysis treatment have a 
strong impact on the recovered bacterial community structure (Kuske et al. 
1998; Miller et al. 1999; Krsek and Wellington 1999; Frostegård et al. 1999).  
The conclusion from these and our study is that mechanical treatment is 
needed  for  efficient  cell  lysis,  and  that  bead  beating  is  the  most  suitable  
procedure for this purpose. Today most direct DNA extraction methods use 
bead beating for the disruption of cells.  

However, the challenges of representative DNA extraction from different 
soil matrices and organisms have not yet been solved (Thakuria et al. 2008; 
Peršoh et al. 2008; Feinstein et al. 2009; Delmont et al. 2011). Thakuria et al. 
(2008) compared six bead beating-based methods on different soil types and 
concluded that a modified CTAB-DTT method of Bürgman et al. (2001) 
yielded  three  times  more  DNA  and  more  ARISA-ribotypes  than  the  
commonly used SDS-based methods, including a commercial kit from Mo 
Bio.  Peršoh  et  al.  (2008)  introduced  a  new  protocol  for  removal  of  humic  
substances from soil samples using precipitation with Al2(SO4)3. Feinstein 
et al. (2009) suggested that DNA extraction bias could be reduced by pooling 
successive DNA extractions from the same sample. Delmont et al. (2011) 
compared different indirect and direct DNA extraction methods with varying 
cell lysis stringency and DNA fragment size distribution. Their conclusion 
was that no one protocol could provide a representative determination of 
species distribution, but that each DNA extract contributed to the total 
number of bacterial groups detected. Therefore different DNA pools could be 
pooled to maximize the number of different species represented in a 
metagenome. The lysis protocol was the major step that affected the 
populations extracted from soil (Delmont et al. 2011).  

In the light of the above-mentioned examples it is very clear that the 
community DNA extraction from soil samples is highly challenging and that 
the discussion on this theme will continue in the future. Meanwhile, 
community fingerprint methods provide a simple and rapid means for the 
evaluation and optimization of DNA extraction protocols in different 
experimental set-ups. 

4.3.2 APPLICATIONS OF COMMUNITY FINGERPRINT METHODS 
In this thesis, bacterial community fingerprint methods were applied to 
comparisons of land use types (I), storage (IV) and DNA extraction methods 
(V) as well as screening of clone libraries (VI). Both PCR-DGGE (V) and LH-
PCR (I, IV, VI) proved to be useful and reproducible tools for rapid 
comparative analysis of complex soil bacterial communities and evaluation of 
treatment effects. The ability to analyse numerous samples is critical for 
these applications. A shortcoming of PCR-DGGE is the manual and rather 
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complex preparation of denaturing gels, which makes comparison between 
gels difficult and thereby limits the maximum number of fingerprints 
compared in an experiment. LH-PCR has the advantage of automated 
analysis of samples by high-resolution capillary gel electrophoresis, which 
facilitates high sample throughput, the use of inner standards and good 
comparability between fingerprints. Both LH-PCR and PCR-DGGE data are 
amenable to analyses with various data analysis techniques, such as 
similarity indices, clustering algorithms and other multivariate methods. 
Mikkonen et al. (2011b) recently discussed and demonstrated the 
possibilities for curve-based data analysis of bacterial LH-PCR fingerprints.  

However, it is important to keep in mind that community fingerprint 
methods should only very cautiously be applied to the analysis of microbial 
diversity due to their inability to detect numerically minor constituents of the 
microbial community (Bent and Forney 2008). Biases related to DNA 
extraction and PCR amplification should also be considered when 
interpreting results. 

 

4.4 QUANTIFICATION OF SOIL NAPHTHALENE 
DEGRADERS BY MPN 

4.4.1 ADVANTAGES AND LIMITATIONS OF THE NEW MPN METHOD         
Quantification of specific microbial populations can be performed both by 
means of nucleic acid molecular methods (e.g. real-time PCR) and 
cultivation-based procedures (e.g. MPN technique). We chose the MPN 
approach for enumeration of naphthalene degraders in soil samples in order 
to cover a wider range of bacteria than with PCR-primers targeted to known 
gene sequences. In addition, a possibility for recovery and further 
characterization of the degrader strains was needed. As the previously 
published MPN protocols for aromatic degraders appeared to be rather 
complex or unreliable in terms of substrate dosing and scoring of results, we 
aimed at developing a new simple protocol.       

In the simplified method introduced in Paper VI, the sole substrate 
naphthalene is dosed passively via gaseous phase to liquid mineral medium 
and the detection of growth is based on the measurement of turbidity using 
an absorbance reader at a wavelength of 540 nm. The validity of the new 
method  was  evaluated  by  comparison  with  a  recently  introduced  method  
(Johnsen and Henriksen 2009) in which the naphthalene substrate is mixed 
with inert silicone oil in order to reduce the toxicity of the aromatic substrate 
to  the  degrader  community,  and  the  results  are  scored  visually  using  a  
respiration indicator dye.  

The results of method comparison indicated that naphthalene may be 
dosed in vapour-phase without compromising the result: oil-contaminated 
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industrial soil showed a slightly but significantly higher MPN estimate with 
the  new  vapour  method  than  with  the  reference  silicone  oil  method.  The  
dosing  of  naphthalene  as  vapour  notably  reduced  the  workload  which  
facilitates analysis of more replicates to increase the analytical precision 
and/or environmental representativeness of the measurement. Another 
important benefit of reduced handling of plates is the reduced contamination 
risk. The result scoring by absorbance measurement was objective and more 
reliable than measurement with indicator dye, and it also enabled further 
analysis of cultures. It was shown by genetic identification that several 
bacterial genera were enriched by the vapour method, including beta- and 
gamma-proteobacterial naphthalene degraders with assumed different 
pathways for naphthalene degradation (IV: Table 1).   

In  addition,  the  applicability  of  the  simplified  MPN  method  was  
demonstrated by a significant positive correlation between the level of oil 
contamination and the number of naphthalene degraders detected in soil 
(IV: Fig. 1). A high number of naphthalene degraders did not correspond to a 
high level of total microbial biomass, but these parameters showed 
completely opposite trends as a function of oil contamination level. As 
expected, the potential of a soil to degrade aromatic hydrocarbons cannot be 
estimated by analysing the total microbial biomass, but more specific 
measures are needed. 

A drawback of  the vapour MPN method is  that  it  can only be applied to 
volatile hydrocarbon substrates. In addition, the detection limit of MPN 
methods can be relatively high due to high background turbidity, especially 
with clay or organic soils in the lowest dilutions. Furthermore, due to 
differing  growth  requirements  and  sensitivities  to  naphthalene  even  within  
the naphthalene degrader population, it is probable that the size of the 
degrader population is underestimated.     

 

  



 

49 

4.5 CONCLUDING REMARKS AND FUTURE 
PROSPECTS 

 
Soil microbiology is a rapidly advancing area of research with highly relevant 
topics with regard to the development of ecosystem models and sustainable 
land management. During the process of preparing this thesis, I became 
convinced that investing effort in considerations of the representativeness of 
sampling and the quality of the measurement procedure pays off. In order to 
monitor and protect the life-supporting natural resource, soil biodiversity, it 
is increasingly important to improve and standardise methodology and to 
specify overall data collection procedures and quality assurance strategies. 
Understanding of the spatial and temporal variation of soil microbiological 
properties is essential for implementation of successful monitoring 
programs.  

Development of soil ecological theory would greatly benefit from further 
methodological development to measure microbial structure and activity in 
situ in  real  time.  Another  challenge  for  future  research  is  to  be  able  to  
generalise the results from microscale processes to larger scales even for 
prediction of global changes.  

Although reliable methods are crucial, the quality of research results does 
not rely solely on technical improvements. The advancement of knowledge 
requires proficient evaluation of the appropriate techniques and data 
analysis  tools  to  be  applied  in  each  specific  question.  The  aim of  the  study,  
the soil environments to be investigated and the methods to be applied, must 
all be considered simultaneously when optimising the sampling and 
measurement procedure. 
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5 CONCLUSIONS 

The following conclusions summarise the main findings of this thesis. 
 

1. Land use affects the level and spatial heterogeneity of soil microbiological 
properties. Both the content and quality of SOM are of major importance for 
soil enzyme activities. Cultivation decreases the magnitude and plot-scale 
variability of soil hydrolytic enzyme activities. Regardless of the land use, 
most horizontal microbiological variation appears to be present already at a 
scale below 0.5 m in plots that are visually relatively uniform. 
 
2. Soil enzyme activities display a clear spatial pattern with regard to soil 
depth in the top 40 cm profile of arable soil and a temporal pattern during 
the growing season. 
 
3. Pre-existing knowledge on spatial (horizontal and vertical) and temporal 
variation should be taken into account when designing sampling procedures.  
 
4. Stratified sampling based on pre-characterisation of samples can be used 
to  increase  precision  or  to  reduce  the  analysis  efforts  involved  in  laborious  
and expensive microbiological measurements. 
 
5. Freezing (-20 °C) of small sample aliquots retains the activity of most 
enzymes and the structure of bacterial community in different soil matrices 
relatively well. Ultrafreezing (below -70 °C) is a preferred method of storage 
for samples with high organic matter content. 
 
6. Lack of statistically significant difference cannot be interpreted as evidence 
for the absence of storage effect (or any other effect). Rather, the evaluation 
should be based on similarity testing that relies on the specification of 
maximum acceptable difference between the results of fresh and stored 
treatments. 
 
7. The DNA extraction method has a strong influence on the molecular size of 
DNA obtained  and  the  bacterial  community  structure  detected.  Community  
fingerprint methods provide simple means for comparison and optimisation 
of extraction protocols for community DNA.  
 
8. The new vapour MPN method provides several advantages over alternative 
methods for quantification of the naphthalene degrader population in soil 
samples.  The  main  advantage  of  the  vapour  method  is  the  simple  protocol  
and the possibility to analyse a large number of samples and replicates 
simultaneously.  



 

51 

6 REFERENCES 

Allison, V.J., Yermakov, Z., Miller, R.M., Jastrow, J.D., Matamala, R., 2007. 
Using landscape and depth gradients to decouple the impact of correlated 
environmental variables on soil microbial community composition. Soil 
Biology and Biochemistry 39: 505-516. 

Amann, R.I., Ludwig, W., Schleifer, K., 1995. Phylogenetic identication and 
in situ detection of individual microbial cells without cultivation. 
Microbiological Reviews 59: 143-169.  

Amann, R., Fuchs, B.M., 2008. Single-cell identification in microbial 
communities by improved fluorescence in situ hybridisation techniques. 
Nature Reviews Microbiology 6: 339-348. 

Aon, M.A., Colaneri, A.C., 2001. Temporal and spatial evolution of enzymatic 
activities and physico-chemical properties in an agricultural soil. Applied 
Soil Ecology 18: 255-270. 

Baldrian, P., Merhautová, V., Cajthaml, T., Petránková, M., Šnajdr, J., 2010. 
Small-scale distribution of extracellular enzymes, fungal and bacterial 
biomass in Quercus petraea forest  topsoil.  Biology  and  Fertility  of  Soils  
46: 717-726. 

Baldrian, P., 2009. Microbial enzyme-catalyzed processes in soils and their 
analysis.  Plant, Soil and Environment 55: 370-378. 

Baker, K.L., Langenheder, S., Nicol, G.W., Ricketts, D., Killham, K., 
Campbell, C.D., Prosser, J.I., 2009. Environmental and spatial 
characterisation of bacterial community composition in soil to inform 
sampling strategies. Soil Biology and Biochemistry 41: 2292-2298.   

Bandick, A.K., Dick, R.P., 1999. Field management effects on soil enzyme 
activities. Soil Biology and Biochemistry 31: 1471-1479. 

Bardgett, R.D., Leemans, D.K., Cook, R., Hobbs, P.J., 1997. Seasonality of the 
soil  biota  of  grazed  and  ungrazed  hill  grasslands.  Soil  Biology  and  
Biochemistry 29: 1285-1294. 

Bent, S.J., Forney, L.J., 2008. The tragedy of the uncommon: understanding 
limitations in the analysis of microbial diversity. The ISME Journal 2: 
689-695. 

Blume, E., Bischoff, M., Reichert, J.M., Moorman, T., Konopka, A., Turco, 
R.F., 2002. Surface and subsurface microbial biomass, community 
structure and metabolic activity as a function of soil depth and season. 
Applied Soil Ecology 20: 171-181. 

Bossio, D.A., Girvan, M.S., Verchot, L., Bullimore, J., Borelli, T., Albrecht, A., 
Scow, K.M., Ball, A.S., Pretty, J.N., Osborn, A.M., 2005. Soil microbial 
community response to land use change in an agricultural landscape of 
western Kenya. Microbial Ecology 49: 50-62. 

Bottner, P., Pansu, M., Sallih, Z., 1999. Modelling the effect of active roots on 
soil organic matter turnover. Plant and Soil 216: 15-25. 

Brohon, B., Delolme, C., Gourdon, R., 1999. Qualification of soils through 
microbial activities measurements: influence of the storage period on int-
reductase, phosphatase and respiration. Chemosphere 38: 1973-1984. 

Buchon, L., Laurent, P., Gounot, A.M., Guespin-Michel, J.F., 2000. 
Temperature dependence of extracellular enzymes production by 
psychrotrophic  and  psychrophilic  bacteria.  Biotechnology  Letters  22:  
1577-1581.  



References 

52 

Buckley, D.H., Schmidt, T.M., 2001. The structure of microbial communities 
in soil and the lasting impact of cultivation. Microbial Ecology 42: 11-21. 

Burns, R., 1982. Enzyme activity in soil: Location and possible role in 
microbial ecology. Soil Biology and Biochemistry 14: 423-427. 

Carpenter-Boggs, L., Stahl, P.D., Lindstrom, M.J., Schumacher, T.E., 2003. 
Soil microbial properties under permanent grass, conventional tillage, 
and no-till management in South Dakota. Soil & Tillage Research 71: 15-
23. 

Ceja-Navarro, J.A., Rivera-Orduna, F.N., Patino-Zuniga, L., Vila-Sanjurjo, A., 
Crossa, J., Govaerts, B., Dendooven, L., 2010. Phylogenetic and 
multivariate analyses to determine the effects of different tillage and 
residue management practices on soil bacterial communities. Applied and 
Environmental Microbiology 76: 3685-3691. 

ernohlávková, J., Jarkovský, J., Nešporová, M., Hofman, J., 2009. 
Variability of soil microbial properties: Effects of sampling, handling and 
storage. Ecotoxicology and Environmental Safety 72: 2102-2108. 

Clein, J.C., Schimel, J.P., 1994. Reduction in microbial activity in Birch litter 
due to drying and rewetting event. Soil Biology and Biochemistry 26: 403-
406.  

Cochran, W.G., 1977. Sampling techniques, 3rd edition. John Wiley & Sons, 
Inc. 

DeForest, J.L., 2009. The influence of time, storage temperature, and 
substrate age on potential soil enzyme activity in acidic forest soils using 
MUB-linked substrates and L-DOPA. Soil Biology and Biochemistry 41: 
1180-1186. 

Degens, B.P., Harris, J.A., 1997. Development of a physiological approach to 
measuring the catabolic diversity of soil microbial communities. Soil 
Biology and Biochemistry 29: 1309-1320. 

Degens, B.P., Schipper, L.A., Sperling, G.P., Vojvodic-Vukovic, M., 2000. 
Decreases in organic C reserves in soils can reduce the catabolic diversity 
of soil microbial communities. Soil Biology and Biochemistry 32: 189-196. 

Dehlin, H., Nilsson, M., Wardle, D.A., 2006. Aboveground and belowground 
responses to quality and heterogeneity of organic inputs to the boreal 
forest. Oecologia 150: 108-118. 

Delmont, T.O., Robe, P., Cecillon, S., Clark, I.M., Constancias, F., Simonet, 
P., Hirsch, P.R., Vogel, T.M., 2011. Accessing the soil metagenome for 
studies of microbial diversity. Applied and Environmental Microbiology 
77: 1315-1324. 

Diehl, D., Ellerbrock, R.H., Schaumann, G.E., 2009. Influence of drying 
conditions  on  wettability  and  DRIFT  spectroscopic  C–H  band  of  soil  
samples. European Journal of Soil Science 60: 557–566. 

Diggle, P.J., Lophaven, S., 2004. Bayesian geostatistical design. Johns 
Hopkins University, Dept. of Biostatistics Working Papers. Working 
Paper 42. http://www.bepress.com/jhubiostat/paper42 

Diplock, E.E., Mardlin, D.P., Killham, K.S., Paton, G.I., 2009. Predicting 
bioremediation of hydrocarbons: Laboratory to field scale. Environmental 
Pollution 157: 1831-1840. 

Dumontet, S., Mazzatura, A., Casucci, C., Perucci, P., 2001. Effectiveness of 
microbial indexes in discriminating interactive effects of tillage and crop 
rotations in a Vertic Ustorthens. Biology and Fertility of Soils 34: 411-416. 



 

53 

Ekelund, F., Rønn, R., Christensen, S., 2001. Distribution with depth of 
protozoa, bacteria and fungi in soil profiles from three Danish soils. Soil 
Biology and Biochemistry 33: 475-481.  

Ellingsøe, P., Johnsen, K., 2002. Influence of soil sample sizes on the 
assessment of bacterial community structure. Soil Biology and 
Biochemistry 34: 1701-1707. 

Engelbrektson, A., Kunin, V., Wrighton, K., Zvenigorodsky, N., Chen, F., 
Ochman, H., Hugenholtz, P., 2010. Experimental factors affecting PCR-
based estimates of microbial species richness and evenness. The ISME 
Journal 4: 642-647. 

Ettema, C.H., Wardle, D.A., 2002. Spatial soil ecology. Trends in Ecology & 
Evolution 17: 177-183. 

Farrelly, V., Rainey, F.A., Stackebrandt, E., 1995. Effect of genome size and 
rrn gene  copy  number  on  PCR  amplification  of  16S  rRNA  genes  from  a  
mixture of bacterial species. Applied and Environmental Microbiology 61: 
2798-2801. 

Feinstein,  L.M.,  Sul,  W.J.,  Blackwood,  C.B.,  2009.  Assessment  of  bias  
associated with incomplete extraction of microbial DNA from soil. 
Applied and Environmental Microbiology 75: 5428-5433. 

Fierer, N., Schimel, J.P., Holden, P.A., 2003. Variations in microbial 
community composition through two soil depth profiles. Soil Biology and 
Biochemistry 35: 167-176. 

Fierer, N., Jackson, R.B., 2006. The diversity and biogeography of soil 
bacterial communities. PNAS 103: 626-631. 

Franklin, R.B., Mills, A.L., 2003. Multi-scale variation in spatial 
heterogeneity for microbial community structure in an eastern Virginia 
agricultural field. FEMS Microbiology Ecology 44: 335-346. 

Fritze, H., Pietikäinen, J., Pennanen, T., 2000. Distribution of microbial 
biomass and phospholipid fatty acids in Podzol profiles under coniferous 
forest. European Journal of Soil Science 51: 565-573. 

Frostegård, Å., Bååth, E., 1996. The use of phospholipid fatty acid analysis to 
estimate bacterial and fungal biomass in soil. Biology and Fertility of Soils 
22: 59-65. 

Frostegård, Å., Courtois, S., Ramisse, V., Clerc, S., Bernillon, D., Le Gall, F., 
Jeannin, P., Nesme, X., Simonet, P., 1999. Quantification of bias related 
to the extraction of DNA directly from soils. Applied and Environmental 
Microbiology 65: 5409-5420. 

Frostegård, Å., Tunlid, A., Bååth, E., 2011. Use and misuse of PLFA 
measurements in soils. Soil Biology and Biochemistry 43: 1621-1625.  

Gaillard, V., Chenu, C., Recous, S., Richard, G., 1999. Carbon, nitrogen and 
microbial gradients induced by plant residues decomposing in soil. 
European Journal of Soil Science 50: 567-578. 

Gans, J., Wolinsky, M., Dunbar, J., 2005. Computational improvements 
reveal great bacterial diversity and high metal toxicity in soil. Science 309: 
1387-1390. 

Garland, J.L., Mills, A.L., 1991. Classification and characterisation of 
heterotrophic microbial communities on the basis of patterns of 
community-level-sole-carbon-source utilization. Applied and 
Environmental Microbiology 57: 2351-2359. 

 
 



References 

54 

Gelsomino, A., Keijzer-Wolters, A.C., Cacco, G., van Elsas, J.D., 1999. 
Assessment of bacterial community structure in soil by polymerase chain 
reaction and denaturing gradient gel electrophoresis. Journal of 
Microbiological Methods 38: 1-15. 

Gianfreda, L., Bollag, J.M., 1996. Influence of natural and anthropogenic 
factors on enzyme activity in soil. In: Stotzky, G., Bollag, J.M. (eds.) Soil 
Biochemistry. Marcel Dekker, Inc., New York, vol. 9, pp. 123-193. 

Girvan, M.S., Bullimore, J., Pretty, J.N., Osborn, A.M., Ball, A.S., 2003. Soil 
type is the primary determinant of the composition of the total and active 
bacterial communities in arable soils. Applied and Environmental 
Microbiology 69: 1800-1809. 

Grayston, S.J., Wang, S., Campbell, C.D., Edwards, A.C., 1998. Selective 
influence of plant species on microbial diversity in the rhizosphere. Soil 
Biology and Biochemistry 30: 369-378. 

Grayston, S.J., Griffith, G.S., Mawdsley, J.L., Campbell, C.D., Bardgett, R.D., 
2001. Accounting for variability in soil microbial communities of 
temperate upland grassland ecosystems. Soil Biology and Biochemistry 
33: 533-551. 

Griffiths, B.S., Ritz, K., Wheatley, R.E., Kuan, H.L., Boag, B., Christensen, S., 
Ekelund, F., Sorensen, S.J., Muller, S., Bloem, J., 2001. An examination of 
the biodiversity-ecosystem function relationship in arable soil microbial 
communities. Soil Biology and Biochemistry 33: 1713-1722. 

Griffiths, R.I., Whiteley, A.S., O’Donnel, A.G., Bailey, M.J., 2003. Influence of 
depth and sampling time on bacterial community structure in an upland 
grassland soil. FEMS Microbiology Ecology 43: 35-43. 

Grundmann, L.G., Gourbière, F., 1999. A micro-sampling approach to 
improve the inventory of bacterial diversity in soil. Applied Soil Ecology 
13: 123-126.  

Grundmann, G.L., Dechesne, A., Bartoli, F., Flandrois, J.P., Chasse, J.L., 
Kizungu, R., 2001. Spatial modeling of nitrifier microhabitats in soil. Soil 
Science Society of America Journal 65: 1709-1716. 

Hartikainen, H., 1992. Maaperän koostumus. In: Heinonen, R., Hartikainen, 
H., Aura, E., Jaakkola, A., Kemppainen, E. (eds.) Maa, viljely ja 
ympäristö. Wsoy, Porvoo. pp. 24-32. (In Finnish). 

Haines, J.R., Wrenn B.A., Holder E.L., Strohmeier K.L., Herrington R.T., 
Venosa A.D., 1996. Measurement of hydrocarbon-degrading microbial 
population by a 96-well plate most-probable-number procedure. Journal 
of Industrial Microbiolology 16: 36-41. 

Hirsch, P.R., Mauchline, T.H., Clark, I.M., 2010. Culture-independent 
molecular  techniques  for  soil  microbial  ecology.  Soil  Biology  and  
Biochemistry 42: 878-887. 

Holben, W.E., Jansson, J.K., Chelm, B.K., Tiedje, J.M., 1988. DNA probe 
method for the detection of specific microorganisms in the soil bacterial 
community. Applied and Environmental Microbiology 54: 703-711. 

ISO  8199,  2005.  Water  quality  –  General  guidance  on  the  enumeration  of  
microorganisms by culture. 2nd edition, The International Organization 
for Standardization, Geneva, Switzerland. 

ISO 10381-6, 2009. Guidance on the collection, handling and storage of soil 
under aerobic conditions for the assessment of microbiological processes, 
biomass and diversity in the laboratory. 2nd edition, The International 
Organization for Standardization, Geneva, Switzerland.  

ISO 10390, 2005. Soil quality – Determination of pH. 2nd edition, The 
International Organization for Standardization, Geneva, Switzerland.  



 

55 

ISO TS 22939, 2010. Soil quality — Measurement of enzyme activity patterns 
in soil samples using fluorogenic substrates in micro-well plates. 1st 
edition, The International Organization for Standardization, Geneva, 
Switzerland. 

Jackson, C.R., Harper, J.P., Willoughby, D., Roden, E.E., Churchill, P.F., 
1997.  A  simple,  efficient  method  for  the  separation  of  humic  substances  
and DNA from environmental samples. Applied and Environmental 
Microbiology 63: 4993-4995.  

Jangid, K., Williams, M.A., Franzluebbers, A.J., Schmidt, T.M., Coleman, 
D.C., Whitman, W.B., 2011. Land-use history has a stronger impact on 
soil microbial community composition than aboveground vegetation and 
soil properties. Soil Biology and Biochemistry 43: 2184-2193. 

Jansa, J., Mozafar, A., Kuhn, G., Anken, T., Ruh, R., Sanders, I.R., Frossard, 
E., 2003. Soil tillage affects the community structure of mycorrhizal fungi 
in maize roots. Ecological Applications 13: 1164-1176. 

Johnsen, A.R., Bendixen, K., Karlson, U., 2002. Detection of microbial 
growth on polycyclic aromatic hydrocarbons in microtiter plates by using 
the respiration indicator WST-1. Applied and Environmental 
Microbiology 68: 2683-2689. 

Johnsen, A.R., Henriksen, S., 2009. Microplate MPN-enumeration of 
monocyclic- and dicyclic-aromatic hydrocarbon degraders via substrate 
phase-partitioning. Biodegradation 20: 581-589. 

Johnsen, A.R., 2010. Introduction to microplate MPN-enumeration of 
hydrocarbon degraders. In: Timmis, K.N. (ed), Handbook of Hydrocarbon 
and Lipid Microbiology. Springer, Berlin, pp. 4160-4172. 

Kandeler, E., Marschner, P., Tscherko, D., Gahoonia, T.S., Nielsen, N.E., 
2002.  Microbial  community  composition  and  functional  diversity  in  the  
rhizosphere of maize. Plant and Soil 238: 301–312. 

Kanerva,  S.,  Smolander,  A.,  2007.  Microbial  activities  in  forest  floor  layers  
under silver birch, Norway spruce and Scots pine. Soil Biology and 
Biochemistry 39: 1459-1467. 

Kang, S., Mills, A.L., 2006. The effect of sample size in studies of soil 
microbial community structure. Journal of Microbiological Methods 66: 
242-250. 

Kennedy, N.M., Gleeson, D.E., Connolly, J., Clipson, N.J.W., 2005. Seasonal 
and management influences on bacterial community structure in an 
upland grassland soil. FEMS Microbiology Ecology 53: 329-337. 

Kibblewhite, M.G., Ritz, K., Swift, M.J., 2008. Soil health in agricultural 
systems. Philosophical Transactions of the Royal Society B 363: 685-701. 

Killham, K., 1994. Soil Ecology. Cambridge University Press, Cambridge. 
Kirk,  J.L.,  Klironomos  J.N.,  Lee  H.,  Trevors  J.T.,  2005.  The  effects  of  

perennial ryegrass and alfalfa on microbial abundance and diversity in 
petroleum contaminated soil. Environmental Pollution 133: 455-465. 

Klironomos, J.N., Rillig, M.C., Allen, M.F., 1999. Designing belowground 
field  experiments  with  the  help  of  semi-variance  and  power  analyses.  
Applied Soil Ecology 12: 227-238. 

Kowalchuk, G.A., Buma, D.S., de Boer, W., Klinkhamer, P.G.L., van Veen, 
J.A., 2002. Effects of bove-ground plant species composition and 
diversity on the diversity of soil-borne microorganisms. Antonie van 
Leeuwenhoek 81: 509-520. 



References 

56 

Kramer, C., Gleixner, G., 2008. Soil organic matter in soil depth profiles: 
Distinct carbon preferences of microbial groups during carbon 
transformation. Soil Biology and Biochemistry 40: 425-433. 

Krsek, M., Wellington, E.M.H., 1999. Comparison of different methods for 
the isolation and purification of total community DNA from soil. Journal 
of Microbiological Methods 39: 1-16. 

Kulmatiski, A., Beard, K.H., 2011. Long-term plant growth legacies 
overwhelm short-term plant growth effects on soil microbial community 
structure. Soil Biology and Biochemistry 43: 823-830. 

Kuske, C.R., Banton, K.L., Adorada, D.L., Stark, P.C., Hill, K.K., Jackson, 
P.J., 1998. Small-scale DNA sample preparation method for field PCR 
detection of microbial cells and spores in soil. Applied and Environmental 
Microbiology 64: 2463-2472.  

Lamb, E.G., Kennedy, N., Siciliano, S.D., 2011. Effects of plant species 
richness and evenness on soil microbial community diversity and 
function. Plant and Soil 338: 483-495. 

Lark, R.M., 2002. Optimized spatial sampling of soil for estimation of the 
variogram by maximum likelihood. Geoderma 105: 49-80. 

Lauber, C.L., Strickland, M.S., Bradford, M.A., Fierer, N., 2008. The 
influence of soil properties on the structure of bacterial and fungal 
communities across land-use types. Soil Biology and Biochemistry 40: 
2407-2415. 

Lauber, C.L., Zhou, N., Gordon, J.I., Knight, R., Fierer, N., 2010. Effect of 
storage conditions on the assessment of bacterial community structure in 
soil and human-associated samples. FEMS Microbiology Letters 307: 80-
86.  

Lee, Y.B., Lorenz, N., Dick, L.K., Dick, R.P., 2007. Cold storage and 
pretreatment incubation effects on soil microbial properties. Soil Science 
Society of America Journal 71: 1299-1305.  

Lemos, L.N., Fulthorpe, R.R., Triplett, E.W., Roesch, L.F.W., 2011. 
Rethinking microbial diversity analysis in the high throughput sequencing 
era. Journal of Microbiological Methods 86: 42-51. 

Loranger-Merciris, G., Barthes, L., Gastine, A., Leadley, P., 2006. Rapid 
effects of plant species diversity and identity on soil microbial 
communities in experimental grassland ecosystems. Soil Biology and 
Biochemistry 38: 2336-2343. 

Li,  C.H.,  Ma,  B.L.,  Zhang,  T.Q.,  2002.  Soil  bulk  density  effects  on  soil  
microbial populations and enzyme activities during the growth of maize 
(Zea mays L.)  planted  in  large  pots  under  field  exposure.  Canadian  
Journal of Microbiology 82: 147-154. 

Liesack, W., Weyland, H., Stackebrandt, E., 1991. Potential risks of gene 
amplification by PCR as determined by 16S rDNA analysis of a mixed-
culture of strict barophilic bacteria. Microbial Ecology 21: 191-198. 

Liu, W., Marsh, T.L., Cheng, H., Forney, L.J., 1997. Characterization of 
microbial diversity by determining terminal restriction fragment 
polymorphisms of genes encoding 16S rRNA. Applied and Environmental 
Microbiology 63: 4516-4522.  

Liu, Y., Yao, H., Huang, C., 2009. Assessing the effect of air-drying and 
storage on microbial biomass and community structure in paddy soils. 
Plant and Soil 317: 213–221. 

 



 

57 

Loranger-Merciris, G., Barthes, L., Gastine, A., Leadley, P., 2006. Rapid 
effects of plant species diversity and identity on soil microbial 
communities in experimental grassland ecosystems. Soil Biology and 
Biochemistry 38: 2336-2343. 

Manter, D.K., Weir, T.L., Vivanco, J.M., 2010. Negative effects of sample 
pooling on PCR-based estimates of soil microbial richness and 
community structure. Applied and Environmental Microbiology 76: 
2086-2090. 

Margesin, R., Zimmerbauer, A., Schinner, F., 2000. Monitoring of 
bioremediation by soil biological activities. Chemosphere 40: 339-346. 

Margesin, R., Cimadom, J., Schinner, F., 2006. Biological activity during 
composting of sewage sludge at low temperatures. International 
Biodeterioration & Biodegradation 57: 88-92. 

Margesin, R., Jud, M., Tscherko, D., Schinner, F., 2009. Microbial 
communities and activities in alpine and subalpine soils. FEMS 
Microbiology Ecology 67: 208-218. 

Marx, M.C., Wood, M., Jarvis, S.C., 2001. A microplate fluorimetric assay for 
the study of enzyme diversity in soils. Soil Biology and Biochemistry 33: 
1633-1640. 

Mikkonen, A., Kondo, E., Lappi, K., Wallenius, K., Lindström, K., 
Hartikainen, H., Suominen, L., 2011a. Contaminant and plant derived 
changes in soil chemical and microbiological indicators during fuel oil 
rhizoremediation with Galega orientalis. Geoderma 160: 336-346. 

Mikkonen, A., Lappi, K., Wallenius, K., Lindström, K., Suominen, L., 2011b. 
Ecological inference on bacterial succession using curve-based 
community fingerprint data analysis, demonstrated with 
rhizoremediation  experiment.  Published  online  ahead  of  print  in  FEMS  
Microbiology Ecology. doi: 10.1111/j.1574-6941.2011.01187.x 

Miller, D.N., Bryant, J.E., Madsen, E.L., Ghiorse, W.C., 1999. Evaluation and 
optimization of DNA extraction and purification procedures for soil and 
sediment samples. Applied and Environmental Microbiology 65: 4715-
4724. 

Moreira, D., 1998. Efficient removal of PCR inhibitors using agarose-
embedded DNA preparations. Nucleic Acids Research 26: 3309-3310. 

Mullis, K.B., Faloona, F.A., 1987. Specific synthesis of DNA in vitro via a 
polymerase catalyzed chain reaction. Methods in Enzymology 155: 335-
351.  

Mummey, D., Holben, W., Six, J., Stahl, P., 2006. Spatial stratification of soil 
bacterial populations in aggregates of diverse soils. Microbial Ecology 51: 
404-411. 

Muyzer, G., de Waal, E.C., Uitterlinden, A.G., 1993. Profiling of complex 
microbial populations by denaturing gradient gel electrophoresis analysis 
of polymerase chain reaction amplified genes coding for 16S rRNA. 
Applied and Environmental Microbiology 59: 695-700. 

Myrold, D.D., Martin, K.J., Ritchie, N.J., 1995. Gel purification of soil DNA 
extracts. In: Akkermans, A.D.L., van Elsas, J.D., DeBruijn, F.J. (eds.), 
Molecular microbial ecology manual. Kluwer Academic Publishers, 
Netherlands. pp. 1.3.5:1-9. 

Nannipieri, P., Ascher, J., Ceccherini, M.T., Landi, L., Pietramellara, G., 
Renella, G., 2003. Microbial diversity and soil functions. European 
Journal of Soil Science 54: 655-670. 



References 

58 

Nicol, G.W., Glover, L.A., Prosser, J.I., 2003. Spatial analysis of archaeal 
community structure in grassland soil. Applied and Environmental 
Microbiology 69: 7420-7429. 

Nielsen, U.N., Ayres, E., Wall, D.H., Bardgett, R.D., 2011. Soil biodiversity 
and carbon cycling: a review and synthesis of studies examining diversity-
function relationships. European Journal of Soil Science 62: 105-116. 

Nunan, N., Wu, K., Young, I.M., Crawford, J.W., Ritz, K., 2002. In situ 
spatial patterns of soil bacterial populations, mapped at multiple scales, in 
an arable soil. Microbial Ecology 44: 296-305 

Nunan, N., Wu, K., Young, I.M., Crawford, J.W., Ritz, K., 2003. Spatial 
distribution of bacterial communities and their relationships with the 
micro-architecture of soil. FEMS Microbiology Ecology 44: 203-215. 

Ogram, A., Sayler, G.S., Barkay, T., 1987. The extraction and purification of 
microbial DNA from sediments. Journal of Microbiological Methods 7: 
57-66. 

Olsen, G.J., Lane, D.J., Giovannoni, S.J., Pace, N.R., Stahl, D.A., 1986. 
Microbial ecology and evolution: a ribosomal RNA approach. Annual 
Review of Microbiology 40: 337-365. 

Osborne, C.A., Zwart, A.B., Broadhurst, L.M., Young, A.G., Richardson, A.E., 
2011. The influence of sampling strategies and spatial variation on the 
detected soil bacterial communities under three different land-use types. 
FEMS Microbiology Ecology 78: 70-79. 

Or, D., Smets, B.F., Wraith, J.M., Dechesne, A., Friedman, S.P., 2007. 
Physical constraints affecting bacterial habitats and activity in 
unsaturated porous media – a review. Advances in Water Resources 30: 
1505-1527. 

Parkin, T.B., 1993. Spatial variability of microbial processes in soil – A 
review. Journal of Environmental Quality 22: 409-417. 

Peigné, J., Vian, J., Cannavacciuolo, M., Bottollier, B., Chaussod, R., 2009. 
Soil sampling based on field spatial variability of soil microbial indicators. 
European Journal of Soil Biology 45: 488-495. 

Peršoh, D., Theuerl, S., Buscot, F., Rambold, G., 2008. Towards a universally 
adaptable method for quantitative extraction of high-purity nucleic acids 
from soil. Journal of Microbiological Methods 75: 19-24. 

Pesaro, M., Widmer, F., Nicollier, G., Zeyer, J., 2003. Effects of freeze-thaw 
stress during soil storage on microbial communities and methidation 
degradation. Soil Biology and Biochemistry 35: 1049-1061. 

Pesaro, M., Nicollier, G., Zeyer, J., Widmer, F., 2004. Impact of soil drying-
rewetting stress on microbial communities and activities and on 
degradation of two crop protection products. Applied and Environmental 
Microbiology 70: 2577-2587. 

Petric, I., Philippot, L., Abbate, C., Bispo, A., Chesnot, T., Hallin, S., Laval, K., 
Lebeau, T., Lemenceau, P., Leyval, C., Lindström, K., Pandard, P., 
Romero, E., Sarr, A., Schloter, M., Simonet, P., Smalla, K., Wilke, B.-M., 
Martin-Laurent, F., 2011. Inter-laboratory evaluation of the ISO standard 
11063  “Soil  quality  –  Method  to  directly  extract  DNA from soil  samples.  
Journal of Microbiological Methods 84: 454-460. 

Picard, C., Ponsonnet, C., Paget, E., Nesme, X., Simonet, P., 1992. Detection 
and enumeration of bacteria in soil by direct DNA extraction and 
polymerase chain reaction. Applied and Environmental Microbiology 58: 
2717-2722. 

 



 

59 

Poll, C., Thiede, A., Wermbter, N., Sessitsch, A., Kandeler, E., 2003. Micro-
scale distribution of micro-organisms and microbial enzyme activities in a 
soil with long-term organic amendment. European Journal of Soil Science 
54: 715-724. 

Polz, M.F., Cavanaugh, C.M., 1998. Bias in template-to-product ratios in 
multitemplate PCR. Applied and Environmental Microbiology 64: 3724-
3730. 

Priha, O., Grayston, S.J., Hiukka, R., Pennanen, T., Smolander, A., 2001. 
Microbial community structure and characteristics of the organic matter 
in soils under Pinus sylvestris, Picea abies and Betula pendula at  two  
fores sites. Biology and Fertility of Soils 33: 17-24. 

Ranjard, L., Lejon, D.P.H., Mougel, C., Schehrer, L., Merdinoglu, D., 
Chaussod, R., 2003. Sampling strategy in molecular microbial ecology: 
influence of soil sample size on DNA fingerprinting analysis of fungal and 
bacterial communities. Environmental Microbiology 5: 1111-1120. 

Reysenbach, A., Giver, L.J., Wickham, G.S., Pace, N.R., 1992. Differential 
amplification of rRNA genes by polymerase chain reaction. Applied and 
Environmental Microbiology 58: 3417-3418. 

Ribeiro Jr, P.J., Diggle, P.J., 2001. GeoR: a package for  geostatistical 
analysis. R-NEWS 1: 15-18. 

Rita, H., Ekholm, P., 2007. Showing similarity of results given by two 
methods: A commentary. Environmental Pollution 145: 383-386. 

Ritz, K., McNicol, J.W., Nunan, N., Grayston, S., Millard, P., Atkinson, D., 
Gollotte, A., Habeshaw, D., Boag, B., Clegg, C.D., Griffiths, B.S., Wheatley, 
R.E., Glover, L.A., McCaig, A.E., Prosser, J.I., 2004. Spatial structure in 
soil chemical and microbiological properties in an upland grassland. 
FEMS Microbiology Ecology 49: 191-205. 

Ritz, K., Black, H.I.J., Campbell, C.D., Harris, J.A., Wood, C., 2009. Selecting 
biological indicators for monitoring soils: A framework for balancing 
scientific and technical opinion to assist policy development. Ecological 
Indicators 9: 1212-1221. 

Rodríguez-Loinaz, G., Onaindia, M., Amezaga, I., Mijangos, I., Garbisu, C., 
2008. Relationship between vegetation diversity and soil functional 
diversity in native mixed-oak forests. Soil Biology and Biochemistry 40: 
49-60. 

Roesch, L.F.W., Fulthorpe, R.R., Riva, A., Casella, G., Hadwin, A.K.M., Kent, 
A.D., Daroub, S., Camargo, F.A.O., Farmerie, W.G., Triplett, E.W., 2007. 
Pyrosequencing  of  16S  rRNA  reveals  contrasts  in  microbial  diversity  of  
four soils. The ISME Journal 1: 283-290. 

Ros, M., Goberna, M., Pascual, J.A., Klammer, S., Insam, H., 2008. 16S 
rDNA analysis reveals low microbial diversity in community level 
physiological profile assays. Journal of Microbiological Methods 72: 221-
226. 

Saano, A., Lindström, K., 1995. Small scale extraction of DNA from soil with 
spun column cleanup. In: Akkermans, A.D.L., van Elsas, J.D., DeBruijn, 
F.J. (Eds.), Molecular Microbial Ecology Manual. Kluwer Academic 
Publishers, Dordrecht. pp. 1.3.4: 1-6  

Saetre,  P.,  Bååth,  E.,  2000.  Spatial  variation  and  patterns  of  soil  microbial  
community  structure  in  a  mixed  spruce-birch  stand.  Soil  Biology  and  
Biochemistry 32: 909-917. 

Sambrook, J., Fritsch, E.F., Maniatis, T., 1989. Molecular cloning: a 
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, New 
York. 



References 

60 

Sandaa, R., Enger, Ø., Torsvik, V., 1998. Rapid method for fluorometric 
quantification of DNA in soil. Soil Biology and Biochemistry 30: 265-268. 

Schimel, J.P., Clein, J.S., 1996. Microbial response to freeze-thaw cycles in 
tundra and taiga soils. Soil Biology and Biochemistry 28: 1061-1066. 

Schmalenberger, A., Schwieger, F., Tebbe, C.C., 2001. Effects of primers 
hybridizing to different evolutionary conserved regions of the small-
subunit rRNA gene in PCR-based microbial community analyses and 
genetic profiling. Applied and Environmental Microbiology 67: 3557-
3563. 

Sessitsch, A., Weilharter, A., Gerzabek, M.H., Kirchmann, H., Kandeler, E., 
2001. Microbial population structures in soil particle size fractions of a 
long-term fertilizer field experiment. Applied and Environmental 
Microbiology 67: 4215-4224. 

Sessitsch,  A.,  Hackl,  E.,  Wenzl,  P.,  Kilian,  A.,  Kostic,  T.,  Stralis-Pavese,  N.,  
Sandjong, B.T., Bodrossy, L., 2003. Diagnostic microbial microarrays in 
soil ecology. New Phytologist 171: 719-736. 

SFS-EN 12879, 2000. Characterization of sludges – Determination of the 
loss on ignition of dry mass. 1st ed. European Committee for 
Standardization. 

SFS-EN  12880,  2000.  Characterization  of  sludges  –  Determination  of  dry  
residue and water content. 1st ed. European Committee for 
Standardization. 

Sharma, S., Radl, V., Hai, B., Kloos, K., Fuka, M.M., Engel, M., Schauss, K., 
Schloter, M., 2007. Quantification of functional genes from prokaryotes in 
soil by PCR. Journal of Microbiological Methods 68: 445-452. 

Sinsabaugh, R.L., Lauber, C.L., Weintraub, M.N., Ahmed, B., Allison, S.D., 
Crenshaw, C., Contosta, A.R., Cusack, D., Frey, S., Gallo, M.E., Gartner, 
T.B., Hobbie, S.E., Holland, K., Keeler, B.L., Powers, J.S., Stursova, M., 
Takacs-Vesbach, C., Waldrop, M.P., Wallenstein, M.D., Zak, D.R., Zeglin, 
L.H., 2008. Stoichiometry of soil enzyme activity at global scale. Ecology 
Letters 11: 1252-1264. 

Slabbert, E., Kongor, R.Y., Esler, K.J., Jacobs, K., 2010. Microbial diversity 
and community structure in Fynbos soil. Molecular Ecology 19: 1031-
1041. 

Smalla, K., Wieland, G., Buchner, A., Zock, A., Parzy, J., Kaiser, S., Roskot, 
N., Heuer, H., Berg, G., 2001. Bulk and rhizosphere soil bacterial 
communities studied by denaturing gradient gel electrophoresis: plant-
dependent enrichment and seasonal shifts revealed. Applied and 
Environmental Microbiology 67: 4742-4751. 

Smith, C.J., Osborn, A.M., 2009. Advantages and limitations of quantitative 
PCR (Q-PCR)-based approaches in microbial ecology. FEMS Microbiology 
Ecology 67: 6-20.  

Smucker, A.J.M., McBurney, S.L., Srivastava, A.K., 1982. Quantitative 
separation of roots from compacted soil profiles by the hydropneumatic 
elutriation system. Agronomy Journal 74: 500-503. 

Šnajdr, J., Valášková, V., Merhautová, V., Herinková, J., Cajthaml, T., 
Baldrian, P., 2008. Spatial variability of enzyme activities and microbial 
biomass in the upper layers of Quercus petraea forest soil. Soil Biology 
and Biochemistry 40: 2068–2075. 

Soinne, H., Uusitalo, R., Sarvi, M., Turtola, E., Hartikainen, H., 2011. 
Characterization of soil phosphorus in differently managed clay soil by 
chemical extraction methods and 31P-NMR spectroscopy. 
Communications in Soil Science and Plant Analysis 42: 1995-2011. 



 

61 

Steffan, R.J., Goksoyr, J., Bej, A.K., Atlas, R.M., 1988. Recovery of DNA from 
soils and sediments. Applied and Environmental Microbiology 54: 2908-
2915. 

Stenberg, B., Johansson, M., Pell, M., Sjödahl-Svensson, K., Stenström, J., 
Torstensson, L., 1998. Microbial biomass and activities in soil as affected 
by frozen and cold storage. Soil Biology and Biochemistry 30: 393-402. 

Stevenson, B.A., Sparling, G.P., Schipper, L.A., Degens, B.P., Duncan, L.C., 
2004. Pasture and forest soil microbial communities show distinct 
patterns in their catabolic respiration responses at a landscape scale. Soil 
Biology and Biochemistry 36: 49-55. 

Stotzky, G., 1997. Soil as an environment for microbial life. In: van Elsas, 
J.D., Trevors, J.T., Wellington, E.M.H. (Eds.), Modern Soil Microbiology. 
Marcel Dekker, New York. pp. 1-20.  

Štursová, M., Baldrian, P., 2011. Effects of soil properties and management 
on  the  activity  of  soil  organic  matter  transforming  enzymes  and  the  
quantification of soil-bound and free activity. Plant and Soil 338: 99-110. 

Suzuki, M.T., Giovannoni, S.J., 1996. Bias caused by template annealing in 
the PCR amplification of mixtures 16S rRNA genes by PCR. Applied and 
Environmental Microbiology 62: 625-630. 

Suzuki, M., Rappe, M.S., Giovannoni, S.J., 1998. Kinetic bias in estimates of 
coastal picoplankton community structure obtained by measurements of 
small-subunit  rRNA  gene  PCR  amplicon  heterogeneity.  Applied  and  
Environmental Microbiology 64: 4522-4529. 

Tabatabai, M.A., Dick, W.A., 2002. Enzymes in soil: Research and 
developments in measuring activities. In: Burns, R.G., Dick, R.P. (Eds.), 
Enzymes in the Environment: Activity, Ecology and Applications. Marcel 
Dekker, New York. pp. 567-596. 

Tanner, M.A., Goebel, B.M., Dojka, M.A., Pace, N.R., 1998. Specific 
ribosomal DNA sequences from diverse environmental settings correlate 
with environmental contaminants. Applied and Environmental 
Microbiology 64: 3110-3113. 

Thakuria, D., Schmidt, O., Siúrtáin, M.M., Egan, D., Doohan, F.M., 2008. 
Importance of DNA quality in comparative soil microbial community 
structure analyses. Soil Biology and Biochemistry 40: 1390-1403. 

Thomson, B.C., Ostle, N.J., McNamara, N.P., Whiteley, A.S., Griffiths, R.I., 
2010.  Effects  of  sieving,  drying  and  rewetting  upon  soil  bacterial  
community structure and respiration rates. Journal of Microbiological 
Methods 83: 69-73. 

Tiirola, M.A., Suvilampi, J.E., Kulomaa, M.S., Rintala, J.A., 2003. Microbial 
diversity  in  a  thermophilic  aerobic  biofilm  process:  analysis  by  length  
heterogeneity PCR (LH-PCR). Water Research 37: 2259-2268. 

Torsvik, V., 1980. Isolation of bacterial DNA from soil. Soil Biology and 
Biochemistry 12: 15-21. 

Torsvik, V., Goksøyr, J., Daae, F.L., 1990. High diversity in DNA of soil 
bacteria. Applied and Environmental Microbiology 56: 782-787. 

Torsvik, V., Daae, F.L., Sandaa, R., Øvreås, L., 1998. Novel techniques for 
analysing microbial diversity in natural and perturbed environments. 
Journal of Biotechnology 64: 53-62. 

Torsvik,  V.,  Øvreås,  L.,  2002.  Microbial  diversity  and  function  in  soil:  from 
genes to ecosystems. Current Opinion in Microbiology 5: 240-245. 



References 

62 

Tsai, Y., Olson, B.H., 1991. Rapid method for direct extraction of DNA from 
soil  and  sediments.  Applied  and  Environmental  Microbiology  57:  1070-
1074. 

Tsai, Y., Olson, B.H., 1992. Rapid method for separation of bacterial DNA 
from humic substances in sediments for polymerase chain reaction. 
Applied and Environmental Microbiology 58: 2292-2295. 

Turbé, A., De Toni, A., Benito, P., Lavelle, P., Lavelle, P., Ruiz, N., Van der 
Putten, W.H., Labouze, E., Mudgal, S., 2010. Soil biodiversity: functions, 
threats and tools for policy makers. Bio Intelligence Service, IRD, and 
NIOO, Report for European Commission (DG Environment). 

Ulrich, A., Becker, R., 2006. Soil parent material is a key determinant of the 
bacterial community structure in arable soils. FEMS Microbiology 
Ecology 56: 430-443. 

Vance, E.D., Brooks, P.C., Jenkinson, D.S., 1987. An extraction method for 
measuring soil microbial biomass C. Soil Biology and Biochemistry 19: 
703-707. 

van Elsas, J.D., Smalla, K., 1997. Methods for sampling soil microbes. In: 
Hurst, C.J., Knudsen, G.R., McInerney, M.J., Stetzenbach, L.D., Walter, 
M.V. (eds), Manual of environmental microbiology. ASM Press, 
Washington DC. pp. 383-390.  

Vanhala, P.T., Ahtiainen, J.H., 1994. Soil respiration, ATP content, and 
Photobacterium toxicity test as indicators of metal pollution in soil. 
Environmental Toxicology and Water Quality 9: 115-121. 

Vepsäläinen, M., Kukkonen, S., Vestberg, M., Sirviö, H., Niemi, R.M., 2001. 
Application of soil enzyme activity test kit in a field experiment. Soil 
Biology and Biochemistry 33: 1665-1672. 

Vepsäläinen, M., Erkomaa, K., Kukkonen, S., Vestberg, M., Wallenius, K., 
Niemi, R.M., 2004. The impact of crop plant cultivation and peat 
amendment on soil microbial activity and structure. Plant and Soil 264: 
273-286. 

Wachinger, G., Fiedler, S., Zepp, K., Gattinger, A., Sommer, M., Roth, K., 
2000. Variability of soil methane production on the micro-scale: spatial 
association with hot spots of organic material and Archaeal populations. 
Soil Biology and Biochemistry 32: 1121-1130. 

Waldrop, M.P., Balser, T.C., Firestone, M.K., 2000. Linking microbial 
community composition to function in a tropical soil. Soil Biology and 
Biochemistry 32: 1837-1846. 

Wang, G.C., Wang, Y., 1997. Frequency of formation of chimeric molecules as 
a consequence of PCR coamplification of 16S rRNA genes from mixed 
bacterial genomes. Applied and Environmental Microbiology 63: 4645-
4650. 

Ward, D.M., Bateson, M.M., Weller, M., Ruff-Roberts, A.L., 1992. Ribosomal 
RNA analysis of microorganisms as they occur in nature. Advances in 
Microbial Ecology 12: 219-286. 

Wardle, D.A., Bonner, K.I., Barker, G.M., Yeates, G.W., Nicholson, K.S., 
Bardgett, R.D., Watson, R.N., Ghani, A., 1999. Plant removals in 
perennial grassland: vegetation dynamics, decomposers, soil biodiversity, 
and ecosystem properties. Ecological Monographs 69: 535-568. 

Williamson, K.E., Kan, J., Polson, S.W., Williamson, S.J., 2011. Optimizing 
the  indirect  extraction  of  procaryotic  DNA  from  soils.  Soil  Biology  and  
Biochemistry 43: 736-748. 

Wilson, I.G., 1997. Inhibition and facilitation of nucleic acid amplification. 
Applied and Environmental Microbiology 63: 3741-3751. 



 

63 

Winding, A., 1994. Fingerprinting bacterial soil communities using Biolog 
microtitre plates. In: Ritz, K., Dighton, J., Giller, K.E. (eds.), Beyond the 
biomass. John Wiley and Sons, Chichester, England. pp. 85-94.    

Winding, A., Hund-Rinke, K., Rutgers, M., 2005. The use of microorganisms 
in ecological soil classification and assessment concepts. Ecotoxicology 
and Environmental Safety 62: 230-248. 

Woese, C.R., Kandler, O., Wheelis, M.L., 1990. Towards a natural system of 
organisms: a proposal for the domains Archaea, Bacteria and Eucarya. 
PNAS 87: 4576-4579. 

Wollum, A.G., 1994. Soil sampling for microbiological analysis. In: Weaver, 
R.W., Angle, S., Bottomley, P., Bezdicek, D., Smith, S., Tabatabai, A., 
Wollum,  A.  (eds.),  Methods  of  Soil  Analysis,  Part  2  Microbiological  and  
Biochemical Properties. Soil Science Society of America Book Series, no. 
5. pp. 1-14. 

Wrenn, B.A., Venosa, A.D., 1996. Selective enumeration of aromatic and 
aliphatic hydrocarbon degrading bacteria by most-probable-number 
procedure. Canadian Journal of Microbiology 42: 252-258. 

Young, I.M., Ritz, K., 1998. Can there be a contemporary ecological 
dimension to soil biology without a habitat? Soil Biology and 
Biochemistry 30: 1229-1232. 

Young, I.M., Crawford, J.W., 2004. Interactions and self-organization in the 
soil-microbe complex. Science 304: 1634-1637. 

Yli-Halla, M., Räty, M., Mokma, D.L., Uusitalo, R., Wilding, L.P., Drees, R., 
Alakukku, L., 2009. Viljelyn vaikutus savimaan fysikaalisiin ja 
kemiallisiin ominaisuuksiin. Pro Terra 41: 38-39. (In Finnish) 

Zhou, J., Bruns, M.A., Tiedje, J.M., 1996. DNA recovery from soils of diverse 
composition. Applied and Environmental Microbiology 62: 316-322. 

Zhou, J., Xia, B., Treves, D.S., Wu, L., Marsh, T.L., O’Neill, R.V., Palumbo, 
A.V., Tiedje, J.M., 2002. Spatial and resource factors influencing high 
microbial diversity in soil. Applied and Environmental Microbiology 68: 
326-334. 
 


