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Abstract i

Abstract

Previous studies have found that soil microbiahownities are influenced by a wide
variety of environmental factors and that the alality of various resources is crucial for
determining microbial community structures. A fi@gperiment in a beech-forest located in
lower Austria was carried out in which rhizodepiasitwas manipulated by tree girdling, the
soil was treated with artificial nitrogen fertilizeor left untreated as control. Forest soil
microbial community compositions were assayed iy dBNA gene-based T-RFLP analysis.
Further, quantitative real-time PCR analysis wasdu®r analyzing the treatment effects on
the abundance of prokaryotic forest soil commusitia detail, total bacterial and archaeal
communities as well as specific bacterial taxa .(eAgidobacteria, Verrucomicrobia,
Proteobacteria and high-GC gram positive bacter&ak assessed. In addition, gPCR analysis
was used to quantify functional genes involved @il sitrogen cycling (bacteriabmoA,
archaeabmoA, bacterialirS and bacteriahosZ). Community profiling revealed obvious soil
microbial diversity differentiations due to seasom soil treatments. In general, the impact of
nitrogen fertilization was only minor in compariséo the effect of the season and tree
girdling. Changes in the abundance of soil microlied functional nitrogen cycling genes
were rather minor or transient in comparison to eamity differentiations. In general, a
winter peak of increased abundance was determarati,a stronger response of archaea to
changing environmental conditions and resourcelaiéiies was measured in contrast to
bacteria. In conclusion, varying environmental abads at different time points of the year
as well as changing resource availability had angtiinfluence on the diversity of forest soill
microbial communities, whereas the abundance bhsicrobial communities was only minor

affected.
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1 Introduction

1.1 Whatissoil?
Soil represents one of the most complex and diversystems on the Earth and

displays the Earth’s most important resource (Dubel., 2006; Young and Crawford,
2004). It is composed of inorganic mineral compdseri various particle sizes, shapes and
chemical characteristics as well as of a soil agamatter (SOM) component in multiple
stages of decomposition. Further, plant roots, gases, soil water and the living soil
population (the “edaphon”) contribute to the compos of soil (Standing and Killham,
2007).

The living component of the soil is composed oftbda, archaea, fungi and algae,
along with soil fauna (micro-, meso- and macrofgu(Raul and Clark, 1989). The high
diversity and abundance of microbial, plant, andnah life and their interaction with soll
influence ecosystem function. In particular, théivéites of the soil microbiota are the key
ecosystem processes that sustain life on the Basftecially, the recycling or mineralization
of elements such as carbon, nitrogen and phosphoans be mainly attribute to the
functioning of soil microbiota (Fitter et al., 2005

The influence of soil microorganisms on their ibib@d ecosystem is derived from
their enormous abundances, their high phylogendirersities and the huge number of
diverse biochemical reactions they catalyze in @uilas et al., 2005; Copley, 2000; Dubey et
al., 2006; Torsvik and Ovreas, 2007). Prokaryotdgbiting soil are involved in almost all
biogeochemical cycles, and they play a major noleail nutrient cycling processes since they
possess enormous metabolic diversity and verga#lirther, they influence soil aggregation,
soil structure, soil fertility and pathogenicity bey et al., 2006; Kirk et al., 2004; Torsvik
and Ovreas, 2002).

1.2 Soil microorganismsin forest ecosystems
Soil microbes play a central role in the produttivefficiency and health of forest soil

ecosystems and in maintaining soil ecosystem fanictg and sustainability. The phenotypic
and genotypic diversity of microbial communities forest soils is extraordinary. Soil

microbes are an essential component of the biatnancunity in forests as they are mainly
responsible for the breakdown (decomposition) @faoic and some inorganic compounds

deriving from animal feces, dead plant and animatemal, plant litter, as well as from
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synthetic sources, such as atmospheric decompositioutrients (e.g. nitrogen). The organic
resource decomposed by microbes in forest soilurther supplied through metabolites
produced via photosynthetic processes releasedldy poots (rhizodeposition) (Parkin,
1993; Van Elsas et al., 2007).

The products of microbial decomposition, along hwinicrobial biomass itself,
contribute to soil organic matter and, amongst rstheletermine the productivity and
ecological functioning of soils. Microbially mindized nutrients are taken up by plants (in
forests mainly by forest trees), while others arembbilized in the microbial biomass,
released to atmospheric gases, or scavenged by wilceoorganisms (Atlas and Bartha,
1981; Yanagita, 1990).

Microbial communities in soil act as both a souarel a sink of atmospheric gases.
They have a measurable effect on atmospheric clrgnaied global climate, including the
greenhouse effect, by influencing the budget okegasich as CQOCH,, H,, N.O, and NO
(Avrahami et al., 2002; Conrad, 1996; Philippotlet2006; Robertson et al., 2000).

Soil bacterial communities are influenced by aemienge of climatic, environmental
and edaphic factors. The composition of microbiammunities is usually subjected to
seasonal fluctuations and may vary between diffel@ations.Soil characteristics such as
soil type and surface topography (Ovreas and Tlr4d98; Parkin, 1993), as well as soil pH
(Hogberg et al., 2007), soil moisture (Drenovskwlet2004) and soil temperature (Avrahami
and Conrad, 2003) have been proven to influenceditersity and functioning of soll
microbial communities. Further, resource and notrevailability (Drenovsky et al., 2004),
above-ground plant growth (Loreau, 2001), and gailution (Powell et al., 2003) determine
the diversity and functioning of soil microbial camnities.

However, a complete understanding of how microbeehmunity dynamics in soils is
influenced by biotic and abiotic factors is stdicking. Therefore, further investigations are
needed to enhance the knowledge on the highly eomipiteractions between microbial

communities and their complex environments in whigy are embedded.

1.3 Nutrient cyclingin forests
The major part of nutrient cycling in forest sagscarried out by soil microorganisms

(Hackl et al., 2004). A broad range of phylogerahcdifferent bacterial groups are involved
in the decomposition of soil organic matter (SOMY ahereby play an important role in
forest nutrient cycling. The amount of availablebca and nitrogen can influence microbial
processes in soil (Magill and Aber, 2000; Schinred &/eintraub, 2003; Vance and Chapin,
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2001), and hence, resource availability and miaotdecomposition processes in forest soils

are closely interrelated.

1.3.1 Forest nitrogen cycling
One of the most important and most complex nutrgules in soil ecosystems is the

nitrogen cycle. Various microbial groups are inwmvin the transformation of both organic
and inorganic nitrogenous compounds and thus infleaitrogen cycling in soils through the
main ecologically relevant microbial processes itrifitation and denitrification. Moreover,

bacteria may be specialized on the fixation of ajpheric nitrogen (Atlas and Bartha, 1981).

1.3.1.1 Nitrification
Nitrification is a chemoautotrophic oxidation pess, which typically occurs in two-

stages. It involves the microbial oxidation of armﬂaao(NI—h+) to nitrite (NQ) and then to

nitrate (NQ). In the first step, ammonia is oxidized to nériby autotrophic ammonia-
oxidizing bacteria (AOB) that can synthesize theyame ammonia monooxygenase (He et al.,
2007). Nitrite is then oxidized to nitrate by autgthic nitrite oxidizers (Prosser, 2007).

+ _ -
NH, — NO, —— NO;
Ammonia oxidizing Nitrite oxidizing
bacteria / archaea bacteria

(amoA) (norB)

Most studies on nitrification commonly concentrate ammonia-oxidizing bacteria (AOB)
carrying out the first step of nitrification. Theek enzyme of aerobic ammonia oxidizers
responsible for the transformation of ammonia titei is ammonia monooxygenase. The
responsible gene encoding for the alpha-suburthisfenzymedmoA) is frequently used as a
phylogenetic marker gene for studying ammonia-a@xigj bacteria (Avrahami and Conrad,
2003; He et al., 2007) (Avrahami et al., 2002; Poid et al., 2000).

Autotrophic aerobic ammonia oxidizing organismsrevéhought to belong to the
domain of bacteria. However, recently, ammonia-zxig) archaea (AOA) have been proven
to be the most important group of ammonia oxidiz&dditionally, (Leininger et al., 2006)
found a higher abundance of archasabA gene copies as compared to bactemadA genes

in soils of diverse origin.
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1.3.1.2 Denitrification

The anaerobic reduction of nitrate (NQ nitrite (NG;) and nitric oxide (NO) to
nitrous oxide (NO) or nitrogen gas (N is defined as denitrification (Philippot and Hiall
2005).

NO, — NO, — NO — N,O — N,

narG nirS norB nosZ
napA nirk nosZ

This stepwise reduction process is the major bioldgnechanism by which fixed nitrogen in
the soil returns to the atmosphere (Philippot aadii] 2005). The reduction of soluble nitrite
to gaseous nitric oxide is an important part of deeitrification process as it is the first step
that leads to gas formation. As mentioned aboverahial denitrification yield in greenhouse
effect gases that essentially influence global atamand play a significant role in global
warming and the destruction of the stratospheranezayer.

Nitrite reductase is one of the key enzymes indéaitrification process catalyzing
nitrite to nitric oxide. Therefore, nitrite redustais frequently used as a functional marker for
the analysis of denitrifying bacteria. Two nitrieductase enzymes exist that are functionally
equivalent although they have a different gendtigcture (Avrahami et al., 2002; Coyne et
al., 1989). The copper-containing nitrite reductesencoded byirK, which is frequently
detected in soils (Prieme et al., 2002). T gene, encoding the cytochromea-containing
nitrite reductase, has been frequently found inimeasediments (Braker et al., 2000) and in
soils (Sharma et al., 2006; Throback et al., 2004).

ThenosZ gene codes for the catalytic subunit of the n&roxide reductase, which is a
homodimeric multicopper enzyme. Some denitrifyiragteria lack the gene encoding nitrous
oxide reductase and therefore emit nitrous oxidaragnd product of their denitrification
process (Philippot et al., 2006). In order to bettiederstand nitrous oxide emissions from
soils, it is important to analyze also those baatdrat are able to reduce nitrous oxide.

Denitrifying bacteria show a high taxonomic diveysand are widespread among
phylogenetically unrelated groups (Avrahami et 2002). The ability to denitrify is not only
limited to bacteria but was also found in some aeghand in fungi (Philippot and Hallin,
2005).
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1.3.2 Forest carbon cycling
The global carbon cycle is composed of the fixatad carbon dioxide (Cg) into

organic material by autotrophic organisms perfogmhotosynthesis, and the decomposition
of this fixed organic carbon to carbon dioxide bstdrotrophic decomposing organisms
(Hogberg et al., 2001). The carbon balance in f@e#s is regulated by CQixation and soil
organic carbon decomposition, and hence soil cadymramics clearly affect forest carbon
balance (Schlesinger and Andrews, 2000). The sodgss by which plant-fixed GQ@eturns

to the atmosphere is referred as to soil respima(®chlesinger and Andrews, 2000).
Furthermore, there are complex feedbacks betweerp@s from trees to soil and nutrient
cycling processes regulating soil productivity (lstit et al., 2007).

The majority of carbon that is stored in the mimal biomass is finally metabolized
to CO, released to the atmosphere, or is incorporateddomplex humic complexes which
may act as intermediate energy source in labilaroogfractions or remain stable in highly,
recalcitrant complexes (Prosser, 2007; Yanagitap)1L9

High-molecular weight compounds cannot be accutedldy soil microbes, and
hence have to be degraded by microbially produceyrees that are released into the soil
matrix (“extracellular enzymes”). In detail, plditter e.g. is mainly composed of polymers
which are mainly degraded by these microbial, eelfalar enzymes. Additionally, many
interacting microbial taxa are required to deconepptant litter consisting of a range of
different compounds (Weintraub et al., 2007) (Kdedet al., 2005).

1.3.3 The rhizosphere
The major part of labile carbon sources that astlyedegradable by soil microbes are

root exudates (Bertin et al., 2003; Hutsch et2002). A high amount of photosynthetically
fixed carbon is released into the soil during tlegetation period (Hutsch et al., 2002), and
hence rhizodeposition is considered to be a steffegtor of a wide range of soil processes
mediated by the soil microbiota (Paterson et aQ7). Roots exude a variety of low-
molecular weight organic compounds, including ssgamino acids and organic acids, and a
large proportion of these root-derived carbon sarists are rapidly metabolized by
microorganisms (Bertin et al., 2003; Hutsch et 2002). In comparison to plant litter, most
plant root exudates are directly degraded by bacteithout extracellular enzymatic
decomposition (Weintraub et al., 2007). Furthermtine release of root exudates and their
subsequent decomposition by soil microbes is a pmcess linking atmospheric and

terrestrial carbon fluxes (Paterson et al., 2007).
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The root-soil interface, defined as rhizospheere,the soil environment with the
greatest microbial activity within soil. Throughetinelease of a wide variety of organic and
inorganic compounds, roots affect soil microbiameoounities in their immediate vicinity.
Beside the impact on soil bacteria, roots alsaiarice soil structure, aeration and biological
activity (Bertin et al., 2003).

In order to better understand the influence ofrtheosphere on related soil processes,
a new method named tree girdling was developeddli@g terminates the transport of
photosynthates from the leaves to the roots, vihgewater transport in trees is not disrupted.
Girdling does not result in the immediate deathaafts and it does not immediately change
the principal physical soil parameters (HOogbergakt 2001). Hence, tree girdling is an
effective method for isolating the effects of rhdeposition on soil functioning without

disturbing the surrounding soil environment (Subkal., 2004; Weintraub et al., 2007).

1.4 Methodological approachesto study microbial diversity
Microbial diversity is intensively studied becausés still not well-understood how

the distribution and abundance of soil bacteriamecwnities are controlled. Various

approaches have been used to study populatiorilgtea@nd shifts.

1.4.1 Cultivation-dependent approaches
The traditional way to study soil microorganisnssto analyze their metabolism,

morphology and physiology after cultivation in pucelture (Kent and Triplett, 2002).

However, the portion of microorganisms accessibfeugh conventional culture techniques
amounts only 1% (Torsvik and Ovreas, 2002). Hercad#tjvation-dependent methods only
expose information about a very minor portion o thacterial species existing in soil.
Further, enrichment cultures are selective for g@stving microorganisms adapted to grow in
culture media (Kassen and Rainey, 2004). Conselyudaicteria cultured from soil samples
do not necessarily have significant functions airtimatural soil environment. Frequently, the

most abundant bacteria inhabiting soils cannotrbevig in culture (Dubey et al., 2006).

1.4.2 Cultivation-independent approaches
Because of the obvious insufficiency of cultivatidependent approaches for studying

the diversity, abundance and function of soil baatevarious culture-independent methods,

including fatty acid analysis and DNA- and RNA-béddechniques, have been developed.
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Generally, cultivation-independent methods can épasated into biochemical-based and

molecular-based techniques (Kirk et al., 2004).

1.4.2.1 Phospholipid fatty acid analysis
A frequently used biochemical method is the anslys phospholipid fatty acids

(PLFA) as a microbial biomarker existing in soiluliey et al., 2006). PLFAs are part of the
membranes of all living cells and the strong catieh between the PLFA compositions with
the phylogeny of microbes is appropriate for thaligative and quantitative investigation of
microbial community structure and diversity. Theref this technique has been extensively
used for determining similarities or differencesvsEen soil microbial communities (Zelles,
1999). A clear restriction of this method is thability to detect community components at a
fine taxonomic level. It is generally difficult @istinguish between organisms and to identify
the individual species accounting for similarities differences among soil bacterial
communities (Dubey et al., 2006; Zelles, 1999).

1.4.2.2 Molecular methods
In 1990, Torsvik et al. presented the first studytloe analysis of soil prokaryotes by

means of their DNA. Since then, various differenNAbased techniques have been
generated to assess microbial community structadedaversity. Through the availability of
the polymerase chain reaction (PCR) it became blest amplify target genes (mostly 16S
ribosomal RNA genes) by PCRsing universal or specific primers) after DNA sstdn from
soil samples. The resulting products can finallysbparated in different ways (depending on
the technique) for studying prokaryotic diversitgentifying individual prokaryotes and
predicting phylogenetic relationships (Dubey et 2006; Kirk et al., 2004; Pace, 1997).

Thel6S ribosomal RNA (16S rRNA) gene is very vgeited and commonly used for
phylogenetic analysis of bacteria as it is a mdecohronometer present in all organisms.
16S rRNA genes are evolutionary conserved amongglillar life forms and have a low rate
of evolutionary change. They possess a definedtstiel and are functionally redundant.
Certain 16S rDNA areas are conserved, whilst othershighly variable (Woese, 1987). The
variable domains within the rRNA genes contain sege regions specific for groups of
related organisms or even individual species, whitcikes rRNA genes highly useful for
studying microbial communities in the soil envircgmh and for examining the phylogenetic
relationships among soil prokaryotes (Kent and [€tip2002; Woese, 1987).
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Initially, sequencing of rRNA genes cloned frorolaéged soil DNA was commonly
used for phylogenetic analysis of soil bacteriapfftgaand Giovannoni, 2003; Woese, 1987).
Although sequencing has become routine, sequertbimgsands of clones is laborious and
very expensive, and hence, at present sequenciogually not the method of choice for
comprehensively analysing microbial communities. wideer, new high-throughput
sequencing methods have been developed, whichldearealso increasingly applied to study
microbial community structures.

Apart from rRNA gene sequencing, a number of P@Rel fingerprinting approaches
have been developed for studying the structure adtdsial communities. PCR-based
molecular fingerprinting methods include, amongshecs, amplified rDNA restriction
analysis (ARDRA), single strand conformational pobrphism (SSCP) analysis, ribosomal
intergenic spacer analysis (RISA), denaturing/teaipee gradient gel electrophoresis
(DGGE/TGGE) analysis and more recently terminal triggon fragment length
polymorphism (T-RFLP) analysis (Dubey et al., 208@nt and Triplett, 2002; Kirk et al.,
2004). These methods do not directly offer phylageninformation, but they yield high
resolution and provide information about changedéwhole microbial community structure
in soil (Kent and Triplett, 2002). Most communiinderprinting methods assess differences
in the community composition between different sksptreatments, or locations, or they
provide information on changes in microbial comntiesi over time (Kent and Triplett,
2002).

1.4.2.3 Terminal restriction fragment length polymorphism
T-RFLP analysis is currently one of the most pduleaind frequently used methods

for rapidly detecting and comparing the diversitd$acterial communities after PCR-based
DNA amplification from soil samples (Marsh, 1999)ke ARDRA, the investigation of T-
RFLPs is based on variation in the position ofrretsbn sites among DNA fragments. T-
RFLP analysis utilizes the same principle as ARDR¥Xcept that one PCR primer,
commonly the forward primer, is labelled with adtascent dye and only the labelled
terminal restriction fragments (T-RFs) are detec#dr the restriction digest, which greatly
simplifies the genetic fingerprint (Liu et al., I99

The sizes of the T-RFs are determined by compatisahose of an internal standard
consisting of DNA fragments of known length (Abdb a&., 2006; Tiedje et al., 1999).
Commonly, an automated DNA sequencer is used fparaéing the T-RFs by capillary

electrophoresis and visualizing the excitationhaf applied dye (Blackwood et al., 2003; Liu
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et al., 1997). T-RFLP analysis provides qualitativéormation, and also quantitative
information about each T-RF detected, includingesin base pairs and intensity of
fluorescence. The high resolution of automated tedpboresis instruments and the high
sensitivity of fluorescence detection increase tiienber of individual species detectable
compared to methods that use standard gel eleciregik (Kent and Triplett, 2002).

1.4.2.4 Quantitative real time PCR
A methodological approach that has gained incngasiterest for detecting specific

genes in soil samples and for quantifying the albnnd of soil microorganisms is real-time-
PCR (RT-PCR), also referred to as quantitative PHFRCR) (Dubey et al., 2006; Fierer et al.,
2005). This technique allows the simultaneous dmation and detection of specific DNA
sequences present in soil. Increases in PCR praedancbe measured throughout the reaction
by the incorporation of a fluorescent dye into DA. Fluorescence intensity increases as
PCR product accumulates during each amplificatigries and the fluorescence intensity is
proportional to the amount of PCR product formedadg®naekers, 2000). As each
amplification cycle theoretically doubles the numbémolecules, it is possible to determine
the concentration of target DNA that was initiafiyesent in the total extract of soil DNA
(Kubista et al., 2006; Peirson and Butler, 2007).
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2 Objectivesand hypotheses

As forests represent the natural vegetation cavethe majority of landscapes in
Central Europe and as almost 50% of the total eresustria presently consists of forested
land (Hackl et al., 2004), studying the compositamal diversity of bacterial communities and
their interrelationship with the vegetation and gwl environment in forests is of great
interest.

The overall aim of this study was to analyze tkktionship between resource
availability and the composition and structure a€nmbial communities as previous studies
showed that soil microorganisms and microbiallysen processes might be limited by
available resources (Schimel and Weintraub, 20@Bridt et al., 2007; Vance and Chapin,
2001). The influence of changes in resource auvditlathrough enhanced nitrogen deposition
and reduced plant carbon input on the diversity alndndance of various bacterial groups
was determined in this study. Amongst others, Lmpsb al. (2002), Lipson and Schmidt
(2004) and Schmidt et al. (2007) demonstrated #wl bacteria respond to varying
environmental conditions at different times of ffear. Therefore, the seasonal pattern of the
soil bacterial community was also examined in Wsk. Furthermore, we chose the bacterial
and archaeamoA genes, as well as the bactenalS andnosZ gene for analyzing nitrifying
and denitrifying communities in soil.

T-RFLP analysis was selected as the method ofcehfmr determining microbial
communities and their structures in this study. ilddally, as gPCR is a method that allows
comprehensive and detailed description of soil afi@l community structures (Fierer et al.,
2005; Kubista et al., 2006), it was selected far #malysis of the abundance of different
bacterial groups present in forest soil. Soil baateiere analyzed to test the following three

hypotheses:

= In temperate forest ecosystems, the course of ¢éasos influences structure and
function of forest soil bacterial communities.

= Resource availability has an effect on the strigcaurd function of bacteria inhabiting
forest soils, and varying nutrient availabilitieelext for different microbial
communities, as different microbial groups exhdifterent nutrient requirements.

= Changes in resource availability are strongly maieated with the course of the season,
and hence, the disposability of important nutrieetg. carbon and nitrogen, for soil
bacteria varies within the course of the season.
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3 Materialsand Methods

3.1 Study siteand field experiments
A temperate, mature 62-year old beech-forddordelymo-Fagetum) located in

Klausenleopoldsdorf, Lower Austria, approximatef/kn west of Vienna was selected as a
model system for analyzing variations in micromammunity structure and function due to

the course of the season, and after nitrogenifatibn and tree girdling.

3.1.1 Field experiment 1 — Seasonality
For identifying seasonal changes in microbial camity structure and function, six

replicate 10 x 10 m plots were installed at theustnleopoldsdorf forest. Soils from each
replicate plot were sampled monthly from August 2@dtil March 2008. The soil samples
were transported in cooling boxes to the laboratstgred at 4°C, and homogenized by
passage through a 2 mm sieve (a 5 mm sieve waswisexa soils were to wet for sieving

through 2 mm) before further laboratory analysis.

3.1.2 Field experiment 2 — Fertilization
The Klausenleopoldsdorf study site is locatednragea which receives low loads of N

deposition (10 kg N Kayr?) (Hahn et al., 2000). Six replicate 10 x 10 miliegtion plots
were established and fertilized every two weekshwammonium-nitrate (NHNOs3) to
simulate elevated N deposition of approximatelyk0ON ha' yr. Every two months, soil
samples were collected from each replicate ploil. Sonples from the six replicate plots of

field experiment 1 were used as a control for grélization experiment.

3.1.3 Field experiment 3 — Tree girdling
In three 25 x 25 m girdling plots the trees werdlgd at the beginning of the growing

season by taking off the bark around the stem éwegmt rhizodeposition and to reduce soil
carbon input. Soil samples only within the innerxL@0 m plots were taken every second

month. Accordingly, samples from the control platse obtained.
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3.2 DNA isolation
Microbial soil DNA was isolated using the FastDRISPIN Kit for Soil (MP

Biomedicals, Solon, Ohio, USA) according to the ofanturer’s instructions. The DNA
extracts were quantified photometrically (NanodriND-1000, Nanodrop Technologies,
Wilmington, DE, USA).

Table 1: List of primers used for T-RFLP and gPCR analysis

Target Primer Nucleotide sequence Reference
Eubacteria Eub338 ACCTACGGGAGGCAGCAG (Lane, 1991)
Eubacteria Eub518 ATTACCGCGGCTGCTGG (Muyzer et993)
16S all bacteria 8f AGAGTTTGATCCTGGCTCAG (Weisbwegal., 1991)
16S all bacteria 926r CCGTCAATTCCTTTRAGTTT (Liuadt, 1997)
Acidobacteria Acid31 GATCCTGGCTCAGAATC (Barns et, d1999)

Verrucomicrobia VMB537f GCCAGCAGCCGCGGTAATACA (Petri et al., 2000)
Verrucomicrobia VMB1296r GCAGMCT[BtndT]CAATCTGAA (Petroni et al., 2000)

CTGRGC
Alpha- Alf685 TCTACGRATTTCACCYCTAC (Lane, 1991)
Proteobacteria
Beta- Bet680 TCACTGCTAAACCYG (Overmann et al., 1999)
Proteobacteria
Archaea Ar109f ACKGCTCAGTAACACGT (Lueders and Frieth,
2000)
Archaea Ar912rt CTCCCCCGCCAATTCCTTTA (Lueders anmceérich,
2000)
Actinobacteria Actino235 CGCGGCCTATCAGCTTGTTG (Staat al., 2003)
BacterialamoA amoA-1f GGGGTTTCTACTGGTGGT (Rotthauwe et al., 1p97
BacterialamoA amoA-2r CCCCTCKGSAAAGCCTTCTTC (Rotthauwe et ab97)
ArchaealamoA Arch- STAATGGTCTGGCTTAGACG (Francis et al., 2005)
amoAF
ArchaealamoA Arch- GCGGCCATCCATCTGTATGT (Francis et al., 2005)
amoAR
BacterialnirS nirSCd3aF AACGYSAAGGARACSGG (Michotey et al., 2000
BacterialnirS nirSR3cd GASTTCGGRTGSGTCTTSAYG (Throback et ab02)
BacterialnosZ nosZ-f CGYTGTTCNTCGACAGCCAG (Henry et al., 2006)

BacterialnosZ nosZ1622r CGCRASGGCAASAAGGTSCG (Henry et al., 2006

3.3 Terminal restriction-fragment length polymor phism (T-RFL P) analysis
Bacterial and archaeal 16S rRNA genes were PCRIifeedpusing primer sets

targeting the total bacterial and archaeal commuast well as bacterial phylogenetic taxa
(Acidobacteria, Verrucomicrobia, Alpha-Proteobaeteand Beta-Proteobacteria). The used
primers / primer combinations are listed in Tablé 2. For T-RFLP analysis, the forward

primers were labelled with 6-carboxyfluoresceinF@n) at the 5’ end. Two replicate PCR
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reactions were performed for each primer set. Elaetrons were carried out with a Biometra
T1 thermocycler, applying an initial denaturatid@psof 5 min at 95°C and a final elongation
step of 5 min at 72°C. The amplification steps waecific for each phylogenetic group and
are listed in Table 2. The PCR mixtures contaihedPCR reaction buffer, 0.15 uM of each
primer (Table 2), 200 uM (each) dATP, dCTP, dGTiRJ dTTP, and 2 U of Firepol (Solis
BioDyne OU, Tartu, Estonia) (for amplification dfet total bacterial community) or Taq
DNA polymerase (Invitrogen) (for the rest of the @ified phylogenetic groups). Further
ingredients (DNA template, Mg&hnd bovine serum albumin (BSA)) were specificdach
phylogenetic group and are listed in Table 2. PGRdpcts (5 pl) were verified by

electrophoresis in 1% (w/v) agarose gels.

Table 2: Description of primer sets, PCR ingredients andldicgtion details used for T-RFLP analysis

Target Primer- DNA MgCl, BSA Amplification details
Combination  [ng] [mM] [mg mi™]
Temp. (°C) Time Cycles
16S all 8f-FAM / 5 15 -- 95° 5’ 1
bacteria 926r 95°/53°/72°  30"/1'/2’ 30
72° 10’ 1
All Archaea 109f-FAM / 10 2.0 1.0 95° 5 1
912rt 95°/52°/72°  1'/30"/1’ 35
72° 5 1
Acidobacteria Acid31- 10 2.0 2.0 95° 5’ 1
FAM / 926r 95°/45°/72°  30"/1'/1 30
72° 10’ 1
Verruco- VMB5371- 10 25 1.0 95° 5 1
microbia FAM / 95°/59°/72°  1'/30"/90" 35
VMB1295r 72° 5 1
Alpha- 8f-FAM / 10 1.5 1.0 95° 5 1
Proteobacteria  Alf685r 95°/55°/72°  30"/1'/1 30
72° 5 1
Beta- 8f-FAM / 10 1.5 1.0 95° 5 1
Proteobacteria  Bet680r 95°/55°/72°  30"/1'/1’ 30
72° 5 1

Replicate amplicons were pooled, purified with Isegex™ G-50 (GE Healthcare

Biosciences, Waukesha, WI, USA) and 10 pl puriff€R products (approximately 200 ng of

DNA) were digested with 5 U of restriction enzymkil (Promega Corporation, Madison,

WI, USA) in a 20 pl reaction at 37°C for 3 h. PrtorT-RFLP analysis, digests were again

purified with Sephadex™ G-50 (GE-Healthcare).
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Five ul ofAlul digested PCR products were mixed with 15 pl ebdized formamide
(Applied Biosystems, Warrington, UK) and 0.3 plinternal size standard (GeneSE4r500
ROX™ Size Standard, Applied Biosystems, Warrongton, .URhe reactions were
denaturated at 92°C for 2 min and immediately etilbn ice prior to T-RFLP analysis.
Fluorescently labelled terminal restriction fragnserfT-RFs) were detected by capillary
electrophoresis using an ABI 3100 automated DNAusager (Applied Biosystems 3100
Genetic Analyzer) in the GeneScan mode. The reakdngths of the labelled terminal
restriction fragments were determined by compatiran with the 500 ROX! internal size
standard.

GelQuest DNA fingerprint analysis software (versi 1.2, SequentiX, Klein Raden,
Germany) was used to compile the electropherograimsach sample into numeric data,
where both fragment length and peak height werd asegparameters for profile comparison.
All T-RFs with peaks between 50 and 400 bp and geaghts of> 50 fluorescence units
were included in the further analysis. T-RFs théfeced by less than 1 bp were clustered.
Normalization of T-RFLP profiles was performed aggested by Dunbar et al. (Dunbar et

al., 2000) and normalized data were then useddtisscal analysis.

3.4 Quantitativereal-time PCR (qPCR) analysis
Bacterial and archaeal 16S rRNA genes were qasimgty PCR amplified using

primer sets targeting the total bacterial and asahaommunity, bacterial phylogenetic taxa
(Acidobacteria, Verrucomicrobia, high-GC Gram-piesitbacteria, Alpha-Proteobacteria and
Beta-Proteobacteria), as well as bacterial andagahfunctional genes involved in nitrogen
cycling (bacteriaBmoA, archaeamoA, bacterialnirS and bacteriahosZ). The used primers

/ primer combinations are listed in Table 1 / 3ré&éhreplicate PCR reactions were performed
for each primer set. The 25 ul PCR mixtures inatbidex iQ™ SYBR® Green Supermix
(Bio-Rad) (including 100 mM KCI, 40 mM Tris-HCI, #.mM (each) dATP dCTP, dGTP
and dTTP, 50 U/ml iTaqg DNA polymerase, 6 mM MgC&/BR Green |, 20nM fluoresein,
and stabilizers), 10 uM of each primer (Table 3) &9 mg/ml BSA. Further ingredients
(DNA template and dimethylsulfoxid (DMSO)) were sfiie for each phylogenetic group
and are listed in Table 3. Real-time PCR was peréar on an iCycler iQ thermocycler (Bio-
Rad) with the protocol for each target microbiatl danctional group as shown in Table 3.
After an initial procedure at 95°C for 3 min thesags for the target groups were run using
40 cycles, followed by 1 min at 95°C and 1 min &tG.
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Table 3: Description of primer sets, PCR ingredients and ldicgtion details used for gPCR

analysis
Target Primer- DNA DMSO Amplification details
Combination  [ng] [mg ml]
Temp. (°C) Time Cycles
16S all Eub338f/ 10 - 95° 3 1
bacteria Eub518r 95°/54°/72° 30"/35"/45”" 40
95° 1 1
58° 1 1
58° 10" 80*
All Archaea 109f / 912rt 10 -- 95° 3 1
95°/52°/72° 30"/35"/45”" 40
95° 1 1
58° 1 1
58° 10" 80*
Acidobacteria Acid31/ 10 -- 95° 3 1
Eub518r 95°/54°[72° 30"/35"/45" 40
95° 1 1
58° 1 1
58° 10" 80*
Verruco- VMB537f / 10 -- 95° 3 1
microbia VMB1295r 95°/59°/72° 30"/35"/1’ 40
95° 1 1
58° 1 1
58° 10" 80*
Alpha- 338f/ 10 -- 95° 3 1
Proteobacteria  Alf685r 95°/54°/72° 30"/35"/45" 40
95° 1 1
58° 1 1
58° 10" 80*
Beta- 338f/ 10 - 95° 3 1
Proteobacteria  Bet680r 95°/54°/72° 30"/35"/45”" 40
95° 1 1
58° 1 1
58° 10" 80*
High-GC gram  Actino235/ 10 - 95° 3 1
positive Eub518r 95°/54°/72° 30"/35"/45" 40
bacteria 95° 1 1
58° 1 1
58° 10" 80*

* +0.5°C/cycle
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Table 3. Extended.
Target Primer- DNA DMSO Amplification details
Combination [ng] [l]

Temp. (°C) Time Cycles

Bacterial amoA-1f / 50 -- 95° 3 1

amoA amoA-2r 95°/57°/72°/78°  1'/1/1/1 45
95° r 1
58° r 1
58° 10” 80*

Archaeal Arch-amoAF/ 50 0.625 95° 5 1

amoA Arch-amoAR 95°/53°/72° 45”11/ 45
95° r 1
58° r 1
58° 10” 80*

Bacterial nirSCd3aF / 50 0.625 95° 3 1

nirS nirSR3cd 95°/58°/72°/78°  30"/35"/45"/45” 45
95° r 1
58° r 1
58° 10” 80*

Bacterial nosZz-f / 50 0.625 95° 3 1

nosZ nosZ1622r 94°/65°[- 307/45"/30” 6
1°/cycle]/72°
94°/60°/72° 307/45"/30” 40
95° r 1
58° r 1
58° 10” 80*

* +0.5°Clcycle
Fluorescence intensity was measured after each ifarapbn cycle, hence

fluorescence increases as PCR product accumulateasydeach amplification step due to

intercalation of SybrGreen into the amplified DNPhe amplified products (5 ul) were run

on a 1% agarose gel to confirm the specificity leé amplification.To confirm that the

fluorescence signal originated from specific PCRdpicts and not from primer-dimers or

other artefacts, melting curve analysis of the RE&lucts was conducted following the four

temperature steps by measuring fluorescence cantityias the temperature increased from
58°C to 95°C.

For generating standard curves, plasmid standandsicing the target regions were

generated for each primer set. Plasmid DNA conagatrs were determined on a Nanodrop

ND-1000 and the copy numbers were calculated dyrdiobm the concentration of the
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plasmid DNA, assuming that dsDNA of 1000 bp in ngprresponds to 1.52 pmol. Standard
curves were generated by subjecting triplicate fodsh-serial dilutions of a known copy
number of the plasmid DNA to real-time PCR assays.

The triplicate SQ values obtained by gPCR werdguband after calculating the copy
numbers per gram dry soil, the data were subjdctsthtistical analysis.

3.5 Statistical analysis
Analysis of variance combined with post hoc TulBeyests (SPSS for Windows,

version 15.0) was used to determine significans@eand treatment effects on the T-RFLP
and gPCR data sets. The values of peak heightrwirtal restriction fragments, as well as
microbial abundances obtained by gPCR were exanforesignificant differences in relation
to the season, tree girdling and nitrogen fertiicza Additionally, the T-RFLP data set was
further subjected to resemblance analysis (Primeforé Windows, version 6.1.5) for
investigating similarities between different seasand treatments and for constructing
dendrograms, based on hierarchical cluster anglgsmplete linkage).
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4 Results

41 T-RFLP
To explore the influence of the course of the geaand of the girdling and

fertilization treatments on the structural comgositof the prokaryotic communities in the
Klausenleopoldsdorf forest soil, soil samples wideen monthly from August 2007 until
March 2008 and analyzed by normalized terminakictgin fragment length polymorphism
(T-RFLP) fingerprints.

4.1.1 Season-effect
The course of the season revealed significanermdiffces within each of the tested

bacterial and archaeal communities (P < 0.05) @4l In particular, the effect of seasonal
changes on the total bacterial community structanel, within the total bacterial community

on Alpha-Proteobacteria was highly significant (P 0001), whereas the effect on

Acidobacteria (P < 0.05), Verrucomicrobia (P < Q,@eta-Proteobacteria (P < 0.01) and the
total archaeal community (P < 0.01) was less dicanit (Table 4).

Table 4: Analysis of variance of the effect of seasonaiateans on tested bacterial and
archaeal taxa

Significance levél

Taxon Seasdh

Total bacterial community 0.000 Fxk
Total archaeal community 0.004 *x
Acidobacteria 0.042 *
Verrucomicrobia 0.014 *
Alpha-Proteobacteria 0.000 FrE
Beta-Proteobacteria 0.003 o

®Significance levels: *P < 0.05; **P < 0.01; **P & 001
“tested month: August 2007 — March 2008
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normalized T-RFLRlata showing community structure similaritieshe tontrol soil sample
taken from August 2007 until March 2008.

(a) Bacteria, (b) Archaea, (c) Acidobacteria, (drcomicrobia, (e) alphBroteobacteri
and (f) beta-Proteobacteria
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Fig. 1. Extended.

The total bacterial community and the communityAafdobacteria revealed similar
trends. The community structure of both all baet@md Acidobacteria in the coldest months
(December 2007 and January 2008) could be sepafiatedthose in the other analyzed



Results 21

months (August 2007 — November 2007; February 20@BMarch 2008), however, with the
exception of March 2008 for the total bacterial coumity (Fig 1a and c).

Like for the total bacterial community and for Aobacteria, verrucomicrobial
communities could be grouped together in the wimtenths (December 2007 and January
2008). However, unlike for the total bacterial coomity and for Acidobacteria, the
community composition of Acidobacteria in Februand March 2008 appeared to be even
more different compared to those in the rest ofath@yzed months.

Exceptional December 2007, a clear separationhefyears 2007 and 2008 was
detectable for the total archaeal community (Fl). Archaea as well as Beta-Proteobacteria
showed a strong community shift in December 200W¢clvpersisted until March 2008 (Fig.
1b and f).

Other than the rest of the analyzed bacterial, tAkaha-Proteobacteria displayed no
clear tendency. Nevertheless, as the community ositipn showed significant differences,
strong changes seemed to appear over the whodel tasie period.

Generally, in summer months as well as in wimtemths the composition of the
bacterial and archaeal communities was quite sinMareover, it could be demonstrated that
community structures in months coming one aftertlarowere often similar (Fig. 1). For
example, the community composition of the totaltbaal community as well as of all tested
bacterial taxa was very similar in December 2003 Zemuary 2008, and, with the exception
of the total bacterial community and alpha-Protetdr@a, also in February and March 2008
(Fig. 1a and c-f) (P > 0.05). For Archaea no sigaiit difference was found between August
and September 2007, December 2007 and Januarya2@dBebruary and March 2008 (Fig.
1b) (P > 0.05). Contrastingly, months that arehfartaway from each other, like August and
March 2008, often showed a low level of simila(iig. 1).

4.1.2 Solil treatment-effect
Apart from the season influence, the bacterial aictiaeal community structures were

also affected by the two soil treatments, girdiamgl fertilization (Table 5). The total bacterial
population and investigated bacterial taxa, witle @xception (Verrucomicrobia in March
2008) showed only a significant treatment effecBeptember 2007 and November 2007 (P <
0.05 — P < 0.01). From the two soil treatments gedling in particular affected bacterial
population structures. Related effects on the a@heommunity were detectable all over the
investigation period (P < 0.05 - P < 0.01).
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Table5: Bray Curtis analysis of similarity between the coamity structure of bacteria,
archaea and specific bacterial subgroups after isdohdual treatment

Taxa Treatment R valué
comparison
Sept. 07 Nov.07 Jan. 08 Mar. 08
16S all Bacteria Cvs. G 0,252* 0,174* 0,041 0,009
Cvs. F 0,241* 0,276* -0,07 -0,069
Gvs. F 0,357**  0,339** 0,122 0,009
all Archaea Cvs.G 0,959**  0,413** 0,378** 0,161*
Cvs. F -0,078 0,654**  -0,059 -0,143
Gvs. F 0,72*%* 0,244~ 0,191**  0,161*
Acidobacteria Cvs. G 0,248* 0,37* 0,006 0,126
Cvs. F -0,02 0,013 -0,1 -0,057
Gvs. F 0,231* 0,235 0,024 0,248
Verrucomicrobia Cvs. G 0,137 0,265* 0,011 -0,013
Cvs. F -0,063 -0,1 -0,048 0,217
Gvs. F 0,163 0,28** -0,087 0,433**
Alpha-Proteobacteria Cvs. G 0,569**  0,985** 0,143 -0,002
Cvs. F 0,117 0,987**  -0,069 -0,011
Gvs. F 0,385** 0,211 0,106 -0,031
Beta-Proteobacteria Cvs. G 0,319** 0,152 -0,011 0,078
Cvs. F -0,03 0,252* -0,054 -0,03
Gvs. F 0,324**  0,293* 0,037 0,078

Key to abbreviations: C, control; G, girdling; Ertilization

®R statistics: 1 = complete separation; 0 = no sjuar
*P <0.05; *P < 0.01

By analyzing similarity relationships it could demonstrated that seasonal variations
affected the total bacterial community as well estgobacterial communities much stronger
than the individual treatments, since control, lgigl and fertilization of the individual
months mostly build a common branch (Fig. 2a arf)l &though resource availability
significantly effected the composition of the tokacterial and proteobacterial communities
in September and November 2007 (P < 0.05 — P Q QT@ble 5), its influence was definitely

weaker than that of the season.
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Fig. 2. Extended.

Verrucomicrobia and Acidobacteria were clearlyeeféd by seasonal variations,
however, other than for the total bacterial comryuand Proteobacteria, the impact of the
resource availability was at least equally strohmg.particular the availability of carbon
strongly affected these two bacterial taxa, sirfteytshowed a separation of the girdling
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treatment from the other samples in September ameeidber 2007 and for Acidobacteria
additionally in March 2008 (Fig. 2c-d).

Generally, all analyzed bacterial taxa were infleeed by the course of the season,
since the January 2008 samples were grouped togetlene sub branch in all cases (Fig. 2c-
f). Simultaneously, the community composition dfeedamined bacterial taxa was affected by
tree girdling, as the September 2007 girdling tremit was separated from the other
September 2007 samples in all cases. However, xtenteof impact of the season and
resource availability differed for the individuahdierial taxa. In general, the impact of
fertilization was very low (Fig. 2c-f).

Archaeal structures were significantly differenenpthe complete experiment period
when comparing control with the girdling treatmé8eptember 2007, November 2008 and
January 2008: P < 0.01; March 2008: P < 0.05) @&l The difference was greatest in
September 2007 (R = 0.959), but decreased contaydrom September 2007 until March
2008 (R = 0.161). In Fig. 2b, all tested girdlingmgples were grouped in one branch
confirming the results of Bray Curtis similarityaysis showing that girdling strongly affects
archaeal community composition. Unlike for the kothacterial community and
Proteobacteria, the girdling effect on Archaea @esnitely stronger than the impact of the
season. Further, a significant difference in thehaeal community composition after
comparison of control and fertilization treatmeould be detected in November 2007 (P <
0.01), whereas in September 2007, January 2008Mardh 2008 the communities were
similar (Table 5). Fig. 2b shows that control aedilization plots were highly similar in the
individual months. The impact of tree girdling omchAaea was strongest, followed by the

season, and fertilization coming last.

4.2 Quantitativereal-time PCR
The abundance of bacteria and archaea in thetfeodsin Klausenleopoldsdorf was

determined at different time points of the year aftdr tree girdling and nitrogen fertilization
by quantitative real-time PCR.

4.2.1 Season-effect
Comparison of the tested months from August 201 Warch 2008 revealed only

small changes in abundance for the total bacteaaimunity, the total archaeal community
and for the six analyzed bacterial taxa Acidoba&térerrucomicrobia, alpha-Proteobacteria,

beta-Proteobacteria and high-GC gram positive bactalthough the changes in abundance
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were small, overall they were highly significantah cases (P < 0.001). The season-related

changes in bacterial and archaeal abundance anmshd-ig. 3.
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Fig. 3. Abundance (16S rRNA gene copies) of (a) the total bacterial community, (b) the total
archaeal community (c) Acidobacteria, (d) Verrucomicrobia, (€) alpha-Proteobacteria, (f) beta-
Proteobacteria and (g) high GC gram-positive bacteria from August 2007 until March 2008.
Different letters indicate significant differences between the abundances.
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Fig. 4. Abundance (gene copies) of bacterial nitrification and denitrification genes from August 2007
until March 2008. Different letters indicate significant differences between the abundances.
(a) bacterial amoA, (b) archaeal amoA, (c) bacterial nirSand (d) bacterial nosZ

Moreover, the season influenced the abundancetbf acterial and archaeainoA
genes participating in nitrification (P < 0.001 dAe& 0.05), and bacteriairS andnosZ genes
involved in denitrification (P < 0.001 in both ca¥€Fig. 4). However, according to bacteria
and archaea, the differences were only small. Gdigethe greatest season-related changes in
abundance occurred between October and Novembér(Edf) 3 and 4).

Comparison of archaeal as well as bacterial almoetain the different months
showed similar trends. A slight increase beginrimogn August 2007 was detected, which
ended with a peak in November 2007, however, withdxception of October 2007 for the
total bacterial community (Fig. 3a-b). This increas abundance was overall followed by a
decrease from November 2007 until February 2008ldnch 2008 the abundance of the total
bacterial and archaeal community clearly increasedl reached about the same level as the
winter peak in November 2007. In general, changeshe abundance of Archaea were
somewhat greater than that of Bacteria.

Like for the total bacterial and archaeal commiasjtacidobacterial, proteobacterial
and high-GC gram-positive bacterial abundances wkzarly higher in winter 2007. This
initial increase was followed by a decrease untdréh 2008, and other than for the total
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bacterial and archaeal communities, no final ineega abundance was detected (Fig. 3c and
e-g). Whereas the decrease after the winter peakoaatinuous for Acidobacteria, Beta-
Proteobacteria and high-GC gram-positive bactexlpha-Proteobacteria showed a strong
significant decrease immediately after the wintesp(Fig. 3c and e-g).

Verrucomicrobia showed the smallest changes imaddmce between the different
tested months. The abundance stayed constantlwyeomplete analyzed time, with a slight
trend towards a minimal increase in November 2@&d. (3d). Comparable, bacteriabsZ
gene copies showed only minimal changes, with acsed pattern similar to that of the total
bacterial community (Fig. 4d).

The abundance of both, bacterial and archas®A genes in November 2007 was
higher compared to October 2007 (Fig. 4a-b), indigaa change due to autumn
environmental conditions. The winter peak appeaneble especially strong for the bacterial
amoA gene (Fig. 4a). The greatest difference in ardha®eA abundance could be detected
from February to March 2008 (Fig. 4b).

For bacteriahirS gene copies a small increase could be detectecebrtSeptember
and October 2007, whereas in December 2007 ancdaB008 the abundance was slightly
lower (Fig. 4c).

4.2.2 Treatment-effect
Comparison of both total bacterial and total arehasbundances as well as the

abundances of the analyzed bacterial taxa in thected soil samples overall revealed highly
significant differences in relation to the courdeh® season (P < 0.001), while the impact of
the treatments was only highly significant for aeh (P < 0.001) but not for bacteria (P >
0.05) (Table 6). Acidobacterial and alpha-protetdr@al communities significantly changed
in response to the treatments (P < 0.01 and P 5§),0While Verrucomicrobia, beta-
Proteobacteria and high GC gram positive bactegeewverall not significantly affected by
the treatments (P > 0.05), (Table 6). Comparisoabeindances affected by the course of the
season and the treatments in combination showddyhsgignificant differences for archaea
and all examined bacterial subgroups (P < 0.001),ségnificant differences for bacteria (P <
0.01) (Table 6).

The abundance of the four analyzed functional géhasterial and archaeamoA,
bacterialnirS and bacteriahosZ) overall was significantly influenced by both tbeason and

the treatments (P < 0.05) and also by a combinatidine two factors season and treatment (P
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< 0.001) (Table 7). The changes in abundance debhaktamoA, nirS andnosZ genes due to
the season were highly significant (P < 0.001).

Table 6. Analysis of variance of the effect of each indiatitactor on soil bacterial and archaeal
communities

Significance levél

Taxon Seasdh Treatmerft Interactiofl

Total bacterial community 0.000 *hk 0.370 ’ 0.003 *x
Total archaeal community 0.000 rrk 0.000 *hk 0.000 ***
Acidobacteria 0.000 rkk 0.002 i 0.000 ok
Verrucomicrobia 0.000 *kk 0.230 ’ 0.000 *hk
Alpha-Proteobacteria 0.000 *kk 0.045 * 0.000 *hk
Beta-Proteobacteria 0.000 ok 0.061 ) 0.000 *xk
High-GC gram + bacteria 0.000 *kk 0.155 ’ 0.000 *hk

®Significance levels: *P < 0.05; **P < 0.01; ***P &001
®Individual factors: tested months: August 2007 luviirch 2008; treatments: control, fertilization,
tree girdling; interaction: season in combinatidthwreatment.

Table 7. Analysis of variance of the effect of each indivatitactor on functional bacterial and
archaeal genes

Significance levél

Functional genes Seadon Treatmerft Interactiofi
Bacterial amoA 0,000 *hx 0,000 rrk 0,000 *rk
Archaeal amoA 0,014 * 0,000 *rk 0,000 Fhk
nirS 0,000 *hk 0,019 * 0,000 *kk
nosZ 0,000 il 0,003 ** 0,000 *hk

®Significance levels: *P < 0.05; **P < 0.01; ***P & 001
®Individual factors: tested months: August 2007 luviirch 2008; treatments: control, fertilization,
tree girdling; interaction: season in combinatidthwreatment.

Consistent with the results shown in Table 6, heitnitrogen fertilization, nor tree
girdling showed great differences in bacterial alante compared to the control (Fig. 5a) (P
> 0.05). Further, for all analyzed bacterial taxal dhe bacteriahirS and nosZ genes, the
season had a greater influence on their abunddhaasthe individual treatments (Fig. 5c-f
and Fig. 6¢-d)).

For Archaea and both archaeal and bactemaA genes, the girdled plots clearly
differed in abundance from the rest of the treatsenth an increased abundance in each of
the evaluated months, whereas control and fettilimashowed similar abundances in the
individual months (Fig 5b and Fig. 6a-b). This sestg that the overall effect of the
treatments was mainly due to tree girdling, withtifigation playing only a minor role.
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Compared to the effect of the season, the influesfceee girdling on the abundance of
Archaea an@moA genes was clearly stronger.

In total, tree girdling clearly influenced archaaad bothamoA genes to a greater
extent than seasonal variations, whereas bactfi@xamined bacterial taxa and bacterial
nirS andnosZ genes were only minimally influenced by the treatits (Table 6 and 7; Fig. 5
and 6).
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Fig. 5. Abundance (16S rRNA gene copies) of (a) the total bacterial community, (b) the total archaeal
community (c) Acidobacteria, (d) Verrucomicrobia, (€) alpha-Proteobacteria, (f) beta-Proteobacteria
and (g) high GC gram-positive bacteria in the control soil and after tree girdling and fertilization
from September 2007 until March 2008. Different letters indicate significant differences between the
abundances.
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(a) Bacterial amoA (b) Archaeal amoA
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5 Discussion

The soil is a dynamic environment in which manyapaeters (e.g. temperature, soil
pH and soil moisture) may influence the communityure and abundance of the soil
microbial community. The objective of this studysata investigate the effect of the course of
the season as well as of nitrogen fertilization &ee girdling on structural and functional
characteristics of soil microbial communities. Fiis purpose, structural community
fingerprints based on 16S rRNA gene differencesewgenerated and analyzed for
corresponding treatment effects. Further, microlahundances and the abundance of
functional genes involved in the nitrogen cycle evassessed by quantitative real-time PCR.
The results demonstrated that microbial communitiese affected by the season, tree

girdling and to a lesser extent by nitrogen fezdtion.

51 T-RFLP
5.1.1 Season-effect

The microbial community structure differentiationsassayed in the
Klausenleopoldsdorf solil in this study were tightlyupled with the seasonal alterations. It
could be therefore concluded that varying envirom@econditions at different time points of
the year play an important role in influencing tteenposition of microbial populations. This
assumption is based on previous studies by Singabatial. (2002) and Thormann et al.
(2003), who studied the metabolic and genetic gaterunder changing environmental
conditions. In detail they confirmed that seasoraiations lead to differences in enzyme
activity and fungal community structures, respeadtiy during the decomposition of soll
organic matter. In addition, Nemergut et al. (20@onfirmed the dramatic change of
microbial communities in recently deglaciated soitsvery short time scales.

In a similar study, Lipson and Schmidt (2004) mpd that the phylogeny of soil
bacterial communities changed dramatically fromseaato season in alpine tundra soils,
whereas Monson et al. (2006) confirmed that seaspatierns of soil respiration could
largely be explained by seasonal succession ofimi&rcommunities in coniferous forests of
the Rocky Mountains. The community differences lestww summer months and winter
months obtained in this study were confirmed bylists performed by Monson et al. (2006),
Lipson and Schmidt (2004) and Schmidt et al. (2007)

Even at a finer taxonomic scale the phylogenetakenp of bacterial communities
changed from season to season. The total bactmmamunity, as well as Acidobacteria,
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revealed distinct community compositions in wintaonths compared to the rest of the
examined months. It is likely that these similastin community changes are due to the fact
that Acidobacteria represent the main part of ttel tbacterial community in the analyzed
soil. Beta-Proteobacteria, which are less abundaat Acidobacteria, showed a similar
community shift in winter, however, unlike for thtotal bacterial community and
Acidobacteria this shift persisted until spring.r Réerrucomicrobia the shift in community
composition occurred in spring rather than in wintekewise, Lipson and Schmidt (2004)
found seasonal changes in community compositidimattaxonomic scales by constructing
and analysing clone libraries of 16S rDNA from akisoil samples of the Colorado Rocky
Mountains collected in winter, spring and summer. shift in beta-proteobacterial
communities was found in winter, confirming theules of the present study. However, the
results obtained by Lipson and Schmidt (2004) doexactly come along with the results
observed in the present study for the other exainibacterial taxa. Whereas in the
Klausenleopoldsdorf forest soil an obvious changehe acidobacterial community was
observed in winter, the strongest change examigdddson and Schmidt (2004) occurred in
spring. Moreover, while in the present study atsimfverrucomicrobial communities was
determined, Lipson and Schmidt (2004) detectedlaimaerrucomicrobial communities in all
seasons.

Archaea were generally thought to be restrictedxoeptional environments with
extreme conditions such as high temperatures, $adfhconcentrations or high and low pH
values. However, recent studies demonstrated tichta@a, especially those involved in
ammonia oxidation, do also exist in ,ordinary” rnauenvironments such as soil and water
(Fierer et al., 2007; Francis et al., 2005; Leieingt al., 2006). Accordingly, assessed archaea
in the assayed soil revealed great variations @r tbommunity composition at different
seasons. The similarity of the total bacterial camity structure at different times of the year
tended to be higher than the resemblance of artleaganunities (Fig. 1a and b) and the
differences between the tested months tended tgréater for archaea than for bacteria.
These results suggest that archaea might be mieséige than bacteria to altering conditions,
however, additional analyses are still requiredaofirm this hypothesis.

In conclusion, obtained results strengthen thegssijpn that different seasons
representing varying environmental conditions iefloe the community structure and

abundance of bacteria and archaea.
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5.1.2 Soil treatment effect
In the present study, the two soil treatments grdling and nitrogen fertilization,

affected the total bacterial and archaeal comnmesin the analyzed soil, suggesting that the
microbial population structure is dependent on dhailability of nitrogen and carbon. This
suggestion was confirmed by Zechmeister-Boltensétral. (2004) who demonstrated that
microbial communities in European forests with higtrogen inputs differed significantly
from forests of unpolluted areas. Correspondiniglyqur study nitrogen fertilization affected
the composition of soil microbes. However, the @ffef tree girdling was stronger than
fertilization, indicating a strong dependence otmobial communities on the presence of
carbon provided by rhizodeposition, whereas thesigeity of soil microbial populations to
the disposability of nitrogen was only moderateeviius studies indicated that microbial
utilization of root exudate compounds was provehda strong determinant of soil microbial
community (Paterson et al., 2007). In addition, biig et al. (2007) showed that terminating
tree belowground carbon allocation by girdling lgadsignificant changes in fungal soll
communities in Fennoscandian boreal forests. Furtbee, it has been demonstrated that the
amount of available nutrients, especially carbod aitrogen, are major determinants of the
soil microbial community (Schimel and Weintraub,030 Vance and Chapin, 2001). In
addition, it was suggested that different microlmaimmunities exhibit different nutrient
requirements and that varying nutrient availaleitiselect for different microbial groups
(Fenchel et al., 1998; Makino et al., 2003). Ndweldss, for many microbial groups the
season effect was more pronounced than the efésturce availability. In contrast to
bacterial populations, archaea were substantiallyenaffected by girdling than by seasonal
changes.

In conclusion, the availability of carbon and ttower extent also nitrogen combined
with the course of the season play a major rolecamtrolling bacterial community
composition. However, it can be suggested thatt@adail factors (e.g. vegetation cover, soil
chemical properties, pH, soil water content) mayeha lasting effect on the community
structure of soil microbial populations (Drenovsdtyal., 2004; Hackl et al., 2004).

5.2 Quantitativereal-time PCR
5.2.1 Season-effect

The abundances of soil microbes changed only tgligh response to seasonal
variations in the present study. Similarly, the radances of the analyzed functional genes

bacterialamoA, archaeahmoA, bacterialnirS and bacteriahosZ were also influenced by the
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course of the season, however, the effect of seassrather small. These results suggested
that varying environmental conditions at differéimie points of the year changed bacterial
and archaeal abundances as well as the abundageaed conducting nitrogen cycling only
to a small extent.

Generally, the greatest season-related changéseirabundance occurred between
October and November 2007. A winter peak was detewinfor the prokaryotic abundance
and abundance of analyzed functional genes invalveitrogen cycling. Correspondingly, it
has been shown that microbial biomass peaked uatewinter snow packs and that a high
percentage of plant litter decomposition takes @l@acthe winter in many seasonally snow-
covered ecosystems (Hobbie and Chapin, 1996; LipsdnSchmidt, 2004; Taylor and Jones,
1990). Furthermore, it was shown that the undewspeak microbial biomass declined

during snowmelt (Lipson and Schmidt, 2004), whigpgorts our findings.

5.2.2 Soil-treatment effect
In contrast to the general strong influence of seatments on forest soil microbial

composition, a general low change in the abundarfcsoil bacteria was determined.
Nevertheless, according to the T-RFLP results, gie#ling seemed to have a stronger effect
than nitrogen fertilization, suggesting that thaiability of carbon is more important than
the availability of nitrogen for both microbial comunity structure and abundance. In contrast
to the rather small changes for soil bacterial alances, a clear effect on the abundance of
archaea was determined due to tree girdling thafirooed the suggestion that archaea can
more rapidly respond to environmental changes anahianges in resource availability
compared to bacteria. According to the effects actdria, nitrogen fertilization had only a
minor effect on the abundance of archaea.

Both, bacteria and archaea seemed to be influeogeah interaction between season
and treatment. Exceptional for the total bactec@inmunity for which the combination of
season and soil treatment was not significant,otiler examined taxa were significantly
affected by this interaction suggesting that batkracting factors.

Recently, ammonia oxidizing and denitrifying swmilcrobial communities have been
extensively studied by DGGE and T-RFLP analysisréyami et al., 2002; Deiglmayr et al.,
2006; Patra et al., 2006), but only little data axailable focusing on the abundance of
functional nitrogen cycling genes by quantitatiealtime PCR. Recently, He et al. (2007)
analyzed the abundance of ammonia-oxidizing bactend archaea after fertilizing soil with

nitrogen alone as well as with nitrogen in comhoratwith other fertilizers (phosphorus,
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potassium) and detected strong changes in popuolaiime due to fertilizer applications.
Inconsistent with these results, in our study,ogén fertilization had only a minor effect on
the abundance @moA genes. These functional nitrogen cycling genearlgleesponded to
reduced carbon availability after tree girdling, emdsas changes in bacterial and archaeal
amoA gene abundances due to seasonal variations ardnifogen fertilization were only
minor. Although bacteriahirS andnosZ genes showed an overall treatment effect conogrnin
their abundances, this effect was not as stronfprathe amoA genes, suggesting that the
presence odmMoA genes responded more quickly to environmental gésigcompared toirS
andnosZ genes.

In general, our findings suggest that the avditgiof low carbon compounds, which
was reduced by tree girdling, was influencing tharalance and community structure of the
soil microbial population. In addition, nitrogen rtization revealed changes in the
abundance and community structure, however, thdiZation effect was comparably small.
In conclusion, the course of the season togethttr thie availability of nitrogen and carbon

resources determined microbial populations in tteerened forest soil.
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6 Final conclusions and outlook

The presented work provides a better understarafimgicrobial community structure
and function in forest soils influenced by varioersvironmental factors. In summary, our
experimental set-up, the field experiment combineith T-RFLP analysis and gPCR
measurements, was appropriate to demonstrate higatcaurse of the season, nitrogen
fertilization as well as the availability of carbddemonstrated by tree girdling) were
important factors determining the structure, fumctiand abundance of soil microbial
communities. Further, achieved results showed that abundance of the investigated
microbial communities and functional genes wererggly influenced by interactions between
analyzed factors. Analysis of microbial communitiesler different environmental conditions
and resource availabilities has provided infornmatadbout microbial population diversity,
composition and abundance in forest ecosystems.itidddlly, new insights into the
abundance of functional genes involved in forest sdrogen cycling were delivered.
However, further analysis of functional genes wogtdatly increase the understanding of the
role of bacteria in forest soil processes. In addjtit has to be considered that complex
ecosystematic networks are involved in determifangst soil microbial communities and the
abundance of nitrogen cycling genes. Furthermdne, ¢onsequence of the individual
parameters tested in this study may be differemteurifferent environmental conditions.
Consequently, additional molecular work is required understand the phylogeny and
function of microbial populations in forest soilosystems in more detail. Finally, a better
understanding of the complex interactions betweeail siicroorganisms and their
environmental habitats is still required, which ¢haen be used as baseline to further evaluate

the factors influencing microbial communities.
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Zusammenfassung

Bisherige Studien haben gezeigt, dass mikrobi@lbeneinschaften im Boden durch
viele verschiedene Umweltfaktoren beeinflusst werdend dass die Verflugbarkeit
verschiedener Ressourcen die Struktur von mikri@neGemeinschaften mitbestimmt. In
einem Feldexperiment in einem Buchenwald in Niesterdeich wurde die Rhizodeposition
durch ,Baumgirdling” manipuliert, der Boden wurdeitnkinstlichem Stickstoffdiinger
behandelt oder blieb als Kontrolle unbehandelt. Bissammensetzung der mikrobiellen
Gemeinschaften im Waldboden wurde durch 16S rRNAiebende T-RFLP Analyse
untersucht. Weiters wurde mithilfe von quantitativeal-time PCR die Auswirkung der
verschiedenen Behandlungen auf die Abundanz detaprotischen Gemeinschaften im
Waldboden analysiert. Es wurden sowohl die gesaRueulation der Bakterien und
Archaeen, als auch spezifische bakterielle TaxB. (Acidobakterien, Verrucomikrobien,
Proteobakterien und gram-positive Bakterien mit dmhGC Gehalt) untersucht. Weiters
wurden funktionelle Gene die im Stickstoffkreislaihe wichtige Rolle spieleranioA von
Bakterien und Archaeen, sowiairS und nosZ von Bakterien) mithilfe von gqPCR
quantifiziert. Die Profile der mikrobiellen Gemeamsften zeigten klare Unterschiede in der
mikrobiellen Diversitat aufgrund des Saisonverlautsyd der Bodenbehandlungen.
Grundsétzlich war der Einfluss der Stickstoffdiungum Vergleich zu den Auswirkungen des
Saisonverlaufs und des ,Baumgirdlings” eher gerivigranderungen in der Abundanz der
Bodenmikroorganismen und der funktionellen SticKkteislauf-Gene waren im Vergleich
zu den Gemeinschaftsunterschieden ebenfalls eh@nggbzw. nur voribergehend von
Bedeutung. Im Allgemeinen wurde ein Peak mit erébtbundanz im Winter festgestellt,
und Archaeen reagierten starker auf veranderte Utibedkngungen und
Ressourcenverfigbarkeiten als Bakterien. Insgebattén variierende Umweltbedingungen
zu verschiedenen Jahreszeiten sowie unterschiedlRbBssourcenverfluigbarkeiten einen
starken Einfluss auf die Diversitat von mikrobiaell&emeinschaften im Waldboden, wahrend

die Abundanz der mikrobiellen Gemeinschaften imd@odur wenig beeinflusst wurde.
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