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ABSTRACT

Abstract

Microorganisms determine the turnover, fluxes and mineralisatie@rganic carbon in

soils and they are crucial for soil food webs. A detailed understanding of the trophic
interactions in soil food webs is needadorder to gain moreomprehensivénsights

into terrestrial carbon cycling. The DFG Research Unit FOR89 A Car bon f | o
bel owground food webs assessed by isotoptc
integratedknowledgeon an exemplar soil food web, with all itsnvolved organisms

(from micro to macrofaunp their trophic links and the carbon flow been them.
Despite their importance, microorganisms and especially bacteria are not well
represented in soil food web concepts up to nethay arenostly considered as mere
undefined biomass. Here, | a@aito open thidacteriald b | a c k b o xspecifict o i de
key bacterial populations involved in a soil food web based on-grted carbon,

and to investigate their abundance and distribution in an agricultural field.

| hypothesisd 1) that specific bacterial populations are distinctly involved ia th
degradation of both labile and more recalcitrant ptiartved substrates; 2) that these
specific key populations are not evenly distributed in the soil in space and time, but they
are subject to characteristic heterogeneiiyg tosoil compartments, dodepth, and
seasoa Moreover, | investigate the mobilisation and transport of natural soil bacteria
by seepagewater and postulate that 3)istinct top soil bacteria are selectively
mobilised and that transported bacteria contribute noticeably to cdhimoimto deeper

soil layers.

The overall bacterial community structure of the exploratory agricultural field was
investigated by 16S rRNA gene and 16S rRNARHFLP fingerprinting, amplicon
pyrotag sequencing and gPCR. Variation of community compositienawalysed for

soil compartment (bulk soil, rhizosphere and root surface), depth, seasonal sampling
time points and cultivation treatmentith or withoutlitter amendments). Taxa of key
bacterial populations involved in the food web were identifigdRDIA stable isotope
probing (SIP) in microcosm experiments witfiC-labelled substrates of varying
complexity and recalcitrance: rhizodeposits, root and leaf litter, glucose and cedislose
model analogues, as well dmcterial biomass. Subsequently, the aamte and
distribution of experimentally identified bacterial taxa was asseasssitl by a unique

combination of pyrotag sequencing and qPCR. Bacterial transport into deeper soil by
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seepage water was investigated via fresh lysimeter samples, and vespaitamples
obtained from the same depths.

The tacterial community in the field was mostly affected by soil compartment and
depth. Season and @wuhtion treatment hadminor, but significant influence on
community structure. All**C-substrates were lised by specific, only partially
overlapping bacterial populations. Substrate quality and complexity did indeed define
the identity and diversity of primary consumers. While glucose carbon was mainly
assimilated byArthrobacterspp. andVicrococcaceagcdlulose was mainly degraded

by Cellvibrio spp., Flavobacteriumspp. (initially) and Streptomycetacealater).
Bacteria involved in leaf and root litter degradation were affiliatedCédlvibrio,
Flavobacterium Mucilaginibacter and Cytophagaspp. (early itme point), as well as
Ohtaekwangia spp. and thePolyangiaceae (secondary labelling). Rhizodeposit
consumers were diverse but much less strongly labelled compared tossigheie
bacteria, comprising mainly speciekthe generd@pitutus Mucilaginibacte, Massilia

and Ohtaekwangig some of them not identified as rhizodeposit utilisers to date. In
contrast,it was not possible to elucidasecondary intemicrobial trophic interactions
with bacterial biomass amendment, due to unexpected high survivabfate initially
addedabelled soil bacteria. In the field, identified rhizodeposit consumers were indeed
highly abundant irthe rhizosphere and at the root surface in summer, whilst litter
degraders were most abundant on decaying roots in winter. nimasty identified
glucose utilisersActinobacteria were quite evenly distributed, and also abundant in
bulk soil Comparing bacteria in lysimeter water and soil samples after snowmelt, a
selective mobilisation of distinct roassociated bacterial poptibns was revealed,
providing an interesting new perspective of potential mechanisms linking top and
subsoil microbial communities.

This work clearly shows that bacteria are not adequately incorporated in current food
web models. Their role in the turnovaf both labile and recalcitrant organic substrates
needs to be reconsidered. Specific bacterial populations, heterogeneous in space and
dynamic in time, have to be considemsidriver of carbon fluxes from distinct plant
derived carbon sources in sadilhus,the mostly static organismic interaction networks

in current food web concepts need to evoloe an adequateintegration of these
findings. These insights are crucial to improve our current perspective of bacterial

functional diversity and organismcarbon fluxes in soil food webs.
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Zusammenfassung

Mikroorganismen bestimmen mal3geblich den Umsade Stoffflisse und die
Mineralisierungvon organischem Kohlenstoff in Boden und suwh zentraler Bedeutung

fur BodennahrungsnetzeFir ein umfassendese Verstandnis des terrestrische
Kohlenstoffkreislaud, missen auch  die  trophischen Interaktionen  des
Bodennahrungsnetzes bekannt sein. Deshalb wurde die DFG Forschergruppe FOR 918
(AKohlenstofffl¢sse in unterir ddrmssihgma tNuarhe rufn
gegrundetum detaillierteErkenntnisseiber allebetroffenenOrganismen (von Mikrobis
Makrofauna) in einem exemplarischen Bodennahrungsnetgeminnen sowie deren
trophischen Verbindungen und die entsprechenden Kohlenstoffflisse agé&ruzei
Ungeachtet ihrer Bedeutung werden Mikroorganismen und vor aBakterien in
derzeitigen Bodennahrungsnetzmodellen nicht detailliert bertcksicimeheist nur als

bloRe Biomasse dargestellt. Mit dieser Arbeit méchte ich diesgerielle &lack boxo
offnen, die in einem auf Pflanzenkohlenstoff basierenden Bodennahrungsnetz beteiligten
spezifischa bakteriellenSchltisselpopulationen identifizieren und deren Verteilung und
H&aufigkeitin einemAcker-Boden untersuchen.

Dazu stelle ich folgende Hypothesaut 1) Am Abbau von sowohl labilem als auch eher
rekalzitranten Substraten sind spezifische bakterielle Populationen maf3geblich beteiligt. 2)
Diese spezifischen Schlisselpopulationen sind nicht raumlich und zeitlich gleichmafig im
Boden verteilt sonden unterliegen charakteristischen Schwankungen hinsichtlich
Bodenkompartiment, Bodentiefe und Jahreszeit. AuRerdem habe ich die Mobilisation und
den Transport von natirlichen Bodenbakterien durch Sickerwasser untersucht.
Diesbeziglich postuliere ich: 3) Besmte Oberbodenbakterien werden selektiv
mobilisiert und transportierte Bakterien tragen merklich zum Kohlenstofffluss in tiefere
Bodenschichten bei.

Die Struktur der gesamten bakteriellen Gemeinschaft wurde mit 16S RAINd 16S

rRNA T-RFLP Fingerprirting, Amplikon-Pyroequenzierung und gPCRinsichtlich
Verédnderungen in der Zusammensetzung verursacldurch Bodenkompartiment
(RhizosphareWurzeloberflachenicht durchwurzelter Boden), Bodentiefe, Jahreszeit und
Anbaumethode (mit und ohne Streuauftragjersucht Die Taxa der am Nahrungsnetz
beteiligten bakteriellen Schliisselpopulationen wurden'faitmarkierten Substraten von
verschiedener Komplexitat und Rekalzitranz (wurzelblrtige Substanzen, Pflanzenmaterial

der Wurzel und Blatter, Glulse und Zelilose) in Mikrokosmeaxperimenten mit RNA
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stable isotope probing (SIP) identifiziert. AnschlieBend wurden die Verteilungen und
Haufigkeiten dieser experimentell identifizierten Bakterien im Feld mit einem neuartigen
Ansatz, der Amplikon-Pyrosequenzierungund gPCR verbindet, ermittelt. Der
Bakterientransport in tiefere Bodenschichten durch Sickerwasser wurde mittels frischer
Lysimeterproben unBrobenaus entsprechenden Bodentieferersucht.
Die bakterielle Gemeinschaft vom Feld wurde hauptséchlich duccterxompartiment
und Bodentiefe beeinflusst. Jalwesd und Anbaumethode hattgn einengeringen aber
signifikanten Einfluss. Die jeweiligelfC-Substrate wurden von spezifischaenr teilweise
sich Uberschneidendeakteriellen Populationen verwend&owohl Substratkomplexitét
als auch-rekalzitranz waren bestimmenden Faktoren flgtentitdt und Diversitat der
Primarkonsumenten. Glukose wurde vor allem Rotlhrobacterspp. undMicrococcaceae
verwendet, Zellulose hingegen anfanglich wxellvibrio spp.,Flavobacteriunmspp., spater
dann vonStreptomycetaceaddm Abbau von Pflanzenmaterial (Wurzel und Blatt) waren
anfanglich Cellvibrio spp., Flavobacteriumspp., Mucilaginibacter spp. undCytophaga
spp. beteiligt, spater war@sOhtaekwangiapp. undPolyangaceaespp..Die bakteriellen
Nutzer wurzelbirtiger Substrate waren sehr divatser weniger stark markiert als die
Nutzer von Detritussubstrate Hier wurden wr allem Artender GattungerOpitutus
Mucilaginibacter Massilia und Ohtaekwangiadentifiziert; davon sindeinige noch nicht
als Rhizobakterien bekani@ei demExperimentmit markierte Biomasse konnten kaum
trophische Interaktionen zwischen Mikroorganismen festgestellt werden, da die
Uberlebensrate der zugegebenen markierten Bodenbakterien heehr war. Die
identifizierten Nutzer wurzelbirtiger Substrate waren am haufigsten in der Rhizosphéare
und an derWurzeloberflichem Sommey die Pflanzenmaterialverwerteiagegen kamen
vor allem an verrottenden Wurzeln im Winter vor. Identifizierte Glucosen
(Actinobacteriga hingegen warerziemlich gleichmafiig verteilt und waren auch wion
Wurzeln unbeeinflussterBoderbereichen haufig anzutreffen. Beim Vergleich der
Bakteriender Lysimeter und Bodenproben naditer Schneeschmelze wurde ersichtlich,
dassbestimmte wurzelnahe Bakterien selektiv mobilisiert wurden. Dies erdffnet neue
Perspektiven auf moglichen Mechanismen, durch die die Gemeinschaften deuber
Unterbodenbakterien miteinander verbunden sind.
Diese Arbeit stellt deutlich heraudass Bhterien in derzeitigen Nahrungsnetzmodellen
nicht ausreichend bertcksichtigt werden. Zum einen muss ihre Iioite Abbausowonhl
labiler als auch rekalzitrante Substra¢ tberdacht werdenZum anderen missen

spezifische bakteriellePopulationen mit eigenséindigen zeitlichen und raumlicha
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Dynamiken als eine Antriebskraft furKohlenstoffflisseim Boden, ausgehendvon
verschiedenermpflanzlichen Kohlenstoffquellenberiicksichtigt werden. Didisher eher
statische Betrachtung d&/echselwirkungernvon beteiligten Organismen in derzeitigen
Nahrungsnetzmodellen muss weiter entwickelt werdendigse Ergebnisse angemessen
einzubinden Diese Erkenntnissetragen entscheidenddazu bei, denderzeitiga
Blickwinkels aufdie funktionelleVielfalt von Bakterien und Kohlersffflissen zwischen

Organismen irlBodenrahrungsnetzenu verbessern
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INTRODUCTION

1. Introduction

1.1. The role of soils in carbon cycling

Global warming andncreasedarbon dioxide emissiomaakethe understanding of daon
cycling and carbon sinkgery urgent scientific objective&lobally, carbonis emitted as
carbon dioxideinto the atmosphermediated by fuel combustionrganismicrespiration
erosion and deforestion and isfixed again mainly by photosynthesis from plants, algae
and phototrophidacteria Fig. 1). Humars intefere progressivelywith the natural carbon
balance and shift the equilibrium towards atmosphesibdon. The atmospheric carbon
dioxide stock is increased By5 Pg (illion tonnes) of carboeach yeadue to combustion

of fossil fuels and intensive land u&rivastavaet al.2012).

42 ~ Plant Respiration 60pg yr”' o -~
>, At pheric \\\
C Pool 760 Pg '
+3.5Pgyr’ L
P

\ 560 Pg : Photosynthesis 120 pg [
’

Erosion 0.8-1.2 pgyr' /

Soil respiration 60 pg yr-1

90 Pg yr-1

7~ Ocean C pool N
Fossil fuel 1’/ 38400Pg K
(4130 Pg) ! +2.3pg/yr
° 4 Surface layer: 670 Pg
\ Deep layer: 36730Pg )
M\ Total organic 1000 Pg

Soil C Pool
2500Pg
SOC=1550Pg
SIC=950Pg

Belowground biomass 60 pg yr'

Fig. 1: Global sourca and sinls of carbon inthe pedosphere, atmosphere dmgrosphere(taken from
Srivastaveet al.2012).

1.1.1.Carbonpoolsin soils

Soils are the third biggest carbon pool on ea(ttal 2009 and sequeste20 to 30 % of
anthropogenic carbon emissiof@nghet al. 2004. Theycan both function as source and
sink for carbon dioxideependingon whether sil respirationor carbon inpupredominate.
Particularly, changes in climate and land use can alter the exchange equilibrium between
soil and atmospher@atersoret al. 2011). Thus,detailedknowledge about theoil carbon

10



INTRODUCTION
cycle and the mechanisms of carbon mineralization, mobilization and distributionsn soill
are very important to understand global carbon cyclidlgo, better prediction and
management of the impacts of global change on the soil carborsgobkachieved if the
processes of carbon flux in sodse known
On a global scale,off carbon (2500 Pg) can be divided into soil inorganic carl&i€,(
950 Pg) andsoil organic carbonSOC, 1550 Pg)(Dungaitet al. 2012. SOC is mostly
comprisedin soil organic matter (SOMWyhich is bestspecified asa complex mixture of
plant, faunal and microbial residues at various stages of dgaleher et al. 2006
Miltner et al.2012).
SOM is not evenly distributed in soils but mostly decreases with soil d8ptls are
verticaly structured into horizons according to physipabpertiescaused by different
factors of pedogenesi& common horizon pattern observed in temperate soils disfilays
O-A-B-C sequenceHere, a relative thin O horizanwith very high SOM concentration
(> 30 %) is located abovéhe A horizon or top soil withintenselydecomposed organic
matter where most biological activity occurs. Further down, the B horizon or subsoil is
composed of mineral layers from tlegen deepe€ horizon (parent rock) blended with

accumulations from thA& horizonandlow SOM concentratioGisi et al. 1997).

1.1.2.Control of SOM turnoverby microorganisms

Stability d soil organic matteis of great importance asis the largest cadm pool in soils

and crucial for the net carbon flta and from theatmospheréDungaitet al. 2012. SOM

can beclassified into three phases regarding its stability: the active or labile carbon pool
(turnover rate of 1 10 years), the intermediate (1@00 years) and the passive pool (100
>1000 years)(von Luetzow et al. 200§. SOM stability is controlled by selective
preservation due to recalcitrance, spatial inaccessibility and interaction with mineral
surfaces(Sollins et al. 1996. Recalcitrance comprises all degradatimariersdue to
molecular chareteristics of the compounds$Spatial inaccessibily describes physical
protection of SOM through etusion in soil aggregaselnteraction of SOM with mineral
surfacescan alter the surface of macromolecutes/ards higher hydrophobicity which
makes them less accessible for microorganigBeschmannret al. 2008 Marschneret al.

2008

Although SOM carboninitially originates mosty from plants who releasecaton
compoundsasrhizodeposits antitter to the soil(KégekKnabner 200 composition and

stability of SOMis largely controlled ¥ the degrading organisnand particularlyby the
11
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involved microorganismsn this habitatNielsenet al. 2011). Organic carbon compouls
can be respired and mnadised by diverse belowground organismsadteria, fungi,
protists sal fauna), but also sequesteredthe form of recalcitrant soil organic matter.
SOM is ®lectivdy degraded by organisnakie to transport restrictisnC:N and C:P ratios
and oxygen hnitation (Ekschmittet al. 2008. Microorganisms are of capital importance
for SOM degradation and sequestratian they are responsible for 8390 % of the
decomposition of organimaterials in soil§Ekschmittet al. 2008. Due to degrading
activity in soils50 % - 75 % of fresly introducedrhizodepositswere reported to be
respired directly, 4 %9 % wereincorporated in microbial biomass and 20 %% %were
allocated in the soil as SOKMarx et al. 2007). Also, about 30% of maize littecarbon
wasstored in the soil as SOfFlesseet al.2000.
Furthermore SOM is not only catalytically transformed blargdy made from deayed
microorganisms. This microbial contribution to SOM genesis has been underestimated for
long (Simpsonet al. 2007 but up to 80 % ofSOM @n origin directly from microbial
biomass(Liang et al. 2011g. Whereas lignincannotbe considerd as recalcitranper se
microbial macromolecutelike chitin and murein are very stable in s@ien Luetzowet
al. 2006. Also, cell envelope fragmentproteinsand especiallypeptides tend to interact
with soil particlesandtherebybecome very stable in soilBanet al.2004 KégelKnabner
2002 Miltner et al.2012.
In summary the amount of carbon stm in soils is mainly regulated through
mineralisation and immobilizatiorof SOM by bacteria and fungi and depandirectly

upon the abundance and activity of the microbial population in soil.

1.2. Soil food webs

As SOM and carbon turnover in soils is determined by the converting organisins, the

feedinginteractionsare crucial to understand carbon fluxes in soils. @ifiire interaction

net in a habitat is commonly referred to as food web.

Originally elaboratedand usedfor aboveground habitats, food web studiasstrate the

feeding interactions of the organisnms a given systemand theirmutual dependence
Therefae, food webs are the key to understand matter and energy fluxes in ecosystems.
With increasing interests in globaltrient cyclinganddecomposition processes, food web
principleswere also applied to soibrganisms(first: Hunt et al. 1987) fiSoil food webs
sequester carbon, cycle nutrients, maintain soil health to suppress pathogens, help plants

tolerate abiotic and biotic stress, and maintain ecasyste esi | i ence and

12
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INTRODUCTION
(Chakrabortyet al. 2012). Due to those vital ecosystem services, it is an important task to
understand soil food web functioning, identify key stone organisms, their interaciibn
the carbon flow within them, gsticularly as climate change is predicted to alter soil
diversity which may have substantial effects on soil carbon cycling andNmisenet al.
2011D).

1.2.1.0verview and defiitions

Generally, oganismswithin a food web areggroupedinto trophic levels according to their
function and not by phylogenetic classificati(®cheu 200R Typical functionalgroups

are prmary producers who synthesibiomass from inorganic compounds (mostly plants)
and primary consumers who feed on the produ@sdherbivoresSecondary consumers
subsist preliminary on primary consumers as predados decomposers utilise abk
materials from both flora and faun@op predators have no natural enemies and stand on
the highest levebf the food webStill, their dead biomass is recycled into the foodb g
decomposeragain(Hui 2012).

There are two maimechanismdy which trophic interactionglirectly control food web
member populationgop-down and bottorup control Top-down meanshe regulationof

the respective reource populatioy the consumeandbottomup describes the effect of
resource availability othec o n s umer 0 s pfaog websaateimostly.reguated by
bottomup andnot top-down effects because they mainly depend decomposition of
plant material§Mikola et al. 1998 Shurinet al.200§. But there aresomepossibilities for
top-down control as well, aguality and amount of litter and exudates can be influenced
indirectly by mineralgation rats and sipply of essential minerals like nitrate and
phosphatéMooreet al.2003.

Soil food webs comprisa huge diversity of organisms. To give an overyienly very
gereral phylogenetic groups are considered hbesides the microorganisnisbacteria,
fungi and protozoa (mostly flagellates, amoeba and ciliaies)arthropods (e.g.
collembolan, mites and isopoda) nematodes and annelids (mostly earthworm and other
Enchytraeidag are the main members of the soil food web (seeRits@).

However investigating soil food webis not asfacile as for aboveground habitats due to
some inherent restriction§oil organisms and theirdphic interaction are difficult to
observesince soil is an opaque environment and most of the resident organisms are of
microscopic siz€Alberset al.2006. In addition, soil food webs are often very complex as

the spatietemporal heterogeneity of the soil itself proadeany opportunites for niche
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formationand allows many trophic competitors to coexsbmoting the high biodiversity
in soils (Ettemaet al. 2002. Moreover,various multitrophic interactionsre frequent in
soil food webs and members of a lower trophic level, as for example bacteria and fungi,
can feed on their predators as w@hakrabortyet al.2012. Therefore very sophisticated
approachesare required toidentify food web members and their trophic interactions
Tracing of stable isotopes turned out tovieey useful for thisThe stable but natural rare
carbonisotope™*C can be used either directly via labelled substrate or indirectiyabing
the changes a$otope ratios along the food chdtaddon 2004AVadaet al. 1991).
Stable isotopes werteacedin several studies tmvestigate soifood wels. However, so
far, mostly detrital food web have beerxploredneglecting root exudates as primary
carbon sourcgPatersonet al. 2011 Pollierer et al. 2012 Scheu 2002 Furthermore
almost all studies describe soil food webs as static interaction networks without
considering temporal and spatial heterogeneity which occur in natural soil hébaagst
al. 2007). The impact of such dynamics like soil depth and seasonality on soil food webs
still needs to be clarified.

1.2.2.50il food web models: state of the art

Interactions and relationships ofganisms in a food web are depicted in food web models.
Topologicalfood web models qualitatively represent the feeding interactions between its
members whereasnteraction strength weld®cus on the impact the feeding relationship
has on the organism populatiorfScheu 2002 With regard to nutrient cycling,
quantitative energy flow webs are more appropriate, asdabeyprise carbon amounts for
the trophic interactionBersieret al.2002). Tracking of carbon fluxes is a suitable method
to quantify energy flow in a food web becausest nonphotoactive organisms derive
energy from converting organic compounds with higher energy level impaands with
lower energy level.

The role of fauna in soil food welis already wellunderstoocand described ifood web
models Soil microorganismshoweverand especially bacteria
b o xi dmere biomassvhere carbon flows through withoditirther trophiclevels and
interactiors (Fig. 2, Allison et al 2008§.

In the last four decades, food web models hHaeenimprovedonly little regarding the
detailed implementation of microorganisms let alone ithéntragroup interactions

(Manzoniet al.2009. The model with the highest resolution divides microorganisnn®
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more thanthree guildsdefined bysubstrateutilisation (labile, moderate and recalcitrant)
(Moorheadet al.2006.
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nematodes , - Predaceous
Cryptcgngmat:c mites
Roo mites A YYY)
F Moncrypto- Predaceous
Saprophytic/'s{igmatic mites collembolans

F Y Y

Nemataode-
feeding mites

fungi
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i r Y
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/ nematodes
Detritus Bacteriophagous| i e —
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Labile
mites
Inorganic N -
nitrogen ~ - Y

Fig. 2. Exampleof a belowground food web from the rhizosphere of the shortgrass prairie of Coffscado
Mooreet al.2003)

Furthermore, functional diversity of bacteria is leeted so faras well. It is widely

supposed thatacteria introduce only carbon from labile litter compounds into the detritus

food web, whereas more recalcitrant substrates are utilised by fungi. Because of feeding
preferenceqbacteria or fungi)of organisms atthe next trophic levels, distinct energy

channed with almost no trophic interactigrwere proposedMoore et al. 1988. Because

of higher turnover rates of bacteria than of funbistled to the separation offaf ast 0
(bacteriallandii s | o wo €ndrgychgnadlin soil food webs(Moore et al. 2003.
According to that model , in the oO0fastoé (06
(recalcitrant) substrates is assimilated by bacteria (fungghndre prey of bacteriovores

(fugivores). This classificationmay not be opeational for all soil food websThe
formation of such separ at ed(Wiitetrale20ldprdea hannel s
not work in parallel but interacasomnivory is morecommon among soil fauna natural
environmentsthan observed experimentall{Crotty et al. 2011 Ngosonget al. 2009,

Polliereret al.2012.
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Those incompatibilities of model and realitynay be resolved if microorganisms and
particularly, bacteria would not only be treated @se single group at one trophic lel
(Mikola et al. 1999. Instead, the high functional and phylogenetic diversity of soil
bacterial communities shoulee regarded in soil food web models.
Often implementation of microbial diversityn soil food web modelds considered
unnecessary as it is assumbdtsoil bacteriaact as a constant and behave either resistant,
resilientor at least show functional dendancy to disturbancekie totheir mere high
diversity. Both persistence and resilienoksoil bacterial communitie®wards ecological
changescould be dispoved by Allison et al. and even functional redundancy was
challengedAllison et al. 2008. Assumingthat not Geverything is everywheééMartiny et
al. 2006 O'Malley 2007 because of spatialestrictionsand only limited dispersion
(Ekschmitt et al. 2008 Hansel et al. 2008, it is possible that microbial populations
responsible for certain soil functions arehibited due to environmental disturbances
Particularly, functions not widely spread amgmicroorganisms like nitrification,itnogen
fixation and degradation of humic acidan be affected, if relevant microbial populations
decreaseor change(McGuire et al. 2010. And indeed there is a lot of evidence that
changes in microbial communities have impact on soil functiondmgtradicting the
redundancy hypothesisor example, bth soil organic matter and litter degradation rates
change under differenmicrobial communities(Bray et al. 2012 GarciaPausaset al.
2017 andsoil functioning wasaffected bydistinct compositions of thenicrobesbecause
of differentclimatic conditionsand land use variatior(Bissettet al. 2011, Shermaret al.
2012.
Demandsincreasedto considerand implement microbial communities into food web
models Bacteria could be divided into active and inactive biomass because only the
former introduce carbon into the food wgannipieriet al. 2003. Moreover key players
of functional groupscould be implemented to account for varying turnover rates of
different degrading specig@llison et al. 2008. Anyhow, it should always be tested
experimentally if microbial diversity is important to the processes mod@eGuire et
al. 2010. Therefore research is needed to identify and quantify $pecific microbial

organisms thattilise plant and soil carbon sourq®atersoret al.2009.

1.2.3.Bacteria in soil food webs

To account for different functions in the food webacte&ia are not only classified

phylogenetically but also functionally Beside categoizing into groups according to
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substrate degrading abilitiesy, classificationinto copiotrophic and oligotrophievas
suggestedFierer et al. 2007 using a similar conceptlike K- and rstrategistsusedfor
plants and animalsK-strategists are adapted toore stable environmeatThey grow
slowly, reproduce rarely andope with resource limitation and high competition. In
contrast, tstrategists are adapted to wide conditions andan take fast advantage of
sudden favourable environmental conditions. Thew very fast, have a short generation
time and reproducequickly. On that note, microorganisms can be categorized into
copiotrophic and oligotrophic classesigh and low substrate demarahd proliferating
timeg. Thus, in soil, Acidobacteria are oligotrophic whereasBacteroidetes and
Betapoteobacteriaare considered as mostly copiotrophic bacteria as they were found
worldwide in soils with low and high carb@ontent, respectivelfFiereret al.2007).
To identify bacteriautilising a certaincarbon source, stable isotope probing (SIP) of
nucleicacids is a powerful ahcultureindependent method. Here, the substrate of interest
is labelled with®*C and added to the soiBacteria assimilating this substrate will
incorporate thé>C into their DNA or RNA. With isopycnic centrifugation and subsequent
fractionationthoselabelled nucleotidesan then beeparated fromthosewithout labelling
because oflensity dissimilaritie§Neufeldet al. 2007, Whiteleyet al.2007).
SIPis oftenusedto identify bacteria involved in degradation of certain substiatssil. In
some studiegust one specific labelledompoundwas applied to identify the bacteria
utilising themlike acetate, lgcose(Monardet al. 2008, phenol, caffeine andaphthalene
(Padmanabhaet al. 2003, methanol(Luederset al. 2004) or cellulose(Haicharet al.
2007. Amending labelled cellulose to different soil typesyealedhigh site specificity for
fungi whereas goe bacteria appear as universal degrad@&wsrkpolderiales ssp.
Sphingobacterial@sand others were unique to only a few sdilyXococcales, Bacillales,
Acidobacterig (Eichorstet al.2012). The addition of single compoundulstrates in high
concentrations can causxcessivegrow of dominating species and dist@redictions
about the distribution and the quantity of intrinsically involved bactender natural
circumstancesvere nutrients are normally limitdlonardet al.2008. For example, fter
excessiveC-phenol adition to soil, it was revealed that due to the input of this specific
compound certain bacteria were highly enriched in comparison to the natural bacterial
community at this sitéDeRitoet al.2005.
Other studies usethore naturakubstrates like rhizodeposits or litter from plants grown
under **CO, atmosphere This ensures a natural composition and amount of-iGe

compounds added to the solresh vheat litter is mostly dgraded by Beta and

17



INTRODUCTION
GammaproteobacterjaespeciallyMassilia spp, Variovoraxspp.and Pseudomonaspp.
(Bernardet al. 2007). At a laterstage of composting sift towardsActinobacteriaand
AlphaproteobacterigSphingomonaspp) was observed in studies without Bastianet
al. 2009 Pascaultet al. 2010. In the soilof a flooded anoxic rice fieldrice straw is
mainly degraded bglostridiumssp.andMethanosaraiaceagShresthaet al.2011).

In some studiesplants were exposed t8CO; in order tointroduce labelled rhizodeposits
to the soil By this, specifichacterialrhizodeposits usemsereidentified for wheat, maize,
rape and barrel clovebut also some commdior all plant speciesike Rhizobialesand
Pseudomonaspp. (Haichar et al. 2008. Vandenkoornhuyse et al. demonstrated that
rhizoexudates are degraded almost simultaneousllaeady after five hours of labelling
with *CQ,, rhizodepositconsumerscan beidentified with SIP in intact grassland turfs
(Vandenkoornhuyset al. 2007). According to their studymostly arbuscular mycorrhiza
fungi (AMF), but alsoBurkholderiales Sphngomonadaceaand Acinetobacterspp.were

the primaryorganisms usinghizodepositsn the food web of grassland solinother study
with labelled rhizodeposits reported altered carbon flow in a grassland soil food web with
elevated atmospheric GOBecause ohigher rhizodeposits releaseot only AMF used
rhizodeposits directly but also bacteria. Furthermorehanges in the community
compositionof fungi and bacteria can be obseryBdigo et al.2010.

Not only primaryconsumers, but also trophic links to secondary microbes, fungi or even
predators can beetectedwith **C-labellingand SIPby crossfeeding espedlly in time
resolved gudies.In such an approach, the carbitow through a food welstarting from
methane in a wetland rice soil was revealé@H, was manly taken up by methanotrophs
which were than predated ylyxobacteria and Bdellovibriorelated bacteria. Bacteria
preying protists like amoeba, flagellates andiabtés were also identified as secondary
consumergMuraseet al. 2007). The primary consumers of rice root exudates were mainly
Azospirillumspp.,Magnetospirillum sspandBurkholderiaceadLu et al. 2006.

Also bacterial biomass itself can be usedrémk carbon flow insoil food webs in SIP
studies. After adding*C-labelled biomass originating fromE. coli predation and
decompositiorfrom Lysobacer spp.,Myxococcalesand theBacteroidetesall assumedo

be gliding bacteria, wre observedLuederset al. 2006. Tracking the label from>C
Pseudomonaspp. demonstrated thafollembola identified as fungivore in preferential
food-experimentstatherdiet on bacterigCrotty et al.2011).

Considering all thesstudiesaddressing various bacterial involvements in soil food webs,

t he fAbl ack b otkedkeyipsyers @f the degraglatienrofdcertain substrates are
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more and moré&dentified. Butuntil now, the embedding of thseidentified bacterial food
web members into the entire soil food web and their further links arefragjgentarily
considered(McGuire et al. 2010 and comparison of degraders of different natural
substrates in the same soil habitat are missing. Furthermore it is not clear, whether bacterial
food web members are subject to tempaoraspatial heterogeneities whichegknown to

affect the composition of the overall bacterial community in soils.

1.2.4 Distribution of bacterian soils

A globalinvestigation of the bacterial communitiessoils from different biomes all over
the world revealed, thait leastalways the samehyla Proteobacteria, Actinobacteria,
AcidobacteriaandBacteroidetesare dominant in soil but with varying frequenci@serer

et al.2009. On more specificaxonomical level, however, ssitomprise very diverse and
variable bacterial communities.

One gram of soil contains up to “acterial cells(Trevors 201 and around 52,000
speciegRoeschet al. 2007 and is composed of many pores, particles and soil aggregates
that form spatidy divided habitatdor bacteria(Grundmann 2004Nunanet al. 2003. As
bacterial size rangemostly only around 1um (Zinder et al. 2006, the influencing
surrounding is very small allowing for distinct niche formifgns already indicates, that
bacterial distribution in soil isncreasinglyheterogeneous all the smaller the considered
habitat becomes.

Nevertheless, differences in bacterial communitiesgafen scales can be observed as well
and a variety of differentiators have been repoméast relevant effects were observed for
soil depth, soil compartment (rhizosphere, bulk ss#ason and cultivation as elucidated
in detail in this paragraph.

Above all, bacterial communities change witoil depth. Not only biomass and cell
numbes decrease with deptfLaMontagneet al. 2003 Shamir et al. 2007 but also
diversity aml richness(Fierer et al. 2003 Will et al. 2010. Besides this numerical
reduction, altezd function was observeend bacteria from deeper horizons pess lower
ability to use easilylegradable substrateempared to theinpper equivalentfGriffiths et

al. 2003. This functional shift is accompanied by an altered composition of the bacterial
community with depth. EspeciallActinobacteria, BacteroidetesAlpha Beta and
Gammaroteobacteriaprefer thetop sol whereasAcidobacteriaare more frequent in

lower soil layersof grassland soilgig. 3, Eilers et al. 2012, Will et al. 20).0
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Fig. 3: Distribution of bacterial phyla for different gigland sites (B) within the A and B horizonf@aken
from Will et al.2010)

Different bacterial community patterns can be observed not only at different depths but
also for the same horizons but with altered soil prope(Besg et al. 2009 Fiereret al.

2009. Three different soil typegqually croppedwith strawberryand oilseed rape
exhibited different communitystructures(Costaet al. 200§ and also bacterial species
degradingcellulose vary with soil typéEichorstet al.2012).

EspeciallypH, cabon content, soil moisture and electrical conductivity, an indication for
soil mineral conteninfluence the community composition of soil bactgfelsominoet

al. 2011). Moreover, nitrogen content and availability has a considerable influetome

(Will etal.2010.

Additional to the spatial heterogeneispil bacteral communitiesare subject to temporal
shifts as wel| especiallyin regions exposed to seasonal weather changes. For soils in the
northern temperate climate zone with four distinct seasons, increase in top soil bacterial
biomass(Dornbushet al. 2008 and an enhanced ability to ukdile carbon compounds
(Griffiths et al. 2003 can be observed in early summer. Distio@inmunity shifts due to
sampling time was observed in a maize monoculf@peddinget al. 2004 and inthe soil

of arestored grasslan@Habekostt al. 2008. Fordeserts wittsemtarid climate changes

are observed for the dry and wet sead@hamiret al. 2007). In another grassland study
seasonal changesven masked effects of controlled rain intensity and frequency rates
(CruzMartinez et al. 2009. However,in comparison with depth, seasonal changes have
less influence on the community composit{@ausenweiret al. 2008).
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Various aboveground influences like land use or plgmeciescan have effects on
belowground bacterjaoo. For exampls, restoration of an arable field to natural grassland
leads to a significant change in the bacterial and archeal communitiusgr for early
succession sta (Kuramaeet al. 2011) Also, type and amount of fertilizer influence
bacterid communities as important soil properties like carb@ontent and pH were
changed upon amendméibljanderet al. 2008. Furthermorethe differenttypes of land
uses of forest, grassland and arable field infige the bacterial communifyValleniuset
al. 2017 but physim-chemical soil properties and depth are more impoftaatsominoet
al. 2017). Dominating effects of soil properties were atdiservedn a study about effects
of crop rotationSuzukiet al.2012.
In addition tothe strong impact o$oil propertiesalso plants caninfluence the bacterial
communityin soils andcertain bacterial speciehave beerassociatedvith specific plant
speciegegardless of soil typg€ostaet al. 200§. Certainly this is mat prominent at the
rhizospherebut on top of this, plants can also influence directly (exoenzyme discretion)
and indirectly (piming effect) the bulk soil communii§Haicharet al.2008.
However, the rhizospheres the soil compartment wherglants have the strongest
influenceandit is a spe@l habitat for soil bacteriaSoils are mostly arbon restrictig
(Will et al. 2010 but roots release avariety of organic substrateby root exudates,
mucilage and dead cells of the root cap. Furthermdysates can leakfrom feeding
damages caused by grazing soil fa(Danniset al.2010.
Especially root exudaseare knownto be away for plants to directly alter thehemical
conditions in the root environment and shape the microbial community composition in
favour of pathogen antagonists amdiant growth promoting rhizobacteria (PGPR
Hartmannet al.2009a).Root exudates are released actively into the soil and diff@fant
species ath growth state of the plafiboornboset al. 2012 Hartmannet al. 20093. They
consist & a mixture of organic compoundsiostly sugars, polysaccharides, amino acids,
and organi@cids but also sterols, pheapenzymes, proteins, plant growth regulators and
secondary metabolit€Badri et al. 2009 Carvalhaiset al.2011).
The bacteria in the rhizosphere origin from the surrounding bulk soil but they are selected
particularly by their aptitude to agt to rhizosphere conditiorid/ell adapted species from
Beta, Gamma, Alphapoteobacteria(especiallyBurkholderiales sspand Pseudomonas
ssp.)and Actinobacteriaare frequent inthe rhizosphere of many plant species but also

Bacteroidetes Acidobactera and Verrucomicrobiaare typical inhabitant§Buée et al.
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2009. They are selected byerain abilities like chemotaxis, mobilitgnd rhizodeposit
utilisationanda copiotrophic life stylas promoted in this habitat(g. 4, Berget al. 2009.
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Fig. 4: Key factorsinfluencing rhizosphere microbial communities andonceptuainodel howrhizosphere

bacteriaareselected frm soil (taken fromBerget al.2009).

Furthermore, plants can select directly for pathogen antagonists by the composition of their
root exudate¢Berendseret al 2012. Many bacteria likéArthrobacterspp, Pseudomonas

spp, Streptomycespp. andXanthomonaspp. are known to keep pathogens under control

by mere competition and production of antibioti@oornboset al. 2012. Another
supported bacterial group are plant growth promoting rhizobacteria (PGPR) like symbiotic
(e.g. Rhizobium spp., Bradyrhizobium spp.) and frediving nitrogen fixers (e.g.
Azospirillum spp., Pseudomonas spp.), phosphorusolubilizing bacteria (e.g.
Pseudomonaspp, Bacillusspp. andRhizobiunmspp.) and bacteria producing plant growth
hormones like auxins and cytoldr(e.g.Azotobacterspp, Rhizobiumspp, Pseudomonas
spp.)(Hayatet al.2010.

There is extensive evidence, that plants have gakerfluence on bacterial communities.
However, the substrate induced rhizosphere effects cannot just be assigned directly to root

deposits, as they are only released near the root tips and are rapidly converted by the
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microorganisms. That constrains ftieect influence of plant derived substrates to a small
temporal and spatial rang@enniset al.2010.
Up to now we already have a profound understanding hawetdrial communities are
affected by soil propertieand other environmental influendegt little is known in respect
of the bacteria relevant forfood wels. This aspect demands attention especially
consideringthe fact that a large part ebil bacteriaare inactie or dormantOn average,
more than 80 % of albacterialcells can beinactivein soilswith a rangebetween 60 %
and96 %depending on substrate availabilfifyornbushet al.2008 Lennonet al.2011).
Therefore it is important to not only investigate and describe overall bacterial
communitiesbut to accountor functionality anddentify bacterial bod web members and

their distribution in soil as a function of spatemporalcontrols

1.3. Transport of bacteria and carboninto subsoil

Although transport of SOM from top soil to deeper soil layers is an important aspect of
global carbon cyclingRumpelet al.2011), it is mostlyneglected in studies about soil food
webs(Dungait et al.2012. Presumablytransported SOM has not been considered in food
webs so fabecausét has noactivepart in trophic interactions.

Generally, SOM in subsigi is known to be very stable. Oldissoil SOM is not easily
degraded as it hasvioenergy content and unfavourable C/N ratios. Furthermore, SOM in
subsoils is often spatial inaccessible for microorgani®uasgaitet al.2012. Transported
fresh carbon from top sojlhowever is energyrich and provides even enough energy for
bacteriato degrade recalcitrant subsoil SOffiontaineet al. 2007). This mechanism is
known as6 pr i mi n dKuzgakolv 2@ly. &ertical arbon fluxes in soil can be
considerabldGiardinaet al. 20095 andrepresent a very important supply of frestrbon

to deepesoil layers.

The mobile organic matter pool in soils comprisesstly dissolvedbut alsocolloidal
organic carborincluding biocolloids like bacteria, fungi antheir fragments as well as
viruses(Totscheet al. 2007). The translocation of colloids and particles, frequently along
preferential flow pathways including biopores can mediate fast anddeoakle mass
transfer into deeper zoneSuch transported bacteria could be an important source of
biomass for subsoils and possibly afféite soil food web in two way<ither as mere
carbon source or themay activelycontribute tocarbon turnove(Jaescheet al. 2006
especially as active bacteria are more easily mobilised than inactgbecause of lower

surface hydrophobicitfGargulo et al.2007).
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The general understanding of the physical factors controlling vertical carbon transport
through soil has improved over the last ye@slan et al. 2011, Kalbitz et al. 2008.
Already now, there is a basic grasp of bacterial transport mechanisms in soils, mostly
derived from studies witliocus on the transport of potential pathogens to groatww
(Bradford et al. 2013. Important factors inhibiting bacterial mobilisation are retantat
air-water and soilwater interfaces, attachment, straining buscaactive adhesioifSen
2017). Soil bacteria can move actively in soils guided by chemo{&er 201} or may be
mobilised and transported passively by water f(bimc et al. 2004, nematodegKnox et
al. 2009, growing rootgFeeneyet al.2006, or along fungal mycelié-urunoet al.2012).
However, the highest fluxes of bacterial pathogens transported dfmwegroundto
deeper sib layers occur after weather events producing abundant seepage water, such as
long-lasting precipitation, flooding or snow melt. Especially the detachment of top soil
microbes by rain and snowmelt water with lmic strength is assumed to contribute to
this mobilisation (Aislabie et al. 2011). Once mobilised, transport is assed to be
controlled mainly by the flow of seepage water along macropores, e.g., earth worm
burrows, root channels and desiccation crdblatschet al. 1996. Troxler and colleagues
observed transport afddedbacteria from top soil down to depths of ~2.5 m only after
heavy rainfalls(Troxler et al. 1998. The main route of transport was flow along macro
pores,which was confirmed also by other more recent stu@@eshet al. 2011, Jianget
al. 2010.
Practically all studis on bacterial transport in soils and porous media have used only one
or a few artificiallyaddedbacterial species, and did not address mobilised natural bacterial
communitiesSo, while many factors influencing the transport of carbon and bacteria over
depth have been investigated, an understanding of the origin and nature of transported soll
bacteria, their contribution to carbon fluxes to deeper zones as well asolkein soil

food webss currently lacking.

1.4.Qutline of this PhD thesis
This PhD poject is part ofthe DFG-funded ResearchUnit FOR 918( i Car bon f | ow
bel owground food webs ahillasmEenditidiegh ganesatet o p et

a better understanding of carbon flow through trophic levels and organisms of a
belowgroundood web. For thisan agricultural soil anéteshplantderived carbon inputs
are used as model system. The aim ofRReearch Units to quantify the carbon fluxes in

the food weband to correlate them to the different organisms invol#edthermore, e
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trophiclinks between these organismae to bespecified and quantified, and eventually a
compehensivenodel of carbon flow in this belowground food web will be constructed. In
a concerted andhterdisciplinarylargescale studythe full range of inelved organisms
from microorganisms to mesand macrofaunhas beeronsidered.
Maize @ Cs-plant) wasgrown on asoil, whichhad beercultivated only with G-plants for
more than a decade. As there are differences it’@&°C ratio for Cs- and G-caibon
fixation, fresh carbon from the maizeaao be detectechot only in the soil but also in
organismsconsumingfresh plantderived substratesas well as intheir predators and
decomposersBecause of different cultivatiotreatments set up by the Reseatdhit,
plantbasedsubstratenputsweredistinguished intocarbon fromlitter addedafter harvest
andcarbon fronrhizodeposits
Within that ResearchUnit, | specifically addressewith my PhD thesisthe bacteria
involved in channelling plarderived C mto the soil food web, as well as secondary
consumersHere, | wanedto identify bacteria consuming rhizodeposits, detritus substrates
and bacterial biomass and localise their distribution in an agricultural field with regards to
soil compartment (rhizo$ere, bulk soil), depth and seastma dedicated fiekdo-lab-to-
field appro&h, stable isotope probing (SIBf nucleic acids was employed in laboratory
experimens to directly identify key beteria relevant in the food wednd their association
with distinctsubstrates
With regard to thetateof-the-art considerationabove, | hypthessethat:
1. Bacterial populations are underrepresented incurrent concepts ofsoil food webs
Soil bacterid populationsare not restricted t@a singlefi b | a ¢ k butbcorribute
distinctly to the turnover ofboth labile and recalcitrant substratasd occupy more than
justone trophimichein soil food wels.
2. Key bacteria in soil food webs are not evenly distributed in space and time Given
the heterogeneitiesn the availabilityand quality of carborsubstratesn soils, bacteria
utilising fresh plant derived carbomputs are expected to be more abundant in the
rhizosphere and top soil especially in summer, whereas bacteriditisinghould bemore
relevantin bulk soiland winter
3. Distinct soil bacterial populations are selectively mobilisedfrom the top soil by
seepage watandtransported bacteria contribute noticeably to net carbon fluxover
depth.
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To verify these hypothesedt 0 o p en t h ef soil lmattaiz dydertifying &ey
soil food webmembers a strategy was desigd for this thesiswith four experimental
approaches:

1. Investigation of lhe spatial heterogeneity and seasonal dynamics ofottegall soil
bacterialcommunityat theexploratory field of theResearch Unit

2. Identification of lkey bacteria involved in the channellinga#rbon fromplant into the
belowground food weby stable isotoperpbing in microcosm experiments

3. Determination of he spatial distribution and abundamof those identified food web
bacteria in thexploratory field

4. Elucidaing therole of mobile microbial community members in the ewvémien export

of top soilcarbon to deeper soil layers

All experiments of th&kesearctUnit and consequentlyf this PhD project wreconducted
with soil of an experimental field near Gottingen, Germdsor. the fieldcampaignssoil
samples werdirectly taken from théeld while for thelab experiments theame soilvas
used in ntrocosms.A graphical overview oftte experimental design and the different
approaches are givenkig. 5. Further down, thexperimentsare presented in detail

All work that was done in cooperati@amdthe respectiveontributons of other membes

of the ResearchUnit to my projectwill be explicitly indicated If not stated otherwise,

experiments and analyses were conducted by the author.
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Fig. 5: Graphical overview of théab and field work conducted within this thesis

1.4.1.Field sampling andhivestigation of the bacterial community distributiorsitu

Together with the members of thesearch Unjtl took triplicate samples from three
different depths on four time points during tyearto cover a wide range of the natura
variation of this habitat. Thesamplesoriginatal from thetop soil (0-10 cm) the subsoil
below the plough laye40-50 cm)and from the root free zor(60-70 cm) In accordance
with seasonathanges during the year, samplesrevtaken right before pléng (May), at
highest exudation ratéJuly), right before harvest and input of dead plant material
(September)and in winter (December), whemelocation of DOM (dissolved organic
matter) and MOPS (mobile organic particulate substanisedighest To be #&le to
discriminate the carbon from differestibstrate source$our cultivation treatments were
establishedt different field plotscultivation with eithewwheator maize plants each with
or without amendment of maize litter.

From those soil samplesahalysedhe bacteriacommunity composition with 16S RNA
geneterminal restriction fragment length polymorphis-RFLP) fingerprinting (and
partially 16S RNA fingerprinting to get insight into the distribution and diversity of the
bacteria in the soitlependent on deptleasorand cultivation treatmenEurthermore, |
quantified the overalbacterial 16S RNA gene abundant® g°CR and| identified the

most abundant bactery amplicon pyrosequencing for chosal samples

27



INTRODUCTION

1.4.2.1dentification of key ba@rial food wed members by stable isotope probing

Rhizodeposit and detritussphere SIP

To identify the bacteria involved in the direéatnoverof plantderived carbon compounds

such aghizodepositglabile) and litter(morerecalcitran), | appliedstableisotope probing

(SIP). Labelling of bacterial primary consumessrhizodepositsvasdone ina laboratory
microcosmexperimentogether with Maike Hinninghaus and Robert Koller from Michael
Bonkows ki 6Departmenp ofderregtrial Ecology, Universityof Cologne)
Microorganisms consuming glucose, cellulose, shoot and root litter were labelled by
Susanne Kramer at Ell en Kandel erds group i
Land Evaluation, University of Hohenheinubsequefy, | analysed th&NA of bacteria

of these experimentby SIP, FRFLP fingerprints and antipon pyrosequencing and

evaluated the resulting data.

Biomass SIP

In a third microcosm experiment], labelled putative root exudatetilising bacteria by
artificial model**C exudate empounds to identifjntra-bacterial secondaryophic links |

identified bacterial secondary consumesgain by stable isotope probing, -RFLP

fingerprinting and amplicopyrasequencing.

1.4.3.Back to the fieldidentified bacterial food welmembersn theirnatural habitat

Beside the identification of key bacteria involved in pldetived carbon flowl estimated

the amountof thesetaxawithin the total microbial communitwith regard to spatial and
temporal changed.will provide this feld-based quantitave populatimn data of specific
key food web bacteria faihe food web modellingn this ResearchUnit (Ulrich Brose,
University of Gottingen)The share of key bacteria on the whole microbial biomass was
assessed depth and time dependingse of qPCRrad ampliconpyrosequencing datas

well asmicrobial biomass (measured by Susannanker, University of Hohenheim)

1.4.4 .Mobilisation and transport of soil bacteria by seepage water

Zerotension lysimeterfor seepage wateallectionwereinstalledat the feld and sampled
by members of thegroup of Kai-Uwe Totsche (Institute of Geosciencésiversity of
Jena. To determinaf bacteria werenobilised and transportesglectivelyto deeper zones

after snow melt and rajringerprinting analysisnd amplicon equencing was performed
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from the lysimeter water and corresponding soil sampfesthermore,qPCR data,
microbial biomass (Susanne Kramemd organic carbon content measures (Andreas
Schmalwasserinstitute of Geosciences, University of Jem&re usedd estimatehow
important bacteria are for the carbon input into deeper soil zangé$o what extend

bacteriacontributeto this process.

Altogether thework conducted in this thses contributes to a better understanding of the

functioningof distinctbacterid populationsn soil food wels and carbon cycling in soils.
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MATERIALS AND METHODS

2. Materials and Methods

2.1. Site, soil and sampling

All experimentsof this thesis andf theother studies of the research group were conducted
with or within the soil of the same explavat y f i el d. Thislscatadgoma cul t ur
terraceplain of the river Leine, northorth-west of the City of Goéttingen in

Niedersachsen, Germaﬁl}ig. 6). Planning, setip and management of the field was

chiefly done by the group of Stefan Scheu (J.F. Blumenbach Institute of Zoology and
Anthropology, University of Gottingen).

Holtensen

field site

)
/

/ Gottingen

stepmap.de :’:ﬁ

Fig. 6: Location of the field site (with friendly permission of stepmap.de).

2.1.1.Field charateristics

The localclimate, with a mean annual temperature of 8.7 °C and mean annual precipitation
of 645 mm, represents a temperate climate zone, affected by the transgression from the
maritime Atlantic climate from the west to the continental climate to the east. The
elewvation of the plane is 15560 m above sea level, striking towards navést with a

mean base slope of approximately 2 %. According to the International Union of Soil
Sciences(lUSS Working Group WRB 2007 the dominant soil types are Cambisols
(Braurerden KA5 2005), Luvisols ParabraunerdenKA5 2005) and stagnic Luvisols
(PseudogleyKA5 2005). However, long agricultural use has severely affected theupild
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of the soil proyl es. The albic horizon typi

deected in the yeld due to centuries of
(0.2m and 0.3 m below surface) can be detected, with strong compaction below the second
plough layer in particular. This is especially evident in the relatively hidk density

(1.6g cm®) in and below the second plough lay@ramer et al. 2019. The border
between A and B horizons vary along the fieldFig. 7, the border oftte A horizon is
depicted for field segments of 15 m x 20 m.

60

40
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0O 20 40 60 80 100 120 140 160 180 200 220 240 260

[N .

Fig. 7: BordersbetweenA and Bhorizors in the field [cm]. Colours depict the soil type: orandeuvisols
blue: stagnid_uvisols, green:Cambisols Soil assessment wa®ne by the group of K. Totsche (Univ. Jena)
within the Research Umitprogram

2.1.2.S0il sampling

Sampling took place in May, July, September and December 2009 and July 2010.
Sampling times were chosen to cover all important seasonal influences on thefsod:
seeding, at highest root exudation during flowering, at harvest time and in winter when
most fresh dissolved organic matter is released into Boil.lysimeter water sampling,
January was chosen as it was the only time after lysimeter instaliatibat year with
enough seepage water.

Forthedifferentcultivationtreatmentsthe field was segmented into 20 plots (

Fig. 8).
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Fig. 8: Segmentation of the field site with plot numbend treatment abbreviations. Plot size is 25na
each treatment has four replicates. S: supplementary plots, WL: wheat with maize litter, W: wheat, CM: corn

maize, FM fodder maiz&®verlay of plot over soil type descriptionfig. 2. Red numbers: distance in m.

The northern 10 plots were cultivated with wheat whereas the southern plots were
cultivated with maize. This was done for carbon budgeting and assessment of soil fauna
conducted by otheResearch Unitmembers(Johana Pausch, Y. Kuzyakovs group,
University of Gottingen, Nicole Scheunemann, S. Scheus gtdnipersity of Gottingen,
Susanne Kramer, E.Kandelers group, University of Hoheheim and Anika Scharroba, L.
Ruessd group, U Theywused sarbonysipe ratiosBeedetermine)soil and
organismic carbon recently derived from new plant inputs. Thereforfeeld site was
selected that was only cultured with @lants so far. €plants like maize use different
enzymes to fix carbon from GQwith a differen incorporation ratio of?C and **C.
Considering shifts of isotope composition along the food igebls carbon compounds
newly derived from the maize plants can be discriminated against those from older soil
organic carbon. To track carbon inputs wiiffedent qualities (rhizodeposits and litter),
four cultivation treatments were applied altogether: fodder maize (FM, without litter
amendment), corn maize (CM, with litter except corncobs), wheat (W) and wheat with
maize litter (WL) (

Fig. 8). 0.8 kg (dry weight) M (equal to 0.35 kg C i) Maize litter wasaddedto every
second plo{CM and WL)in autumn right after harvest. Otherwise, the field was treated
with tillage and herbicides as in conventional agricel{drameret al.2012).

Soil samples were taken as composite sasn@eto 10 single samples were taken via
Plrkhauer corind 3 cm, length 70 cmand the cores were #m divided into depth

sections of 10 cmThe soil of thecorresponding sectioraf the soil cores froneach plot
where tten pooled. Then, a subsample was obtained from this pooled sarmplsample

pooling ensure that each group of thResearch Unianalysed the same soil. For this
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MATERIALS AND METHODS
study, three plots of each treatment were sampled as replicates in three tgptolil
(0-10cm), below the plough layer (4D cm) anddeeper soiat 6670 cm.
Beside the bulkal samplesroot balls from maize stadkvere alsocsampled All soil and
root samples were frozen within 6 h-20°C until further use. Soil samples were sieved
before DNA extraction and occasional root fragments were removed. To obtain
rhizosphere andpt surface samples, the root balls were thawed and then manually shaken
until all readily detachable soil fell off. Root subsamples were then cut off with a sterile
scalpel, and washed twice by shaking with 25 ml 1x PBS buffer in a 50 ml centrifuge tube.
After washing, buffer and suspended solids were decanted into a fresh tube and the
rhizosphere soil was collected by centrifugation (38480 min). The remaining washed

roots were choppedto bits of 2 crmandwerealso used for nucleic acid extraction.

2.1.3. Lysimeter sampling

The group ofMr. Totsche fromUniversity of Jena installedension controlled lysimeters
(KL2-100, UMS, Munich, Germany) directly below the plough horizon in approximately
35 cm depth and below the main rooted zone in 65 cm deptHyJiheeters were packed

with undisturbed soil monoliths that were placed on top of a porous plate (pore size of
10um, SIC275, UMS, Munich, GermanyJhe lysimeter samples for this thesi®re
takenin January 2011The sampling of lysimeters always impli@sertain contamination

risk, as biofilms from the installation or from tubes can distort the composition of seepage
water biota. We minimized this risk by using sterilised sampling bottles, regularly
inspecting the tubes for biofilms, and by maintainangninimal retention time of fresh
water samples in the lysimeters of only 24 h. Immediately after sampling, the water for the
bacterial analyses was filtrated (0.2 um Corning, New York, USA), and filters were then

frozen at-20 °C until further processing.

2.2.Nucleotide extraction

2.2.1.DNA and RNA ceextraction

The nucleotide extraction protocol was modified froboneders et al(2004 and0.4 g (wet

weight) of soil (bulk and rhizosphere), 0.5 g of roots or half wfaterfilter were mixed

with 750 ml NaPQ@ (pH 8), 250 ml TNS buffer (500 mM Tris, 100 mM NaCl, 10 % (w/v)
sodium dodecyl sulphate) (pH 8) and 250 ml phebbroformisoamylalcohol (25:24:1,

pH 8). The cells were lysed by bead beating with 0.2 ml of a 1:1 (v/v) mixture of 0.1 mm
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zirconia/silica beadand 0.7 mm zirconia beads (Biospec Products Inc., Bartlesville, Okla.,
USA). Bead beating was done in a cell disruptor (FasfP2dpMP Biomedicals LLC,
Santa Ana, Calif., USA) for 45 s at a setting of 6.5 m#sfter centrifugation (10 min, 4 °C,
15,000rcf) the liquid phase with the nucleotides was mixed with an equal volume of
phenoitchloroformisoamylalcohol (25:24:1, pH 8) and the phases were separated again by
centrifugation (4 min, 4 °C, 20,000 rcf). To remove the phenol, the liquid phase was
extrated and transferred to a Phase Lock Gel Heavy 2 ml vial (5 Prime, Hamburg,
Germany) and mixed with an equal volume of chlorofaisoamylalcohol (24:1) followed
by centrifugation (4 min, 4 °C, 20,000 rcf). Afterwarttee DNA from the extracted liquid
phasewas precipitated by mixing with two volumes of PEG solution (30 % (w/v)
polyethylene glycol 6000, 1.6 mM NacCl) and centrifugation for 2 h at 4 °C and 20,000 rcf.
The DNA pellet was than washed with ice cold 70 % (v/v) ethanol, air dried and dissolved
in 80 ul Buffer EB (Qiagen GmbH, Hilden, German{)NA from the two filter halves
were dissolved in the same 80 ul of EB BuffSamples were kept on ice between
extraction steps.

2.2.2 . PRurification and gel electrophoresis

For purification and elimination of humiubstances, silica gel columns were used from
the DyeEx 2.0 Spin Kit (Qiagen GmbH, Hilden, Germany) whict been equilibrated
twice with 80 pl Buffer EB prior to that.

Nucleotide purity and integrity was inspected ds} electrophoresi pl of DNA/RNA
extract were mixed with 2ul of loading dye (Thermo Fisher, Waltham, Mas., USA) and
applied to a 1.5 % agarose gel. Gel electrophoresis was done with dfE (242 g

Tris base, 57, 1 ml glacial acetic acid, 100ml 500mM EDTA pH8, ad 1l DI water) at 90 V
and 150 | for 45 minutes. Afterwards, the gel was stained for 10 minutes with 3 % GelRed
(Biotium, Hayward, Calif., USA) and DNA/RNA bands were visualised under UV light.
Only if the bands of 1% and 23 RNA were clearly visible and contamination by humic

acid was negligible, DNA/RNA was used for further analysis.

2.2.3.RNA extraction

To remove DNA from the DNA/RNA extracts, RQ1 RNAsee DNAse (DNAse ) was
used (Promega, Fitchbury, Wis., USA). 100 pul DNA/RNA were mixed with 50 pl
DNAsel (2 u/ul RNA), 20ul buffer and 30 ul HO and incubated for 2h at 37°C. Then,
RNA was extracted as described above by mixing with 100 ml ploftmioform
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isoamylalcohol (25:24:1pH 8), subsequent centrifugation (10 min,°@, 20,000 rcf),
mixing with 100 ml chloroforrrisoamyhlcohol (24:1) and centrifugation in ad&@ Lock
Gel Heavy 2 ml vial (Brime, Hamburg, Germany) precipitation with 200 ml PEG solution
(30 % (w/v) polyethylene glycol 6000, 1.6 mM NaCl) and centrifugation for 2 h at 4 °C
and 20,000 rcf, pellet washing Wwitice cold 70 % (v/v) ethanol, air drying and pellet
dissolution in 50 pl Buffer EB (Qiagen GmbH, Hilden, Germany).
Purity, integrity and quantity were analysed accordingly to DNA/RNA extnaits gel
electrophoresis RNA quantity was measured with a N&wop® ND-1000 {Thermo
Fisher, Waltham, Mas., USA

2.3. Terminal restriction fragment length polymorphism (T-RFLP)

T-RFLP fingerprinting was done largely as reported Winderl et al (2008 and the

detailed description of individual steps are described below.

2.3.1.Polymerase chain reaction (PCR)

The bacterial and partially the eukaryotic community in the soil, root and lysimeter water
samples were analysed by 188NA genetargeted terminal restriction fragment length
polymorphism (FRFLP) fingerprinting with primers specified irablel. Forward primers
were alwaydabelledwith FAM (3 NiDiBybijoxy-1-oxospiro[2benzofuran 3 , -X@aiNhen]

5-carbonsaurgfor later detection of restriction fragments.

Tablel: Sequences of the primers usedhis work(Euringeret al.2008 Pilloni et al.2011)

primer sequence

Ba27f 5-AGAGTTTGATCM TGGCTCAG-3 ¢
Ba907r 5 &CG TCAATTCCTTTGAGTTT3 6
Euk20f 5-GCCAGTAG TCATAT GCTTGT-3 «
Euk519r 5 ACCAGACTTGYCCTCCAAT-3 6

Prior to PCR, DNA was diluted Ddold for soil samples from-Q0 cm, 4650 cm andhe
rhizosptere, 10 fold for soil from 600 cm andor the rootsurface DNA from lysimeter
samples was used undiluted.

One PCR mix of 50 pl incluetl 5 pl of 10 x PCR buffer, 3 pl of 1.5 mM MgC0.5 pl of
0.1 mM dNTPs0.25 ul (5u/pl) of recombinant Taq polymerase (all frohhermo Fisher,
Waltham, Mas., USA 0.5 pl of 0.2 pg uI* bovine serum albumin (BSA) (Roche,
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Penzlerg Germany)0.3 ul ofeach prime(50 puM) (Biomers, Ulm, Germany) andplL of
dilutedtemplate DNA. For amplification after initial denaturation (94 °C, 5 min) 25 cycles
of denaturation (94 °C, 30 s), annealing (52 °C, 30 s) and elongation (70 °Cywéges)

performed in a Mastercycler ep gradient (Eppendorf, Hamburg, Germany).

2.3.2.Reverse transcription polymerase chain reaction PER)
The Access @CR Byst&n (Rridmega, Fitchbury, Wis., USA) with the reverse

transcriptase originating from avian nhylelastosis virus (AMV) was usedr 16SrRNA.

2 ul of RNA were mixed with 0.3 ul of 50 mM forward and revers primers, 0.5 ul bovine
serum albumin (20 pg f), 0.8 ul AMV reverse transcriptag®T), 25 pl 2x Master Mix

from the Kit and 21.1 pl RNA gradeater. Reverse transcription was done at 45 °C for
30 minutes and subsequent PCR cycling was done as for normal PCR but with @8 °C f
elongation instead of 70 °C. RNifee and RTfree controls were added to each PCR run,
to ensure RNA purity.

The AccessQui k E -FRCR Kit was not suitable for eukaryoticSBRNA amplification

as it produced unspecific amplicorEherefore, the Brilliant 11l UltreFast SYBRGreen
QRT-PCR Master Mix (Agilent Technologies, Santa Clara, USA) uwsesiwith a reverse
transcriptaseoriginating frommaloney virus. Here, reverse transcription took 20 min at
45°C and PCR cycling was done as for PCR stated above.

After confrmation of accurate amplification with gel electrophoresis (no product for
negative contr@ sufficient productt right ladder position for samples) the PCR products
were purified with PCRExtract Mini Kit (5Prime, Hamburg, Germany) to remove PCR
reagents, primers and nucleotide fragments below 50 bp. DNA amount of purified
amplicons were measured by potometry with a NanoDrop® NB1000
Spectrophotometefermo Fisher, Waltham, Mas., UBA

2.3.3.T-RFLP fragment analysis

Restrictionwas done in 10 pl with 80 ng DNA).3 pl restriction enzymes and 1 pl buffer
(all Thermo Fisher, Waltham, Mas., Upfor 2 h at 37 °C. Resttion enzyme was Mspl
for bacteriaand Bsh12361 for eukaryote#fterwards, fragments were desalted with
DyeEx 2.0 Spin Kit (QIAGEN GmbH, Hilden, Germany), mixed with high definition
formamide which contained-@&rboxyX-rhodaminelabelled MapMarker 1000ladder
(BioVentures, Murfeesboro, Tenn., USH) 1:400 dilution.Fragments were denatured at

95 °C for 5 min and stored in the fridge (4 °C) until fragment analysis.
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Automatedfragment electrophoresisas performed at the genome analysstre a core
facility at the HelmholtZZentrumMinchen The fragments were separated by capillary
electrophoresis on an ABI 3730 DNA analyser (Applied Biosystems, Darmstadt,
Germany). Electrophoresis was performed with PQ#lymer in a 50 cm capillary array
under thefollowing conditions: 10 s injection time, 2 kV injection voltage, 7 kV run
voltage, 66 °C run temperature and 63 min analysis time.
The electropherograms were evaluated with the Gene Mapper 5.1 software (Applied
Biosystems, Darmstadt, Germany) andRFLP data was analysed with the onlineRF
analysis softward-REX (Culmanet al. 2009. Background noise filteringAbdo et al.
2006 was on factor 2 for peak heights and the clustering threshold for aligning peaks
across the samples was set to 1 using theuttedlignment method of-Align (Smithet al.
2005. Relative TRF abundance wasferred from peak heights. For reduction of data
complexity, FRFs that occurred in less than 5 % of the samples were excluded from

further analysis.

2.4.Quantitative PCR (gPCR) and reverse transcription guantitative PCR (RT-
PCR
To estimate bacterial numisdrom the field gPCR was done for 8&and 1& RNA genes
with a Stratagene MX3000P gPCR cycler (Agilent, Santa Clara, Calif., Us&j)e opy
numbers were measured in three dilutions wlitlee triplicates each. Dilution factofier
the soil of 0- 10 cm,50 - 70 cm and rhizosphere wet&103, 1x10* and 1x10°, for 60-
70 cm and root surfacgéx10?, 1x10° and 1x10* and for the lysimeter water samples
1x10*, 1x10% and1x10°,
Quantitative PCR was performed as PCR described above but with the flunmestyes
SybrGreen for DNA detection and ROX (bdtHe Technologies Carlsbad, Calif., USA)
for equilibration After 40 cycles(PCR cyclingas for PCR) the quality of the PCR

products was verified by melting curve analysis. As standalidength 16S RNA gene

of Azoarcussp.with known concentration was used in seven dilutions betiz#@’ and
1x10" moleculesper pl was used to convert measutieeshold cycleso copy numbers.

For RNA from stable isotopgrobing(see below) RIgPCR was done with uddied RNA

to see possible labelling and to find the optimum cycle numbetdenstream analyses
RT-gPCR was conducted in the same way asPRR but with the fluorescence dyes as in
gPCR.
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As standard referensein-vitro transcribedRNA of cloned 16S RNA gene fragments
from a bacterium affiliated t@esulfosporosinuand a flagellate affiliated tBodowere
used in a serial dilution df0® to 10' templates per .

2.5. Amplicon pyrosequencing

To identify the bacterial groupghich were participatingn the bod web anexhibitedthe
different T-RFs, total DNA and RNA of a selection of representative soil samples were
sequenced with a 454 GS FLX pyrosequencer (Roche, Basel, Switzerland).

2.5.1. AmpliconPyrotagPCR and RTIPCR

Barcoded amplicons were generated towiard and reverse reads with the same PCR and

RT-PCR conditions as specified above. Primers were fused with A or B adépters

forward and reverse discriminatioapdwithmu | t i pl e x i1 daesmallibarcedes ( MI
sequenceAmplicon integrity was verified by gel electrophoresis and PCR products were
purified with the AgencouftAMPure® XP - PCR Purification Kit (BeckmanCoulter, Brea,

USA) as specified by the manufacturer.

The PicoGreen® dsDNA quantitation assayf¢ TechnologiesCarlsbad, USA) was used

to measure amplicon numbers according to
different standard curve (2.5, 2,5, 1, 0.5, 0.1, 0.05 and 0 pgl™). Samples were

measured in three dilutions and each in triplicateth a Stratagene MX3000P gqPCR

cycler (Agilent, Santa Clara, Calif., USA)

Then, samples were diluted to 1&° molecules |if with following equation

Equationl:

a€aQaama Qi

13 or 26 samples were than pooled famplicon sequencing with pi¢derPlates divided
into eighth or quarters, spectively.Pooled amplicon libraries were than diluted to 1% 10
molecules |if.

Subsequent emulsion PCR and sequencing was done at the Held@mhzmMunchen
core facility centrefor 454 sequencing by Marion Engel or Brigitte Hai (coordinator:
Michael Schloter, Terrestrial EcogeneticsHMGU) and by Katrin Hormann(T. Lueders
group, Groundwater Ecology, HMGUEmMulsion PCR was done as recommended by the

manufacturer in the emPCR Method Maniualib-A SV for GS FLX Titanium series
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(Roche, Penzberg Germay). To find best bead enrichment (8 %) folate loading
emulsion titration was done before each iuthree different concentrationSor emulsion
PCR, @pture beads were loaded with amplicons, amplification mix and emulsion oil were
added. To ensureneapsulated PCR amplification for every deaéhe emulsion was
established by shaking with a tissue lyser and subsequent amplification was performed.
Beads were washed and recovered and amglicearing beads were bound to magnetic
beads whichretainedthe DNA beadn a magnet. By this, beads without amplicons were
removed with the surrounding buffer. Finally, sequencing primers for forward and revers

reads were annealed to the amplicons.

2.5.2.Pyroquencing

Sequencing itself was done with a 454 GS FLX pygasacerand Titanium chemicals
(Roche). Amplicon bearing DNA beads were mixed with packing beats and filled into the
picoTiterPlate (PTP) as the middle layer between two layers of enzyme beads. On top a
layer with PPiase beads prevents interferences betwebs. Tlen sequencing took place

with severalautomatedrounds of alternating addition of eithdATP, dTTP, dGTP or

dCTP and washing. Each successful incorporation of a nucleoside resulted in the release of
PPi which was than coupled to adenosine ®sphosulfate by ATP sulfurylase. ATP in

turn was hydrolysed again by luciferase and a fluorescent signal was emitted indicating bit

by bit the nucletide sequence of the amplicon.

2.5.3.Data processing

Only theimmediateprocessing of the amplicon library arftetsequencing was done by
others Subsequelyt, | analysedthe sequence dataith a similar approach as reported
recently(Pilloni et al.20120h.

Sequences from pooled amplicon libraries were separated according to their sample and
primer barcode and then sequencdaia was trimmed with respect to its quality scores
with the GreefBens trimming too(DeSartis et al.2006 and default settings (good quality
threshold: 20, window size: 40, percentage: 90). Afterward, sequences below 250 bp were
eliminated and forward and reverse reads were separated with Bigiadit 1999.
Contigs were generated by aligning of the quality trimfoedard and reverse reads with
SEQMAN Il software (DNAStar, Madison, USA) using an assembly thresholds of 98%
sequence similarity in a 50 bp window. Only complete contigs with forward and reverse

reads were used for further analysis. Both, contigs andligoied but trimmed reads were
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submitted to RDP classifiefWang et al. 2007 for taxonomic classification with a
threshold of 70 %.
In-silico T-RF were generated for the contigs with the software TR{Burieret al.2008
to compare IRF and sequencing data sets and to possibly designate phylogenetic groups

to experimentallyetectedrRFs

2.6. Set-ups of microcosm experiments

2.6.1.Rhizosphere SlRbelling

Maike Hunninghaus and Robert Koller (Department of Terrestrial Ecology, University of

Cologne) planned th experiment andt was accomplisheavith my helpin Cologne |
identifiedthe baderia participating in a rhizodepositependent food web with RNstable
isotope probing, ARFLP fingerprinting, amplicon sequencing aauhlysed the resulting
data set

The experiment was conducted in two acrylic glass chas{bed5 cm, w: 42 cm, h: 70
cm) for the3C labelling and thé*C contro| respectivelyTo simulate summer conditions,
plants were exposed to light for 12 hours each day with 600 umol @ABoactive
radiation) Temperature was 28 °C by day and 18 °C at night when the chamber was
opened.

Maize plants sprouted from corn on wet cellulose tisgdieer five days, corns and roots
were truncated texclude the corn as carbon source andnsurehighly branched roots.
The next day, maize seedlings were planted into rhizoboxes with @B&egh soil from
the field. They were watered every day with 15 ml water. After one week 0. KD
was added to the water for five day$e labelling experiment was started days after
sprouting andthe zero control plargt were sampledin both chambers 24 plantaere
inserted and>*CO, or *C0,, respectively were pumped into the chambehere a CQ
concentration of 41& 27 ppm was establishe ensure optimal carbon fixation rates
This concentratioris only little more than the actual valug natural CQ concentration
(about 390 ppnfAndrewset al. 2013). Labelling lasted for 6 days but the experimental
conditions were maintained for 16 days in koRdants were wateredluring the experiment
with 25-30 pl each day and.5 mg KNQ was added atlay 4, 6, 9, and 12s plants
showed signs of nitrogetteficiency Sampling took place after 0.5, 1, 2, 3, 5, 8, 12 and 16
days. For samping, the fronts of tke rhizoboxes were opened and soil was carefully

removed with a spatula as the rhizoboxes whesely packedavith roots. Then, Roots
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were taken from the boxes amkizospherewas sampled as described aboWer each
sampling point triplicate plants werecsificed, but for RNASIP the soil was pooled

again.

2.6.2.Detritussphere SiRbelling

The planningand practical realisatiorf this experiment was done by Susanne Kramer at

University of HohenheimMy contribution to this experiment was the downstream aigly

of the substratautilising bacterieand micreeukaryotesy RNA-stable isotope probing,-T
RFLP fingerprinting, amplicopyroseguencing and evaluatiaf theresultingdata set$or
bacterialconsumersThe data ommicro-eukaryotes was analysed by Maikénninghaus
(Department of Terrestrial Ecology, University of Cologne)

To setup the microcosms, 50 g soil (dry weight) was filled into small metal cylinders.
Each of four highlyC labelled (> 98 atom %) substrates (glucose, cellulose, maize leaves
and maize roots) and respectiveéC control substratevere used These substrates
represented labile, more recalcitrant and complex substrates. Additionally, soil cylinders
without any substrate were prepaestontrols. Except of th&C glucose (Sigma Alith,

St. Louis, USA) all substrates were delivered from IsolWageningenNetherlands.

The carborcontent of the cellulose and maize material was determined with an elemental
analyser vario MACRO (Elementanalysensystem&mbH, Hanau, Germanyiror ezh
microcosm,12 mg(240 pg C g soil) of substrate waaddedto the soil To reach a good
distribution of all substrates in the saitaize plant material was milled (< 1 mm). Glucose
was added in solution and cellulose and maize plant material as Siospenhe moisture
content was adjusted to 60 % of the water holding capacity (@ittthesoil was mixed

after adding the substratés homogenous distribution.hen soil bulk density was set at

1.4 g cn?® (average bulk density is 1.38 g ¢énin topsol of the field experiment). For
respiration measurementsjlinders were placed in atight glasses which were closed at
the top by a lid with a small vessel attached underneath and were filled with 1 M NaOH to
absorb evolved COThe microcosms were inbated in a climate chamber at 12 °C which

is the longtime mean temperature of autumn months at the field %@ treatments
including controls were replicated three time§, treatmentsverenot replicated.

Water content was regularly checked by waigihthe microcosms but no significant water
content decrease could be observed. Microcosms were destructively sampled after 2, 8, 16

and 32 days.
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At respective sampling daysicrocosmsoil was mixed and samples fBNA-SIP were
stored at80 °C and for tle other analyses a4 °C. For NASIP analysissoil fromthree
12C replicate microcosms was mixed to obmirerepresentativé’C sample.

2.6.3.Bacterid biomass SiPabelling
To identify inter-bacterial secondartrophic links, a microcosm experiment wasaphed

with °C labelled bacteria. Tersure that this bacterial amendment wageasistic and
natural as possihlé aimed toenrich root exudatatilisers directlyfrom the soil. For this
several preexperiments were done to develop the best enrichmetihod. Among the
tested media, VL5%Saitet al. 2002 achievedighestcell numbers and good diversits
substratea mixture with known root exudagebstratesvasused(Marx et al. 2010. By

testing several enrichment techniques with fluid and plate cultivation media | observed that
transferring to fresh media always decreased the diversity of the enrichment. culture
Therefore | decidedto use freshly grownenrichmentcultures as inoculum without
previousandtime consuminganalysis by TRFLP to examine diversity or étity of the

added bacteria. For enrichment modified VL55 medium was prepared without the

substrate:

11 VL55 contained

49.30 mg MgSO*7H,0
22.66 mg CaCb

26.40 mg (NH4)2HPO,

1.95¢9 MES (2[N-morpholino]ethanesulfoniacid)
0.5 ml selenite/tungstateolution(Tschechet al. 19849
0.5 ml SL10(Widdelet al.1983

ad 997.5ml  ddHO

pH was adapted to 5.5 atize medium was autoclaved at 120 °C for 20 mirnteAtooling

to room temperatur2.5 mlof thevitamin solution (see belowyere added.
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selenite/tungstateolution

05¢g NaOH

3 mg NaSeQ*5 H,0
4 mg NaWO4*2 H,0
ad 1l ddH,O

SL10:

10 ml 25 % HCI
15¢ FeCb*4 H,O
70 mg ZnCl,

100 mg MnCl,*4 H,O
6 mg H3BO3

190 mg CoCkL*6 H,O

2 mg CuCh*2 H,O
24 mg NiCl,*6 H,O
36 mg NaMoO,*2 H,0
ad 1l ddH,O

vitamin solution:

2 mg biotin

2 mg folic acid

10 mg pyridoxineHCI
5mg thiamineHCI*2 H,0O
5 mg riboflavin

5 mg nicotinic acid

5mg D-Capantothenate
5 mg vitamin B12

5 mg p-aminobenzoic acid
5 mg lipoic acid

ad 1l ddH,O

TheVitamin solution wadilter sterilisedafter mixing.
Right before inoculation, 1 hof artificial root exudate substrate solution was added to 100

ml of medium.
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artificial root exudate substrate solution
for 11 VL55 medium:

114.16 mg  glucose I 1mM It
114.16 mg  fructose I 1mM It
177.15mg  sucrose | 0.51mMI*
91.97 mg succinate | 0.75.mMm I*
62.08 mg arginine | 0.251mMm It
54.05 mg serine | 051 mMmI?
124.16mg  cysteine | 0.51mM I*
27.67 mg benzoate | 0.211mM I?

ad 10 ml ddH,O
Substrate solutions were mixed both wiic and **C compounds and afterwafter

sterilised

For the enrichment culture, 1 g of fresh soil was added to 100 ml ofoddhtd stirred for
15 minutes. 100 ml of medium were inoculated with 1 ml of 4@Xdilution of this soil
extract and cells were countedth a Neubauemproved counting chambexvery two
hours until cell density reached aboutlX cells mi*.
24 microcosms were prepali 8 for each treatmentC bacterial inoculunt?C inoculum
and no inoculum). 500 ml modified Schott flasks were used. Sieved soget@s60 %
water holdingcapacity(whc) and left for four weeks for protozoa to adaptd germinate
from sporesEvery second or third day, flasks were opened for air exchangdandater
holding capacitywas adjusted if neede@acterial cell counts were estimated witBS
rRNA gene gPCRALt the day of inoculation with putative exudatélising bacteria,
enriched*?C and**C bacterial cells were centrifuged (33¢510 min, 4 °C), washed twice
with base VL55 medium and resuspended gheh after inoculation, 1 10° cells g soi™
were added and water content was adjusted to 60 % whc. Suspensions with enriched
bacteria were added in drops to the soil with constant stirring to ensure even distribution of
enriched bacteria in the soil. Then, each microcosm was filled with 30sgilaéind the
flasks weregapped orthe table several times to compact the soil. Microcosms were sealed
right afterwards. For sampling, whole microcosms were sacrificed and soil samples were
frozen immediately for further analysis. Remaining microcosms vegened for 10
minutes to ensure good oxygen supply for the microorgamisri0 % of the flask volume
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was headspacenough oxygenvas present untihe next sampling pointFirst sampling
took placeafter half a day (10 hours), theafter 1, 2, 3, 5, 8ral 12 days. RNA was
extracted from all soil samples amf@m inoculum suspensions and analysed by stable
isotope probing (see below) and subsequeRFLP fingerprinting for each fraction. To
identify bacteriarepresented by distindi-RFs, amplicon sequeimg was performed for
thefraction 2wi t h /i h e hothyod'’C R'2C treatments for samples taken after 1,
3, 8 and 12 days.

2.7. Stable isotope probing(SIP): ultracentrifugation gradients

To identify the bacteria and prokaryotes that incorporatecondrom labelledsubstrates

in the specified experiment@NA-stable isotope probing was usestiescribedreviously
(Lueders 201D Total RNA was quantifiedn three dilutions and each in tripditeswith

the Quani TE Ri b®oRGBA Reagent and Kit (Life Technologies, Carlsbad, USA)
according to the manufacturero6s instructions
1, 0.5, 0.1, 0.05 and O pg/mifluorescence wasieasured with a Stragane MX3000P

gPCR cycler (Agilent, Santa Clara, Calif., USA).

For SIP gradients700 ng of*C- or *C RNA were mixed with 185 ul Formamidag 1ml
gradient buffer (0.1 M Tri#dCI (pH 8), 0.1 M KCI, 1 mM EDTA, DEP@vater) and 5 ml
CsTFA (uoyant density~2g/ml, Amersham). Afterwards the refractory index was
measuredwith a refractometer (AR200, Reichert technologi&yffalo, USA) in
temperature adjusting mode assure a CsTFAensityof about 1.80 g/ml. Otherwise the
densitywas adjusted by addition of TSA or gradient buffer. The mix was transferred to
polyallomer QuickSeal (BeckmanCoulter, Brea, USA) tubes which were than sealed and
submitted to ultracentrifugation 425000 g for 65 h in aCentrikon 72190 centrifuge
(Kontron Instrumentsyvith a VTI 65.2 vertical rotor (BeckmanCoulter, Brea, USA). No
brakes were used for deceleration.

For fractionation of the gradient, the tube was gently fixed and a needle attached to a
syringe pumpfilled with GIBCO® Water (Life Technologies, Carlsbad, USAyas
inseted at the top of the tube. Then, the bottom of the tube was punctured and the pump
was started at a speed of 1 ml per minute. Changing the collecting tube every 25 seconds,
each gradient yielded 12 fraction of ca. 500 pl.

The refractory indx wasmeasuredor each fraction and calculated into depsiased on a

standard curvéo be able to compare correspondtf@ and™C fractions.
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RNA was precipitated from the fractions with an equal volume of isopropanol and
centrifugation at 2@00 rct The pellet wa washed with 70 % ice cold ethanol, dried and
then resolved in 25 pl EB bigr. Afterwards,the RNA of the fraction was analysed by
RT-quantitative PCR, ‘RFLP fingerprinting andfor selected fractionsby amplicon

sequencing as described above.

2.7.1.Calcuhtion of taxonspecific enrichment factors

To asses which identify bacteria clearly assimilated carbon ¥fénsubstratesa pyrotag

enri chment indicator was applied. Thi s 1 nc
recently introduced for -RFs (Zumsteget al. 2013. However, here we consider read
abundances from one light and one heavy fraction of both the resp&givend**C

approaches.

Equation2:
Ol AZERARDY A
Ol AAERKAO A

0 IO (‘)A’\&;
We inferred enrichment factors for all taxa with a relative abundance 2@t {ssphere
experiments, biomass experimeot > 1 % (rhizodeposit experiment) in heavy fractions in

one of the®C treatments. All taxawith an enrichment factor >0.5détritussphere
experiments, biomass experiment) or > 1 % (rhizodeposit experiment) where considered as
3C-labelled In the intepretation of ourlabelling results, not only these enrichment

factors, but also absolute rRNA read abundancegi ven taxa in 6dheavybd
as labelling patterns evident fromRF abundance across the entire SIP gradients were

considered.

2.7.2.Calcdation ofcell numbers

Cell numbers ofspecific bacterial taxa were estimated from pyrosequencing and qPCR
data together witliaxon specificl6S rRNA geneopy numbers per cellerived from the

IMG data bas€Markowitz et al. 2012. The calculation is dected in Formula 2Cell
numbers were calculated fropyrotag relative read abundances of identified key taxa
which were multiplied with absolute 16S RNA gene counts from gPCR analysis of the
samesoil sampleThis gave an approximation of taxgpecific16S RNA gene counts per

g soil for these bacteria. Subsequently, to correct for biases from varying 16S rRNA
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operon copy numbers in distinct genomes, total copy numbers were divided by taxon
specific operon copy numbers per cell. By this, specific celhdénce was estimated for
each taxon in the field:

Equation3:
P A KEAN ECOREOMAADA AADTRGAD B AKDI E
OBARENBA AAD 5D A RETREAI NG| AKBD]

2.8.Inference of bacterial biomass carbon

Two estimation approaches were used to infer bacterial biomass carbon in lysimeter
samples by the means of the qPCR data. (A) In the main approach, we det@ynitag

read abundances for the most important phylogenetic lineages representing over 90% of all
sequence reads in each sample. Then, the average rrn operon copy number per cell was
searched at IMG (Markowitz et al., 2012) for these families and lineages. Sulibeguen
extensive literature search was done for a reasonable estimate of the average carbon
content per bacterial cell in agricultural soils. Unfortunately, almost all respective studies
refer to marine bacteria and pure or enrichment cultures and wd fowvide range of

1.17- 214 fg carbon per cell (Bratbak, 1985; Fagerbakke et al., 1996; Fukuda et al., 1998;
LofererKrossbacher et al., 1998; Simon and Farooq, 1989; Tuomi et al., 1995; Watson et
al., 1977). We decided to adapt values from Trouselliat. €1997), who used cultures of

five marine and five nomarine species under starving conditions and reported an average
of 26.42 + 1.08 fg carbon per cell, which is in an adequate range. (B) As control, we
consulted the data on microbial biomass carblbtained by chloroforriumigation from

the same soil samples (Kramer et al.,, 2012) and correlated those with 16S rRNA gene
gPCR counts from the same samples and depths. However, since only data for total
microbial biomass carbon was available (includingkpryotes and microeukaryotes), we
estimated the fungi: bacteria biomass ratio by following Joergensen and Wichern (2008)
who reviewed a bacterial contribution of 40 985 % to total microbial carbon in

agricultural soils.

2.9. Statistics

All data used fortatistics werestandardisedl i r st wi th the arcsin(ax)
is recommended for percentag@®amette 200)/ and thennormalisedwith the chord
transformation to ige les weight to rare speciey reduce bias from zero values and

thereforeto be able to use linear statistical meth@idsgendrest al. 2001).
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All statistical analysis were done with the open sostedisticalsoftwareenvironmentR

(R Development Core Team 2011

2.9.1.Principal component analysis (PCA)

First, unbiased evaluation afie tempespatial abundances of the bacteria in the fiedd
accomplished byPCA of the T-RFLP fingerprinting datdo detect distbution patterns
without presumptions. For principal component analysis (PCA) the rda function of the
vegan packag@ksaneret al. 2012 was usedn a unconstrained mannevith a variance
covariance matronly of the dependent variablesd without explanatory variableas
recommended previousfpr PCA of environmental data sgBorcardet al. 2011h. Both

sites and species were scaled symmetridallgquare root of eigenvalues. PCA was than
depicted as biplot.

2.9.2. Multivariate analysis of variance (MANOVA)

Impact and significance of explanatory variables the variance of the bacterial
community compositiorwere assessed by multivariate analysis ariance (MANOVA)
with the T-RFLP fingerprinting dataThiswas done with the program adonis from the R
package vegar(Oksanenet al. 2012 with a Bray-Curtis distance matrix and 200

permutations.

2.9.3.Multivariate regression trd®RT)

To analyseand weéght factors influencing the bacterial distribution in the field,
multivariate regression tree analy@idRT) was performed with the function mvpart from
the mvparpackagdgD e 0 at@ll?2012. MRT is a complex but robust and powerful model
to evaluate ecological data sets. It divides the environmental variables into increasingly
smaller groups with the end that the wiHgroup deviance are minimised and
homogeneies are maximised. Splitting is done with respect to the explanatory variables
and therefore, variable characteristics can be identified for each d®onzardet al.
20113. Splitting criteria and measure of homogeneity was wiglioup sums of squares
about the group meang&uyclidian distance). Tree size was selected such, that the cross
validated relative error was at minimuplus one standard error, as it is recommended
(De'athet al. 2000. The result of the MRT clustering was visualizediiimee structure as

it is usually done butlso as PCA biplot to identify the species that are important for
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certain groups. This coulde done as both MRT and PCA ugkd same metri(De'athet
al. 2000.

2.9.4.Redundancynalysis(RDA)

The impact of measured soil properties on the variance of the bacterial soil community

caused by the determined environmental variables was analysed by RDA. As information
on total organic carbon (TOC), extractable organic ca(i®C), total nitrogen (TN) and
water content were only ascertained for bulk soil samples, only th&$e_P fingerprints

were considered here. RDA iscanstrained ordinatioanalysis where onlythe variation

of the community compositiorthat can be expined by the environmental variables is
representedRDA was depicted as triplot with samples;RFLPs and environmental
(dependent and independent) variabW¥gh this, impact and coherence of environmental

variables can be revealed.

2.9.5.Functional oganisation aalysis Fo)

It is not recommended to derive the ShaniWiener diversityindex H é6from T-RFLP
datg as the numbers of rare tomic units can be consideraljflackwoodet al. 2007).
Thereforethe Fo indexwas appkedhere fortheT-RF s o f SHP lyradientraddiors to
assesdhe diversity of experimentally identified bacterial substrate consuntarss a
method based othe PareteLorenzevennesgurve (Marzoratiet al. 2008, and & inH 0
community richness and relative abundances of individual taxa are implenierfed
However,rare taxa are less important @agnulative relative OTlhbundancesre ranked
on theX-axis of the Paretd.orenz curve and theumulative relative OTU proportion of 20
% of all taxais derived This Fo indexwould be0.2 at perfect evennesA. relatively high

Fo indexmeans a bacterisbmmunityof low diversityandwith few dominant taxa
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3. Results

This thess project was part of the DFG ResearchitUFOR 918( 6 Car bon f | ow

belowground food webs assessed bst abl e i sotope titamsér so) .
investigate carbon flow through a soil food web and its key organisms of@iidrievels,

as well as the links and carbon fluxes between them, in an elaborate and integrated
approach. An agricultural field was set up and sampled in May, July, September,
December and following July to cover all seasons and plant growth stagesrori

we took the samples from three depths: top seil@m), below plough layer (480 cm)

and from subsoil (600 cm). Maize (a &plant) was grown on Beld that was previously
cultivated with only G-plants over decades, and food web members frmese and
macrofauna were traced by carbon isotope signatures. To detect effects of substrate quality
on the food web, replicate field plots were cultivated with fodder maize (whole shoot
harvested), corn maize (shoot litetdedto soil after harvest)heat with maize litter and

wheat as controls.

As bacteria stildl are treated as a Obl ack
and exit a unspecifiedidmass, this thesis project aimtm specifically unravel bacterial

food web members. éhtification was realised by microcosm experiments and stable
isotope probing (SIP), and then the distribution and abundance of respective key players
was quantified in the field. Moreover, field bacteria mobilised by seepage water were

investigated and #ir contribution to transported carbon into the subsoil.

3.1.Field sampling and investigation of the bacterial community distributionin situ

One aim of the field sampling campaigns was to evaluate the abundances and distributions
of to-be-identified bacteriafood web members with regards $oil compartmen{bulk

soil, rhizosphere and root surface), soil depth, sampling time and cultivation treatment.
Prior, the overall composition of the field bacterial community was analysed, and the

effects of determinedariables on the bacterial distribution in the field were evaluated.

3.1.1.Spatial homogeneity of the bacterial community in the field

First, spatial homogeneity of the field bacteria over transects of length and depth was
assessed, with a preliminary samplicgnducted before actual experimental setup. Soil
samples were taken in triplicates from top soil with distances of 0, 0.2, 1, 5, 25 and 125 m

along a straight line from NE to SW. For the depth transect, samples were taken at 5 cm,
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35 cm and 65 cm depth.eterogeneity of the bacterial community in these samples was

than analysed by replicate bacterial 16s rRNA gefFILP fingerprinting.

Fig. 9: Horizontal and vertical homogeneity of the bacterial community in the field in Ma®. Bar plots
with relative FRF abundances for the horizontal transect sampled from top soil (A) and frorartioal

transect (B) with standard deviations of three replicates. C: Increase of cumulative wiifised€tected
over the transects

The ovewiew of T-RF abundances iRig. 9 revealed a quite diverse bacterial community
in each sample with-RFs of varying abundances and no pronounced OTU dominances.
The T-RF distribution pattern was very similar for all samples oflémgth transectFig.

9A), but appeared to change with deptig( 9B). This impressiorwas confirmed by
analysis of the amount of cumulative overalRFs occurring over the horizontal transect
line. Beyond a distance of only one meter (replicate samples), hardlgeamy-RFs were

observedor the horizontal transect in contrast to the vertical trar(§egt9C).
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