
ETH Library

A field-scale approach to link
microbial community structure
and function in a petroleum
hydrocarboncontaminated aquifer

Doctoral Thesis

Author(s):
Pombo, Silvina Andrea

Publication date:
2005

Permanent link:
https://doi.org/10.3929/ethz-a-005011590

Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://doi.org/10.3929/ethz-a-005011590
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


Doctoral Thesis ETH No. 15960

A field-scale approach to link microbial community
structure and function in a petroleum hydrocarbon-

contaminated aquifer

A dissertation submitted to the

SWISS FEDERAL INSTITUTE OF TECHNOLOGY ZURICH

for the degree of

Doctor ofNatural Sciences

Presented by

SILVINA ANDREA POMBO

Microbiologist, Universidad Nacional de Rio Cuarto, Argentina

born 15.05.1974

citizen of Argentina

Accepted on the recommendation of

Prof. Josef Zeyer, examiner

Prof. Leo Eberl, co-examiner

Dr. Martin Schroth, co-examiner

2005



Bibliografische Information der Deutschen Bibliothek

Die Deutsche Bibliothek verzeichnet diese Publikation in der Deutschen

Nationalbibliografie; detaillierte bibliografische Daten sind im Internet

über http://dnb.ddb.de abrufbar.

Silvina Andrea Pombo:

A field-scale approach to link microbial community structure

and function in a petroleum hydrocarbon-contaminated aquifer

© Sierke Verlag, Göttingen
www.sierke-verlag.de
ISBN 3-933893-15-1

Alle Rechte vorbehalten.

Das Werk - einschließlich seiner Teile - ist urheberrechtlich geschützt. Jede

Verwertung ist ohne Zustimmung des Verlages unzulässig. Dies gilt insbesondere für

Vervielfältigungen, Übersetzungen, Mikroverfilmungen und die Einspeicherung und

Verarbeitung in elektronische Systeme.

1. Auflage 2005



A mis Padres



Table of contents

TABLE OF CONTENTS

Summary 10

Zusammenfassung 12

1. Introduction 15

1.1 Methods to study structure andfunction ofmicrobial communities 16

1.1.1 Definition of microbial community structure and function 16

1.1.2 Microbial community structure 17

1.1.2.1 Culture-dependant techniques 17

1.1.2.2 Culture independent techniques 19

1.1.3 Microbial activity or function 20

1.2 PLFA analysis to study microbial communities 22

1.2.1 Biomass estimation 22

1.2.2 Physiological indicators 24

1.2.3 Taxonomic and functional biomarkers 26

1.2.4 Community fingerprinting 28

1.3 Methods to link community structure andfunction 28

1.3.1 Inferring an organism's function from its niche and response to

the environment 28

1.3.2 Direct linkage of measured activity with phylogenetic information 29

1.3.2.1 Combined microautoradiography and FISH 29

1.3.2.2 Bromodeoxyuridine incorporation to determine metabolic

activity andfunction, combined with imnunofluorescence or

inmunocapture 29

1.3.2.3 Stable isotope labeling 29

1.3.2.4 Isotope array 31

1.4 Description ofthefield site and communities studied 31

1.4.1 Field site: a petroleum-hydrocarbon contaminated aquifer 31

1.4.2 Sulfate reducing bacteria (SRB) 33

1.4.3 Methanogens 36

1.5 Scope and outline ofthe thesis 39

4



Table of contents

2. Field-Scale 13C-Labeling of Phospholipid Fatty Acids (PLFA) and Dissolved

Inorganic Carbon: Tracing Acetate Assimilation and Mineralization in a

Petroleum Hydrocarbon-Contaminated Aquifer 41

2.1 Introduction 42

2.2 Materials and methods 44

2.2.1 Field site description 44

2.2.2 Field experiment and sample collection 45

2.2.3 Chemical analysis and calculation of in situ reaction rate

coefficients 46

2.2.4 PLFA analysis 46

2.2.5 Determination of stable carbon isotope ratios in DIC and PLFA 47

2.2.6 Fluorescence in situ hybridization 48

2.3 Results 48

2.3.1 Consumption of electron acceptor and carbon sources 48

2.3.2 Concentration and stable carbon isotope ratios of DIC 50

2.3.3 Analysis ofPLFA profiles 51

2.3.4 Isotopic measurements ofPLFA 51

2.3.5 In situ hybridization 53

2.4 Discussion 54

2.4.1 Quantification of acetate and NO3" consumption 54

2.4.2 Mineralization and assimilation of C-labeled acetate 54

2.4.3 Community structure and activity 55

2.5 Acknowledgements 57

3. Field-Scale Isotopic Labeling of Phospholipid Fatty Acids from Acetate-

Degrading Sulfate-Reducing Bacteria 59

3.1 Introduction 60

3.2 Materials and methods 62

3.2.1 Field site description 62

3.2.2 Field experiment and sample collection 62

5



Table of contents

3.2.3 Chemical analysis and calculation of apparent reaction rate

coefficients 64

3.2.4 PLFA analysis 64

3.2.5 Determination of stable carbon isotope ratios in DIC, CH4 and

PLFA 65

3.2.6 Fluorescent in situ hybridization 66

3.3 Results 66

3.3.1 Consumption of sulfate and acetate 66

3.3.2 Concentration and stable isotopic composition of CH4 and DIC 68

3.3.3 PLFA relative abundance and stable isotopic composition 70

3.3.4 Fluorescent in situ hybridization 72

3.4 Discussion 73

3.4.1 Substrate consumption 73

3.4.2 Microbial community structure and its temporal stability 74

3.4.3 Incorporation of 13C into PLFA 75

3.4.4 Conclusions 77

3.5 Acknowledgements 78

4. Activity and Diversity of Methanogens in a Petroleum Hydrocarbon-

Contaminated Aquifer 79

4.1 Introduction 80

4.2 Materials andMethods 82

4.2.1 Field site 82

4.2.2 Push-pull tests 83

4.2.3 Sample collection procedures 84

4.2.4 Analytical methods 84

4.2.5 Determination of zero-order degradation rates 85

4.2.6 Reaction stoichiometries 85

4.2.7 Cell counts and in situ hybridization 86

4.2.8 DNA extraction, DGGE, and cloning 86

4.2.9 Phylogenetic analyses 87

4.2.10 Nucleotide sequence accession numbers 87

6



Table of contents

4.3 Results 88

4.3.1 Push-pull tests 88

4.3.2 Cell counts and in situ hybridization 91

4.3.3 DGGE and sequencing 92

4.4 Discussion 93

AAA Substrate consumption and rates 93

4.4.2 Contribution of other processes to substrate consumption 95

4.4.3 Distinct group activities of methanogenic Archaea 96

4.4.4 Microbial population analyses 96

4.4.5 Comparison of PPT data with molecular analyses 98

4.4.6 Conclusions 98

4.5 Acknowledgements 99

5. Field-Scale C-Labeling of Archaeal Lipids 101

5.1 Introduction 102

5.2 Materials and methods 103

5.2.1 Field site 103

5.2.2 Field experiments and sample collection 103

5.2.3 Chemical analysis and calculation of reaction rate coefficients 105

5.2.4 Determination of PLEL derived hydrocarbons (core lipids) and

non-esterlinked PLFA 106

5.2.5 Determination of isotopic ratios in DIC, CH4, PLEL and non-ester

linked PLFA 106

5.3 Results 108

5.3.1 Substrate consumption 108

5.3.2 Concentration and stable isotopic composition of CH4 and DIC 109

5.3.3 Archaeal lipids 112

5.4 Discussion 112

5.4.1 Methanogenic activity 112

5.4.2 Archaeal markers 113

5.4.3 Conclusions 114

7



Table of contents

5.5 Acknowledgements 115

6. Field Experiments on Toluene Degradation 117

6.1 Introduction 118

6.2 Materials and methods 119

6.2.1 Field site 119

6.2.2 Field experiments, injection set up design and sample collection 119

6.2.3 Chemical analysis and calculation of reaction rate coefficients. 121

6.2.4 Determination of stable carbon isotope ratios in toluene 121

6.3 Results 122

6.3.1 Injection performance 122

6.3.2 Toluene retardation and SO4
"

consumption 123

6.3.3 Stable isotopic composition of toluene 123

6.4 Discussion 123

6.4.1 Injection system 123

6.4.2 Toluene retardation 125

6.4.3 Substrate consumption 126

6.4.4 Conclusions 127

6.5 Acknowledgements 127

7. Discussion 129

7.1 Stable isotope labeling as a tool in microbial ecology 130

7.1.1 Advantages and disadvantages of the different methods 130

7.1.2 Problems encountered for the interpretation ofPLFA biomarkers 132

7.2 Use ofcombined tools in microbial ecology 135

7.3 Comparison between suspended and attached microbial communities 137

7.4 Field related difficulties 138

7.4.1 Quantification of toluene degradation 138

7.4.2 Difficulty to label archaeal biomarkers 139

7.4.3 Mass balance 140

8



Table of contents

References 143

Curriculum Vitae 155

Thanks 157



Summary - Zusammenfassung

Summary

Microorganisms play an important role in ecologically relevant processes such as the degradation

of contaminants and the cycling of nutrients To understand these processes it is of great interest to

study the number and diversity of microorganisms involved (microbial community structure) as well

as their function One of the current challenges in microbial ecology is to find methods to

simultaneously study and link microbial community structure with function, particularly at the field

scale The aim of this thesis was to apply a combination of tools at the field scale to determine the

identity of microorganisms carrying out various processes in a petroleum hydrocarbon-contaminated

aquifer, while at the same time quantifying the rates at which the processes occur

One of the approaches applied to link microbial community structure with function was the stable

isotope labeling of phospholipid-denved fatty acids (PLFA) and archaeal lipids This was achieved

using 13C-labeled organic substrate during a single-well push-pull test (PPT) Firstly, a study was

conducted to determine the feasibility of labeling active suspended microbial populations The process

targeted was acetate degradation under denitrifying conditions because nitrate reduction is an

energetically favorable process with a high percentage of carbon assimilation Significant Re¬

incorporation in dissolved inorganic carbon (DIC) and PLFA was detected as early as 4 h after

injection, showing that acetate was biologically oxidized and incorporated into the biomass Profiles of

enriched PLFA and fluorescent in situ hybridization (FISH) analysis suggested the presence of active

demtnfiers Thereafter we applied the same approach to follow [2-13C]acetate mineralization in the

field through two different processes oxidation coupled to sulfate reduction and acetoclastic

methanogenesis The latter are strictly anaerobic processes of lower energy yield than nitrate

reduction We also extended the analysis to microorganisms attached to the aquifer matrix

Enrichment in 13C of DIC and methane provided unequivocal evidence that sulfate reduction and

methanogenesis occurred simultaneously at high concentrations of both electron donor and sulfate

The 13C-labelmg of PLFA was significant in both water and aquifer matrix samples The PLFA

labeling patterns and FISH analyses of groundwater and aquifer matrix samples suggested that the

mam sulfate-reducing bacteria degrading the acetate were Desulfotomaculum acetoxidans and

Desulfobacter sp among the suspended populations, and D acetoxidans among the attached

populations Furthermore, we compared the enrichment of archaeal lipids during the acetoclastic

methanogenesis previously described with a complementary experiment based on H13C03 reduction

Methanogenesis was confirmed in both experiments by 13C-enrichment of CH4 The isoprenoid i20 0

was the only archaeal marker detected in groundwater and aquifer matrix samples However

significant 13C-ennchment of i20 0 was only found in the sediment samples of the 13C-acetate

experiment Finally we explored the feasibility of conducting a PLFA labeling experiment with Re¬

labeled toluene However, preliminary experiments showed that toluene strongly partitions between

the water phase and the non-aqueous phase liquid (NAPL) and a retardation factor for toluene with

respect to the tracer could not be estimated Furthermore, we were unable to detect microbial
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Summary - Zusammenfassung

transformation of toluene using isotopic data Therefore the experiment with C-labeled toluene was

not performed

We also performed a series of push-pull tests to measure the activity and diversity of

methanogenic Archaea using other tools than isotope labeling Acetate, formate, H2/CO2 and methanol

were used to assess the activity of different methanogenic Archaea groups Microbial community

structure was determined using FISH, denaturing gradient gel electrophoresis (DGGE) of 16S rDNA

amplified with the Archaea-specific primer set, and sequencing of DNA from dominant DGGE bands

The PPT results agreed with the molecular analysis High H2 and formate consumption rates were

linked with the presence of several members of the Methanomicrobiaceae and acetate consumption

agreed with the presence of sequences and detection of bacteria related to Methanosaeta conciln using

FISH

In conclusion, in this thesis using a combination of methods we were able to detect and quantify

microbial activities at the field scale and link them with the microbial populations involved In

particular the use of labeled compounds is a sensitive tool that used in combination with hydrological,

chemical and molecular tools provides us with new insights in the interrelation of processes occurring

in a PHC contaminated aquifer

11
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Zusammenfassung

Mikroorganismen spielen eine wichtige Rolle beim Abbau von Schadstoffen in der Umwelt und

dem Nahrstoffkreislauf Um diese Prozesse zu verstehen, sind Untersuchungen zu Anzahl und

Diversitat der involvierten Mikroorganismen (mikrobielle Populationsstruktur), sowie ihrer Funktion

von grossem Interesse Eine der grossen aktuellen Herausforderungen in der mikrobiellen Ökologie ist

die Entwicklung von Methoden zur simultanen Untersuchung und Verknüpfung der

Populationsstruktur von Mikroorganismen und deren Funktion Das Ziel dieser Dissertation war die

Anwendung einer Kombination von verschiedenen Methoden im Feldmassstab zur Identifizierung von

Mikroorganismen, die verschiedene Prozesse in einem mit Mmeralolkohlenwasserstoffen

kontaminierten Grundwasserleiter ausfuhren Gleichzeitig sollten die Raten quantifiziert werden, mit

welcher diese Prozesse ablaufen

Einer der Ansätze, um die Verbindung zwischen Populationsstruktur von Mikroorganismen und

deren Funktion herzustellen, beinhaltet die Markierung von Phospholipid-Fettsauren (PLFA) und

Lipiden von Archaea mit stabilen Isotopen Dies wurde unter Einsatz von 13C-markiertem

organischem Substrat in einem „Smgle-Well Push-Pull" Experiment in einem Grundwasserleiter

realisiert Als erstes wurde eine Machtbarkeitstudie zur Markierung von aktiven Populationen von

Grundwasserbakterien durchgeführt Der angepeilte Prozess war der Abbau von [2-13C]Acetat unter

demtnfizierenden Bedingungen, da die Reduktion von Nitrat ein energetisch bevorzugter Prozess mit

hohem Prozentsatz an Kohlenstoff-Assimilation darstellt Vier Stunden nach der Injektion konnte eine

signifikante 13C-Anreicherung im gelosten morgamschen Kohlenstoff (DIC) und in den PLFA

suspendierter Bakterien nachgewiesen werden Damit konnte die biologische Oxidation von Acetat

und dessen Einbau in die Biomasse gezeigt werden Die Profile der angereicherten PLFA und

Analysen mit Fluoreszenz in-situ Hybridisierung (FISH) deuteten auf die Anwesenheit aktiver

Demtrifizierer hm Als nächstes wandten wir den gleichen Ansatzan an auf die Mineralisation von [2-

13C]Acetat durch zwei unterschiedliche Prozesse Oxidation verbunden mit Sulfatreduktion und

acetoklastische Methanogenese Diese Prozesse sind strikt anaerob und weisen eine tiefere

energetische Ausbeute als Nitratreduktion auf Die Analyse wurde auch auf Mikroorganismen

ausgeweitet, welche mit der Grundwassermatrix assoziiert sind Die Anreicherung von 13C im DIC

und in Methan zeigte klar, dass Sulfatreduktion und Methanogenese bei hoher Konzentration von

Elektronendonator und Sulfat gleichzeitig ablaufen Die 13C-Markierung der PLFA war sowohl in den

Wasser- als auch in den Matrixproben signifikant Profile der PLFA-Markierung und FISH Analysen

von Wasser und Matrix lieferten Hinweise auf die wichtigsten sulfatreduzierenden Bakterien wahrend

des Abbaus von Acetat Fur die suspendierten Populationen waren dies Desulfotomaculum

acetoxidans und Desulfobacter sp und für die mit der Matrix assoziierten Populationen D

acetoxidans Weiter verglichen wir die Anreicherung der Lipide von Archaea wahrend der

acetoklastischen Methanogenese mit einem komplementären H CO3 Reduktions - Experiment

Methanogenese konnte in beiden Experimenten durch die Anreicherung von 13C in Methan

12
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nachgewiesen werden Das Isoprenoid i20 0 war der einzige Markier von Archaea, welche in Wasser-

und Matrixproben detektiert wurde Eine signifikante 13C-Anreicherung von i20 0 konnte allerdings

nur in den Matrixproben des 13C-Acetat Experimentes gefunden werden Zum Schluss untersuchten

wir die Durchführbarkeit eines PLFA - Markierungsexperimentes mit 13C-markiertem Toluol In den

Vorexperimenten konnte allerdings gezeigt werden, dass Toluol sich stark in die ölige Flussigphase

rucklost Em Retardationsfaktor relativ zum konservativen Tracer konnte daher fur Toluol nicht

abgeschätzt werden Es war uns auch nicht möglich, mikrobiellen Abbau von Toluol mit

Isotopendaten zu detektieren Das Experiment mit 13C-markiertem Toluol wurde daher im Feld nicht

durchgeführt

Mit einer Serie von Push-Pull Experimenten untersuchten wir die Aktivität und Diversitat

methanogener Archaea unter Verwendung anderer Methoden ohne Isotopenmarkierung Um die

Aktivität verschiedener Gruppen von Archaea zu bestimmen, wurden Acetat, Format, H2/CO2 und

Methanol verwendet Die mikrobielle Populationsstruktur wurde mittels FISH-Analyse,

Denaturierender Gradienten-Gelelektrophorese (DGGE) der 16S rDNA, welche mit einem Archaea-

spezifischen Pnmerset amplifiziert wurde, und Sequenzierung der DNA aus dominanten DGGE

Banden bestimmt Es konnte eine Übereinstimmung zwischen den Resultaten der Push-Pull

Experimente und der molekularen Analyse festgestellt werden Hohe H2- und Format-Verbrauchsraten

konnten mit dem Auftreten verschiedener Vertreter von Methanomicrobiaceae assoziiert werden Der

Acetat-Verbrauch stimmte mit dem Auftreten der Sequenzen und der FISH-Detektion eines mit

Methanosaeata concilu verwandten Bakteriums uberem

Diese Arbeit zeigt, dass es durch die Anwendung einer Kombination verschiedener Methoden

möglich war, mikrobielle Aktivität im Feldmassstab zu detektieren, zu quantifizieren und damit

gleichzeitig einen Zusammenhang zur involvierten mikrobiellen Population herzustellen Insbesondere

die Anwendung von markierten Substanzen repräsentiert einen sensitiven Ansatz, welcher in

Kombination mit hydrologischen, chemischen und molekularen Methoden neue Einblicke in die

Wechselbeziehungen von Prozessen in mit Mmeralolkohlenwasserstoffen kontaminierten

Grundwasserleitern gewahrt
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Chapter 1 : General introduction

1 Introduction

1.1 Methods to study structure andfunction ofmicrobial communities

1.1.1 Definition of microbial community structure and function

"Processes carried out by microorganisms in soil, sediments, oceans, lakes and

groundwater have a major impact on environmental quality, agriculture, and global climate

change. Thus knowledge of environmental microbiology contributes significantly to

knowledge of biosphere function. Microorganisms play a central role in the cycling of

nutrients, biodégradation of pollutants; and they are the primary agents of geochemical

change. One reason for advancing environmental microbiology is that a mechanistic

understanding of microorganisms and their activities improves human ability to manage

natural systems and expands biotechnological products and services essential for industrial

and medical microbiology.
"

(Madsen, 1998)

To understand the influence of microorganisms on the environment that they inhabit, two

main aspects have to be taken into account: microbial community structure and microbial

community function. Microbial community structure is a quantitative and qualitative

description of the community's composition (Figure 1-1). Parameters commonly used to

describe the structure of a community are the amount of microorganisms present, their

identity and the proportions of different populations or metabolically related populations

(guilds), as well as their physical distribution along gradients or in different niches, and their

interaction with surfaces. Microbial community activity or function refers to the metabolic

capabilities of the community. Qualitative aspects of microbial activities are the different

metabolic processes that microorganisms can catalyze in a given ecosystem under

environmental conditions, or the potential metabolic capabilities of the different microbial

populations. The metabolic capabilities of a microbial community are determined by the

metabolic capabilities of each population that is part of the community as well as metabolic

pathways that are only possible when two or more populations interact (for example in

symbiosis or in syntrophy). Throughout this thesis, microbial community function generally

refers qualitatively to the metabolic capabilities of the community and microbial community

activity to a quantitative description (rates, etc.) of the metabolic capabilities of the

community.
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Chapter 1 : General introduction

Traditionally, the focus in environmental microbiology has been either on microbial

community structure or microbial activity. One of the current challenges microbial ecologists

face is the linking of microbial community structure with its function (Gray & Head, 2001).

Community
<c5b>

Community
structure activity or

function

Identity of the Metabolic capabilities
microorganisms of the components of

Number and the microbial

proportions of community

microorganisms Substrate usage rates

Distribution of Metabolic interactions

microorganisms along
a gradient or within a

biofilm

Interaction with

surfaces

Figure 1-1: Linking structure with function.

1.1.2 Microbial community structure

1.1.2.1 Culture-dependant techniques

Culture dependant techniques provide information on the abundance of certain

microorganisms or physiologic groups and allow the study of catabolic and metabolic

pathways of organic substances (and within those organic contaminants). The study of pure

cultures is also important to obtain new information on microorganisms that allow the

development of tools for culture independent techniques.

In the enrichment culture technique, a medium and a set of incubation conditions are

chosen that are selective for the desired organisms, and counterselective for others. This

17



Chapter 1 : General introduction

approach is widely used to obtain pure or mixed cultures that have a desired metabolic

capability (Yang & McCarty, 1998), and to enumerate the different physiological types

present in a given environment such as a contaminated aquifer (Bekins et al., 1999, Cozzarelli

et al., 2000). The technique can be biased because the conditions in the culture may lead to

the enrichment of bacteria which may not be numerically an important components of the

microbial population (Eilers et al., 2000).

Pure cultures are used to identify bacteria and study their physiological properties. They

can be obtained from enrichment cultures or directly from environmental samples by several

methods. Traditional methods for isolation of pure cultures include the streak plate, the agar

shake and the liquid dilution (Madigan et al., 2003). New advanced methods include laser

tweezers (Fröhlich & König, 2000), and high-throughput cultivation processes (Connon &

Giovannoni, 2002, Zengler et al., 2002). Laser tweezers is a device used to obtain pure

cultures in which a single cell is optically trapped with a laser beam and moved away from

surrounding cells into a sterile growth medium. High-throughput cultivation combines

encapsulation of cells in gel microdroplets for massively parallel microbial cultivation under

low nutrient flux conditions, followed by flow cytometry to detect microdroplets containing

microcolonies and further cultivation of individual colonies in a microtitre plate (Zengler et

al., 2002).

It is currently accepted that the culturability of microorganisms present in environmental

samples is generally below 1 % of the microbial numbers detected by direct microscopic

counting (Amann et al., 1995). This phenomenon is known as the "plate count anomaly".

Some possible reasons for this failure to culture many microorganisms are among others: 1)

cells of not-yet-cultured prokaryotes in natural samples are in a specific physiological state,

which prevents them from growing in conventional cultivation media (such as dead cells,

dormant or damaged cells), 2) the physiology of not-yet-cultured species of prokaryotes is

fundamentally different from that of known prokaryotes such that cultivation methods applied

do not meet the requirements for growth, 3) the medium used to growth the microorganisms

might lack an essential growth factor, 4) some microorganisms require for their growth the

establishment of some gradients (for example O2 gradients), 5) attachment of prokaryotic cells

to solid surfaces has been shown to be of significance under some conditions and/or 6)

interactions between microorganisms (such as symbiosis, syntrophy, prédation, etc.) cannot

be properly simulated in the laboratory (Overmann, 2003). It should be noted that some new

studies on this problem suggest that the "plate count anomaly" may be more related to

inappropriate cultivation methods that to inherent unculturability of certain microorganisms.

18
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For example, Janssen et al. (2002) obtained an increase in culturability from 1.4 % to 14.1 %

of total cells of a soil sample by adjusting the preparation and dilution of the sample and the

composition of the media. Furthermore, they determined that 91.3 % of the cells in the sample

studied were viable and many of the isolates they obtained were identified as the first

cultivated isolates in widely distributed bacterial groups. New isolation and cultivation

techniques such as high-throughput cultivation processes have rendered more new isolates of

previously uncultured groups.

1.1.2.2 Culture independent techniques

To detect and identify all microorganisms from environmental samples, including

uncultured ones, methods that are independent of cultivation have been developed. Culture

independent approaches to characterize the structure of microbial communities are based on

the analysis of nucleic acids (DNA and RNA) and membrane lipids (Phospholipid fatty acids

(PLFA) and archaeal lipids) (Figure 1-2). Analysis of PLFA and archaeal lipids to analyze

microbial community structure will be explained in detail in section 1.2. and section 1.4.3.

respectively.

Figure 1-2: Cellular components used in culture independent identification techniques.

The basic approach for nucleic acid-based microbial community analysis is summarized

in Figure 1-3. First, nucleic acids are extracted and purified from cells present in the

environmental samples. Then a PCR (or RT-PCR in the case of rRNA or mRNA) is
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performed using primers for the gene of interest to obtain a high number of DNA copies. The

gene codifying 16S rRNA is widely used for community analysis (Pace, 1997), but other

genes codifying important enzymes such as the nifH (that codifies the enzyme dinitrogenase

reductase) are also suitable (Burgmann et al., 2004). Several analyses can then be performed

to compare different communities such as (Terminal) Restriction Fragment Length

Polymorphism (RFLP and T-RFLP), Temperature (or Denaturing) Gradient Gel

Electrophoresis (TGGE or DGGE), Ribosomal Intergenic Spacer Analysis (RISA), and Serial

Analysis of Ribosomal Sequence Tags (SARST) among others (Neufeld et al., 2004,

Sambrook et al., 1989). Nucleic acid fragments can be cloned and sequenced to identify

organisms and establish their phylogenetic position, from DNA extracts, PCR products or

excised bands obtained after other analyses. The process fuels itself by using the information

obtained with these studies to design new probes for Fluorescent In Situ Hybridization (FISH

and other variations like CARD-FISH), probes for Dot Blot, Southern Blot, and microarrays,

and the design of new PCR primers. For further details on the application of molecular

techniques to subsurface environments see the review by Madsen (2000).

1.1.3 Microbial activity or function

Microbial activity can be quantified by measuring the rates of consumption of nutrients

(carbon and energy sources and electron acceptors) or production of certain metabolites (for

example consumption of O2 and/or production of CO2 to measure microbial aerobic

respiration). Another widely used approach is the measurement of enzymatic activities such as

acetylene reduction by nitrogenase to measure N2 fixation. Measurements of enzymatic

activities of phosphatases, nitrogenases and glycosidases are also performed as general

indicators of microbial activities (Madigan et al., 2003). Stable and radioisotopes (natural

abundance or in labeling experiments) are also used to measure substrate usage by

microorganisms (Aggarwal et al., 1997, Staddon, 2004).
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Environmental sample

Extraction of nucleic acids

rRNA, mRNA DNA

RT-PCR PCR

RFLP, DGGE, TGGE

T-RFLP, RISA, SARST

Amplified DNA or cDNA
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Communities

comparison Band excision

Cloning

Sequencing
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Microarrays
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Figure 1-3: Molecular methods based on nucleic acid analysis to study microbial diversity.

A variety of laboratory and field methods have been used to measure microbial activities.

Laboratory based methods include the study of pure cultures, microcosms (Kleikemper et al.,

2002a) and column experiments (Hess et al., 1996). Field based methods have different

approaches depending on the ecosystem studied. For example, field methods to study

microbial activity in groundwaters include among others in-situ microcosms (Mandelbaum et

al., 1997), two-well natural (Thierrin et al., 1995) or forced injection tests (O'Leary &

Wilkinson, 1988), single-well push-pull tests (PPT) (Istok et al., 1997), mass balances and

compound-specific stable carbon isotope ratios (Conrad et al., 1997, Dowling et al., 1986,

Londry et al., 2004, Reusser et al., 2002) and solute transport modeling (Thierrin et al., 1995).

However, since field communities are very heterogeneous and complex, combinations of

different laboratory and field methods seem to give a better insight into the ongoing processes

in natural habitats. For example, Bolliger et al. (2000) describe the characterization of

intrinsic degradation using a combination of tools: isotopic, chemical and biological analysis;

Smith et al. (1996) compare rates of denitrification using natural-gradient tests and laboratory

incubations with slurries and cores.
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1.2 PLFA analysis to study microbial communities

1.2.1 Biomass estimation

Lipids may account for 2-20 % of the weight of most bacteria, 10-20 % of fungi and 2-15

% of algae (Lechevalier & Lechevalier, 1998). Among the different cell lipids, phospholipids

have mainly a structural function and are part of the cell membrane. They are composed of a

glycerol with two fatty acids estherified in positions 1 and 2 and a phosphate group in position

3 that can be connected to a given "head group" via a phosphodiester bond (Figure 1-4). The

structure of the different fatty acids that can be part of phospholipids and their nomenclature

are shown in Figure 1-5.

0
II

Phospholipid
General structure

0
m

—O-CX
y^

0
II

1—O-P-O-X

0 Head group

Name of Phospholipid Name of head group X

Phosphatide acid - -H

Phosphatidyletanolamine Ethanolamine -CH2-CH2-N+H3

Phosphatidylcholine Choline -CH2-CH2-N+(CH3)3

Phosphatidylserine Serine -CH2-CH2-N+H3

coo-

Phosphatidylglygerol Glycerol -CH2-ÇH-CH2-OH
OH

Figure 1-4: Basic phospholipid structure and some head groups.
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Saturated

Branched

Hydroxy

Unsaturated

Cyclic

Figure 1-5: Structure of fatty acids. Shorthand nomenclature follows the form A:BcoC, where A designates
the total number of carbons, B the number of double bonds and C the distance of the closest unsaturation

from the aliphatic end of the molecule. The suffixes "-c" for eis and "-t" for trans refer to geometric
isomers. The prefixes "i-" and "a-" refer to iso- and anteiso-methyl branching, and mid-chain methyl
branches are designated by "Me-" preceded by the position of the branch from the acid end. A

cyclopropyl ring is indicated as "cy-".

Phospholipids are not present as storage lipids and are rapidly degraded after cell death

(Harvey et al., 1986). Therefore, determination of microbial biomass using the phospholipid

approach will only estimate viable microorganisms. Total biomass can be measured either by

the analysis of phosphate after lysis of the phosphate group (Vestal & White, 1989) or by

summation of the mass of all detectable PLFAs (Balkwill et al., 1988, Bossio & Scow, 1998).

Likewise, the total amount of certain PLFAs has been directly linked to the biomass of certain

microorganisms such as fungal biomass indicated by the amount of 18:2co6,9c (Frostegârd &

Bââth, 1996), Gram-positive bacteria indicated by the sum of il5:0, al5:0, il6:0, il7:0 and

al7:0 (Ekelund et al., 2003), Gram-negative bacteria indicated by the sum of 18:lco7c, cyl7:0

and cyl9:0 (Ekelund et al., 2003) and total bacterial biomass indicated by the sum of
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16:1od7c, 16:leo7t, cyl7:0, 18:leo7c, il5:0, al5:0, il6:0, al7:0, brl7:0, 15:0 and cyl9:0

(Leckie et al., 2004).

Table 1-1: Some conversion factors for calculating microbial numbers from lipid concentrations

Conversion factor

(cells/pmol PLFA)
Used by Source of data

2x10 Balkwill et al.(1988) Subsurface microorganism
monocultures and conversion

factor from White et al., (1979)

2.6 x 10 Franzmann et al.(1996) Extractions from is. coli

3.4 x 10 Findlay et al.(1989) Mixed enrichment culture

7.4 x 10 Frostegârd & Bââth (1996) Bacteria extracted from soil

However, there are limitations to biomass estimations using this approach. Microbial cells

have variable content of PLFA under different conditions (Frostegârd & Bââth, 1996). The

relative cell content of the PLFA characteristic of fungi (18:2co6,9c) can range from 12 to 61

% in different fungi (Klamer & Baath, 2004). Moreover, the microbial community structure

will affect the average PLFA content, since different microorganisms contain different

amounts of PLFA (Haack et al., 1994). Nevertheless, PLFA content has been reported to be a

very good way to measure microbial biomass (Balkwill et al., 1988, Klamer & Baath, 2004,

Leckie et al., 2004). Some conversion factors for PLFA to cell numbers are reported in Table

1-1.

1.2.2 Physiological indicators

The PLFA composition of certain microorganisms reflects nutritional and physiological

cell status, therefore certain PLFA ratios can be used as physiological indicators. This concept

relies on the observation that bacteria can change their membrane fluidity by modifying their

membrane PLFA to adapt to various stimuli. These changes have been found among other

causes in response to drought, temperature changes, starvation, and membrane-active

substances. Some of the changes studied in pure cultures are listed in Table 1-2. Not all

stimuli have the same impact on PLFA composition. Doumenq et al.(1999) report the effect

of carbon source, temperature, growth phase and oxygen on Pseudomonas. They found that

different carbon sources, followed by temperature had the largest effects on PLFA
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composition. The parameters that affected PLFA composition the least were growth phase and

oxygen concentration.

However, care should be taken when interpreting community profiles. In some cases the

change in the ratios of different PLFAs can be due to changes in microbial community and

not physiological status. For example an increase in the population of Pseudomonas spp. in a

community would lead to an increase in cyclopropane PLFA, a main membrane component of

those bacteria (Wilkinson, 1988) and not because the population is more stressed. Moreover,

changes in membrane PLFA in response to stress is different in Gram-positive and Gram-

negative bacteria (Kieft et al., 1994). Therefore, generalizing could lead to false

interpretations.

Table 1-2: PLFA used as physiological indicators

Change Interpretation Source

Cyclo/precursor ratio

Trans/cis ratio

Saturated/unsaturated

ratio

Saturated/iso branched

ratio

IC18/IC16

Increase m Gram-negative but not m

Gram-positive with starvation

High in acidic conditions, low 02, and

high temperature

High m late log and stationary growth
phase

High with starvation m Gram-negative

High with desiccation in Gram-positive,
but not in Gram-negative

Increase with increasing temperature

Increase after exposure to solvents

Increase with increasing temperature

Increase with starvation

Increase m stationary phase

Decrease m Gram-positive with

exposure to hydrophobic membrane
active substances

Increase m average length of PLFA with

increasing temperature

Kieft et al (1997),
Guckertetal (1986)

Kmvett&Cullen(1965)

Grogan & Cronan (1997),
Guckertetal (1991)

Guckertetal (1986),
Kieft et al (1994,1997)

Kieft et al (1994)

Cronan (2002)

Sikkemaetal(1995)

Doumenq et al (1999), Jahnke (1992),
Konneke & Widdel (2003),
Loffliagen et al (2002)

Kieft et al (1997)

Doumenq et al (1999)

Rosa et al (2000)

Doumenq et al (1999)
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1.2.3 Taxonomic and functional biomarkers

Biomarkers are compounds that have a biological specificity in the sense that they are

produced only by a limited group of organisms (Boschker & Middelburg, 2002). The

membranes of any organism have a characteristic lipid composition and this property is

exploited for the identification of bacterial isolates by their PLFA profiles. There are

commercially available systems, such as the MIDI System, that analyze the PLFA profile

of pure cultures and compare it to a large database of pure culture profiles to identify the

strain investigated. Bacteria are characterized by monounsaturated PLFA from the vaccenic

series (ce>7), ß-hydroxy, cyclopropane and branched chain PLFA, which are not common

elsewhere (Lechevalier, 1977). Another characteristic of bacteria is that they almost never

contain polyunsaturated PLFA, molecules with acetylenic linkages or sterols.

Some commonly used PLFA biomarkers are listed in Table 1-3. These biomarkers have

been established in some cases only after analysis of very few representatives of the group in

study. Therefore, there are exceptions to most of the biomarkers cited in this table, and

generalization must be avoided, especially when interpreting whole community profiles. This

problem is addressed later in section 7.1.2.

Table 1-3: Common biomarkers and their interpretation. Condensed, adapted and expanded from Bossio

& Scow (1998), Green & Scow (2000) and Zelles (1999)

Biomarker Interpretation Source Comments

Saturated >20C (e g 210, Eukaryotes, mosses, higher
plants26 0)

Polyunsaturated

18 3©6, 20 2©6, 20 3©6,

20 4©6

18 2©6,9c

16 1©5c,18 3©6c,

20 3©6c, 20 4©6c,

Hydroxi PLFA

Monounsaturated PLFA

and Cyclic PLFA

Microeukaryotes

Protozoa

Fungi

Zelles (1999)

Lechevalier (1977) Do not occur in bactena

Lechevalier &

Lechevalier (1998)

Frostegârd & Bââth

(1996), Vestal &

White (1989)

Arbuscular Mycorrhizae (AM) Nordby et al (1981),
01sson(1999)

Gram-negative bacteria

Gram-negative bacteria

Ârthrobacter, Clostridium,

Lactobacillus, Streptococcus

Rajendran et

al (1997)

Wilkinson (1988)

Zelles (1999)

Not all of them present in

all protozoa

Also present in plants
Content can vary among

species (Olsson, 1999)

Polyunsaturated 20C fatty
acids are also present m

algae and protozoa, but

rare m non AM fungi

Gram-positive bacteria

with cyclic PLFA (Grogan
& Cronan, 1997)
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Table 1-3 (cont.)

Biomarker Interpretation Source Comments

branched fatty acids Gram-positive bacteria

cyl7,cyl9

10Mel8 0,10Mel6 0

16 1©7c

16 l©7c and 18 l©7c

10Mel6 0,cyl7 0(©8

il7 l©7c

17 l©6c, 15 l©6c

il7 l©5c, 10Mel8 l©6c,

HMel8 l©6c

161

(16 l©7c, 16 l©5c,

16 1©5t, 16 l©8c)

18 l©8c/t, 18 l©6c

©7

©9

©8

O'Leary & Wilkinson

(1988)

Cytophaga, Bacteroides, Haack et al (1994)
Desulfovibrio, Flavobacterium

Deinococcus, Clostridium

and Desulfotomaculum
are exceptions

Gram-negative bactena

with branched PLFA

(Kaneda, 1991)

Anaerobic bacteria

Aerobic bacteria

Rhodospyrillum, Chromatium,

Legionella, Clostridium,

Bifidobacterium

Pseudomonas

Actinomycetes

Important in all acetate

oxidizing sulfate reducing
bacteria

Desulfotomaculum
acetoxidans

Desulfobacter

Desulfovibrio

Desulfobulbus

Thiobacillus

Type I methanotrophs

Type II methanotrophs

Vaccemc type (anaerobic
desaturase pathway) Gram-

negative aerobes, strictly
anaerobes

Oleic type Gram-positive

widespread

Methane oxidizing bacteria

Guckertetal, (1985),
Vestal & White

(1989)

Parkes & Taylor
(1983)

Zelles (1999)

Haack et al (1994)

Collins et al (1983),
Lechevalier (1977)

Dowlmgetal (1986)

Parkes et al (1993)

Dowlmgetal (1988,
1986), Kohrmgetal
(1994)

Edlundetal (1985),
Vamshtem et al

(1992)

Parkes & Calder

(1985), Taylor &
Parkes (1985)

Kergeretal (1986)

Bowman et al

(1993), Hanson &
Hanson (1996),
Nichols et al (1987)

Bowman et al

(1993), Hanson &
Hanson (1996),
Nichols et al (1987)

Zelles (1999)

Zelles (1999)

Bowman et al (1993)

when not with lOMe 18 0

They are not exclusive of

Type I methanotrophs

Only 18 lco8c/tis

exclusive of

methanotrophs

Not usual m plants
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1.2.4 Community fingerprinting

A very popular and widely accepted application of the PLFA analysis is community

fingerprinting. In fingerprinting approaches the PLFA profiles of whole communities are

analyzed as a fingerprint and compared between treatments or against pure culture PLFA

profiles. Rarely the analysis of a community profile leads to a taxonomic list of its

components, unless a unique lipid is present that acts as a true biomarker. Rather, quantitative

data analysis using a statistical tool such as principal component analysis (PCA) appears to be

a powerful tool to differentiate between different microbial communities (Haack et al., 1994).

The PLFA community fingerprinting has been used to study changes in community

composition in a variety of habitats such as soil, aquifers, lakes, marine sediments and

activated sludge among others (Bossio & Scow, 1998, Forney et al., 2001, Fredrickson et al.,

1986, Ludvigsen et al., 1997, Rajendran et al., 1997).

1.3 Methods to link community structure andfunction

1.3.1 Inferring an organism's function from its niche and response to the

environment

Characterization of an organism's habitat and establishing its distribution within the

habitat is an approach that has been widely used to infer a microorganism's function in the

environment. Chemical or physical gradient data combined with characterization of

microorganisms from a sample allow researchers to link a microorganism with the processes

occurring in the vicinity. With the development of new sensitive tools such as microsensors,

niches are studied at a smaller scale. Furthermore, the development of molecular techniques

for identification of microorganisms also contributes to expand this traditional approach to a

greater detail. An example of this approach are studies in microbial mats (Minz et al., 1999a,

Minz et al., 1999b). One of the drawbacks of this technique is that it can only be applied in

habitats where there is a clear gradient and low microbial diversity.
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1.3.2 Direct linkage of measured activity with phylogenetic information

1.3.2.1 Combined microautoradiography and FISH

Microautoradiography is a tool to detect the uptake of radiolabeled chemicals. When

microautoradiography is combined with FISH, the identity of the cell taking up a substance

can then be unveiled. The technique was applied for the first time by Lee et al. (1999).

Several acronyms refer to the same approach (with only slight technical differences) such as

MAR-FISH (microautoradiography FISH) (Lee et al., 1999, Yang et al., 2003), STAR-FISH

(substrate-tracking auto-radiography FISH) (Ouverney & Fuhrman, 1999), and MICRO-FISH

(Cottrell & Kirchman, 2000). For combined microautoradiography and FISH an

environmental sample and a negative control are incubated with a radioactive labeled

compound. Then, depending on the technique, cells are fixed and transferred to a filter, and

FISH is performed. Thereafter, hybridized filters are subjected to autoradiography. Finally

samples can be examined microscopically. Active cells are visualized by silver grains

deposited around them, and FISH stained cells are visualized by epifluorescence.

1.3.2.2 Bromodeoxyuridine incorporation to determine metabolic activity and function,

combined with imnunofluorescence or inmunocapture

DNA-containing bromodeoxyuridine (BrdU) can be purified from DNA that does not

contain this thymidine analogue using immunocapture techniques (Urbach et al., 1999). This

property has been used to infer the metabolic activity and function of organisms that have

increased their metabolic activity in response to specified stimuli, by virtue of their

incorporation of BrdU into their DNA. The bromodeoxyuridine-enriched DNA from the

metabolically active members of a microbial community can then be visualized either by

immunofluorescence using antibromodeoxyuridine monoclonal antibodies and fluorescently

labeled secondary antibodies or isolated by immunochemical capture using antibody-coated

paramagnetic beads (Urbach et al., 1999).

1.3.2.3 Stable isotope labeling

Stable isotope labeling (or probing) is based on the incorporation of isotopically labeled

compounds (labeled with the stable isotopes Deuterium or C) into the macromolecules of

the organisms utilizing those compounds (Figure 1-6). After the environmental samples are
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incubated with the labeled substances, the macromolecules to be analyzed are extracted and

the identity of the microorganisms incorporating the substrate is unveiled.

The first study on stable isotope labeling was performed by Boschker and et al. (1998)

and the biomarker analyzed were the PLFA. Soon after stable isotope labeling was extended

to the analysis of labeled DNA (Radajewski et al., 2000) and RNA (Manefield et al., 2002).

Lately, the same analysis was performed on archaeal lipids (Wuchter et al., 2003).
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Figure 1-6: Isotopic labeling principle.

One of the main advantages of this approach is that stable isotopes are not radioactive,

and can be used directly at the field scale (Middelburg et al., 2000, Padmanabhan et al., 2003,

Pombo et al., 2002a). The analysis of lipids from microorganisms feeding on naturally C-

depleted CH4 has also been used to infer the identity of anaerobic methane oxidizers (Boetius

et al., 2000, Hinrichs et al., 2000).

One of the main critiques to this approach is that C can be transferred between

populations and therefore, labeled biomolecules do not necessarily reflect the composition of

the degrading population. However, Hanson et al. (1999) demonstrated for PLFA labeling

that when using C-labeled toluene only 16 out of 59 PLFA (27 %) where labeled after 5

days of incubation as opposed to 91 % PLFA labeled when adding 13C-labeled glucose to the

same soil. This indicated that when the incubation time is short enough, and the C-labeled

substrate is metabolized by a small group of microorganisms, C transfer is not significant and

mostly the degrading population's biomarkers get enriched.
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1.3.2.4 Isotope array

Recently, Adamczyk et al. (2003) developed the isotope array. It uses a similar approach

to combined microautoradiography and FISH. Total RNA extracted from bacteria grown on a

radiolabeled substrate is fluorescently labeled and hybridized in a microarray that targets 16S

rRNA of a variety of bacteria. After that the microanay is scanned for fluorescent and

radioactive signals. The approach detects 16S rRNA genes present in the sample (fluorescent

signals), and 16S rRNA genes of bacteria that incorporated the labeled substrate (radioactive

signal).

1.4 Description ofthefield site and communities studied

1.4.1 Field site: a petroleum-hydrocarbon contaminated aquifer

The studies presented in this thesis were conducted in a heating oil-contaminated aquifer

in Studen, Switzerland, (Figure 1-7) which was characterized in detail by Bolliger et

al.(1999). In 1993, a spill from a leaking underground heating oil pipe was discovered at the

site. Engineered remediation was limited to the removal of approximately 34 m free-phase

heating oil by partial excavation of contaminated soil and by pumping until 1996. At that time

engineered remediation was terminated and monitored natural attenuation was selected as the

follow-up remediation strategy.

The 20 to 25 m-thick unconfined aquifer consists of unconsolidated glaciofluvial outwash

deposits with interbedded layers of poorly sorted silt, sand and gravel. The ground water table

is generally between 2 and 4 m below ground surface. Hydraulic conductivity ranges from 1.0

x 10" to 9.3 x 10" m s"
, porosity is estimated at 0.19, and the average pore water velocity is

~ 0.4 m d" (Bolliger et al., 1999). The studies presented in this thesis were performed in well

P8 (Chapter 2) that is located at the fringe of the contaminant plume where nitrate reducing

conditions prevail, well PS3 (Chapter 3, 5 and 6) that is located in the center of the

contamination plume where methanogenic and sulfate reducing conditions prevail, and well

PS5 (Chapter 4 and 5) where methanogenic conditions prevail.
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Contaminated zone

Monitoring wells

Leak discovered in 1993

Center flow line

Buildings

Roads

Groundwater flow

direction

P20 PS3 PS4 PS5 P5 P8

Figure 1-7: a) Map of the field site (Bolliger et al., 1999) and b) concentrations of selected geochemical

parameters along the center flow line and in P8 measured during a monitoring performed in May 2002.
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1.4.2 Sulfate reducing bacteria (SRB)

Sulfate reducing bacteria are a phylogenetically heterogeneous group of bacteria that

share the ability to gain energy by coupling the oxidation of organic compounds or molecular

hydrogen (H2) to the reduction of sulfate (SO42) to sulfide (H2S, HS"). Bacterial sulfate

reducers fall into three major branches, the 8-subclass of Proteobacteria with more than

twenty-five genera, the Gram-positive bacteria with the genera Desulfotomaculum and

Desulfosporosinus, and branches formed by the Thermodesulfobacterium and

Thermodesulfovibrio. Sulfate-reducing bacteria are morphologically diverse. They are strict

anaerobes, even though certain species may tolerate and reduce oxygen for a limited period of

time. Bacterial sulfate reducers are known to utilize a great variety of low-molecular mass

organic compounds, including mono- and dicarboxylic aliphatic acids, alcohols, polar

aromatic compounds and even hydrocarbons. Oxidation of organic compounds may be

incomplete, leading to acetate (often simultaneously with CO2) as an end product, or

complete, leading to CO2 (Rabus et al., 2000).

Sulfate reducing bacteria have been widely characterized by PLFA profiling. Table 1-4

shows the average phospholipid-derived fatty acid composition of selected sulfate reducing

bacteria. Other SRB, whose PLFA profiles are published, were not included in this table

because a single data set for their PLFA profile exists. The SRB not included are:

Desulfoarculus barsii, Desulfobotulus sapovorans, Desulfococcus multivorans,

Desulfosarcina variabilis (Kohring et al., 1994), Desulfomicrobium apsheronum,

Desulfomonas pigra, Thermodesulfobacterium commune (Vainshtein et al., 1992),

Desulforhabdus amnigenus (Elferink et al., 1998), Desulfofrigus oceanense, Desulfofaba

gelida, Desulfotaleapsychrophila and Desulfotalea artica (Knoblauch et al., 1999).
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Table 1-4: Average phospholipid-derived fatty acid (PLFA) composition of selected sulfate reducing
bacteria (condensed from Boon et al. (1977), Dowling et al. (1988), Dowling et al.

(1986),Edlund et al. (1985), Kohring et al. (1994), Londry et al. (2004), Parkes & Taylor

(1983), Ringelberg et al. (1994), Taylor & Parkes (1983), Taylor et al. (1985), Vainshtein et al.

(1992))
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14 1
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15 1

15 0

il6 1 H

10Mel5 0
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il7 lco7c

al 7 lco7c

10Mel6 0

il7 0

al7 0

17 IcolOc

17 lco8c

17 lco7c

34



Chapter 1 General introduction

Table 1-4 (cont.)

PLFA Desulfotomaculum
spp n=8

Desulforomonas acetoxidans n=3
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Uneven PLFA 20 6 12 6 31 8 25 7 67 6 64 4 90

Saturated straight chain PLFA 28 4 45 5 38 7 40 4 32 6 152 61 3

Saturated branched PLFA 12 0 94 11 5 17 04 42 8 09

Monounsaturated branched

PLFA
28 02 07 00 01 26 8 00

Monounsaturated straight
chain PLFA

45 3 40 8 13 8 32 5 22 3 98 23 4

lOMe PLFA 04 00 110 41 00 00 00

Cyclic PLFA 00 00 21 5 13 2 38 7 00 80

Bold numbers show the mam PLFA

Note Values reported m the table are averages of the literature data (n number of PLFA profiles used to calculate the

average reported m the table All published PLFA profiles for the same or different stram reported by the cited authors where

used for average calculation)
tr, only traces of the PLFA where detected
* Proposed biomarker of the genera
a
Never present m D acetoxidans

b
Also present m Desulfotomaculum nigrificans (Kohnng et al, 1994, Ueki & Suto, 1979) and Syntrophobacter sp (Elfermk

etal, 1998)
"

Average of all data reported for Desulfovibrio Average values for typical Desulfovibrio are 6 0% al5 0 and 27 9%

il7 lco7c For atypical .Desi/Z/bviôno average values are 35 0% al5 0 and 4 3% il7 lco7c Atypical Desulfovibrio are D

gigas, D giganteus, D fructosovorans, D carbinobcus, D sulfidodismutans and D alcoholovorans

Values reported for these PLFA m Taylor and Parkes (1983) where exchanged, smce there is mconsistency with the other

data reported by the same and other authors (due probably to a confusion m the conversion from A to co nomenclature)
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1.4.3 Methanogens

The methanogenic microorganisms are a large and diverse group characterized by three

features: 1) they form large quantities of methane as the major product of their energy

metabolism, 2) they are strict anaerobes, and 3) they are members of the domain Archaea

(Whitman et al., 1999). The methanogenic Archaea belong to the Euryarchaeota subphylum

and are divided in 5 orders, Methanobacteriales, Methanococcales, Methanomicrobiales,

Methanosarcinales and Methanopyrales (Madigan et al., 2003).

Methanogens obtain their energy for growth from the conversion of a limited number of

substrates to methane gas. The major substrates are H2 + CO2, formate, and acetate. In

addition, some other C-l compounds such as methanol, trimethylamine, and dimethylsulfide

and some alcohols such as isopropanol, isobutanol, cyclopentanol and ethanol are substrates

for some methanogens.

Archaea have several features that differentiate them from Eubacteria and Eukarya

(Madigan et al., 2003). One of these characteristic is the structure of their membrane lipids.

Archaeal membrane lipids are mainly composed of saturated isoprenic chains of different

length, linked with an ether bond to glycerol carbons in position 2 and 3. The structures of

some archaeal lipid cores (without the polar head) are depicted in Figure 1-8 (De Rosa &

Gambacorta, 1988, Kates, 1993). Archaeal membrane lipids are derivatives of the C20-C20

isopropanyl glycerol diether (also known as archaeol) and its dimer, the dibiphytanylglycerol

tetraether (also known as caldarchaeol). Variations of those structures include unsaturated

archaeols, isoprenoids of C25, hydroxyarchaeol, and in the tetraethers one or both isoprenic

chains can have one or more cyclopentyl rings and one of the glycerols may be substituted by

an unusual nonitol (De Rosa & Gambacorta, 1988, Kates, 1993). The distribution of the

different ether core lipids and their polar heads are characteristic of different archaeal groups

and in some cases can be used for their identification (De Rosa & Gambacorta, 1988, Koga et

al., 1998). Detailed studies have shown that methanogenic archaeal groups can be identified

to the family and genus level based on the lipid composition (Koga et al., 1998). The

characteristic composition of lipid cores for the methanogens is summarized in Table 1-5.
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Figure 1-8: Basic structure of components of some complex lipids of archaea. a: diphytanylglycerol ether

(Archaeol) and variants: b) 2-sesterpanil-3-phytanyl-glycerol diether; c) macrocyclic diether;

d)glyceroldialkylglyceroltetraether (Caldarchaeol) and a variation e) showing 4 cyclopentyl rings.
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Table 1-5: Family- or Genus- Specific components of lipid core in methanogens (from Koga et al.,(1998))

Order Lipid Core

Family
Genus

ArOH CAOH OH-ArOH Cyc-ArOH

Methanobacteriales

Methanobacteriaceae + + (-) -

Methanobacteium + + - -

Methanothermobacter + + - -

Methanobrevibacter + + - -

Methanosphaera + + + -

Methanothermaceae + + - -

Methanococcales

Methanococcaceae + (-) + -

Methanococcus + - + -

Methanothermococcus + + + -

Methanocaldococcaceae + (+) (-) +

Methanocaldococcus + + - +

Methanoignis + - + +

Methanomicrobiales

Methanomicrobiaceae + + - -

Methanomicrobium + + - -

Methanolacinia + + - -

Methanogenium + + - -

Methanoplanus + + - -

Methanoculleus + + - -

Methanocorpuscullaceae + + - -

Methanocorpuscullum + + - -

Methanospirillaceae + + - -

Methanospirillum + + - -

Methanosarcinalles

Methanosarcinaceae + (-) (+) -

Methanosarcina + - + -

Methanolobus + - + -

Methanococcoides + - + -

Methanohalophilus + - + -

Methanosalsus + + + -

Methahalobium + + - +

Methanosahnarium + - + -

Methanosaetaceae + (-) + -

Methanosaeta + (-) + -

Methanopyrales
Methanopyraceae + - - -

ArOH, archaeol, CAOH, caldarchaeol, OH-ArOH, hydroxyarchaeol, Cyc-ArOH, cyclic archaeol

+, present, -, absent, + or - in parentheses, present or absent for the type genus (species) with exceptions m other genera

(species)
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1.5 Scope and outline ofthe thesis

The aim of this thesis was to identify microorganisms responsible for specific processes

in a petroleum-hydrocarbon contaminated-aquifer using a combination of tools directly at the

field scale. The tools employed where PPT, isotopic labeling, PLFA and archaeal lipid

analysis, FISH and PCR-DGGE profiling. The approach was stepwise. We first studied the

degradation of an easily degradable substrate (acetate) coupled to a fast and high energy

yielding process (nitrate reduction). Then we studied the degradation of acetate coupled to

slower processes like sulfate reduction and methanogenesis, and we attempted to extend this

approach to contaminants in this aquifer that are more difficult to degrade such as toluene.

Chapter 2: Here we tested if the labeling of PLFA during a PPT was feasible at the field

scale. For this study we chose a fast process, in which bacteria incorporate a relative high

amount of carbon into their biomass, i.e. nitrate reduction. An important parameter we

determined was the incubation time necessary to observe a significant enrichment and the

amount of C label required.

Chapter 3: We tested the same approach for a slow process (sulfate reduction) of great

ecological importance in a contaminated aquifer to identify the main suspended and attached

sulfate reducing populations responsible for degrading acetate.

Chapter 4: We assessed the activity and community structure of methanogenic

communities in the same aquifer using a combination of PPT, FISH, PCR-DGGE and

cloning.

Chapter 5: We compared the enrichment in archaeal lipids in different methanogenesis

processes: acetoclastic methanogenesis and CO2 reduction.

Chapter 6: We explored the feasibility of conducting a PLFA labeling experiment with

13C-labeled toluene.

Chapter 7: This chapter provides a final discussion of the results presented in this thesis,

especially in reference to the advantages and disadvantages of the methods used and their

relative contribution to the overall understanding of microbial structure and function in a PHC

contaminated aquifer.
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2 Field-Scale ^C-Labeling of Phospholipid Fatty Acids

(PLFA) and Dissolved Inorganic Carbon: Tracing Acetate

Assimilation and Mineralization in a Petroleum

Hydrocarbon-Contaminated Aquifer

2.1 Introduction

Microbial activities in soils and groundwater are characterized by complex interactions

between different microbial populations, availability and characteristics of electron acceptors,

carbon and energy sources, nutrients, and physical and chemical properties of the

environment (Anderson & Lovley, 1997, Madigan et al., 1999). Typically, studies on

microbial communities in natural environments have focused either on their structure or on

their metabolic function. However, linking structure and function is important for

understanding microbial community dynamics in natural environments, which remains a

challenge, particularly at the field scale (Boschker et al., 2001, Boschker et al., 1998, Pelz et

al., 1999).

Only a small fraction of soil and subsurface microorganisms can be characterized by

conventional cultivation techniques (Amann et al., 1995), thus current knowledge of

microbial community structures is often based on either of two main culture-independent

methodologies: nucleic acid-based molecular approaches and phospholipid fatty acid (PLFA)

analysis. Molecular techniques such as fluorescent in situ hybridization (FISH) and

community DNA fingerprinting are widely used to characterize microbial communities

(Amann et al., 1995, Head et al., 1998, Pace, 1997). Likewise, analysis of microbial PLFA

extracted from soils, sediments, or water samples has been used to assess community

structure and dynamics in a variety of environments (Bossio & Scow, 1998, von Keitz et al.,

1999, White et al., 1998). The analysis of PLFA profiles was also used to detect changes in

microbial communities that occurred in response to petroleum hydrocarbon (PHC)

contamination (Fang & Barcelona, 1998, MacNaughton et al., 1999), and to infer the presence

of active metabolic groups in such environments (Rooney-Varga et al., 1999). Several studies

have employed molecular and PLFA analyses in combination to characterize microbial

communities (MacNaughton et al., 1999, Stephen et al., 1999, von Keitz et al., 1999).
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Approaches to study microbial functions include analyses of the metabolism of certain

substrates in laboratory-grown pure cultures (e.g., see the review on anaerobic metabolism of

hydrocarbons from Heider et al. (1999)), or in simple consortia obtained by enrichment of

environmental samples (Phelps & Young, 1999). However, these results are difficult to

extrapolate to natural environments, because such experiments are usually performed under

controlled laboratory conditions, which may not necessarily reflect natural conditions.

Moreover, complex interactions between different populations are often not considered (Pelz

et al., 2001b). On the other hand, microbial activities determined at the field scale provide

information on consumption rates and potential metabolic pathways (Madsen, 1991), but

information on the identity of the microorganisms carrying out a particular process is usually

lacking. A method for field-scale activity measurement in aquifers is the so-called "push-pull"

test (PPT) that has been used for the in situ quantification of microbial activities in PHC-

contaminated aquifers (Istok et al., 1997). This method is based on the injection of a test

solution that contains a conservative tracer and one or more reactants in an aquifer through a

well. After an incubation period, the mixture of groundwater and test solution is extracted

from the same well and analyzed to determine reactant consumption (Haggerty et al., 1998,

Snodgrass & Kitanidis, 1998). So far, push-pull tests have been employed to quantify several

microbial processes in PHC-contaminated aquifers including aerobic respiration,

denitrification, sulfate reduction and methanogenesis (Istok et al., 1997, Schroth et al., 1998,

Schroth et al., 2001a), and degradation of PHC constituents under nitrate- and sulfate -

reducing conditions (Reinhard et al., 1997).

A way to link microbial functions with structure is the method of C-labeling of

biomarker molecules (Boschker et al., 1998, Pelz et al., 1997). Microorganisms that assimilate

a C-labeled compound incorporate the label in their macromolecules (e.g. PLFA, amino

acids, nucleic acids), thus providing direct evidence of utilization of a specific substrate. This

approach has been successfully applied for linking specific populations within complex

microbial communities with substrate usage through C-enrichment of PLFA biomarkers in

soil, sediment, and aquifer microcosm experiments (Boschker et al., 1998, Hanson et al.,

1999, Pelz et al., 2001a, Pelz et al., 1999). Recently, C assimilation and C flux within

different trophic levels of the food web were analyzed in situ in the intertidal zone using C-

labeled carbonate (Middelburg et al., 2000) (for further information on C-labeling of

biomarkers in microbial ecology see the review from Boschker and Middelburg (2002)).

Although the degradation of C-labeled organic matter such as algae and acetate has been

studied at the field scale in other ecosystems (Blair et al., 1996, Hall & Meyer, 1998), to our
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knowledge, no attempt has been made to follow the degradation of an organic molecule using

the PLFA biomarker approach directly at the field scale in a natural ecosystem such as an

aquifer.

The objective of this study was to determine the feasibility to detect C-incorporation in

PLFA derived from suspended aquifer microorganisms upon degradation of an organic carbon

source, i.e. acetate. To this end we performed a PPT, in which [2- C]acetate was injected into

the denitrifying zone of a PHC-contaminated aquifer. We determined consumption rates of

acetate and NO3"; we also measured C-enrichments in the PLFA of suspended microbial

populations and in dissolved inorganic carbon (DIC), and characterized the suspended

bacterial community structure by combining PLFA and FISH analyses.

2.2 Materials and methods

2.2.1 Field site description

The study was conducted in a heating oil-contaminated aquifer in Studen, Switzerland,

which was characterized in detail by Bolliger et al. (1999). In 1993, a spill from a leaking

underground heating oil pipe was discovered at the site. Engineered remediation was limited

to the removal of free-phase heating oil (~ 34 m ) by partial excavation of contaminated soil

and by pumping until 1996. At that time engineered remediation was terminated and

monitored natural attenuation was selected as the follow-up remediation strategy.

The 20 to 25 m-thick unconfined aquifer consists of unconsolidated glaciofluvial outwash

deposits with interbedded layers of poorly sorted silt, sand and gravel. The ground water table

is generally between 2 and 4 m below ground surface. Hydraulic conductivity ranges from 1.0

x 10" to 9.3 x 10" m s"
, porosity is estimated at 0.19, and the average pore water velocity is

~ 0.4 m d"1 (Bolliger et al., 1999).

The experiment presented in this study was performed in summer 2000 in monitoring

well P8, which is located at the fringe of the contaminant plume (no free-phase PHC was ever

detected in this well). Groundwater in well P8 exhibited a dissolved PHC concentration of

0.07 mg/1, a low O2 concentration (0.009 mM), and was partially depleted of NO3" (0.069

mM) compared to the upgradient well P20 (0.258 mM NO3"), which suggests denitrifying

conditions in the vicinity of P8 (Bolliger et al., 1999). This conclusion was supported by
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results from a preliminary PPT conducted previously in P8, in which we observed substantial

NO3" and acetate consumption (data not shown).

2.2.2 Field experiment and sample collection

From well P8, 500 1 of groundwater were extracted and collected in a plastic container

that was kept under N2 atmosphere to avoid oxygen diffusion into the groundwater. Test

solution was prepared by adding to this water Br" as a non-reactive, conservative tracer (as

NaBr, 0.5 mM final concentration), NO3" as electron acceptor (as KNO3, 0.5 mM), and acetate

as carbon source (as NaAc, 0.25 mM). The acetate employed was [2- C]acetate (Cambridge

Isotope Laboratories, MA, USA) diluted 1:1 with unlabeled acetate (Fluka, Buchs,

Switzerland). The theoretical, calculated C/ C ratio (expressed as 8 C) of acetate in the test

solution was -21250 %o. Injection of the test solution by gravity drainage was completed

within 0.57 h. Extraction of the groundwater/test solution mixture was performed sequentially

in three steps: 100 1 were recovered after 4 h, 400 1 after 23 h and 500 1 after 46 h, all at a

constant flow rate of 6 1/min using a submersible pump (Grundfos MP-1, Grundfos Pumpen,

Fällanden, Switzerland).

Samples were collected from background groundwater (before injection of the test

solution), and during both the injection and extraction phase. Samples for dissolved species

were filtered in the field through 0.22 |j,m polyvinylidene fluoride filters (Millipore, Bedford,

USA). Samples for pH and alkalinity were collected in 120 ml serum bottles closed without

headspace with butyl rubber stoppers. For 813C analysis of DIC, unfiltered groundwater

samples were collected in 1-1 glass bottles closed with rubber stoppers without headspace.

These samples were subsequently processed to precipitate DIC as BaC03 as described by

Bolliger et al. (1999). Samples for PLFA extraction were collected in 10-1 plastic containers,

poisoned with HgCl (1.7 mM final concentration) and kept on ice to stop microbial activities

and incorporation of [2- C]acetate until further processing. Within 10 h, these samples were

filtered through glass fiber and 0.2 |j,m polyvinylidene fluoride filters (Millipore, Bedford,

USA) to collect the suspended biomass, and kept at -20 °C until PLFA extraction. For

microbial cell counts and FISH analysis, samples of 50 ml were collected in plastic tubes,

kept on ice during transport, and processed immediately after arrival to the laboratory.
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2.2.3 Chemical analysis and calculation of in situ reaction rate coefficients

Concentrations of Br", NO3" and acetate were measured on a DX320 ion Chromatograph

(Dionex, Sunnyvale, CA, USA). Alkalinity was measured by Potentiometrie titration using

Gran plots for graphical determination of the end point (Stumm & Morgan, 1981), and pH

was measured in the laboratory with an MP 225 pH meter equipped with an InLab409

electrode (both Mettler-Toledo, Schwerzenbach, Switzerland). Concentrations of DIC were

calculated from alkalinity and pH (Stumm & Morgan, 1981).

First order reaction rate coefficient for the consumption of NO3" and acetate were

calculated from extraction breakthrough curves using the method of Haggerty et al. (1998).

This method assumes that an injected reactant is transformed within the aquifer according to

the first-order type reaction dC/dt= -kCv, were Cr is the reactive solute concentration, and the

rate coefficient k can be determined from:

:ln
(l-g-^)"

kt.
ht" (2-1)

inj

where C* is relative concentration (i.e., measured concentration, C divided by concentration

in the injected test solution, C0), subscripts r and tr denote reactant and tracer, respectively, t*

is time elapsed since the end of the test solution injection, and tmj is duration of the test

solution injection. The 95% confidence intervals of k (lot) were computed from the variance

of the estimated k as described in Schroth et al. (1998).

Stoichiometric ratios, SR (mol NO3" per mol acetate consumed) were calculated from

extraction breakthrough curves for each sample point using:

SR=Y,~Cl^\Co^ (2-2)

2.2.4 PLFA analysis

Total lipids were extracted from microbial biomass collected on the filters by a modified

Bligh-Dyer method (Bligh & Dyer, 1959) and were further fractionated to neutral, glyco- and

phospholipids by column chromatography on silica gel (ICT, Basel, Switzerland) as described

previously (Fredrickson et al., 1986). The phospholipids were dried and derivatized into fatty

acid methyl esters, separated by gas chromatography (Hewlett Packard HP 5890 series II

equipped with a HP Ultra 2 capillary column) under MIDI standard conditions and
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quantified using an FID detector. PLFA with chain lengths of 9 to 20 carbon atoms were

identified employing the MIDI Microbial Identification System using the TBSA40 peak

library (MIDI, Inc., version 4.0). A mass spectrometer (GCQ Finnigan MAT, Bremen,

Germany) was used for an additional verification of peak identity. The nomenclature used for

the PLFA is in the form of A:BcoC, where A designates the total number of carbons, B the

number of double bonds and C the distance of the closest unsaturation from the aliphatic end

of the molecule. The suffixes "-c" for eis and "-t" for trans refer to geometric isomers. The

prefixes "i-" and "a-" refer to iso- and anteiso-methyl branching, and mid-chain methyl

branches are designated by "Me-" preceded by the position of the branch from the acid end. A

cyclopropyl ring is indicated as "cy-".

2.2.5 Determination of stable carbon isotope ratios in DIC and PLFA

For 8 C analysis of DIC, dried BaC03 was converted to CO2 at 90°C in an automated

acid bath preparation system and then measured on a Fisons-Prism isotope ratio mass

spectrometer (Fisons, Middlewich, Cheshire, UK).

The C/ C measurements in PLFA were carried out on a Finnigan MAT 252 isotope

ratio mass spectrometer (Finnigan, Bremen, Germany) coupled via combustion interface to a

Hewlett Packard HP 5890 gas Chromatograph, which was equipped with a HP Ultra 2

capillary column and operated as described in Abraham et al. (1998). The column effluent

was combusted to CO2 on-line in an oxidation furnace (copper-nickel-platinum catalyst,

980°C). The combustion gas was dried and passed through a reactor with elemental copper

(600°C) to remove surplus O2 and reduce NOx prior to 13C/12C ratio measurement.

All stable C-isotope data are reported using the standard 8-notation:

813C (°/oo)=[(Rsampie/RVPDB)-l] x 103 (2-3)

where Rsampie and Rvpdb are the 13C/12C isotope ratios corresponding to the sample and the

international Vienna PeeDee Belemnite standard, respectively (Rvpdb=0.0 112372 ±

0.0000090). The 813C values of PLFA were corrected for the methyl group introduced during

derivatization as described previously (Abraham et al., 1998).
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2.2.6 Fluorescence in situ hybridization

Biomass from 50 ml of groundwater was obtained by centrifugation, fixed and stored at -

20 °C as described in Bolliger et al. (2000). Before analysis, the samples were dispersed by

mild sonication with a probe of 2mm diameter during 1 min at 20% power (Sonifier B-12,

Branson, Danbury, Connecticut). Aliquots of 10 to 20 ul were applied to glass slides, dried at

room temperature and dehydrated by sequential immersion during 3 min in 50, 80 and 100%

ethanol. The bacterial cells were stained with 4',6-diamidino-2'-phenylindole (DAPI) (Sigma,

Buchs, Switzerland) and hybridized with fluorescent labeled 16s rRNA-targeted nucleotide

probes as described in Zarda et al. (1997). The probes used were: Eub338 targeting Eubacteria

(Amann et al., 1990b), Alflb, Bet42a, Gam42a, and SRB385 for a-, ß-,

y-, and 8-Proteobacteria, respectively (Amann et al., 1990a, Manz et al., 1992). Slides were

mounted with Citifluor solution (Canterbury, UK) and analyzed with a Zeiss microscope

equipped for epifluorescence using the appropriate filters at a 400x magnification (Zarda et

al., 1997).

2.3 Results

2.3.1 Consumption of electron acceptor and carbon sources

Breakthrough curves of Br", acetate and NO3" showed a sharp decline at the beginning of

the extraction due to dilution of the test solution with native groundwater (Figure 2-la).

Throughout the extraction phase, relative concentrations of NO3" and acetate were lower than

relative Br" concentration, indicating acetate and NO3" consumption during the test. Moreover,

cumulative relative recovered masses of NO3" and acetate (obtained by integrating

breakthrough curves in Figure 2-la) were lower than the relative recovered mass of Br", which

also indicated consumption of reactants (Figure 2-lb). Computed first order rate coefficients

(Eq. 2-1) were 0.63 ± 0.08 d"1 (k±2uk) for NO3" and 0.70 ± 0.05 d"1 for acetate consumption,

which is equivalent to a half life of 1.1 d for NO3" and 1.0 d for acetate. Calculated

stoichiometric ratios (Eq. 2-2) changed little during the PPT (data not shown); thus, we

present only an average SR value, which was 2.3 ± 0.3 mol NO3" per mol acetate consumed.
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Figure 2-1: (a) Breakthrough curves showing relative concentrations and (b) cumulative relative mass (i.e.
cumulative mass extracted / total mass injected) recovered for Br", N03" and acetate during the push-pull
test vs. the relative cumulative extracted volume (cumulative volume extracted divided by the total

injected volume of test solution). Arrows indicate the starting time of the three extractions.
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2.3.2 Concentration and stable carbon isotope ratios of DIC

Measured DIC concentrations did not vary significantly during the experiment and ranged

from 9.3-12.8 mM (data not shown). We were unable to accurately calculate the DIC

produced during the test, because the amount of produced DIC was too small compared to the

background DIC concentration. Assuming that the total amount of consumed acetate (10.4 %

of the injected acetate, Figure 2-lb) was mineralized and no assimilation occurred, the

theoretical maximum amount of produced DIC would be ~27 mmol in 1000 1 of extracted test

solution/groundwater mixture, while -11000 mmol of background DIC were present in the

same volume. However, detectable C-enrichments in extracted DIC were measured at early

stages of the experiment (Figure 2-2). The 8 C value of the background DIC was -13.48 ±

0.12 %o and already 4 h after the injection 8 C values in extracted DIC increased to +0.45 ±

0.07 %o. After 23 h the 813C value increased to +59.78 ± 0.10 %o and thereafter decreased

rapidly because test solution was highly diluted by native groundwater towards the end of the

extraction phase.
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Figure 2-2: Values of ô13C measured in dissolved inorganic carbon (DIC) during the experiment. The solid

line at -13.5 %o is the S13C value measured in DIC of the background groundwater (before the

experiment), and the dashed line is the 813C value measured in DIC of the injection solution.
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2.3.3 Analysis of PLFA profiles

Thirty three PLFA were detected in the samples, but only 22 that were present in most of

the samples were considered for this analysis. The typical chromatogram showed that the

dominant compounds on the PLFA profile were 18:leo9c (48.8%), 18:0 (7.3 %), 18:leo7c

(6.9%), 16:0 (5.2%) and 18:2eo6c (5.5%) (Figure 2-3). Unsaturated PLFA 16:leo7c, 17:leo8c,

118:1, 18:lco6c, as well as terminal branched PLFA il7:0, al7:0, il8:0, il9:0 and saturated

PLFA 17:0, 20:0 and cyl9:0 were present in concentrations of 1-3%. We also detected traces

of 10Mel7:0 and 10Mel8:0, some polyunsaturated fatty acids such as 18:3co6c and 20:4co6c,

as well as saturated PLFA 14:0 and 15:0. A comparison of background groundwater samples

with samples collected at 4, 23 and 46 h revealed that the PLFA profiles remained essentially

identical during the test (data not shown).
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Figure 2-3: A typical PLFA chromatogram as recorded by gas chromatography using a FID detector.

2.3.4 Isotopic measurements of PLFA

The average 8 C value of PLFA from the background sample was -28 ± 3.5%o (Figure 2-

13/
4). After 4 h of incubation, there was detectable C-enrichment in several PLFA, and the

majority was C-enriched towards the end of the experiment. The highest C-enrichment

was found in the PLFA with chain length of 16 carbons. After 46 h of incubation the 8 C
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values of these fatty acids were +5614%, (16:loo7c), +4196%, (16:loo5c), and +1154%, (16:0).

Terminal branched PLFA of 14 and 17 carbons chain length (il4:0, al4:0 and il7:0) were

13C-enriched to a smaller extend (813C ranging between +100-200%o), as compared to

10Mel7:0 and 10Mel8:0, which were not C-enriched throughout the experiment.
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Figure 2-4: S13C value of PLFA extracted form suspended bacteria in the groundwater before (BG) and

during the experiment at 4, 23 and 46 h.
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We presented the 813C values of 18:lco9c, 18:lco7c and 18:lco6c as one value for all three

fatty acids, because these compounds could not be base-line separated under the GC-IRMS

chromatographic conditions used. As a consequence, in most of the samples it was not

possible to obtain the 8 C value for each individual peak (data not shown). However, in cases

where separation was possible, we determined that the enrichment of the combined peak was

mainly due to the enrichment of 18:lco7c. For example, after 23h of incubation, the 8 C

values were -9%, for 18:leo9c, +621%, for 18:leo7c and +118%, for 18:leo6c (813C for the

three fatty acids combined in this sample was +80%o). Note that we were unable to determine

the 8 C value of 20:4co6c due to insufficient sample amounts. Figure 2-4 also shows 8 C

values of il4:0, al4:0 and 16:lco5c. The peaks of these PLFA were small and therefore not

identified by the MIDI system (Figure 2-3), but they were subsequently positively identified

by mass spectrometry.

2.3.5 In situ hybridization

Bacterial cell numbers in groundwater samples determined by DAPI staining were low

throughout the test (105 to 10 bacteria/ml, data not shown). In background groundwater

37.3% of DAPI-stained bacterial cells hybridized with probe EUB338, and this number

increased to 57.6% at 46 h (Table 2-1). The majority of EUB-hybridized cells were

ß-Proteobacteria (39 to 57% of EUB). The a-Proteobacteria represented 23 to 28% of EUB

and the y-Proteobacteria around 15% of EUB. Bacterial cells belonging to the

8-Proteobacteria (sulfate reducing bacteria) were detected, but they represented less than 1%

of Eubacteria.

Table 2-1: Community composition of groundwater samples as determined by FISH with the fluorescently
labeled rRNA-targeted oligonucleotide probes ETJB338, Alflb, Bet42a, Gam42a and SRB385

Probe Target Relative abundance (% of DAPI)

BG 46 h

EUB338 Bacteria 37.3 + 2.8 57.6 + 2.2

Alflb a-Proteobacteria 10.7 + 3.6 13.3 + 3.1

Bet42a ß-Proteobacteria 21.4 + 4.1 22.6 + 1.2

Gam42a y-Proteobacteria 5.9+1.7 8.2 + 5.5

SRB385 8-Proteobacteria <1 <1

Samples are from the background (BG) groundwater (before injection) and 46 h after injection
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2.4 Discussion

2.4.1 Quantification of acetate and NO3" consumption

Extraction phase breakthrough curves indicated NO3" and acetate consumption in well P8.

Acetate degradation under nitrate reducing conditions was chosen for this experiment,

because it is generally a fast process and energetically the most favorable anaerobic

respiration (Madigan et al., 1999). Computed first-order rate coefficients (k) of 0.70 ± 0.05 d"1

for acetate and 0.63 ± 0.08 d" for NO3" consumption in our experiment were in the same

range than those obtained in the same aquifer under acetate-enhanced, sulfate-reducing

conditions (with computed k values of 0.6 d" for acetate and 0.25 d" for sulfate consumption

(Kleikemper et al., 2002b)). Similarly, our estimates of k are within the range of previously

published rate coefficients (or rates) on NO3" consumption in other aquifers (Korom, 1992).

We have previously demonstrated that this method to determine k is highly reproducible and

accurate (Schroth et al., 1998, Schroth et al., 2001a).

The computed average stoichiometric ratio of 2.3 ± 0.3 mol NO3" per mol acetate

consumed substantially exceeds the theoretical nitrate/acetate consumption ratio of 1.6,

assuming complete acetate mineralization. This suggests that NO3" is not only used as

terminal electron acceptor for acetate degradation, but also for degradation of other organic

substrates present in the vicinity of well P8 (e.g. PHC or their metabolites). Abiotic reduction

of NO3" by reduced species such as Fe(II) could also explain some of the NO3" consumption,

but it is not usually considered to be very important in soils or aquifers (Korom, 1992).

Furthermore, some NO3" may have been assimilated by microorganisms for newly

synthesized cell material.

1-1

2.4.2 Mineralization and assimilation of C-labeled acetate

In this experiment, the 8 C measured in the DIC revealed that a portion of the acetate

was mineralized in the aquifer, already at early stages of the test (only four hours after the

injection). But an exact mass balance on [2- C]acetate could not be calculated in this case,

because of the low precision in the computation of produced DIC as discussed before, and

because we were unable to quantify the amount of acetate that was assimilated in new cell

material of both attached and suspended microorganisms. On the other hand, the significant
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C-enrichment detected in total DIC clearly demonstrated the high sensitivity of this

technique, even when employed in situ in an open system such as an aquifer.

In spite of the low suspended bacterial biomass present in groundwater of well P8 (105 to

10 bacteria/ml), substantial C-incorporation in PLFA showed bacterial [2- C]acetate

assimilation even at early stages during the experiment. Moreover, 8 C values as high as

5614 ± 204 %o for 16:lco7c after 46 h are a clear indication of the high sensitivity of the

method. This suggests that the amount of labeled compound used in future experiments can

be reduced.

2.4.3 Community structure and activity

The PLFA composition and the relative distribution of different bacterial groups analyzed

by FISH remained fairly constant during the experiment, which indicated a stable

composition of the suspended microbial community during the course of the experiment. This

is an important result because the purpose of our experiment was the detection of

metabolically active bacteria in the aquifer without substantially changing the original

community composition. But we are aware that because of the experimental design we cannot

be certain that the microbial community attached to the aquifer matrix remained unchanged.

FISH analysis revealed an increase in the percentage of cells detected by the EUB338 probe

during the experiment (from 37.3 to 57.6% of total DAPI counts), which may reflect an

increase of bacterial activity and rRNA content rather than a change in community

composition (Amann & Ludwig, 2000).

Denitrifying bacteria are a phylogenetically diverse group, mainly composed of Gram-

negative bacteria, affiliated to a-, ß-, and y-Proteobacteria (Zumft, 1992). The FISH analysis

of suspended bacterial cells collected during our experiment demonstrated that a-, ß-, and y-

Proteobacteria accounted for 100% of eubacterial cells and that Eubacteria were important

part of the microbial community (37 to 57% of the total DAPI counts) (Table 2-1) suggesting

that they could be responsible for the denitrifying activities in this part of the aquifer.

The dominance of monounsaturated fatty acids, as observed in our experiment

(monounsaturated PLFA represented over 65% of the total fatty acids) can be interpreted as

an indication of a large population of Gram-negative bacteria within the microbial community

(Zelles, 1999). However, previous studies acknowledged a weakness in using PLFA

biomarkers to subdivide communities of Gram-negative bacteria because of the lack of
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dominant PLFA that could differentiate populations belonging to either a-, ß-, or y-

Proteobacteria (MacNaughton et al., 1999, Pelz et al., 2001a, Rooney-Varga et al., 1999). The

C-enrichment of mainly monounsaturated PLFA together with the importance of a-, ß-, and

y-Proteobacteria suggested that these bacteria were responsible for [2- C]acetate assimilation

in the aquifer during our experiment. This is in agreement with a previous study, in which we

incubated denitrifying microcosms with toluene labeled with C at the methyl group and

sediments from this aquifer (Pelz et al., 2001a). Results from this study revealed that only

16:lco7c/t, 16:0, cyl7:0, and 18:lco7c were 13C-enriched and a comparison of the 13C-labeling

profile of PLFA with that of pure cultures and supplementary FISH analysis enabled us to

link toluene degradation to Azoarcus sp. (ß-Proteobacteria) and related species.

Some PLFA that were only abundant in low relative amounts, e.g. il4:0, al4:0, 18:0,

18:2co6c and 19:lco6c, were C-enriched towards the end of the experiment (46 h). The

polyunsaturated PLFA 18:2co6c is a marker for fungi (Frostegârd & Bââth, 1996), although it

has also been found in some protozoa of marine or clinical origin (Guo et al., 1996, Zhukova

& Kharlamenko, 1999). This PLFA was significantly C-enriched at 46 h, which might

indicate a C transfer from bacteria to fungi or protozoa. Sequential enrichment of PLFA

characteristic for different groups of organisms, such as Eubacteria, cyanobacteria, or Eukarya

was also observed in another study (Middelburg et al., 2000).

In summary, in this study we linked acetate assimilation in situ in an aquifer to

indigenous microorganisms through C-labeling of microbial PLFA, while simultaneously

providing quantitative information on substrate consumption. This is a fist step to extend our

previous work on linking substrate degradation to specific microbial populations in PHC-

contaminated environments (Pelz et al., 2001b) to the field scale. We plan to perform future

tests using the approach described in this paper in areas of the aquifer in which we expect the

presence of bacteria that possess more distinctive PLFA biomarkers (for example sulfate

reducing or methanotrophic bacteria) and also extend the analysis to microorganisms attached

to the aquifer matrix. In these zones the incorporation of C in the biomarkers could provide

an irrefutable link between function and structure of microbial communities (Boschker et al.,

2001, Pelz et al., 2001b).
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3 Field-Scale Isotopic Labeling of Phospholipid Fatty Acids

from Acetate-Degrading Sulfate-Reducing Bacteria

3.1 Introduction

Linking microbial community structure with the communities' activity in the environment

remains a challenge in microbial ecology. Recently, several methods have been developed to

tackle this problem (for a review see Gray and Head (2001). Among these techniques, a

particularly interesting approach is the use of stable isotopes combined with molecular tools.

Organisms that actively metabolize a C-labeled compound incorporate part of the label into

their biomass. The identity of active organisms can then be unveiled by analyzing labeled

biomarker molecules such as phospholipid-derived fatty acids (PLFA), DNA or RNA

(Boschker et al., 2001, Boschker et al., 1998, Manefield et al., 2002, Radajewski et al., 2000).

One of the advantages of PLFA or RNA labeling in contrast to DNA labeling is that

microbial cells synthesize PLFA and RNA even when they are not replicating. Therefore, the

turnover rate of the latter biomolecules is faster than DNA (Manefield et al., 2002). Lipids are

particularly interesting in field-oriented research because in most bacteria they may account

for 2 to 20% of the biomass (Lechevalier & Lechevalier, 1998). Although the identification of

certain microbial taxa from the analysis of PLFA derived from a complex microbial

community can be ambiguous (Pombo et al., 2002a), the combination of PLFA analysis with

other molecular tools can yield useful information (Pelz et al., 2001b, Stephen et al., 1999,

von Keitz et al., 1999). Moreover, certain bacterial groups with specific biogeochemical

activity such as sulfate reducing bacteria (SRB) have been thoroughly characterized by PLFA

profiling and were found to possess several characteristic PLFA biomarkers (Dowling et al.,

1986, Kohring et al., 1994, Vainshtein et al., 1992).

However, most of the studies on biomarker C-labeling are normally performed in

laboratory microcosms, and microbial activities measured under these conditions may not

resemble the communities' activities at a particular field site (Gray & Head, 2001). Prolonged

incubations could also produce a shift in microbial community composition by favoring

microorganisms that readily degrade a substrate under laboratory conditions, but which are

not very active in the field. Furthermore, laboratory studies can also neglect interactions

between two or more different populations that are delicately balanced under natural

conditions (Madsen, 1998). But there have been only a few attempts to use isotope labeling at
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the field scale using H13C03~ and PLFA analysis (Middelburg et al., 2000), several 13C-

labeled organic compounds and 16S rRNA gene analysis (Padmanabhan et al., 2003), and [2-

C]acetate and PLFA analysis (Pombo et al., 2002a).

In our previous study we demonstrated that it is possible to label PLFA at the field scale

while determining the rate of substrate consumption in a petroleum hydrocarbon-

contaminated aquifer using a push-pull test (PPT) (Pombo et al., 2002a). A PPT consists of

injecting a test solution that contains a conservative tracer and one or more reactants into an

aquifer through a monitoring well. After an incubation period, the mixture of groundwater and

test solution is extracted from the same well and analyzed to determine rates of reactant

consumption (Haggerty et al., 1998). In our previous study we injected [2-13C]acetate diluted

1:1 with unlabeled acetate into the nitrate-reducing zone of the aquifer. Nitrate-reducing

bacteria were targeted in that experiment because nitrate reduction is an energetically

favorable process with high percentage of carbon assimilation. We found high enrichments in

PLFA, in some cases of up to ~5000%o. But the labeled PLFA pattern was not used for

identifying specific organisms, because bacteria that reduce nitrate are a phylogenetically

heterogeneous group and lack characteristic PLFA that could be used as biomarker. Besides,

in that experiment only bacterial communities suspended in groundwater were studied.

Thus, it remains to be seen if it is feasible to apply this method to slower but

environmentally very important processes, with lower percentage of carbon assimilation, like

sulfate reduction and other energetically less favorable anaerobic respirations. Moreover,

targeting microbial populations that possess recognized PLFA biomarkers, as in the case for

SRB, would allow specific identification of degrading populations. Finally, since attached

microbial communities also contribute to the overall activity in an aquifer, the analysis of

bacterial communities attached to the aquifer matrix is desirable.

The aim of the present study was therefore to evaluate whether we can identify directly in

the field the populations of sulfate-reducing bacteria degrading C-labeled acetate in the

sulfate-reducing zone of a petroleum hydrocarbon-contaminated aquifer using the PLFA

labeling approach combined with a PPT. We also wanted to investigate if other

microorganisms or processes were involved in this degradation. In addition, we wanted to

compare suspended vs. attached microbial communities actively degrading the acetate.
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3.2 Materials and methods

3.2.1 Field site description

The study was conducted in a petroleum hydrocarbon-contaminated aquifer in Studen,

Switzerland, which undergoes monitored natural attenuation and was characterized in detail

by Bolliger et al. (1999). The work presented in this paper was performed in October 2002 in

monitoring well PS3, which is located within the contaminant source zone (free-phase oil

present). PS3 partially penetrates the aquifer to a depth of 3.5 m below ground surface. At the

time the experiment was performed, the groundwater table was at 2.42 m depth. Groundwater

in well PS3 exhibited reduced conditions (see Table 3-1) and dissolved petroleum

hydrocarbons concentration of up to 1 mg/1 (Bolliger et al., 1999). Previous studies have

shown that PS3 is located within a transition zone where both sulfate-reducing and

methanogenic conditions are found (Bolliger et al., 1999, Bolliger et al., 2000).

Table 3-1: Chemical parameters in background groundwater of monitoring well PS3 and in the injection
solution

Background Injection solution

68 78

84 95

12 4 10 0

29 29

20 20

55 5 55 5

12 8 3 4

0 15 110

0 23 0 01

<0 01 0 50

<0 01 2 01

3.2.2 Field experiment and sample collection

From well PS3, 500 1 of groundwater were extracted and collected in a plastic container

and were sparged with N2 gas to avoid O2 diffusion from air into the test solution during its

preparation and injection. The test solution was prepared by adding to this water Br" as a non-

reactive, conservative tracer (as NaBr), SO4
"

as electron acceptor (as K2SO4), and acetate as

carbon source (as NaAc) (final concentrations listed in Table 3-1). We employed 20%

methyl-labeled acetate ([2-13C]acetate, 99% 13C, Cambridge Isotope Laboratories, MA, USA);

Alkalinity (mM)

DIC (mM)

o2 (uM)

N03 (uM)

Fell (uM)

S2 (uM)

S042 (mM)

CH4 (mM)

Br (mM)

Acetate (mM)
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the remaining 80% was unlabeled acetate. The theoretical, calculated C/ C ratio (expressed

as 8 C) of acetate in the test solution was -9850 %o. Injection of the test solution by gravity

drainage at a depth of 3.3 m below ground surface was completed within 43 min. Extraction

of the groundwater/test solution mixture was performed sequentially in four steps: 100 1 were

recovered after 2 h, 1001 after 22 h, 1001 after 25 h and 200 1 after 46 h, all at a constant flow

rate of ~5 1/min using a Grundfos MP-1 submersible pump (Grundfos Pumpen, Fällanden,

Switzerland).

Samples were collected from background groundwater (during groundwater collection,

after the first 150 1 were pumped to avoid sampling the water of the well casing), and during

both the injection and the extraction phase. All samples where kept on ice until further

processing. Samples for Br", SO42" and acetate were filtered in the field through 0.45 um

polyvinylidene fluoride filters (Millipore, Bedford, MA, USA) and stored in 12-ml vials.

Samples for pH, alkalinity, CH4, and 8 C analysis of dissolved inorganic carbon (DIC) were

collected unfiltered in 120-ml serum bottles closed without headspace with butyl rubber

stoppers to minimize loss of CH4. The samples collected for CH4 concentration measurements

and 8 C analysis of CH4 were poisoned in the field immediately after collection with 0.2 ml

of 10 M NaOH to stop any microbial activity. Samples for 8 C analysis of DIC were

poisoned in the field immediately after collection with 0.2 ml of C02-free 10 M NaOH and

the DIC was precipitated as BaC03 by adding 4 ml of a C02-free 1.2 M BaCl2 solution upon

arrival to the laboratory. After more than 12 h of equilibration, the precipitate was filtered and

dried at 105 °C for 12 h.

Samples for PLFA extraction were collected in 10-1 plastic containers, poisoned with 10

ml of concentrated (37%) HCl and kept on ice until further processing. Within 10 h, these

samples were filtered through glass fiber and 0.2 urn polyvinylidene fluoride filters

(Millipore, Bedford, MA, USA) to collect the suspended biomass, and the filters were kept at

-20 °C until PLFA extraction. For microbial cell counts and FISH analysis, samples of 50 ml

were collected in sterile falcon tubes, kept on ice during transport, and processed immediately

after arrival to the laboratory. Before and after the PPT we also collected sediment samples

(3-cm diameter cores) using a Humax handheld hollow-stem auger (Max Hug, Luzerne,

Switzerland) at a distance of ~30 cm from the well casing at a depth of 3-3.5 m below ground

surface. Sediment samples were stored under N2 atmosphere on ice until further processing in

the laboratory.
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3.2.3 Chemical analysis and calculation of apparent reaction rate coefficients

Concentrations of Br, SO42 and acetate were measured by ion chromatography, alkalinity

was measured by potentiometnc titration and pH was determined with a pH electrode (Pombo

et al., 2002a). Concentrations of DIC were calculated from alkalinity and pH (Stumm &

Morgan, 1981). CH4 was quantified by gas chromatography with a HayeSep N column

(Restek, Bellefonte, PA, USA) using N2 as earner gas and a FID detector, employing the

headspace method as described m Bolliger et al. (1999).

Apparent first-order rate coefficients for the consumption of SO4 and acetate were

calculated from extraction breakthrough curves using the method of Haggerty et al. (1998).

This method assumes that an injected reactant is transformed withm the aquifer according to

the first-order reaction dC/dt= -kCv, were Cr is the reactive solute concentration, and k is the

apparent first-order rate coefficient.

Stoichiometnc ratios, SR (mol SO4 per mol acetate consumed) were calculated from

extraction breakthrough curves for each sampling point using"

(ID *> Br S04 I ° S04 (~i 1 \

JA = /
, ;—T (3-1)

X^Br
~ ^Ac'^o Ac

where C* is relative concentration (i.e., concentration measured in the extracted samples

divided by concentration in the injected test solution, C0) of Br, SO42 and acetate (Ac)

(Pombo et al., 2002a).

3.2.4 PLFA analysis

Total lipids were extracted from microbial biomass collected on the filters and from 20 g

wet weight of sediments by a modified Bligh-Dyer method (Bligh & Dyer, 1959) as desenbed

previously (Abraham et al., 1998). Lipids were then fractionated to neutral, glyco- and

phospholipids by column chromatography on silica gel (ICT, Basle, Switzerland) as described

previously (Frednckson et al., 1986). The expected recovery efficiency of phospholipids from

sediments with this method is 93±5 % (Frednckson et al., 1986). Phospholipids were dried

and denvatized into fatty acid methyl esters. Then they were separated by gas

chromatography, identified, and their relative abundance calculated employing the MIDI

System (Pombo et al., 2002a). A mass spectrometer (GCQ Fmmgan MAT, Bremen,

Germany) was used for an additional verification of peak identity. PLFA nomenclature used
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in this paper is in the form of A:BcoC, where A designates the total number of carbons, B the

number of double bonds and C the distance of the closest unsaturation from the aliphatic end

of the molecule. The suffixes "-c" for eis and "-t" for trans refer to geometric isomers. The

prefixes "i-" and "a-" refer to iso- and anteiso-methyl branching, and mid-chain methyl

branches are designated by "Me-" preceded by the position of the branch from the acid end. A

cyclopropyl ring is indicated as "cy-".

3.2.5 Determination of stable carbon isotope ratios in DIC, CH4 and PLFA

For stable carbon isotope ratio analysis of DIC, dried BaC03 was converted to CO2 at

90°C in an automated acid bath preparation system and then measured on a Fisons-Prism

isotope ratio mass spectrometer (Fisons, Middlewich, Cheshire, UK) in duplicates.

The stable carbon isotope ratio of CH4 was determined using a Precon preparation device

(Finnigan, Bremen, Germany). After injecting the sample through a septum into a helium

stream, the gas passed a liquid-nitrogen trap and a chemical trap (based on NaOH) to remove

all CO2, then the CH4 from the sample was combusted with 100% efficiency in an oven at

1000°C to CO
.
The sample gas was collected in a second liquid-nitrogen trap, and later

injected into a GC column (Poraplot Q) for separation of interfering gases such as N2O. The

gas was then passed to an isotope-ratio mass-spectrometer (Delta Plus XL, Finnigan, Bremen,

Germany).

The stable carbon isotope ratio measurements in PLFA were carried out on a Finnigan

Delta PLUS XL isotope ratio mass spectrometer (Finnigan, Bremen, Germany) coupled via

combustion interface to a Hewlett Packard HP 5890 gas Chromatograph, which was equipped

with a HP Ultra 2 capillary column (Pombo et al., 2002a).

All stable carbon isotope ratios are reported using the standard 8-notation,

8 C (%o)=(Rs/Rvpdb-1)*10 ,
where Rs and Rvpdb are the C/ C isotope ratios corresponding

to the sample and the international Vienna PeeDee Belemnite standard, respectively (Rvpdb =

0.0112372 ± 0.0000090). The 813C values of PLFA were corrected for the methyl group

introduced during derivatization (Abraham et al., 1998). Concentration of 13C in any given

compound and sample can be calculated from 813C and Ct (total C concentration, i.e. 13C +

12C) using the following equation:

13C = Ct/{ 1/[(813C/1000+1 )*Rvpdb]+1} (3-2)
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The relative C incorporation into each PLFA is calculated with the following formula

adapted from Boschker and Middelburg (2002):

Relative13C incorporation (%) = 100*(F, -F0) *CPLFA (3-3)

where F indicates the fraction of C at the beginning of the experiment (o) and after a certain

time (t) and Cplfâ is the PLFA concentration expressed in % of abundance. The fraction F can

be calculated as: F—R/(RS-1) and Rs is calculated from the measured 8 C data.

3.2.6 Fluorescent in situ hybridization

Biomass from 50 ml of groundwater was obtained by centrifugation, fixed with

paraformaldehyde and stored at -20 °C as described in Bolliger et al. (2000). Similarly, 2 g of

sediment samples were fixed with 1.5 ml of 4% paraformaldehyde in phosphate-buffered

saline (PBS). Before analysis, 50 ul of sediment sample were diluted in 950 ul 0.01%

pyrophosphate and dispersed by mild sonication with a probe of 2mm diameter during 1 min

at 20% power (VCX 500, Sonics, Newtown, CT, USA). The bacterial cells were stained with

4',6-diamidino-2'-phenylindole (DAPI) (Sigma, Buchs, Switzerland) and hybridized with

fluorescent labeled 16S rRNA-targeted nucleotide probes as described in Zarda et al. (1997).

The probes used were: Eub338 targeting Eubacteria (Amann et al., 1990b), SRB385 (Amann

et al., 1990a) plus SRB385Db (Rabus et al., 1996) for SRB of the 8-Proteobacteria, DSB985

for Desulfobacter (Manz et al., 1998) and Arch915 for Archaea (Stahl & Amann, 1991).

Slides were mounted with Citifluor solution (Citifluor, Canterbury, UK) and analyzed with a

Zeiss microscope equipped for epifluorescence using the appropriate filters at lOOOx

magnification (Zarda et al., 1997).

3.3 Results

3.3.1 Consumption of sulfate and acetate

Breakthrough curves of Br", acetate and SO4
"

showed a sharp decline at the beginning of

the extraction due to dilution of the test solution with native groundwater (Figure 3-1).

Throughout the extraction phase, relative concentrations of SO4
"

and acetate were lower than

relative Br" concentration, indicating acetate and SO4
"

consumption during the test.

Computed apparent first-order rate coefficients (k) were 0.31 ± 0.04 d" for acetate and 0.34 ±
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0.05 d" for SO4
"

consumption. By integrating the breakthrough curves we calculated that

during the extraction phase we recovered 31% of the injected mass of Br", 28% of acetate and

27% of SO4 ". A total of 29.7 mmol of acetate and 21.7 mmol of SO4
"

were consumed during

the test, which yields an overall SO4 "/acetate stoichiometric ratio of 0.73. The average

stoichiometric ratio calculated for each sampling point (Eq. 3-1) was 0.78 moles of SO4
"

consumed per mol of acetate consumed.
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Figure 3-1: Breakthrough curves showing relative concentrations (C*, i.e., concentration measured in the

extracted samples divided by concentration in the injected test solution) of Br", S042" and acetate during
the push-pull test vs. the relative cumulative extracted volume (cumulative extracted volume divided by
the total injected volume of test solution) and the measured CH4 concentration. The dotted line represents
the CH4 background concentration. The arrows indicate elapsed time after the end of injection of the test

solution when the sequential extractions started.
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3.3.2 Concentration and stable isotopic composition of CH4 and DIC

After 2 hours of incubation, the concentration of CH4 increased from O.OlmM (injection

concentration, Table 3-1) to 0.05 mM (Figure 3-1). After 24h, CH4 concentration reached

values similar to that of the background without further increase. The 8 C value of the

background CH4 was -71.03 ± 0.11%o (Figure 3-2a). The 8 C value rose to +1107%o after

only 2 h, reaching a maximum after 22 h of incubation of +3352%o, then slowly decreased

without reaching negative values even after almost 48h of incubation.

Measured DIC concentrations in the extraction phase samples showed little variation with

an average of 11.1 ± 0.6 mM (data not shown). The 8 C was -16.15 ± 0.50%o in background

DIC and -13.61 ± 0.43%o in injection solution DIC (Figure 3-2b). Only 2 hours after injection,

the 8 C DIC value increased to -4.27 ± 0.01 %o and reached a maximum value of 37.12 ±

0.13 %o after 22 hours of incubation. Thereafter, 8 C of DIC declined as a consequence of

dilution of the injection solution with background groundwater containing unlabeled DIC.

Using equation 3-2 we estimated the concentration of C present in DIC and CH4 at any

given point during the experiment using the concentration and 8 C values of DIC and CH4 in

the injection solution, background and in the samples during the experiment (data not shown).

These data were used in a mass balance to determine the relative amount of C in the CH4

and DIC pools that was derived from the degradation of labeled acetate. The percentage of

acetate-derived C going to each of those pools was approximately 43% for DIC and 57% for

CH4, considering only the catabolic end products of acetate degradation.
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Figure 3-2: Values of 513C measured in a) CH4 and b) dissolved inorganic carbon (DIC) during the

experiment. The dotted lines represent the S13C background values and the dashed line the DIC 513C value

in the injection solution. The arrows indicate the elapsed time after end of injection of the test solution.

Error bars indicate standard deviations.
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3.3.3 PLFA relative abundance and stable isotopic composition

Profiles of relative PLFA abundance (a total of 34 PLFA were identified) were similar in

sediment and groundwater samples, although in the sediment the absolute amount of

recovered biomass was smaller, since the volume of aquifer sampled is smaller compared to

the water volume sampled, and as a consequence, very low abundance PLFA were difficult to

detect (Figure 3-3). Only very small variations were observed in the profiles stayed from

beginning to end of the test in both groundwater and sediment samples.
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Figure 3-4: Values of 513C measured in PLFA

extracted form a) groundwater samples and b)
sediment samples, n.d. = not detected. BG =

Background. Error bars indicate standard

deviations.

The PLFA in groundwater samples got on average more enriched than those in sediment

samples (Figure 3-4). The average background 8 C for PLFA in groundwater samples was -

35.7±8.2%o, and after the experiment the average shifted to -9.1±15.5%o. The enrichments for

70



Chapter 3 : C labeling of PLFA of sulfate-reducing bacteria

each individual PLFA varied from 5 to 100%o (Figure 3-4a). On the other hand, in sediment

samples the average PLFA 813C value increased from -31.9±3.7%o to -27.7±4.8%o, with

individual PLFA enrichments ranging from 0 to 16%o (Figure 3-4b). However, in order to

compare which PLFA incorporated more label, it is important to relate the amount of C

incorporated into a PLFA to the relative PLFA concentration using equation 3-3. The PLFA

in groundwater samples that on a relative basis incorporated more label were 16:lco7c,

16:lco5c, 16:0 and 18:2co6c/18:1(ö9c/18:1(ö7c (we were unable to separate the latter three

PLFA under the chromatographic conditions used in the 8 C determination) (Figure 3-5a).

The PLFA 14:0, il5:0, al5:0, lOMe 16:0, cyl7:0, and 18:0 were also enriched but to a lesser

degree. In the sediment samples, the only PLFA that showed substantial enrichment were

16:1od7c, 16:0, 18:2od6c/18:1od9c/18:1od7c and 18:0 (Figure 3-5b).
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Figure 3-5: Incorporation of 13C into PLFA extracted from a) groundwater samples and b) sediment
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3.3.4 Fluorescent in situ hybridization

Total cell numbers (DAPI-stained) were 4.7 ± 0.2 x 107 cells / cm"3 for groundwater

samples and 1.3 ± 0.2 x 10 cells g" (wet weight) in sediment samples. To compare the cell

number of attached and suspended bacteria it is necessary to convert both numbers to bacteria

per unit volume of aquifer material. Therefore, the number of cells cm" was multiplied by the

average porosity (0.38 (Urmann et al., 2005)) and the number of cells g"1 were multiplied by

the average bulk density (1.64 g cm" ). This calculation yields 1.8 x 107 suspended cells cm"

and 2.1 x 10 attached cells cm"
. Thus, ~8% of the microbial community is suspended. The

predominant communities detected belonged to the Archaea and Eubacteria, and within the

latter domain especially to the Gram(-) SRB (Table 3-2). The known acetate-utilizing SRB

Desulfobacter comprised 9.2 to 15.4% of total cell numbers. Slightly lower percentages of

Desulfobacter and archaeal communities were detected in attached compared to suspended

communities. The percentage of the DAPI-stained cell that hybridized with the different

probes remained fairly constant from the beginning to the end of the experiment, with two

exceptions: for probe EUB 338 in groundwater samples and for probes SRB385 plus

SRB385Db in sediment samples. In both cases, the percentage of DAPI-stained cells detected

with the respective probes declined during the experiment.

Table 3-2: Community composition of groundwater and sediment samples as determined by FISH

% of DAPI-stamed microorganisms

Probe Target Groundwater Sediment

BG After 46 h BG After 46 h

39 9 ± 3 1 44 5±07 47 6±85

419±09 410±09 23 5±43

154±46 105±28 92 ± 1 5

29 9±37 27 3±41 24 0±36

Eub33 8 Eubactena 49 5 ± 3 5

SRB385 + SRB of the 8-
40 i ± 3 5

SRB385Db Proteobacteria

DSB985 Desulfobacter 12 0±3 4

Arch915 Archaea 33 1 ± 2 9
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3.4 Discussion

3.4.1 Substrate consumption

A low recovery of Br" (31%), and therefore of injection solution, was due to a fairly high

average pore water velocity (~ 0.4m day" ) at the site (Bolliger et al., 1999). However, the

incubation time was chosen to allow detectable acetate and SO4
"

consumption, as determined

in a previous study (Kleikemper et al., 2002b).

Acetate and SO4
"

were degraded at rates similar to what was found before in the same

well with computed k of 0.31 ± 0.04 d"1 for acetate and 0.34 ± 0.05 d"1 for S042" (previously

reported k values were 0.60 ± 0.06 d"1 for acetate and 0.24±0.01 d"1 for SO42" (Kleikemper et

al., 2002b)). The computed k for SO42" consumption were higher than previously reported in

Schroth et al. (2001b) for the same well without any carbon substrate addition (k - 0.04 to

0.13 ± 0.01 d" ). Similarly, in other aquifers k for SO4
"

consumption without C addition was

lower: 0.02 to 0.08 d"1 (Chapelle et al., 1996) and 0.04 d"1 (Lu et al., 1999). The comparisons

detailed above are an indication that sulfate reduction was enhanced by the addition of

acetate; therefore acetate oxidation was at least in part coupled to sulfate reduction. In

addition, previous studies in this aquifer have shown isotopic evidence that sulfate reduction

measured during PPTs was attributable to microbial activity (Kleikemper et al., 2002b,

Schroth et al., 2001a).

Stoichiometric calculations indicated that 0.73 to 0.78 moles of SO4
"

were consumed per

mol of acetate. If we assume that all the SO4
"

consumed was used to mineralize acetate at the

theoretical 1:1 stoichiometric ratio, about one quarter of the acetate was degraded by other

processes. However, we cannot discard the possibility that SO4
"

was also used as electron

acceptor for oxidation of other organic substrates present in the aquifer (e.g., petroleum

hydrocarbons). In that case, the proportion of acetate degraded by other processes would be

even higher; the latter appears conoborated by our isotopic analyses. The increase of 8 C in

DIC and CH4 indicates that acetate was degraded concomitantly by at least two processes: a)

it was completely oxidized to CO2 (presumably by SRB), and b) it was reduced to CH4. A

mass balance of the C content of the catabolic products of acetate revealed that

approximately 43% of the absolute amount of C derived from acetate degradation went to

DIC and 57% to CH4. The rapid and high 13C-enrichment in CH4 suggests that CH4 is directly

derived from the methyl group of acetate (which bears the label) and not from reduction of
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labeled CO2. Therefore, we may speculate that a substantial part of the acetate was degraded

by acetoclastic methanogenesis.

The two above mentioned processes of acetate mineralization (oxidation and acetoclastic

methanogenesis) were detected previously in this well, where stoichiometric calculations

suggested that SO42" reduction accounted for only 29% of acetate degradation (Kleikemper et

al., 2002b). Although the relative contribution of these processes is somewhat different in our

study, the simultaneous consumption of SO4
"

and C-enrichment of DIC and CH4 provides

unequivocal evidence that acetate oxidation coupled with sulfate reduction and acetoclastic

methanogenesis occurred simultaneously at high concentrations of both electron donor and

SO4 ", at least during the short period of time that this experiment lasted. Our results thus add

to a growing body of geochemical and microbiological evidence that several terminal

electron-acceptor processes may occur in spatial proximity in a bulk volume of aquifer

material (Cozzarelli et al., 2000, Jakobsen & Postma, 1999, Ludvigsen et al., 1998, Vroblesky

et al., 1996).

3.4.2 Microbial community structure and its temporal stability

The addition of acetate in concentrations higher than normally measured for this

environment could lead to an enrichment of microorganisms adapted to fast growth on

acetate. Such enrichment would lead to a shift in the indigenous microbial community.

However, PLFA patterns and FISH proportions in both attached and suspended bacteria

remained almost identical from the beginning to the end of our experiment. This again shows,

as in our previous studies (Kleikemper et al., 2002b, Pombo et al., 2002a), that there is no

detectable change in the microbial community composition during the length of the

experiment, and that the activities measured thus correspond to the potential activity of the

microbial community present at that moment in the vicinity of the monitoring well.

We detected high percentages of Gram(-) SRB and archaeal communities. Detection of

Desulfotomaculum species was not attempted with probe S-G-Dtm-02929-a-A-18, because it

cannot detect Desulfotomaculum acetoxidans (Hristova et al., 2000), the only

Desulfotomaculum species that could be suspected of acetate consumption in this well.

Furthermore, using that probe we were not able to detect any Desulfotomaculum in

groundwater from this aquifer in a previous study (Kleikemper et al., 2002b). The decrease in

detectability of DAPI-stained cells in some samples (Table 3-2) could be attributed to the

difficulty of visualizing the cells in the samples. This was due to the high clay content both in
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groundwater and sediment samples which interfered with the detection of microorganisms at

the wavelength used to observe DAPI-stained cells.

3.4.3 Incorporation of 13C into PLFA

In this study, the enrichment of PLFA extracted from groundwater samples varied from 0

to 100%o. The enrichment obtained is in the expected range, taking into account the results we

obtained in our previous study (where we observed enrichments of up to 5000 %o in some

PLFA (Pombo et al., 2002a)), the amount of label used, and the characteristics of the

processes targeted in the present study. In our previous experiment -25% ofthe acetate-C was

C in comparison to the present experiment with only -10% as C. Furthermore, nitrate

reduction is energetically more favorable than sulfate reduction and therefore SRB

incorporate lower relative amounts of carbon into their biomass. Growth yield on toluene, for

example, is 3 times higher in Pseudomonas sp. strain K172 (a nitrate-reducing toluene-

degrader) with a yield of 57 g cell/mol toluene (Altenschmidt & Fuchs, 1992) than in

Desulfobacula toluolica PRTOL1 (a sulfate-reducing toluene-dégrader) with a yield of 19 g

cells/mol toluene (Bélier et al., 1996).

The pattern of PLFAs that were labeled is different to any known acetate-oxidizing SRB

PLFA profile. However, the specific labeling ofjust some fatty acids suggests that only a few

genera are involved in the degradation of acetate. One of the PLFA that incorporated a high

proportion of the label, 16:lco7c, is an important PLFA in most acetate-oxidizing SRB

(Dowling et al., 1986) and is considered biomarker for Desulfotomaculum acetoxidans

(Dowling et al., 1986). In addition, D. acetoxidans grown on acetate produces almost

exclusively even-carbon straight-chain PLFA with 16:lco7c and 18:lco7c as the major

monoenoic acids (Dowling et al., 1986). In our experiment enrichment of monoenoic even-

chain PLFA accounts for approximately 50 % of total enrichment. A similar labeling pattern

was found by Boschker et al. (1998) after incubating estuarine sediments with C-labeled

acetate, and they concluded that the main acetate dégrader in that sediment was D.

acetoxidans. Hence, in our experiment, D. acetoxidans may have been an important acetate

dégrader.

On the other hand, 10Mel6:0 that was also enriched and cyl7:0 that was enriched to a

lesser degree have not been detected in any Desulfotomaculum species, but have been found

instead in high amounts in Desulfobacter species (Dowling et al., 1986). Furthermore, other

branched uneven-carbon PLFA, such as il5:0 and al5:0, that were also labeled in our
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experiment can account for 2 to 11 % of PLFA in Desulfobacter grown in acetate but are not

important in D. acetoxidans (Dowling et al., 1986, Taylor & Parkes, 1983). Hence, a 13C-

enrichment in those PLFA together with a strong presence of Desulfobacter detected by FISH

suggests that among the suspended populations in this well also Desulfobacter is utilizing the

labeled acetate. In summary, our observations suggest that among the suspended communities

of this well both Desulfobacter and D. acetoxidans play an important role in acetate

degradation.

In sediment samples, the C-incorporation was an order of magnitude smaller than in

groundwater samples (compare Figure 3-5a and b). This could be explained if we consider

that the total C present in attached bacteria is higher that the total C present in suspended

bacteria in the same aquifer volume. Therefore, the label incorporated in the PLFA of

attached biomass is diluted with more unlabeled C. Unfortunately, a precise estimate of

relative contributions of suspended and attached communities to acetate degradation is not

possible with the data obtained due to the experimental design. Nevertheless, both suspended

and attached communities were active and degraded acetate. This contradicts previous

observations made by Alfreider et al.(1997), who did not detect a significant activity in

suspended communities. However, their study was conducted in pristine aquifers with

extremely low nutrient content. Other authors instead have found that suspended communities

are denser and more active in contaminated aquifers than in pristine groundwater, with

suspended communities ranging from 1 to 50% of the total aquifer community (Bekins et al.,

1999, Griebler et al., 2002).

The enrichment pattern in sediment-derived PLFA indicates an activity only of D.

acetoxidans, because of its similarity with the results obtained by Boschker et al. (1998). In

spite of the high abundance of Desulfobacter-\ike bacteria detected by FISH (-10% of total

DAPI-stained bacteria), the latter group was probably not degrading a substantial amount of

acetate, because PLFA biomarkers for Gram(-) SRB were not significantly enriched. Another

reason for the failure of detecting enrichment in Desulfobacter fatty acids could be that the

recovery efficiency of PLFA from sediments is not high enough (expected efficiency is 93 ±

5% (Fredrickson et al., 1986)), and with a low biomass sample some minor PLFA are likely

not recovered. This could be avoided in future studies by extracting PLFA from bigger

sediment samples.

In a previous microcosm study performed with sediment from the same aquifer, a

Desulfobacter-\ike population increased in microcosms amended with acetate (Kleikemper et
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al., 2002a). This was not the case in our field experiment, neither in the suspended nor the

attached community. In the field both populations, Desulfobacter and D. acetoxidans,

competed effectively for acetate in the suspended microbial fraction at least during the length

of the experiment. In contrast, in the attached community D. acetoxidans appeared to

dominate acetate degradation.

As observed from the isotopic data, an important part of the acetate was rapidly

transformed to CH4. This shows that the high percentage of Archaea detected by FISH

(around 30% of total DAPI counts) were actively degrading the acetate. One of the main

populations of methanogens degrading acetate in this well could be Methanosaeta concilii,

which is a known acetoclastic methanogen and was previously detected as an important

component of the archaeal community in this aquifer(Bolliger et al., 2000, Kleikemper et al.,

2005).

3.4.4 Conclusions

Using a combination of techniques, we were able to follow acetate mineralization in the

field through two different processes, oxidation coupled to sulfate reduction and acetoclastic

methanogenesis. We demonstrated that this combination of techniques is appropriate to

follow incorporation of C into bacteria that perform respiration with low-energy yield and do

not incorporate high amounts of C into their biomass. We found unequivocal evidence that

sulfate reduction and methanogenesis occuned simultaneously at high concentrations of both

electron donor and SO4 ". We linked acetate degradation with the activity of suspended

populations of Desulfotomaculum acetoxidans and Desulfobacter sp., and acetoclastic

methanogens. Furthermore, within the attached community, only PLFA belonging to D.

acetoxidans were labeled. Thus, our results indicate that both suspended and attached

microbial communities contribute to acetate degradation. Finally, the PLFA enrichment

patterns observed in this study indicated that bacterial communities degrading acetate in the

field differ from communities previously reported to be enriched with acetate in microcosm

studies from the same aquifer, demonstrating that care has to be taken when extrapolating

laboratory results to the field.

These results show that the isotope labeling technique is a powerful and sensitive tool to

study processes at the field scale, and provides new insights on unraveling the delicately

balanced interactions between microbial communities in natural habitats.
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4 Activity and Diversity of Methanogens in a Petroleum

Hydrocarbon-Contaminated Aquifer

4.1 Introduction

Methanogenesis is a common process in many anaerobic environments such as digesters

(Raskin et al., 1994a), cattle rumen (Miller et al., 1986), rice fields (Joulian et al., 1998), oil

wells (Ollivier et al., 1997), landfills (Fielding et al., 1988), and a range of extreme habitats

(Garcia et al., 2000). This process plays an important role for the formation of biogas as an

alternative source of energy (Oremland, 1988), generation of CH4 as a greenhouse gas

(Wuebbles & Hayhoe, 2002), and degradation of contaminants in polluted soils and aquifers

(Christensen et al., 1994, Zengler et al., 1999). In the absence of other electron acceptors such

as oxygen, nitrate, and sulfate, methanogens are involved in the terminal anaerobic

breakdown of organic matter (Garcia et al., 2000). They catabohcally rely on a restricted

number of simple compounds, e.g., on CO2 as oxidant with H2 as electron donor or on acetate,

methanol or formate (Zinder, 1993). Hence, they depend on other organisms such as

fermenting or sulfate-reducing bacteria to supply their substrates. The physiology of cultured

methanogenic Archaea is related to their phylogenetic relationships based on 16S rRNA

sequences (Zinder, 1993). For example, while most species of the Methanobacteriaceae and

Methanomicrobiaceae prefer H2 and CO2 (or formate) as substrates for methanogenesis,

Methanosaeta, a genus within the Methanosarcinaceae, is known to generate energy only

from acetate fermentation. Most of the other Methanosarcinaceae preferentially use methanol

and related methyl-substrates for the generation of CH4.

The diversity of methanogenic Archaea in the environment may be monitored using

laboratory molecular methods such as fluorescence in situ hybridization (FISH) or denaturing

gradient gel electrophoresis (DGGE) with subsequent cloning and sequencing of excised

bands (Ficker et al., 1999, Raskin et al., 1994a, Röling et al., 2001). Previous investigations

indicated that while methyl-compounds were the primary substrates for methanogens in

marine sediments (e.g. Methanosarcina) (Zinder, 1993), mainly acetate-degrading

Methanosaeta and CO2 and ^-degrading Methanobacteriaceae and Methanomicrobiaceae

were present in a range of freshwater environments (Bolliger et al., 2000, Chapelle et al.,

2002, Dojka et al., 1998, Watanabe et al., 2002, Zepp Falz et al., 1999). For example, using

FISH, Ficker et al. (Ficker et al., 1999) found that 17% of total microorganisms in a toluene-
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degrading culture enriched from a creosote-contaminated aquifer hybridized with a

Methanosaeta-speciüc probe and 2% hybridized with a Methanospirillum-speciüc probe.

While Methanosaeta spp. were abundant in samples from a sewage sludge digester, only few

Methanosarcina spp. were visible (Raskin et al., 1994a). By assessing bands of DGGE gels,

Röling et al. (2001) detected different archaeal community structures inside and outside the

contaminant plume of a landfill leachate-polluted aquifer. Zengler et al. (1999) demonstrated

that Archaea related to Methanosaeta spp. as well as Methanospirillum and Methanoculleus,

both belonging to the Methanomicrobiaceae, were present in a long-chain alkane-consuming

methanogenic culture enriched from anaerobic ditch sediment.

Methanogenesis may contribute considerably to the mineralization of petroleum

hydrocarbons (PHC) in contaminated aquifers (Chapelle et al., 2002). However,

methanogenic microorganisms are not able to directly degrade PHC (Zengler et al., 1999).

Methanogens using H2 and CO2 contribute indirectly to PHC degradation by keeping H2

concentrations low so that fermentation ofPHC becomes exergonic and fermenting organisms

can grow (Garcia et al., 2000). Methanogens using acetate or methanol contribute directly to

PHC degradation by cleaving end products of fermentation. However, the role of different

metabolic groups of methanogens with respect to overall methanogenic activity in PHC-

contaminated aquifers is unknown. Acetoclastic methanogenesis was hypothesized to be the

terminal step of hydrocarbon degradation in a PHC-contaminated aquifer but this was inferred

from molecular data alone and not based on activity measurements (Dojka et al., 1998).

Although methanogenic activity in the subsurface is difficult to monitor due to the

volatility of CH4 and its preferred degradation by methanotrophs under both aerobic (Hanson

& Hanson, 1996) and anaerobic (Boetius et al., 2000) conditions, an attempt to quantify

methanogenesis was made using push-pull tests (PPT) (Istok et al., 1997). In these PPTs, a

test solution that contained a non-reactive, conservative tracer (Br) and a reactant (H2) was

injected ("pushed") into the aquifer through an existing well. Thereafter, the test

solution/groundwater mixture was extracted ("pulled") from the same location and the

concentrations of Br", H2, and CH4 were analyzed. Rates of microbial activities were then

determined by comparing the breakthrough curves of tracer and reactant (Haggerty et al.,

1998, Istok et al., 1997, Snodgrass & Kitanidis, 1998). However, while in these tests

considerable consumption of the substrate H2 occurred, only minimal CH4 production was

observed (Istok et al., 1997). Hence, the interpretation of such tests is difficult since processes

other than methanogenesis may also be responsible for the observed substrate consumption.
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Few studies so far focused on activity or diversity of methanogens in PHC-contaminated

aquifers (Bolliger et al., 2000, Chapelle et al., 2002, Dojka et al., 1998, Watanabe et al.,

2002). Furthermore, to our knowledge no attempt has been made to link the presence of

metabolic or phylogenetic types of methanogens to their activity in this environment. Such

information is essential for understanding the biogeochemical processes occurring in

contaminated aquifers and thus, for possibly monitoring and managing the efficiency of

bioremediation.

The objective of our study was to simultaneously assess activity and diversity of

methanogens in the anoxic zone of a PHC-contaminated aquifer. In four separate PPTs, we

used acetate, formate, CO2 + H2, and methanol as substrates to examine the potential activity

of different physiologic groups of methanogenic Archaea. Push-pull test data were then

compared with molecular analyses (FISH, DGGE, and sequencing of excised DGGE bands)

of the methanogen community composition in water and aquifer material samples. To explore

the contribution of Fe(III) reduction to H2 consumption, another PPT was performed with

bromoethanesulfonate (BES) as a specific inhibitor of methanogens (Oremland & Capone,

1988).

4.2 Materials andMethods

4.2.1 Field site

The study was conducted in a heating oil-contaminated aquifer in Studen, Switzerland,

which is undergoing remediation by monitored natural attenuation (Bolliger et al., 1999).

Push-pull tests described in this paper were conducted in monitoring well PS5, which is

located within the contaminant source zone (free-phase PHC present). Well PS5 is

constructed of 11.5 cm I.D. polyvinyl chloride casing and penetrates the aquifer to a depth of

-0.5 m below the ground water table, which was located at -2.9 m below ground surface.

Groundwater in PS5 exhibited reduced conditions and contained up to 1 mg L"1 dissolved

PHC (Bolliger et al., 1999). Previous studies have shown that PS5 is located within the

methanogenic zone with O2 concentrations < 0.03 mM, NO3" and SO4
"

concentrations <

0.003 mM, and CH4 concentrations of 1.16 ± 0.12 mM (Bolliger et al., 1999, Bolliger et al.,

2000).

82



Chapter 4: Activity and diversity of methanogens in a contaminated aquifer

4.2.2 Push-pull tests

To assess methanogenic activity we performed four separate PPTs (PPTac, PPTf0, PPTH2,

and PPTme) in September 2001 (PPTac), August 2002 (PPTfor, PPTmet), and September 2002

(PPTH2) in similar fashion as described in Schroth et al. (2001a) using the substrates acetate,

formate, CO2 + H2 or methanol. To assess the contribution of Fe(III) reduction to H2

consumption, another PPT (PPTbes) in the presence of BES was performed in November

2002. In all PPTs, test solutions were prepared by collecting groundwater in 500-L plastic

carboys and adding Br" (as KBr) as a non-reactive, conservative tracer along with acetate,

formate, H2 or methanol as reactants to achieve final concentrations of ~0.5 mM Br" and ~2.0

mM acetate, formate or methanol (Table 4-1). Hydrogen in PPTH2 (0.61 mM) and PPTbes

(0.39 mM) was added by sparging test solutions with pure H2 gas. Carbon dioxide was not

added in PPTH2 or PPTbes since CO2 was present in the groundwater of PS5 as dissolved

inorganic carbon (DIC) at a concentration of 13.5 mM. In PPTbes, ~2 mM BES was added to

the test solution. Sparging test solutions in PPTH2 and PPTbes with H2 gas and in the

remaining PPTs with N2 gas additionally served the purpose to keep test solutions anoxic

during preparation and injection.

Table 4-1: Summary of experimental conditions during five push-pull tests performed to evaluate

methanogenesis in a PHC-contaminated aquifer

Test
Substrate

injected

Substrate Br injection Injection Injection Initial

concentration, concentration volume duration incubation

Co(mM) (mM) (liters) (h) period" (h)

Total

extracted

volume

(liters)

Total test

duration

(h)

PPTac Acetate 2 11 0 53 1000 19 20 4 1000 70 8

PPTfo Formate 2 05 0 59 500 07 23 1000 69

PPTm H2 0 61 0 50 500 09 1 8 750 54

PPTme Methanol 199 0 43 500 08 23 750 27 0

PPTbes" H2 0 39 0 47 500 06 20 750 42

a
Initial incubation period = time smce injection ended until extraction began

b
In PPTBES, BES as a specific inhibitor of methanogenesis was added at a concentration of 2 15 mM

For each PPT, injection of either 500 or 1000 L of test solution into PS5 began at time t -

0 h and was completed within 0.6 to 1.9 h (Table 4-1) using gravity drainage. After an initial

incubation period of 1.8 - 20.4 h, we extracted a total of 750 - 1000 L of test

solution/groundwater mixture during further incubation of up to 49 h. Stepwise extraction was

used in PPTac and PPTme. The average total test duration ranged from 4.2 h to 70.8 h.

Preliminary tests had previously shown that test durations had to be varied to accommodate

different substrate degradation rates.
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4.2.3 Sample collection procedures

Water samples for chemical analyses were obtained during the collection of groundwater

in carboys (background concentrations), injection of test solutions (injection concentrations),

and at regular intervals during the extraction phases of the PPTs. Specifically, samples for the

analysis of Br", organic acids or BES were filtered in the field using 0.45 um

polyvinylidenefluoride filters (Millipore, Bedford, MA) and stored in 12-mL plastic vials. For

the analysis of methanol, unfiltered water was collected in 5 mL glass tubes with Teflon-

coated screw caps. Samples for CH4 and H2 analysis were collected without headspace in 117-

mL serum bottles and closed using butyl rubber stoppers. All samples were stored at 4°C prior

to analysis. Samples collected for dissolved O2, S(-II) and ferrous iron (Fe(II)) determination

were analyzed immediately in the field (see below).

Before and after the PPT series (i. e., in September 2001 and October 2002), groundwater

from PS5 was sampled for biological analyses (total cell counts, FISH, and DGGE) by

collecting 50 mL each of unfiltered water in sterile Falcon tubes. All samples for biological

analyses were immediately placed on ice until further processing in the laboratory. After the

PPT series, aquifer material samples were collected using a handheld hollow-stem auger

(Humax, Switzerland) at a radial distance of ~30 cm from the well casing at a depth of 3-3.5

m below ground surface in the anoxic zone of the aquifer. Samples were stored under N2

atmosphere on ice during transport until immediate further processing in the laboratory.

Aquifer material consisted of coarse to medium size gravel with a porosity of-0.35.

4.2.4 Analytical methods

Bromide, acetate, and formate concentrations were determined using a DX-320 ion

Chromatograph (Dionex, Sunnyvale, CA, USA) as described in Kleikemper et al. (Kleikemper

et al., 2002b). BES, SO4
"

and NO3" were quantified using a DX-100 ion Chromatograph

system (Dionex). Methane and H2 concentrations were determined by gas chromatography

(GC Carlo Erba Model 8000, Rodano, Italy) on a HayeSep D column with N2 as carrier gas

and a Carlo Erba thermal conductivity detector, using the headspace method as described in

Bolliger et al. (Bolliger et al., 1999). Methanol was quantified photometrically using alcohol

oxidase coupled to peroxidase and 2,2'-azino-di-(3-ethyl)-benzthiazoline-6-sulfonic acid

(ABTS) as described by Herzberg and Rogerson (Herzberg & Rogerson, 1985). Dissolved O2,

S(-II), and Fe(II) were measured colorimetrically using a DR/890 colorimeter (Hach Co.,
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Loveland, CO, USA) following standard protocols. DIC concentrations were determined

according to Bolliger et al. (Bolliger et al., 1999).

4.2.5 Determination of zero-order degradation rates

Zero-order rates for substrate degradation (in mM d" ) in PPTf0 were determined directly

from observed substrate consumption using the method of Snodgrass and Kitanidis

(Snodgrass & Kitanidis, 1998). Since the data of all other PPTs did not fit a zero-order type

reaction, but rather a first-order type reaction, first-order rate coefficients (unit: d" ) for

substrate degradation in these tests were determined from substrate consumption using the

method of Haggerty et al. (Haggerty et al., 1998). To allow a comparison of substrate

degradation between all tests, first-order rate coefficients were multiplied with the average

substrate concentration during each test to obtain quasi-zero-order substrate consumption

rates (in mM d" ). Methane production rates were calculated from the slope of plots of

cumulatively produced CH4 versus time.

4.2.6 Reaction stoichiometrics

In order to relate substrate degradation to CH4 production in PPTs, the stoichiometrics of

the degradation reactions were taken into account. First, the total mass (in mmol) of degraded

substrate was calculated from the differences of the bromide and substrate breakthrough

curves (Pombo et al., 2002b). Then, the theoretical stoichiometric mass of CH4 cumulatively

produced from the degraded substrate was computed based on the following reaction

equations (Madigan et al., 2003) (eq. 4-1-4):

Acetate: CH3COO" + H20 -^CH4 + HC03" (4-1)

Formate: 4CHOO" + 4H+ -+ CH4 + 3C02 + 2H20 (4-2)

CO2 + H2: C02 + 4H2 -^CH4 + 2H20 (4-3)

Methanol: 4CH3OH -+ 3CH4 + C02 + 2H20 (4-4)

The observed production of CH4 was calculated for each sampling point separately using:

Cp,CH4 = Cm;CH4 ~ (Cb,CH4*(l-(Ctr/Co,tr)) + C1;CH4*(Ctr/Co,tr)), (4"5)

85



Chapter 4: Activity and diversity of methanogens in a contaminated aquifer

where Cch4 are CH4 concentrations, the index p standing for produced, m for measured, b for

background, and i for injection solution. Ctr and Co,tr are the measured and the injection

solution tracer concentrations, respectively. Integration of Cp,ch4 values and extraction

volumes yielded the observed total cumulated mass of produced CH4 (Schroth et al., 1998).

Finally, the theoretical mass of produced CH4 was compared to the observed mass of

produced CH4.

4.2.7 Cell counts and in situ hybridization

Total cell numbers were estimated using 4',6-diamidino-2'phenylindole (DAPI) staining

(Zarda et al., 1997). For in situ hybridization, we used the Cy3-labelled 16S rRNA

oligonucleotide probes (all purchased from MWG Biotech, Ebersberg, Germany) EUB338 to

target Bacteria (Amann et al., 1990b), Arch915 (Stahl & Amann, 1991) for Archaea,

MG1200 for Methanomicrobiaceae, MB1174 for Methanobacteriaceae, MS 1414 for

Methanosarcinaceae, MX825 for Methanosaetaceae (Raskin et al., 1994b), Rotel 1 for

Methanosaeta concilii, and Rotcl2 for Methanospirillum sp. (Endosymbiont of P. nasuta)

(Zepp Falz et al., 1999).

Samples for FISH and DAPI counts were processed according to Zarda et al. (1997) with

the following exceptions. Within a few hours after sampling, water samples were centrifuged

at 2500 x g for 10 min and the debris / cell-pellet was resuspended in 1 ml of 4%

paraformaldehyde in phosphate-buffered saline (PBS). Similarly, 2 g of aquifer material was

fixed with 1.5 ml of 4% paraformaldehyde in PBS. Formamide concentrations in the

hybridization mix were 10% for probe MG1200, 20% for Arch915, MX825, and Rotcl2, 30%

for probe EUB338 and Rotcll, and 35% for MB1174 and MS1414. Sodium chloride

concentrations in the wash buffer were 440 mM for probe MG1200, 308 mM for Arch915,

MX825, and Rotcl2, 100 mM for EUB338 and Rotcll, and 80 mM for MB1174 and MS1414.

The slides were mounted and visually detectable cells were counted according to Zarda et al.

(1997).

4.2.8 DNA extraction, DGGE, and cloning

To extract DNA from aquifer material, 2 g of material were stored in 1.5 mL of lysis

buffer (50 mM Tris [pH 9.5], 50 mM EDTA, 50 mM NaCl, and 5% SDS) at -80°C. Further

DNA extraction from aquifer material and water samples was conducted according to

Kleikemper et al. (2002b) with the following exceptions. DNA was extracted from the aquifer
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material by bead beating for 30 s at 5.5 m s"
.
For both water and aquifer material samples the

supernatant was transfened into a new tube after and not before digestion with lysozyme and

proteinase K.

The PCR of partial (456 bp) archaeal 16S rRNA genes was performed using primers

ARCH915-GC (5'-GC-clamp-AGGAATTGGCGGGGGAGCAC-3') (Amann et al., 1995)

and UNI-b-rev (5'-GACGGGCGGTGTGT(A/G)CAA-3') (Bundt et al., 2001), modified from

Amann et al. (Amann et al., 1995), as described in Pesaro and Widmer (2002). DGGE ofPCR

products was performed in a denaturing gradient of 30 to 60% at 75 V for 15 h as described

previously (Sigler et al., 2001). DNA band patterns were digitized, photographed, and

analyzed using the GelDoc 2000 system and QuantityOne software (Bio-Rad Laboratories,

Hercules, CA). Lane background subtraction was conducted using the rolling disk method

(disk size 2) and bands were detected with a sensitivity of 5.1. The similarity of bands was

calculated using the dice coefficient method. Dominant bands containing DNA to be

sequenced were excised and incubated for 4 h in 100 ul sterile water, followed by PCR as

described above but with non-GC-clamped primers. PCR products were transformed into

Escherichia coli DH5-a using the pGEM-T vector system according to manufacturer's

instructions (Promega Corp., Madison, WI) and commercially sequenced.

4.2.9 Phylogenetic analyses

Using the BLAST 2.0 algorithm, the derived sequences were compared to 16S rRNA

gene sequences in the National Center for Biotechnology Information database (Altschul et

al., 1997). The sequences were aligned with 26 sequences of cultured organisms and

environmental clones obtained from GenBank. The program DNApars from the PHYLIP

package (Version 3.5c) (Felsenstein, 1989) was used to perform parsimony analyses on the

original alignment and 100 bootstrap samplings with randomized species input order. A

consensus tree was calculated with the program Consense from the Phylip package and trees

were visualized using TreeView (Page, 2004). All sequences were checked for chimeric

characteristics by the chimera check function of the RDP homepage (Cole et al., 2003).

4.2.10 Nucleotide sequence accession numbers

The partial environmental 16S rRNA gene clone sequences recovered in this study have

been deposited in the GenBank nucleotide sequence database under the accession numbers

AY294408-AY294415.
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4.3 Results

4.3.1 Push-pull tests

In native groundwater of well PS5, acetate, formate, methanol, and H2 concentrations

were below the detection limit (5 uM for acetate and formate, -6 uM for methanol and -0.3

uM for H2). During PPTs, groundwater temperature was 16.0 ± 0.3°C (value ± standard

deviation), and dissolved species concentrations were as follows: O2 4.2 ± 0.6 umol L"1, SO42"

14 ± 13 umol L"1, N03" 10 ± 15 umol L"1, S(-II) (here defined as the sum of S2", HS", and H2S)

8 ± 1 umol L"1, Fe(II) 287 ± 24 umol L"1, DIC 14.7 ± 0.9 mmol L"1, all without any obvious

trend during the experiments. Methane concentrations were 0.67 ± 0.24 mM (average ±

standard deviation of all tests) in background water of well PS5 and 0.04 ± 0.04 mM in

injection solutions. A calculation of the total amount of Fe(II) lost or produced during the

PPTs showed that minor amounts of Fe(II) evolved (at most 18 mmol, PPTH2) or disappeared

(at most -17 mmol, PPTf0; data not shown).

Breakthrough curves for Br" and each substrate showed a decline in relative

concentrations (C/Co) during PPT extraction phases as extracted test solution was increasingly

diluted with native groundwater (Figure 4-1 a - e). Differences of the curves for relative Br"

concentrations between tests show that hydrological conditions (e.g., groundwater level) were

somewhat variable during the PPT series. Relative substrate concentrations were lower than

relative Br" concentrations during all PPT extraction phases. This difference is significant

since the enor in measurements of Br" and substrate concentrations was generally smaller than

5%. Of the total injected Br" mass we recovered 44% (PPTac), 73% (PPTfo), 80% (PPTH2),

49% (PPTme), and 31% (PPTbes) during the extraction phases of the PPTs (computed by

integrating solute breakthrough curves shown in Figure 4-1). Furthermore, 17% of acetate,

47% of formate, 28% of H2 (8% in PPTBES), 43% of methanol and 30% of BES were

recovered.

During PPTH2 and PPTbes, formate was detected at initial concentrations of 72 and 30

uM, respectively, and concentrations declined during the tests (Figure 4-lc, e). No other

organic acids (except those injected and formate in PPTH2 and PPTbes) were detected during

PPT extraction phases.
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Figure 4-1: Extraction phase breakthrough curves for Br-, acetate, formate, H2, and methanol in

extraction phases during push-pull tests (a) PPTac, (b) PPTfo, (c) PPTH2, (d) PPTme, and (e) PPTBES.

C/Co is relative concentration, i. e. measured concentration divided by injected concentration. Note that

the time scales for the PPTs were different (Table 4-1) and in PPTac (a), numbers on the x-axis have to be

divided by 2. Ac = acetate, Fo = formate, Me = methanol. Extracted / injected volume = volume pumped

during the extraction phase divided by the total injected volume.
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Table 4-2: Rates of substrate consumption and CH4 production, cumulative masses of degraded substrate

or produced CH4, and a substrate-CH4 balance

Percentage of the

Zero-order substrate Cumulative (total) CH4 production rate (mM d ') Cumulative (total) degraded substrate

Test degradation rate mass of deg;raded - mass of produced mass that was

(mM d ') substrate (mmol) Theoretical Measured CH4 (mmol) recovered as CH4

%

PPTac 0 38 ±0 02 557 0 38 0 048 ± 0 004 158 28

PPTfo 1 86 ±0 12 268 0 47 0 43 ± 0 043 44 65

PPTh2 0 91 ±0 02 157 0 23 0 52 ± 0 046 74 188

PPTme 0 11 ±0 01 58 0 083 0 026 ± 0 0004 26 60

PPTbes" 0 17 ±0 01 46 0 042 -0 28 ± 0 055 -49 -

a

SD = standard deviation
b
Zero-order degradation rate and cumulative substrate degraded in PPTBES refer to H2 degradation

The computed zero-order degradation rate based on substrate disappearance was highest

for formate (1.86 mM d" ) and lowest for methanol (0.11 mM d" ) (Table 4-2). Standard

deviations ranged from 1.8 to 6.4 % of zero-order degradation rates. If the rates are compared

on the basis of theoretical stoichiometric CH4 production (equations 4-1 to 4-4), formate still

shows the highest rate (0.47 mM CH4 d"1), followed by acetate (0.38 mM CH4 d"1), H2 in

PPTH2 (0.23 mM CH4 d"1), methanol (0.083 mM CH4 d"1), and H2 in PPTBEs (0.042 mM CH4

d"1) (Table 4-2).

The CH4 concentrations in extracted groundwater increased during all PPTs from

injection concentrations to background concentrations (Figure 4-2a). After subtraction of the

respective background CH4, the total cumulative mass of produced CH4 ranged from -45

mmol (PPTbes) to +158 mmol (PPTac) (Figure 4-2b, Table 4-2). The negative value for

PPTbes indicates that CH4 consumption instead of production occurred in this test. Methane

production rates (Table 4-2) ranged from 0.026 mM d"1 (PPTme) to 0.52 mM d"1 (PPTH2) with

standard deviations of 1.5 - 20.0% of CH4 production rates. BES concentrations in PPTbes

remained above 0.1 mM, the suggested lower limit for inhibition (Oremland & Capone,

1988), throughout the extraction phase of PPTbes (lowest concentration: 0.32 mM).
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Figure 4-2: (a) Methane concentrations during extraction phases of five push-pull tests. Methane data

represent averages of two samples each, (b) Cumulative produced CH4 during extraction phases of five

push-pull tests. Note that the time scales for the PPTs were different (Table 4-1). Extracted / injected
volume = volume pumped during the extraction phase divided by the total injected volume.

4.3.2 Cell counts and in situ hybridization

The total cell number (DAPI) in water samples from PS5 was 1.12 ± 0.09-10 cells ml" at

the beginning of the PPT series (2001) and 0.79 ± 0.20-105 cells ml"1 at the end of the series

(2002). Percentages of cells hybridizing with probe EUB338 and Arch915 in water samples

were 7.8 ± 1.8% and 35 ± 4.3% of total (DAPI-stained) microorganisms at the beginning and

22.5 ± 3.7% and 18.2 ± 6.4 % at the end of the PPT series, respectively (Figure 4-3). In

aquifer material samples, 13.8 ± 3.0% of total microorganisms hybridized with probe

EUB338 and 9.0 ± 3.3% with probe Arch915. Hybridizations with the genera-specific probes

showed that the species Methanosaeta concilii (probe Rotcll) accounted for 22.3% of total

microorganisms in water samples (2001), 8.4% in water samples (2002), and 5.0% in aquifer

material. The more general probe MX825 for Methanosaeta spp. detected 14.3% of total

microorganisms in water samples (2001), 6.5% in water samples (2002), and 2.5% in aquifer

material samples. The family Methanomicrobiaceae (probe MG1200) accounted for 1.4% of
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total microorganisms in water samples after the PPT series, but was not detected in water

samples before the PPT series and in aquifer material (Figure 4-3). Methanogenic Archaea

that we probed for using probes MB1174, MS1414, and Rotcl2 were below the detection limit

of 1% (Zarda et al., 1997).

(Archaea) (Bacteria) (Methano- (Methano- (Methano¬

saetaceae) saeta micro-

concilii) biaceae)

Figure 4-3: Percentage of total (DAPI-stained) cells hybridizing with fluorescent probes Arch915

(Archaea), EUB338 (Bacteria), Rotcll (Methanosaeta concilii), MX825 (Methanosaetaceae), and MG1200

(Methanomicrobiaceae) in water samples recovered in September 2001 and October 2002 (i. e., before and

after the PPT series) and aquifer material samples recovered in October 2002. Error bars indicate one

standard deviation. Percentages of total cells hybridizing with MB1174, MS1414, and Rotcl2 were below

the detection limit (1% of total cells).

4.3.3 DGGE and sequencing

DGGE of PCR products resulted in distinct profiles, which exhibited 19 bands for each

water sample and 12 bands for the aquifer material sample (Figure 4-4). Profiles of water

samples collected before (2001) and after (2002) the PPT series were 74.4-77.1% similar,

while the aquifer material sample was only -48.8-52.8% similar to both water samples. The

given ranges are based on a comparison of duplicate profiles for each water sample and one

profile for the aquifer material sample. Especially in the lower part of the gel, some bands

were present in water samples but not in aquifer material. Tree construction indicated that all

sequenced clones were related to methanogenic Archaea (Figure 4-5). Two sequences (5 and

8) were closely related to known methanogenic Archaea (Methanosaeta, Methanospirillum)

whereas sequences 2, 4, and 6 clustered more closely with uncultured environmental archaeal
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clones and sequences 3, 7, and 9 were more distantly related to methanogenic Archaea.

Unfortunately, band No. 1 (Figure 4-4) did not reamplify after excision in repeated attempts.

(a) (b) (c)

Water Aquifer Water

material

2001 2002 2002

8

Figure 4-4: DGGE profiles of DNA extracted from groundwater and aquifer material, (a) water sample
taken before the PPT series in 2001, (b) aquifer material (2002), and (c) water sample taken after the PPT

series in 2002. Numbers refer to bands that were excised and sequenced (Figure 4-5).

4.4 Discussion

AAA Substrate consumption and rates

Lower relative substrate concentrations compared to relative Br" concentrations

throughout all PPTs (Figure 4-la - e) indicated that substrates were consumed during those

tests, presumably due to microbial activity. Differences between recovered cumulative

relative Br" and substrate masses showed that 27% of injected acetate, 26% of formate, 52%

of H2 (PPTH2) or 23% of H2 (PPTbes), and 6% of methanol were degraded in the respective

tests. This illustrates that total test durations (Table 4-1) were sufficiently long to allow

detectable substrate consumption during the tests.
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Figure 4-5: Phylogenetic relationship of the 8 retrieved ~456 bp archaeal sequences to 26 sequences of

cultured organisms and environmental clones based on currently available 16S rDNA sequences. The

percentages of 100 bootstrap samplings which supported a cluster are indicated. GenBank accession

numbers of the 16S rDNA sequences are given in parentheses. Substrates used by members of the

methanogen orders (bold: by close relatives of clones retrieved in this study) and FISH probes that target
members of the respective order are given in parentheses after methanogen order names.

The evolution of formate upon injection of H2 in PPTh2 and PPTbes may be explained by

the presence of hydrogen lyases both within methanogenic Archaea (Wu et al., 1993) and

other bacteria (Woods, 1936). In both PPTs, 24% of total degraded H2 was transformed into

formate. The activity of hydrogen lyases is not inhibited by BES (Wu et al., 1993).

Degradation rates determined in our study (Table 4-2) were similar to those determined

by Istok et al. (1997) also using PPTs, who found rates of 1.92-4.80 mM d"1 for H2

consumption and 0.048 mM d" for CH4 production in another PHC-contaminated aquifer.

However, our rates were 1-2 orders of magnitude higher than those published by Hansen et al.

(2001) who found maximal rates of 0.011 mM d"
. Nevertheless, rates in the latter study were

determined for a non-contaminated site where methanogenesis may be expected to be slower.

Furthermore, since we added the substrates in concentrations higher than the indigenous level,
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the rates we measured do not represent indigenous conditions. Rather than determining

indigenous degradation rates, our goal was to use the substrates to test for the activity of

different groups of methanogens.

Differences in substrate consumption rates between tests may be evoked by variations of

groundwater temperature, geochemical conditions, contributions of processes other than

methanogenesis to substrate degradation, and distinct activities of different physiological

groups of methanogens. Temperature and geochemical conditions remained fairly stable

among PPTs (see above). Hence, they probably do not explain much of the variations in rates.

4.4.2 Contribution of other processes to substrate consumption

The fact that in PPTac, PPTf0, and PPTme less than 100% of degraded substrate was

accounted for by CH4 production (Table 4-2) indicated that processes other than

methanogenesis contributed to substrate degradation. We have currently no explanation why

more than 100% of H2 were recovered in produced CH4 during PPTH2- Other processes

possibly contributing to substrate consumption during our PPTs are O2, SO42", NO3", and

Fe(III) reduction and acetogenesis (Hansen, 1994, Zehnder, 1988). For example, in PPTac, the

measured average in situ concentrations of O2 (4.2 umol L"1), SO42" (14 umol L"1), and NO3"

(10 umol L" ) together would allow for the mineralization of a total amount of 14.7 mmol

acetate in 600 L of extracted volume (after that the acetate concentration was zero in PPTac).

This conesponds to merely 2.6 % of total degraded acetate in PPTac (557 mmol; Table 4-2).

Hence, the contribution of the electron acceptors O2, SO42", andNCV to substrate degradation

was negligible.

Iron(III)-reducing bacteria are likely able to consume all of the added substrates (Caccavo

et al., 1992, Straub & Buchholz-Cleven, 2001) and methanogenesis and Fe(III) reduction are

known to occur simultaneously(Bekins et al., 1999). However, only minor amounts of Fe(II)

evolved or disappeared during our PPTs. For example, the observed production of 18 mmol

Fe(II) in PPTh2 may have been linked to the consumption of 9 mmol H2, which is only a

fraction of the total degraded H2 in PPTh2 (157 mmol; Table 4-2). However, a large

uncertainty is associated with the Fe(II) balances due to high concentrations of Fe(II) in

background water of PS5, possible precipitation reactions of Fe(II), e.g. with S(-II) or CO32",

and sorption of Fe(II) to the solid phase. If we consider an Fe(II) concentration of 3-10"4 M

and a S
"

concentration of 1.14-10" M (calculated for pH 6.7 and the sum of S ", HS", and

H2S = 8 uM), the ion activity product of [Fe2+][S2"] is equal to 3.4-10"17 M2 which is 43 times
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higher than the solubility product of FeS (7.94-10"19 M2) (Stumm & Morgan, 1981). Similarly,

if we consider a CO3
"

concentration of 2.64-10" M (for pH 6.7 and the sum of H2CO3, HCO3"

,
CO32" = 1.47-10"2 M), the ion activity product of [Fe(II)][C032] is equal to 7.9-10"10 M2

-1 1 7
which is 20 times higher than the solubility product of FeCCh (3.98-10" M )(Stumm &

Morgan, 1981). Hence, the groundwater was supersaturated with respect to FeS and FeCC>3

and precipitation was likely. Therefore, observed Fe(II) production does not allow us to

quantify the contribution of Fe(III) reduction to substrate consumption during the PPTs

(Hunkeler et al., 1999).

4.4.3 Distinct group activities of methanogenic Archaea

The observed CH4 production in the first four tests (Table 4-2) indicates that

methanogenic Archaea contributed to a significant extent to substrate consumption. This was

further corroborated by inhibition of methanogenesis during PPTbes, for which a lower H2

degradation rate was determined than for PPTH2, in which no inhibitor was added (Table 4-2).

Substantial C-CH4 production in recently conducted PPTs with C-labelled acetate or CO2

confirms these results (39). Hence, much of the variability in substrate consumption rates in

our experiments may have been due to different activities of different physiologic groups of

methanogens.

4.4.4 Microbial population analyses

Archaea were abundant in water (18-38% of total microorganisms) and aquifer material

(9%; Figure 4-3). The presence of 19 DGGE bands in water samples and 12 bands in the

aquifer material sample indicated a diverse archaeal population in the vicinity of well PS5

(Figure 4-4). Diverse and abundant archaeal populations have been found in PHC-

contaminated environments before (Chapelle et al., 2002, Dojka et al., 1998, Watanabe et al.,

2002). All of the retrieved sequences were related to methanogenic Archaea (Figure 4-5).

Two sequences (5 and 8) were closely related to known methanogenic Archaea

(Methanosaeta, Methanospirillum) whereas sequences 2, 4, and 6 clustered more closely with

uncultured environmental archaeal clones. These clones were mostly derived from

methanogenic habitats such as wetland soils (Utsumi et al., 2003) (clones OS-8, AM-10, and

OS-16), a petroleum hydrocarbon-contaminated aquifer (Dojka et al., 1998) (clone WCHD3-

07) or a dichloropropane-dechlorinating culture (SHB-200; AJ312014). In contrast, clones 3,

7, and 9 were more distantly related to methanogenic Archaea. Therefore, clones 2, 4, 5, 6,
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and 8 were likely methanogenic Archaea whereas the function of clones 3, 7, and 9 is less

certain.

Higher detection rates with the Methanosaeta concilii-speciüc probe Rotcll than with the

more general Methanosaeta-speciüc probe MX825 possibly reflect different accessibilities of

the probe binding sites on the 16SrRNA or different binding properties of the two probes

(Fuchs et al., 1998). Hence, we refrain from comparing the results of two different

hybridization probes. Nevertheless, FISH and DGGE (band 5, Figure 4-5) suggested that

Methanosaeta concilii was a dominant member of the microbial community both in water and

aquifer material samples (Figure 4-3), agreeing with earlier molecular analyses conducted at

the same site (Bolliger et al., 2000). Except for Methanosaeta, only members of the

Methanomicrobiaceae were detected by FISH (Figure 4-3). However, much lower amounts

were determined than suggested by the abundance ofMethanomicrobiaceae-related sequences

forming dominant bands in DGGE profiles (Figures 4-4, 4-5) and the presence of the target

sequence of probe MG1200 in clones 6 and 8 and with 1 mismatch in clones 2 and 4. Our

limited success to detect methanogenic Archaea other than Methanosaeta using FISH may

have been associated with a low ribosome content in the target cells (Watanabe et al., 2000)

and / or the lack of exact probe matches (e.g. targets for probe MB 1174 were not present in

our clones (4 mismatches each with clones 3, 7, and 9)).

The higher percentages of Archaea in water as compared to aquifer material samples

(Figure 4-3) agrees well with other studies, in which frequently a higher percentage of

methanogens was found free-living as compared to attached (Bekins et al., 1999, Godsy et al.,

1992, Lehman & O'Connell, 2002). The reason for this remains unknown and deserves further

research. However, archaeal community composition was similar but not identical in water

and aquifer material (Figure 4-4). Both similarities and differences between attached and

suspended microorganisms were shown previously for other aquifers, including PHC-

contaminated ones (Alfreider et al., 2002, Lehman et al., 2001, Worm et al., 2001).

The higher relative numbers ofArchaea in water samples before (35%) than after the PPT

series (18%) were accompanied with only subtle changes in DGGE profiles (Figure 4-4a and

c, e.g., bands 7 and 9) and the detection of Methanomicrobiaceae in the latter water samples

(Figure 4-3). The temporal stability of the archaeal population agrees with the results of

Bolliger et al. (2000) who showed that the archaeal community composition in the same well

(PS5) was stable over another one-year observation period (1998-1999). Furthermore, these

data agree with our chemical data (see above), the study by Bolliger et al. (2000), and
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continued monitoring of the site (unpublished data), which revealed that chemical parameters

in well PS5 remained fairly invariable over long time periods. Similar DGGE profiles before

and after the study period also suggested that the archaeal community likely did not diverge

dramatically during that period.

4.4.5 Comparison of PPT data with molecular analyses

Since Methanosaeta are known to generate energy only through acetoclastic

methanogenesis (Whitman et al., 1992), the abundance of Methanosaeta concilii in

groundwater and aquifer material near well PS5 (Figures 4-3,4-4,4-5; (Bolliger et al., 2000))

and substantial acetate consumption and CH4 production during PPTac suggested that acetate

was the main substrate for methanogenesis in this aquifer. However, CH4 was produced more

slowly from acetate than from H2 and formate in PPTh2 and PPTf0 (Table 4-2) which agrees

with the sequencing data indicating that many DGGE bands represented formate- and H2 +

C02-consuming Archaea (Figure 4-5). Even though some methanol was consumed during

PPTme, none of our sequences were related to methanol-degrading Archaea which may have

been represented by one or more of the non-sequenced, minor DGGE bands. Hence,

measurements of potential activities of methanogens in this study largely agreed with a

molecular analysis ofmethanogenic Archaea populations.

4.4.6 Conclusions

For the first time (to our knowledge), both activity and diversity of methanogens were

investigated in a PHC-contaminated aquifer using PPTs and molecular analyses. The potential

rates of methanogenesis from several methanogen substrates were determined and showed a

large potential for methanogenesis in the examined aquifer with rates ofup to 1.86 ± 0.12 mM

day" when formate was added. In addition, this study allows us to answer the question which

methanogens are active in a petroleum-contaminated aquifer. As observed previously

(Bolliger et al., 2000, Dojka et al., 1998), acetoclastic methanogenesis played a major role,

but methanogenesis with formate or CO2 and H2 showed higher potential rates, indicating the

presence of a large population of C02-type substrate utilizing methanogens. These findings

agreed with our data from FISH and DGGE / cloning. Hence, both types of methanogenesis

are likely involved in the terminal step of hydrocarbon degradation, while methanogenesis

from methanol plays a minor role. However, at present the exact contribution of each process

to total in situ methanogenesis cannot be determined since only potential rates of
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methanogenesis were measured. Furthermore, the feasibility of PPTs in the methanogenic

zone was demonstrated beyond the study of Istok et al. (1997) since in contrast to their

experiments, we used a range of substrates for methanogenesis and were able to measure CH4

production as a result of longer incubation periods. The combination of hydrogeological and

molecular methods in this study provided valuable information on the community structure

and the activity of methanogens in a PHC-contaminated aquifer. One method by itself may

not have provided the full picture. Future studies will focus on the role of Fe(III) reduction

and the direct linkage between activity and identity of PHC-degrading microorganisms.

4.5 Acknowledgements

Support for this study was provided by the Swiss National Science Foundation (Priority

Program Environment) and the Swiss Agency for the Environment, Forests and Landscape

(BUWAL).

99





Chapter 5: Field-scale 13C-labeling of archaeal lipids

5

Field-Scale ^C-Labeling of

Archaeal Lipids

Silvina A. Pombo

101



Chapter 5: Field-scale 13C-labeling of archaeal lipids

5 Field-Scale C-Labeling of Archaeal Lipids

5.1 Introduction

Methane from biological methanogenesis is of great importance to carbon flow in many

anoxic habitats, such as digesters, rice fields, and landfills, as well as in microniches of

otherwise aerobic habitats such as forest and grassland soils. Methanogenic archaea are the

microorganisms that produce methane. They play an important ecological role because of

production of CH4 as a greenhouse gas, and degradation of organic matter and contaminants

in soils, sediments and groundwater (Madigan et al., 2003).

Archaea contain very different membrane lipid structures compared to Eubacteria and

eukaryotic organisms. Archaeal membrane lipids are mainly composed of saturated isoprenic

chains of different length, linked with an ether bond to glycerol carbons in position 2 and 3

(see Figure 1-8). Eubacteria and eukaryotic organisms contain phospholipids with fatty acid

acyl chains, which are often unsaturated and are linked with an ether bond to glycerol carbons

in position 1 and 2 (De Rosa & Gambacorta, 1988, Kates, 1993). Archaeal membrane lipids

are derivatives of the C20-C20 isopropanyl glycerol diether (also known as archaeol) and its

dimer, the dibiphytanylglycerol tetraether (also known as caldarchaeol). Variations of those

structures include unsaturated archaeols, isoprenoids of C25, hydroxyarchaeol, and in the

tetraethers one or both isoprenic chains can have one or more cyclopentyl rings and one of the

glycerols may be substituted by an unusual nonitol (De Rosa & Gambacorta, 1988, Kates,

1993). The distribution of the different ether core lipids and their polar heads are

characteristic of different archaeal groups and in some cases can be used for their

identification (De Rosa & Gambacorta, 1988, Koga et al., 1998). Detailed studies have shown

that methanogenic archaea groups can be separated the family and genus level based on the

lipid composition to (Koga et al., 1998). Several studies report the detection of core lipids to

determine the presence of archaea within a microbial population (Gattinger et al., 2003, Sturt

et al., 2004, Sunamura et al., 1999).

The involvement of certain archaeal populations in different ecological processes can be

elucidated by combining the analysis of archaeal lipids with stable isotope measurements.

Hinrichs and coworkers analyzed the 8 C of archaeal lipids detected in the sediments of a

methane hydrate and determined that methanogenic-like archaea were involved in the

anaerobic oxidation of methane because the lipids were highly depleted in C and therefore
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the archaea were using CH4 from the hydrate (Hinrichs et al., 1999, Hinrichs et al., 2000).

Similarly, using labeled H CO3" and measuring the incorporation of C to the archaeal lipids

Wutcher and coworkers determined that marine Crenarchaeota can utilize bicarbonate or CO2

derived thereof in the absence of light and are chemoautotrophic organisms (Wuchter et al.,

2003).

The aim of this study was to determine if it is possible to detect C-enrichment in the

core lipids of methanogenic archaea during push-pull tests (PPT) performed in a petroleum-

contaminated aquifer. Since different groups of methanogens are able to use different

substrates for methanogenesis (Madigan et al., 2003), we wanted to compare archaeal marker

composition and enrichment using different substrates. The substrates used were methyl-

labeled 13C-acetate and H13C03".

5.2 Materials and methods

5.2.1 Field site

The field experiments described in this chapter were performed in a heating-oil

contaminated aquifer, located in Studen, BE, Switzerland which undergoes monitored natural

attenuation and was characterized in detail by Bolliger et al. (1999). The work presented was

performed in monitoring wells PS3 and PS5, which are located within the contaminant source

zone (free-phase oil present). Groundwater in both wells PS3 and PS5 exhibited reduced

conditions and dissolved petroleum hydrocarbons concentration of up to 1 mg/1 (Bolliger et

al., 1999). Previous studies have shown that PS3 is located within a transition zone where

both sulfate-reducing and methanogenic conditions are found (Bolliger et al., 1999, Bolliger

et al., 2000). PS5 is located within the methanogenic zone with CH4 concentrations of 1.16 ±

0.12 mM (Bolliger et al., 1999, Bolliger et al., 2000).

5.2.2 Field experiments and sample collection

Two PPT were performed, PPTac using 13C-labeled acetate in well PS3 and PPTH2 using

H CO3" in well PS5. For each experiment 500 1 of groundwater were extracted and collected

in a plastic container and sparged with N2 gas in PPTac and with H2 gas in PPTH2 to avoid O2

diffusion from air into the test solution during its preparation and injection and to add H2 in

PPTh2- The test solutions were prepared by adding Br" to this water as a non-reactive,
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conservative tracer (as NaBr) in both tests. In addition SO4
"

as electron acceptor (as K2SO4),

and acetate as carbon source (as NaAc) were added in PPTac (final concentrations listed in

Table 5-1). We employed 20% methyl-labeled acetate ([2-13C]acetate, 99% 13C, Cambridge

Isotope Laboratories, MA, USA); the remaining 80% was unlabeled acetate. The theoretical,

calculated C/ C ratio (expressed as 8 C) of acetate in the test solution was -9850 %o. In

PPTH2, H13C03" (99% 13C, Cambridge Isotope Laboratories, MA, USA) was added to the test

solution and the 813C of DIC measured in the injection solution was 1616 ± 8 %o. Injection of

the test solution by gravity drainage at a depth of 3.3 m below ground surface was completed

within 43 min in well PS3 and in 40 min in PS5. Extraction of the groundwater/test solution

mixture (1000 1 in PPTac and 500 1 in PPTm) was performed sequentially in four steps at a

constant flow rate of ~5 1/min using a Grundfos MP-1 submersible pump (Grundfos Pumpen,

Fällanden, Switzerland). Total test duration was 47 h in both cases.

Table 5-1: Chemical parameters in background groundwater of monitoring wells PS3 and PS5 and in the

respective injection solutions

PS3 PS5

Background
Injection
solution

Background
Injection
solution

pH 68 78 71 73

Alkalinity (mM) 84 95 95 98

DIC (mM) 12 4 100 11 8 11 2

o2 (uM) 29 29 30 30

N03 (uM) 20 20 20 20

Fell (uM) 55 5 55 5 241 0 260 7

S2 (uM) 12 8 34 78 08

S042 (mM) 0 15 1 10 <0 01 <0 01

CH4 (mM) 0 23 0 01 0 38 0 07

Br (mM) <0 01 0 50 <0 01 0 52

Acetate (mM) <0 01 2 01 nd nd

H2 (mM) nd nd 00 06

n d not determined

Samples were collected from background groundwater (during groundwater collection,

after the first 150 1 were pumped to avoid sampling the water of the well casing), and during

both the injection and the extraction phase. All samples where kept on ice until further

processing. Samples for Br", SO42" and acetate were filtered in the field through 0.45 um

polyvinylidene fluoride filters (Millipore, Bedford, MA, USA) and stored in 12-ml vials.

Samples for pH, alkalinity, CH4, H2, and 8 C analysis of dissolved inorganic carbon (DIC)

were collected unfiltered in 120-ml serum bottles closed without headspace with butyl rubber
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stoppers to minimize loss of CH4 and H2. The samples collected for CH4 and H2 concentration

measurements and 8 C analysis of CH4 were poisoned in the field immediately after

collection with 0.2 ml of 10 M NaOH to stop any microbial activity. Samples for 8 C

analysis of DIC were poisoned in the field immediately after collection with 0.2 ml of CO2-

free 10 M NaOH and the DIC was precipitated as BaC03 by adding 4 ml of a C02-free 1.2 M

BaCi2 solution upon arrival to the laboratory. After more than 12 h of equilibration, the

precipitate was filtered and dried at 105 °C for 12 h.

Samples for phospholipid etherlinked (PLEL) and non-esterlinked phospholipid fatty

acids (PLFA) extraction were collected in 10-1 plastic containers, poisoned with 10 ml of

concentrated (37%) HCl and kept on ice until further processing. Within 10 h, these samples

were filtered through glass fiber and 0.2 urn polyvinylidene fluoride filters (Millipore,

Bedford, MA, USA) to collect the suspended biomass, and the filters were kept at -20 °C

until further processing. After PPTH2 and before and after the PPTac we also collected

sediment samples (3-cm diameter cores) using a Humax handheld hollow-stem auger (Max

Hug, Luzerne, Switzerland) at a distance of ~30 cm from the well casing at a depth of 3-3.5 m

below ground surface. Sediment samples were stored under N2 atmosphere on ice until further

processing in the laboratory.

5.2.3 Chemical analysis and calculation of reaction rate coefficients

Concentrations of Br", SO4 ", and acetate were measured by ion chromatography as

previously described (Pombo et al., 2002a). CH4 and H2 concentrations were determined by

gas chromatography on a HayeSep D column with N2 as carrier gas and a Carlo Erba thermal

conductivity detector, using the headspace method as described in Bolliger et al. (1999). First¬

order rate coefficients for the consumption of SO4 ", acetate and H2 were calculated from

extraction breakthrough curves using the method of Haggerty et al. (1998). This method

assumes that an injected reactant is transformed within the aquifer according to the first-order

reaction dC/dt= -kCv, were Cr is the reactive solute concentration, and k is the first-order rate

coefficient.
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5.2.4 Determination of PLEL derived hydrocarbons (core lipids) and non-esterlinked

PLFA

Total lipids were extracted from microbial biomass collected on the filters and from

sediments by a modified Bligh-Dyer method (Bligh & Dyer, 1959) as described previously

(Abraham et al., 1998). Lipids were then fractionated to neutral, glyco- and phospholipids by

column chromatography on silica gel (ICT, Basle, Switzerland) as described previously

(Fredrickson et al., 1986). Phospholipids were dried and derivatized into fatty acid methyl

esters.

50% of the phospholipid fraction equivalent to 40-80 g dry weight was subjected to PLEL

side chain analysis according to Gattinger et al. (2003). Briefly, the dried phospholipid

fraction was dissolved in 1.5 mL of methanol-chloroform-37 % HCl (10:1:1, v/v/v) and

exposed to 60°C for 12-16 h to remove the polar head groups for obtaining ether core lipids.

Ether core lipids were treated with 2 mL HI (Hydriodic acid, 57%) for 18 h at 100°C to cleave

ether bonds. After extracting and washing of the resulting alkyl iodides, these were further

reduced to the corresponding hydrocarbons with 100 mg zinc powder in 2.0 mL glacial acetic

acid at 100°C for 18 h. PLEL derived hydrocarbons were dissolved in 50 uL internal standard

(Nonadecylacidmethylester dissolved in z'-octane; 25 ng uL" ) and transferred into a GC vial.

Another 50% of the phospholipid fraction was subjected to analysis of non-esterlinked

PLFA according to Zelles and Bai (1993). Briefly, after removal of esterlinked PLFA by mild

alkaline hydrolysis and subsequent solid-phase extraction on aminopropyl columns

(Macherey & Nagel, Düren, Germany), unsaponifiable lipids were hydrolyzed with 2.0 mL of

methanol-chloroform-37 % HCl (10:1:1, v/v/v) and exposed to 60°C for 12-16 h. The

resulting fatty acid methyl esters were separated into two fractions, OH- (UNOH) and non-

substituted (non-esterlinked) PLFA (UNSFA).

5.2.5 Determination of isotopic ratios in DIC, CH4, PLEL and non-ester linked PLFA

For stable carbon isotope ratio analysis of DIC, dried BaC03 was converted to CO2 at

90°C in an automated acid bath preparation system and then measured in duplicates on a

Fisons-Prism isotope ratio mass spectrometer (Fisons, Middlewich, Cheshire, UK).

The stable carbon isotope ratio of CH4 was determined using a Precon preparation device

(Finnigan, Bremen, Germany). After injecting the sample through a septum into a helium
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stream, the gas passed a liquid-nitrogen trap and a chemical trap (based on NaOH) to remove

all CO2, then the CH4 from the sample was combusted with 100% efficiency in an oven at

1000°C to CO2. The sample gas was collected in a second liquid-nitrogen trap, and later

injected into a GC column (Poraplot Q) for separation of interfering gases such as N2O. The

gas was then passed to an isotope-ratio mass-spectrometer (Delta Plus XL, Finnigan, Bremen,

Germany).

For PLEL, UNOH and UNSFA the GC system was equipped with a HP5 capillary

column (50m length, 0.2mm internal diameter; coated with a cross-linked 5% phenylmethyl

rubber phase with a film thickness of 0.3um) with He as carrier gas (flow rate of 0.8 ml min" )

at operating conditions as described elsewhere (Gattinger et al., 2003, Zelles & Bai, 1993).

With the TraceDSQ mass spectrometer electronic impact ionization was performed at a

voltage of 70 eV using an electron multiplier voltage between 1800 and 2000 V. The ion

source was maintained at 200°C. The combustion furnace was maintained at 950°C to enable

efficient conversion of lipids into CO2 which was measured in the IRMS for its C/ C

signatures. Quantification of lipids was performed relating the reported amplitudes for C-

CO2 (m/z 44) of the target compound to those of the internal standard.

All stable carbon isotope ratios are reported using the standard 8-notation,

8 C (%o) = (Rs/Rvpdb-1)*10 ,
where Rs and Rvpdb are the C/ C isotope ratios

corresponding to the sample and the international Vienna PeeDee Belemnite standard,

respectively (Rvpdb = 0.0112372 ± 0.0000090). The 813C values of PLFA were corrected for

the methyl group introduced during derivatization (Abraham et al., 1998). Concentration of

C in any given compound and sample can be calculated from 8 C and Ct (total C

concentration, i.e. 13C + 12C) using the following equation:

13C = Ct/{l/[(813C/1000+l)*RvPDB]+l} (5-1)
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5.3 Results

5.3.1 Substrate consumption

Substrate consumption rates, and isotopic data for CH4 and DIC of PPTac were previously

reported in chapter 3. Therefore, with exception of archaeal lipid data, only results for PPTH2

are reported in this results section.

Breakthrough curves for Br" and H2 showed a decline in relative concentrations (C/Co)

during PPTH2 extraction phases as extracted test solution was increasingly diluted with

background groundwater (Figure 5-1). Relative concentrations of H2 are lower than Br" from

the beginning of the test. H2 was almost completely consumed after 22 h of incubation. Of the

total injected mass we recovered 48 % Br" and 9.4 % of H2 (calculated by integrating the

breakthrough curves depicted in Figure 5-1). The computed first order rate consumption

coefficient (k) for H2 degradation was 0.18 ± 0.02 d"
.
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Figure 5-1: Breakthrough curves showing relative concentrations of Br-, and H2 during the push-pull test

vs. the relative cumulative extracted volume (cumulative extracted volume divided by the total injected
volume of test solution). The arrows show the time when extraction steps started.
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5.3.2 Concentration and stable isotopic composition of CH4 and DIC

Methane concentration increased from 0.07 mM (injection solution concentration, Table

5-1) to 0.16 mM already after 2 h of incubation (Figure 5-2a). CH4 concentration was in many

samples higher than methane concentration expected from dilution of the injection solution

with background groundwater (dotted line in Figure 5-2a). The 813C value of the background

CH4 was -69.10 ± 0.17 %o (Figure 5-2b, dotted line). The 813C value rose to +23.75 ± 0.08 %o

after only 2 h, reaching a maximum after 22 h of incubation of +47.03 ±5.19 %o, and then

slowly decreased without reaching background values after 46h.

Measured DIC concentrations in the extraction phase samples showed an increase trend

with an average of 12.5 ± 1.0 mM (Figure 5-3a). The 813C was -16.15 ± 0.50 %o in

background DIC and -13.61 ± 0.43 %o in injection solution DIC (Figure 5-2b). In most

samples the DIC concentration was higher than expected from dilution of injection solution

with background groundwater (dotted line in Figure 5-3a). The 813C value of the background

DIC was -14.29 ± 0.16 %o and +1616.07 ± 8.27 %o for the injected DIC. During the extraction

phase the 8 C of DIC declined as a consequence of dilution of the injection solution with

background groundwater containing unlabeled DIC.
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Figure 5-2: CH4 concentration (a) and CH4 813C (b) during PPT H2. Dotted line in (a) represents CH4
concentration calculated from dilution of injection solution with background groundwater. In (b) dotted

line is background CH4 S13C value and dashed line is the injection CH4 ô13C value.
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Figure 5-3: DIC concentration(a) and DIC 813C (b) during PPT H2. Dotted line in (a) represents DIC

concentration calculated from dilution of injection solution with background groundwater. In (b) dotted

line is background DIC 513C value and dashed line is the injection DIC 513C value.
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5.3.3 Archaeal lipids

The only archaeal marker detected in all samples in the PLEL fraction was the 20 C

saturated isoprenoid (i20:0). The concentrations of i20:0 were 17.2 pg/ml groundwater and

240 pg/g (wet sediment) in PS3 and 6.1 pg/ml groundwater and 472 pg/g (wet sediment) in

PS5. The 8 C of i20:0 was lower in the sediment samples than in the water samples (Figure

5-4). C enrichment was not significant in most of the samples, except in PS3 sediment

samples (from PPTac) where the 8 C value increased from -28.4 ± 0.5 %o to -21.7 ± 3.1 %o.

Neither UNSFA nor UNOH showed a significant increase in C content (Table 5-2).

Water PS3 Sediment PS3 Water PS5 Sediment PS5

Figure 5-4: Isotopic composition of the isoprenoid i20:0.

5.4 Discussion

5.4.1 Methanogenic activity

Differences between recovered cumulative relative Br" and substrate masses showed that

3 % of injected acetate (PPTac) and 38.6% of H2 (PPTm) were degraded in the respective

tests. The C-labeling of CH4 in both PPT demonstrate that CH4 was biologically produced
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from the C-labeled substrates injected. In PPTac the rapid and high C-ennchment m CH4

suggests that CH4 is directly derived from the methyl group of acetate (which bears the label)

and not from reduction of labeled CO2. Therefore, we may speculate that m PPTac a

substantial part of the acetate was degraded by acetoclastic methanogenesis (Pombo et al.,

2005). In PPTH2 a mass calculation indicated that ~0.6 % of the C injected as H CO3 was

recovered as 13CH4 produced dunng the test.

Table 5-2: 513C of the unsubstituted non-esterlinked fatty acids (UNSFA) and OH-substituted non-

esterlinked fatty acids (UNOH)

UNOH

UNSFA

PS3 water

PS3 sediment

PS5 water

PS5 sediment

PS3 water

PS3 sediment

PS5 water

PS5 sediment

Ô13C

Background After 46h

-30 2 ± 1 7 -29 4 ± 2 5

-29 4 ± 2 2 -28 3 ± 2 8

-30 6 + 3 3 -29 5 ± 2 0

nd -29 5 ± 2 4

-27 1 ± 1 8 -27 0 ± 1 9

-28 2 ± 2 1 -27 1 ± 3 3

-28 9 ± 2 5 -26 1 ± 2 0

nd -26 9 ± 1 5

n d not determined

5.4.2 Archaeal markers

The only archaeal core lipid detected was the C20 saturated isoprenoid (i20"0). This

molecule is found at least m trace amounts m all archaea and is considered the universal core

lipid of archaea. It is found m different proportions, together with caldarchaeol (with C40

saturated isoprenoid i40"0) m methanogens (De Rosa & Gambacorta, 1988, Kates, 1993).

Methanosaeta species also contain considerable amounts of the 3-hydroxy archaeol (Gattmger

et al., 2002, Kates, 1993). However, that molecule was not detected although it was expected

from the high proportion of those methanogenic groups that were previously detected by

fluorescence m-situ hybndization m both wells (Kleikemper et al., 2005, Pombo et al., 2005).

Unfortunately, the final lipid denvatives measured contained high amounts of contaminants

that may have come from the field samples or some contamination produced dunng the lipid

separation and denvatization. This contamination likely interfered with the detection of other
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core lipids. Therefore no difference in archaeal marker composition could be detected

between the two wells. The only difference was the concentration of i20:0, which was higher

in PS3 groundwater than in PS5 but lower in PS3 sediment than in PS5.

Significant incorporation of C into i20:0 was only detected in the sediment of PS3. This

indicates that acetoclastic methanogens from the attached microbial community incorporated

enough label from the acetate during the PPT to be detected. In PS5 it is possible that the

concentration of C-label used (0.2 mM H CO3") was not enough to allow bacteria that

produced CH4 from H2 and HCO3" to incorporate detectable amounts of carbon into their

biomass. It is also worth noticing that after 22h, the substrate H2 was depleted, therefore the

time of incubation with H2 might have been too short for sufficient C incorporation into the

archaeal biomass. Moreover, among the methanogens that use H2 and CO2

Methanobacteriaceae and Methanococcaceae are capable of autotrophic growth. This is not

the case for the Methanomicrobiaceae, which require acetate to grow (Whitman et al., 1999).

This could be another explanation why no enrichment was detected in i20:0 in PS5, since the

methanogenic archaea detected in that well with molecular tools (Kleikemper et al., 2005)

were closely affiliated with the Methanomicrobiaceae (incapable of autotrophic growth) and

Methaosarcinaceae (that are mostly acetoclastic methanogens and can not use H2 and CO2

with the exception of Methanosarcina (Whitman et al., 1999). But the latter was not detected

in this well (Kleikemper et al., 2005)).

UNOH and UNSFA have also been detected in archaea in low concentrations, but they

are not exclusive to archaea and are more abundant in bacteria such as Clostridium (Gattinger

et al., 2002). No significant incorporation was found in these molecules. Important C

incorporation was found however in some PLFA from water and sediment samples (increase

in 5-100 %o) that suggested acetate degradation activity of Desulfotomaculum acetoxidans and

Desulfobacter sp. in PS3 (Pombo et al., 2005). In PS5 some enrichment was detected in some

PLFA from water samples (increase in 2-12 %o towards the end of the incubation) (data not

shown). This indicates that some bacteria may have degraded the labeled CH4, some

autotrophic bacteria may have incorporated some C, or that C transfer occuned between

communities towards the end of the incubation.

5.4.3 Conclusions

Methanogenesis was detected and quantified based on acetate and H2 and CO2 utilization.

The appearance of the C-label in the CH4 provides evidence that the CH4 produced
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originated from the substrate injected. Although no accurate mass balance can be calculated,

the amount of carbon derived to the CH4 was estimated. Labeling archaeal markers at the field

scale is generally possible, as seen for the C-enrichment of i20:0 in sediment samples when

acetoclastic methanogenesis is targeted. Labeling of autotrophic methanogens that utilize H2

and CO2 should be further studied, and some microcosm experiments could be performed to

determine the amount of label, and incubation time needed to obtain significant archaeal lipid

enrichment.
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6 Field Experiments on Toluene Degradation

6.1 Introduction

Groundwater contamination by petroleum hydrocarbons, including benzene, toluene,

ethylbenzene, and xylene isomers (BTEX) is widespread. Although much is known about

microorganisms degrading these (Lin et al., 2002) and other hydrocarbons, detailed

information of selected BTEX degraders' activity in the field is scarce.

In an attempt to measure hydrocarbon degrading activity at the field scale and identify the

key microorganisms responsible of this degradation, we planned a series of experiments

applying a combination of existing techniques. In a first experiment (described in chapter 2

(Pombo et al., 2002a)) we tested the applicability of isotopic labeling of phospholipid fatty

acids (PLFA) during single-well push-pull tests (PPT). The first process selected to test this

approach was acetate degradation under denitrifying conditions, because acetate is an easily

degradable substrate and denitrification is a fast, high energy yielding process in which

denitrifying bacteria assimilate considerable amounts of carbon. In the second part of our

study (described in chapter 3 (Pombo et al., 2005)) we applied the same approach to low

energy yielding processes, such as SO42" reduction and methanogenesis and we extended our

analysis to microorganisms attached to the aquifer matrix. Both sets of experiments were

successful and we demonstrated that the approach was feasible (Pombo et al., 2005, Pombo et

al., 2002a).

In order to achieve our primary goal of detecting the microorganisms responsible for

microbial degradation of hydrocarbons in a contaminated aquifer, we designed a last set of

experiments to test the concept with toluene. Toluene was chosen among other hydrocarbons

because it is one of the most soluble components in gasoline and other petroleum hydrocarbon

contaminants (Schluep et al., 2001) and is available in a C-labeled form. Moreover, toluene

degradation coupled to most electron acceptors, including SO42" reduction, has been

documented at the laboratory and field scale (Heider et al., 1999, Krumholz et al., 1996,

Phelps & Young, 1999, Reinhard et al., 1997, Richnow et al., 2003). A first PPT was

performed to test the injection system and measure toluene retardation with respect to the

conservative tracer (Br). A second experiment was performed to verify and quantify toluene

degradation under SO4
"

reducing conditions. Finally, when the degradation parameters where

known, a third experiment was planned using C-labeled toluene. In this chapter we discuss
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the results of the first two experiments, and the reasons why we did not perform the C-

labeled toluene experiment.

6.2 Materials and methods

6.2.1 Field site

The experiments described in this study where performed in a heating-oil contaminated

aquifer, located in Studen BE, Switzerland which undergoes monitored natural attenuation

and was characterized in detail by Bolliger et al.(1999). The work presented was performed in

monitoring well PS3, which is located within the contaminant source zone (free-phase oil

present). Groundwater in well PS3 exhibited reduced conditions and dissolved petroleum

hydrocarbons concentration of up to 1 mg/1 (Bolliger et al., 1999). Previous studies have

shown that PS3 is located within a transition zone where both sulfate-reducing and

methanogenic conditions are found (Bolliger et al., 1999, Bolliger et al., 2000)

6.2.2 Field experiments, injection set up design and sample collection

We performed two PPT. PPT 1 was performed to test the injection system and assess the

retardation of toluene with respect to the tracer (Br). PPT 2 was performed to check if it was

possible to quantify toluene consumption rates, using stable carbon isotopes measurements

together with normal PPT data analysis.

For each experiment 500 1 of groundwater were extracted from PS3 and collected in a

plastic container. The container was sparged with N2 gas to avoid O2 diffusion from air into

the test solution during its preparation and injection. The test solution was prepared by adding

Br" to this water as a non-reactive, conservative tracer (as NaBr) in both tests. In PPT2 SO4
"

was also added as electron acceptor (as K2SO4) (final concentrations listed in Table 6-1).

Injection of the test solution at a depth of 3.3 m below ground surface was performed using

the injection system depicted in Figure 6-1. The injection solution was pumped with a

Grundfos MP-1 submersible pump (Grundfos Pumpen, Fällanden, Switzerland) to a second

reservoir that was also kept under a N2 atmosphere. In the second reservoir the water height

was kept constant (± 5 cm) to avoid changes in hydraulic head and therefore avoid variation

in injection rate. The injection solution was pumped from the second reservoir with a Whale

inline pump (Munster Simms Engineering, Bangor, Northern Ireland) at constant velocity (by
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setting the power source of the pump at a constant voltage of 9.5 V). To avoid volatilization

or sorption, toluene was kept as a concentrated solution (35 1 of 3mM toluene) in a Teflon

collapsible bag and pumped into the rest of the injection solution at a constant velocity (85

rpm) with a peristaltic Ismatec MCP pump (Ismatec SA, Glattbrugg, Switzerland), equipped

with a pumping head 360 and Viton tubing (6.4 mm internal diameter). Target toluene

concentration in the injection solution was 0.2 mM. The remainder of the tubing exposed to

toluene was made of Teflon and unions and valves where metallic. The overall injection rate

was ~4.1 1/min. Extraction of the groundwater/test solution mixture was performed in one step

in PPTl and sequentially in three steps in PPT2: 300 1 were recovered after 20.8 h, 300 1 after

43.9 h and 400 1 after 67.5 h, all at a constant flow rate of ~4.5 1/min using a Grundfos MP-1

submersible pump.

Second

container to

keep constant

head difference

Peristaltic pump

Collapsible bag with

concentrated

toluene solution

^©

Whale pump

Three-way stopcock

To the monitoring .

well

Figure 6-1: Injection system.

Samples were collected from background groundwater (during groundwater collection,

after the first 150 1 were pumped to avoid sampling the water of the well casing), and during

both the injection and the extraction phase. All samples where kept on ice until further
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processing. Samples for Br" and SO42" were filtered in the field through 0.45 um

polyvinylidene fluoride filters (Millipore, Bedford, MA, USA) and stored in 12-ml plastic

vials. Samples for toluene were collected in 20 ml glass tubes without headspace, acidified to

pH 2 with 117 (j,l concentrated HCl and closed with Teflon coated lid. Samples for 8 C

analysis of toluene were collected in 1 1 serum bottles closed without headspace with Teflon

coated stoppers.

6.2.3 Chemical analysis and calculation of reaction rate coefficients.

Concentrations of Br" and SO4
"

were measured by ion chromatography as previously

described (Pombo et al., 2002a). Toluene concentrations were measured by high-performance

liquid chromatography using a 70:30 acetonitrile:water eluent with a flow rate of 1.5 ml/min.

The column used was a Merck Lichrocartt 125-4 column packed with Lichrosphert 100 RP

18, 5mm diameter (both from Merck, Whitehouse Station, NJ,USA). Detection was by

ultraviolet absorption at 220 nm.

The first-order rate coefficient for the consumption of SO4
"

was calculated from PPT2

extraction breakthrough curve using the method of Haggerty et al. (1998). This method

assumes that an injected reactant is transformed within the aquifer according to the first-order

reaction dC/dt= -kCv, were Cr is the reactive solute concentration, and k is the first-order rate

coefficient.

6.2.4 Determination of stable carbon isotope ratios in toluene

Toluene was extracted by adding 5 ml pentane to the 11-sample bottles. The bottles were

kept in a rotatory shaker (30 rpm) during 24 h. The stable isotope ratio was measured in the

pentane extract with a gas chromatography-combustion-isotope ratio monitoring mass

spectrometry (GC-C-IRMS) system (MAT-252 FINNIGAN, Bremen) as described elsewhere

(Richnow et al., 2003).

121



Chapter 6: Field experiments on toluene degradation

6.3 Results

6.3.1 Injection performance

The flow rate during injection was 4.10 ± 0.23 1/min in PPTl and 4.18 ± 25 1/min in

PPT2. Injection concentrations of bromide and toluene were constant in both experiments

(Figure 6-2). Concentrations of toluene were lower in PPT2 than the targeted concentration

(Table 6-1).
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Figure 6-2: Injection concentrations measured during injection phases of PPTl (full symbols) and PPT2

(empty symbols). Bromide concentrations are depicted as triangles and toluene concentrations as circles.
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Table 6-1: Summary of experimental conditions for PPT 1 and PPT 2

CA2 +
Br Toluene Initial

,
Total

S04 injection A T A

Injection Injection
.

A
Extracted

A A

„
A ^ A

injection Injection ,
rJ .

,J
^

incubation
, r

. test

Test concentration
J

^ ^ ^ . .
Volume duration , Volume ,

, , .«,
concentration Concentration ,.

A
, ,,, period ,.

A
, duration

(mM)
(mM) (mM)

(llters) (h)
(h)

(llters)
(h)

PPTl 0 00 0 43 0 20 ±0 03 500 2 0 0 15 750 2 9

PPT 2 0 97 0 49 0 13 ±0 01 500 19 20 8 1000 62 8

6.3.2 Toluene retardation and SO4
"

consumption

Relative concentrations of toluene were substantially smaller than bromide relative

concentrations in both tests (Figure 6-3) from the beginning of the extraction. Furthermore,

the decrease in toluene relative concentration was more gradual than for the tracer. Integration

of the breakthrough curves yielded a recovered mass of injected tracer of 75 %, while only 23

% of the toluene injected mass was recovered. In PPT2 the calculated mass recovered was 73

% of injected bromide, 64 % of injected SO42" and 24 % of injected toluene. The calculated

first-order rate coefficient for SO4
"

consumption was 0.09 ± 0.01 d"
.
Toluene retardation

could not be estimated.

6.3.3 Stable isotopic composition of toluene

The isotopic signature of toluene traces (0.003 mM) in the background samples was -

27.3 ± 0.1 %o (Figure 6-4). The toluene injected had a 813C value of 28.1 ± 0.2 %0. During the

test, the toluene became isotopically lighter reaching a value of-28.5 ±0.1 %o after 68 h.

6.4 Discussion

6.4.1 Injection system

The injection system functioned to mantain a constant concentration of toluene in the

injection solution for both experiments (Figure 6-2). Target concentration was achieved in

PPTl. In PPT2 the injection concentration of toluene was lower than expected. Since the

concentration of toluene in the collapsible Teflon bag was 3.0 mM, a mixing rate of 0.066

ml/1 injection solution was necessary to achieve the final concentration of 0.2 mM in the

injection solution (for an overall injection rate of 4.1 1/min). A variation in the pumping rate

from 0.273 1/min (required to obtain the appropriate mixing rate) to 0.181 1/min would explain
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the difference. However, the flow rate pumped with a peristaltic pump can be greatly

influenced by differences in head pressure. Although the settings for the pump operation were

the same, some small variation of unknown origin could have slowed the pumping rate of the

peristaltic pump that pumped the concentrated toluene solution.
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Figure 6-3: Breakthrough curves showing relative concentrations (C/Co, i.e., concentration measured in

the extracted samples divided by concentration in the injected test solution) of Br", S042" and toluene

during the push-pull tests vs. the relative cumulative extracted volume (cumulative extracted volume

divided by the total injected volume of test solution).
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Figure 6-4: Stable carbon isotope composition of toluene in background (B), injection (Inj) and extraction

samples.

6.4.2 Toluene retardation

In PPTl the extraction phase started immediately after the injection was finished.

Therefore it can be expected that degradation of toluene due to biological causes was

negligible due to short total test duration (Schroth et al., 2001a). It is evident from the

breakthrough curve that toluene is not moving conservatively with respect to bromide.

Furthermore, the toluene data does not fit the simplest model, i.e. a linear equilibrium sorption

(data not shown). Conversely, it would appear that the curve fits non equilibrium adsorption

(Figure 6-3) (Schroth et al., 2000).
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6.4.3 Substrate consumption

Estimated SO42" reaction rate coefficient (k = 0.09±0.01 d"1) was similar to coefficients

previously calculated for SO4
"

in this well without addition of an extra organic carbon source

(Schroth et al., 2001a). This could be an indication that toluene is not being significantly

degraded by sulfate reducing bacteria (at least during the test duration) because degradation of

an easily degradable carbon source has been previously linked in this well with increased

SO42" degradation rates (Kleikemper et al., 2002b). Even though low background

concentrations of toluene were detected in this well and therefore a microbial population

adapted to degrade it might be expected, the incubation period used could have been too short

to measure toluene degradation.

Since toluene did not move conservatively in relation to the conservative tracer (Br), it is

not possible to quantify a toluene degradation rate coefficient using the method of Haggerty et

al. (1998). However, when a compound is biologically degraded there can be isotopic

fractionation and as a result the remaining residue becomes heavier (Mariotti et al., 1981).

Normally other purely physical processes in water such as diffusion, dissolution or

evaporation don't have an important influence on the 8 C of organic compounds.

Meckenstock et al. (1999) reported a kinetic isotopic fractionation factor (a) for toluene under

sulfate reducing conditions of 1.0017±0.00016. Using this a and the Rayleigh equation for a

closed system (Hoefs, 1997) we can calculate that the 8 C of the remaining toluene should be

0.38 %o heavier if -20 % of the injected toluene was degraded during the experiment.

However the isotopic data obtained in PPT2 does not indicate detectable toluene degradation,

because the toluene 8 C decreases. This indicates that toluene became lighter instead of

heavier as expected if biological degradation had occuned. On the other hand, background

toluene was even heavier than the toluene injected; therefore we can not say that the 8 C

measured during the experiment is due to mixture between background toluene with injected

toluene. We can only speculate that the partitioning of toluene between the NAPL and the

aqueous phase could cause a slight fractionation of toluene such that toluene dissolved in the

aqueous phase becomes lighter. This can be explained if we consider that the rate limiting

step in the partition of toluene between the organic and aqueous phase is the re-dissolution

into the aqueous phase. This would explain that the heavier molecules stay in the organic

phase and as a result the toluene dissolved in the aqueous phase becomes isotopically lighter.
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6.4.4 Conclusions

Although the newly designed injection system performed as expected, the data obtained

in PPT2 shows that a PPT using the proposed design is not suitable for measuring field

toluene degradation. Apparently, the incubation time was not long enough for measurable

toluene degradation. Another problem encountered during the field tests was the high

partitioning of toluene into the NAPL phase. This raises difficulties in distinguishing toluene

sorption into the NAPL from degradation. Due to the problems described above, we decided

not to carry out the last experiment with C-labeled toluene.

To solve all those problems a different design should be used to measure field

degradation of toluene, especially if labeling experiments are planed, since the cost of C-

labeled toluene is high. As an example, an alternative possibility could be to perform the test

using two neighboring wells with a recirculation scheme to avoid the flow downgradient of

the injection solution thus allowing longer incubation times within a certain portion of the

aquifer.
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7 Discussion

7.1 Stable isotope labeling as a tool in microbial ecology

7.1.1 Advantages and disadvantages of the different methods

Stable isotope labeling, also known as stable isotope probing, is a technique used for

linking a microbial activity with the identity of the microorganism carrying it out, and has had

impressive development in the last few years. The first studies performed measured the C-

enrichment of phospholipid fatty acids (PLFA) biomarkers (Table 7-1). The approach was

used to follow organic acid degradation under various electron acceptor conditions, aerobic

methane oxidation, autotrophic C incorporation, and degradation of several organic

contaminants. However, one of the main disadvantages of PLFA isotopic labeling is the

difficulty of PLFA biomarker interpretation (Table 7-2). To tackle this problem the stable

isotope probing of DNA and RNA was recently developed. However, DNA and RNA

labeling also have considerable drawbacks when applied to complex microbial communities

(Table 7-2). It's not very clear if the separation of C-labeled DNA and RNA is really

achieved (Griffiths et al., 2004, Lueders et al., 2004). Therefore the accuracy of the results

could be questioned. Nevertheless, the combination of any stable isotope labeling technique

with molecular tools and traditional microbiological methods are bringing new light into

several microbial activities (Ginige et al., 2004, Jeon et al., 2003, Jetten et al., 1990, Pombo et

al., 2005).

A clear advantage of stable isotope labeling compared to other methods of linking

microbial activity with phylogenetic information is that stable isotopes are not radioactive.

Therefore stable isotopes can be applied to natural ecosystems. However, only few studies

reported the use of stable isotope labeling directly at the field scale (Jeon et al., 2003,

Padmanabhan et al., 2003). Of particular interest in this thesis was the application of the

method directly at the field scale to follow degradation of organic substrates under different

electron-accepting processes, and identify the microbial populations responsible for that

degradation.
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Table 7-1: Some isotopic labeling studies

Study Target

process

Labeling

procedure

Other

identification

tools

Incubation

conditions

Observations

Boschker et al

(1998)

Boschker et al

(1998)

Hanson et al

(1999)

Nold et al

(1999)

Acetate

degradation by
SRB

CH4 aerobic

oxidation

Toluene aerobic

degradation

CH.4 aerobic

degradation

PLFA

PLFA

PLFA

PLFA

Comparison with

literature PLFA data

by cluster analysis

Direct comparison

with literature data

Enrichment on

toluene and isolation

of a strain with

similar PLFA to that

of the enrichment

Henckel et al

(2000)

CH4 aerobic

oxidation

PLFA(14C
labeling)

DGGE analysis of

16S rRNA gene and

two functional genes

PCR product PLFA

fingerprinting

Boschker et al

(2001)

Acetate and

propionate

degradation by
SRB

PLFA Direct comparison

with lit data

Pelz et al

(2001a)

Toluene

degradation by
denitrifying
bacteria

PLFA Comparison with

pure culture PLFA,
and FISH of

environmental

sample and

microcosm

Pelz et al

(2001b)

Toluene

degradation by
SRB

PLFA Comparison with

enrichment isolate

and type pure culture

PLFA, and FISH of

environmental

sample and

microcosm

Alexandrino et al

(2001)
Styrene
degradation in

biofilters

PLFA

(Deuterium

labeling)

Comparison with

pure culture PLFA

profile from this

study and literature

Johnsen et al

(2002)

Phenantrene

degradation in

soil

PLFA MNP, comparison

with PLFA profiles
of reference strains

and isolates from

MPN using PCA

Pombo et al

(2002a)

Acetate

degradation by
denitrifying
bacteria

PLFA Direct comparison

with literature data,
FISH

Knief et al

(2003)
Autotrophic
sulfate-, nitrate-

and iron-reducing
bacteria

PLFA Comparison of

environmental

enrichments with

pure strain labeling

Pombo et al

(2005)

Acetate

degradation by
SRB

PLFA Direct comparison

with literature data,
FISH

Radajewski et al

(2000)

Methanol aerobic

degradation

DNA

Sediment cores incubated

in laboratory, 10-100 jiM
labeled acetate, 8 h

Sédiment cores incubated

in laboratory, 1 2 mM

CH4, 7 d

Soil in microcosm, 35 ug

toluene/ml soil, 119 h

Sédiment cores incubated

in laboratory, 1 4 mM

CH4, 7 d

Soil incubation in

laboratory, 800-1200 ppm

CH4, 3-5 d

Sediments cores

incubated in laboratory,
100 liM acetate and/or

propionate, 8 h

Sédiment incubation in

denitrifying microcosm,
0 6 mM toluene, 4 d

Sediment incubation in

sulfate rich microcosm,

0 6 mM toluene, 4 d

Biofïlter incubation in

laboratory, 20 llI of

styrene /10 g biofïlter, 3-

10 d

Soil microcosm

incubation, 3 \xg

phenantrene/g soil, 9-18 d

Field PPT, 0 25 mM

acetate, 46 h

Environmental samples
incubated in microcosms,

20 mM C02/ 20 g

material, 5-19 d

Field PPT, 2 mM acetate,

46 h

Soil incubation in

microcosms, 0 5 %

methanol (v/w) in 10 g

soil, 44 d

Labeling under SRB

inhibitory conditions

Unlabeled control

Comparison to PLFA

pattern labeled with

glucose shows that

PLFA labeling is

specific of some PLFA

in toluene case

Mixed culture of

dégrader and no

dégrader showed

enrichment of dégrader
PLFA only

14C used for

determination of

degradation rate
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Table 7-1 (cont.)

Study Target Labeling Other Incubation Observations

process procedure identification

tools

conditions

Whitby et al

(2001)
Autotrophic
ammonia

oxidizing bacteria

DNA Incubation of enrichment

culture from a lake

sédiment, 13C02, 5 d

Morris et al

(2002)

CH4 aerobic

oxidation

DNA Soil incubation in

microcosm, 8 % (v/v)
CH4, 40 d

Hutchens et al

(2004)

CH4 aerobic

oxidation

DNA Microbial mat and water

material incubated in

microcosms, 10 % 13CH4,
10 d

Sequences of non-

methanotrophic
bacteria and an alga
provided evidence for

turnover of CH4 due to

possible cross-feeding
on 13C-labelled

metabolites or biomass

Padmanabhan et

al (2003)

Glucose, phenol,
caffeine and

naphthalene
aerobic

degradation

DNA Soil from open bottom

field chambers, 10-450 \xg

in circle of soil of 4 cm

diameter, 24 h

Jeon et al

(2003)
Naphthalene
aerobic

degradation

DNA Isolation of the

dominant member of

the labeled

community, able to

degrade naphthalene

Soil from open bottom

field chambers, 60 p,g/5 g

soil, 2 d

Ginige et al

(2004)

Methane

degradation by
denitrifying
bacteria

DNA FISH and Mar-FISH Mini methanol-fed

sequencing batch

reactor,263 mg
methanol/1, 24 h

Excellent

Miller et al

(2004)
Methyl-bromide
and Methyl-
chloride aerobic

degradation

DNA Soil incubated in lab

microcosms,

Length of incubation

not stated

Manefield et al

(2002)

Phenol aerobic

degradation

RNA Sludge from a phenol
degrading reactor lab

incubation, 500 \xg

phenol/ml, 8 h

Lueders et al

(2004)

Methanol aerobic

degradation

RNA and

DNA

Soil incubated in the lab,
<20 mM methanol, 6-42 d

7.1.2 Problems encountered for the interpretation of PLFA biomarkers

As previously noted, one of the main disadvantages of PLFA isotope labeling, and PLFA

profile interpretation in general, is the difficulty of interpretation of PLFA biomarkers in a

complex community. This difficulty arises from the fact that not all microbial groups have

distinctive PLFA biomarkers. Another problem is that knowledge of PLFA composition of

different microorganism is far from complete, and therefore some bacteria involved in a

particular microbial process might not have been previously characterized by PLFA profiling,

making interpretation of PLFA profiles even more complicated. Finally, the ambiguity in

interpretation of certain biomarkers (that have been given different interpretation in different

studies) and generalizations are dangerous and potentially misleading.
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Table 7-2: Advantages and disadvantages of isotopic labeling methods

Advantages Disadvantages

PLFA

DNA

RNA

Cell duplication not required

Separation of PLFA and

analysis of individual PLFA

C-enrichment is easy

Unambiguous identification of

microorganism after C-DNA

sequencing

Unambiguous identification of

labeled microorganisms after

13C-RNA sequencing

Cell duplication not required

Faster than DNA 13C-labeling

Not all bacterial groups possess

PLFA biomarkers

Identification within a

community only restricted to

some groups of microorganisms

DNA labeled separation
depends greatly on cell

duplication

Slow incorporation of label to

DNA

Separation of labeled DNA can

be difficult

Obtaining high quality RNA
from environmental samples is

difficult

Separation of labeled RNA can

be difficult

For example, it is widely accepted that bacteria do not possess polyunsaturated fatty acids

(FA), but there is a growing body of evidence that polyunsaturated FA are present in the

membranes of certain bacteria, specially marine bacteria growing at low temperatures (Fang

et al., 2000, Fang et al., 2004, Ivanova et al., 2004, Russell & Nichols, 1999, Satomi et al.,

2003). Another broad generalization is that il5:0, al5:0, 15:0 and 16:lco5c (Green & Scow,

2000) and 16:lco7c/t (Ratledge & Wilkinson, 1988) are present in most bacteria. Though it is

true that they are exclusive to bacteria (they do not appear in other kingdoms), they are far

from present in all bacteria.

It is also commonly accepted that Gram-positive bacteria possess mainly branched FA,

specially with C-length of 15 and 17, but also 16, and practically no straight chain

monounsaturated FA (Lechevalier & Lechevalier, 1998, Zelles, 1999). Although this may be

true in many cases, there are however several exceptions very important for microbial

ecology. Clostridium are characterized by containing mainly 14:0, 16:0, 16:1, 18:1 and related

cyclopropane acids and no odd-carbon and branched chain FA (O'Leary & Wilkinson, 1988).

Desulfotomaculum acetoxidans has almost exclusively even-carbon, straight chain FA, with
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16:lco7c and 18:lco7c as the major monoenoic FA (Wilkinson, 1988). Desulfotomaculum

nigrificans, a thermophile, has a complex profile, with i- and a-15:0 as the mayor components

(Wilkinson, 1988), although Kohring et al. (1994) detected high amounts of 16:0 and the

marker for Desulfovibrio il7:l«>7c. D. orientis and D. ruminis have a profile similar to D.

acetoxidans (Ueki & Suto, 1979). Lactobacilus are also different and have 16:1, 18:1 and

cyl8:0 as more than 80 % of their fatty acids (O'Leary & Wilkinson, 1988). Furthermore,

several Gram-negative bacteria have PLFA profiles characterized by high content of branched

PLFA. Among those are, Cytophaga, Flavobacterium, and many SRB (Kaneda, 1991, Ueki &

Suto, 1979, Vainshtein et al., 1992, Zelles, 1999).

Another example of differing interpretation is the association of certain PLFA with

certain respiratory types. Cyclic PLFA have been associated with anaerobic bacteria (Guckert

et al., 1985) and aerobic bacteria (Parkes & Taylor, 1983). This discrepancy arises from the

fact that the associations reported above were observed after enrichments performed in

microcosms, and depending on the populations present in each enrichment the outcome can

be different. For example, Clostridium and some sulfate reducing bacteria (SRB), which are

anaerobic bacteria, have high contents of cyl7:0 and cyl9:0 (Dowling et al., 1988, Ratledge

& Wilkinson, 1988) but some Pseudomonas species, which are aerobes, can also have high

content of cyl7:0 and cyl9:0 (Parkes & Taylor, 1983, Wilkinson, 1988).

There are other PLFA, apart from the ones reported in Table 1-3, which have been

used as biomarkers. For example, 18:2co6,9c is not the only biomarker for fungi according to

Vestal & White (1989) (and in papers thereafter (Green & Scow, 2000)), but also 18:lee>9c,

18:3co6c and 18:3co3c. Likewise, the PLFA 16:lco5t was proposed as biomarker for Type I

Methanotrophs by Hanson & Hanson (1996), while 16:lco5c was proposed by Tunlid &

White (1992). However, depending on the strain, both can be present (Guckert et al., 1991).

For all the reasons previously exposed, care has to be taken in not generalizing and to

avoid applying the biomarkers cited in Table 1-3 in an absolute way. To circumvent the

problem, other lines of evidence have to be used to support results inferred from PLFA data

analysis. Those other lines of evidence could be, among others, molecular analysis of the

communities, traditional microbiological characterization of the microbial communities,

physiological characteristics of targeted microorganism, and comparison of PLFA community

profiles with pure cultures or selected mixtures of organisms. All the lines of evidence applied

in this thesis to get around the problem are further explained in the next section.
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7.2 Use ofcombined tools in microbial ecology

Natural ecosystems are complex and difficult to study. Therefore, to study microbial

activities that occur in natural ecosystems many different approaches from field studies to

pure cultures have been applied (Madsen, 1998) (Figure 7-1). The system complexity

diminishes from field site studies to microcosms and pure cultures, but so does the relevance

of the knowledge obtained to the actual activity of the microorganisms at field sites. In this

thesis a combination of tools was applied to study several processes occurring in a petroleum-

contaminated aquifer. The use of several approaches allowed us to gain a deeper

understanding of the microbial ecology of the aquifer. Although some of the techniques

applied belong to the molecular biology realm (DNA analysis, FISH, PLFA analysis), it is

important to notice that they were applied to analyze data obtained in experiments performed

at the field scale.

The use of the single well push-pull test (PPT) provided field data on potential activity of

microbial communities involved in the degradation of acetate and other compounds'

degradation (chapters 2 to 4). We refer to potential activity, since the concentration of acetate

and other substrates used in the experiments (0.25 to 2 mM) is higher that naturally occurring

concentrations in a contaminated aquifer (as an example, measured acetate concentration in a

contaminated aquifer have been reported between 0.5 and 6 uM (Albrechtsen et al., 1999,

Hansen et al., 2001, Hordijk et al., 1994)). However to measure a process with a PPT, a

certain amount of perturbation has to be introduced into the system.

Using substrates labeled with stable isotopes in the PPTs allowed us to follow the fate of

acetate in the aquifer. Although an accurate mass balance was not possible (as explained later

in section 7.4.3), in chapter 3 it was possible to calculate the relative contribution of acetate

oxidation (coupled with SO42" reduction) (43 %) and acetoclastic methanogenesis (57 %) to

the overall acetate degradation. Moreover the labeling of both CH4 and DIC provided

unequivocal evidence that several terminal electron-accepting processes may occur in spatial

proximity in a bulk volume of aquifer material, a possibility that has already been proposed

(Cozzarelli et al., 2000, Jakobsen & Postma, 1999, Kleikemper et al., 2002b, Ludvigsen et al.,

1998, Vroblesky et al., 1996).
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High
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field sites
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_
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Figure 7-1: Relationships between means of producing information in environmental microbiology, their

methodological characteristics, and their relevance to knowledge of microorganisms in the fleld sites. As

experimental approaches and corresponding disciplines became increasingly reductionistic (move from

left to right), relevance of the resultant information to microorganisms in field sites has traditionally
diminished (from Madsen, 1998).

The PLFA profile, FISH, and DGGE community analysis before and after the

experiments provided evidence that community composition did not significantly change

during the experiments. This supported our concept that we measured potential microbial

activity of the microbial community that is already living in the vicinity of the tested well.

Moreover, the PLFA labeling pattern, together with FISH analysis, DGGE pattern analysis,

and sequencing of dominant microbial populations allowed us to link the processes we
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measured using PPT to the microbial populations responsible for them. The use of different

techniques to assess the microbial population diversity gave more detailed information on the

composition of the communities studied than the use of a single tool. As an example we could

note that in monitoring well PS5 Methanosaeta concilii was detected as dominant archaeal

population using FISH analysis, but detailed community analysis revealed that the diversity in

that well was high and other group of methanogenic archaea (namely H2 and formate utilizing

bacteria related to members of the Methanomicrobiaceae) were also very active in this well

(Kleikemper et al., 2005).

Moreover, the SRB populations that were linked to acetate degradation at the field scale

(Pombo et al., 2005) were slightly different from those linked to acetate degradation in a

microcosm study conducted with incubation of sediment obtained in the same aquifer

(Kleikemper et al., 2002a). This demonstrates once more that care has to be taken when

extrapolating the ecological significance of data obtained in laboratory incubations. Rather, in

this thesis we demonstrated that more detailed and ecologically significant information can be

obtained by applying a combination of tools in field-scale experiments.

Another excellent example of combining different tools and approaches to answer a

question in environmental microbiology is the study of Ginige et al.(2004), which also used

the stable isotope labeling approach combined with FISH and MAR-FISH to tackle the

uncertainties that were related to DNA stable isotope labeling (Table 7-2). Similarly

interesting is the study by Jeon et al. (2003), where in addition to the DNA stable isotope

labeling isolation of a previously uncultured bacteria, it was also demonstrated by isotopic

labeling that the isolated bacteria was the main organism responsible for naphthalene

degradation. Furthermore, physiological studies could be performed giving more insight into

the process and providing new tools for future studies.

7.3 Comparison between suspended and attached microbial

communities

When studying microbial activities in aquifers it is important to note that there are two

microbial communities under study that are potentially different: suspended and attached

microbial communities. In this thesis the difference between the two populations was

addressed in chapters 3 to 5 (results of chapter 5 are discussed later in section 7.4.2).
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In chapter 3 FISH and PLFA profile analysis suggested high similarity between

suspended and attached communities' composition in the vicinity of well PS3. In addition, we

found that both suspended and attached communities were active and degraded acetate as

indicated by incorporation of label to microbial PLFA in both cases. However, the

populations degrading the acetate seemed to be different, Desulfobacter and D. acetoxidans

competed effectively for acetate in the suspended microbial fraction at least during the length

of the experiment. In contrast, within the attached community D. acetoxidans appeared to

dominate acetate degradation. Nevertheless, as already mentioned, both suspended and

attached communities were active. This contradicts previous observations made by Alfreider

et al. (1997), who did not detect a significant activity in suspended communities. However,

their study was conducted in pristine aquifers with extremely low nutrient content. Other

authors have found that suspended communities are denser and more active in contaminated

aquifers than in pristine groundwater, with suspended communities ranging from 1 to 50 % of

the total aquifer community (Bekins et al., 1999, Griebler et al., 2002). Our results are in

agreement with those studies.

In chapter 4 community analysis of suspended and attached populations in the vicinity of

well PS5 also showed differences. Archaea, in relative terms, were more abundant in water

(18-38 % of DAPI stained cells) than in aquifer material (9 %; Figure 4-3). The presence of

19 DGGE bands in water samples and 12 bands in the aquifer material sample indicated a

more diverse archaeal population in the suspended community than in the attached one. The

higher percentages of Archaea in water as compared to aquifer material samples agrees well

with other studies in which a higher percentage of methanogens was frequently found free-

living as compared to attached (Bekins et al., 1999, Godsy et al., 1992). However, archaeal

community composition at our site was similar but not identical in water and aquifer material

(Figure 4-4). Similarities and differences between attached and suspended microorganisms

were shown previously for other aquifers, including PHC-contaminated ones (Bekins et al.,

1999, Lehman et al., 2001).

7.4 Field related difficulties

1AA Quantification of toluene degradation

Because toluene did not move conservatively in relation to the conservative tracer (Br ) it

was not possible to quantify any toluene degradation rate coefficient from PPT data using the

138



Chapter 7: Discussion

method of Haggerty et al. (1998). Furthermore, the injected toluene partitioned between the

injection solution and the residual non-aqueous phase liquid (NAPL). Because of the

partitioning toluene appeared to be consumed during the experiment. By analyzing the

breakthrough curves data and their shape we could determine that toluene partitioning

between aqueous phase and NAPL was in non-equilibrium, thus complicating the data

analysis even further. In conclusion, a PPT in the current design is not appropriate to measure

non-polar substance degradation in the presence of remnant NAPL. A way around this has

been investigated by using polar derivatives from BTEX (Reusser et al., 2002). However,

those derivatives were not available in C-labeled form when we performed these

experiments.

Another way of calculating degradation rates is based on compound-specific isotopic

fractionation factors. When a compound is biologically degraded there can be isotopic

fractionation and as a result the residual fraction becomes heavier (Mariotti et al., 1981).

Normally other purely physical processes in water such as diffusion, dissolution or

evaporation don't have an important influence on the 8 C of organic compounds.

Fractionation factors for toluene have been previously obtained from laboratory and field

studies (Lollar et al., 1999, Meckenstock et al., 1999). However because we were not able to

measure any C-enrichment in the toluene remaining in the system we could not use the

isotopic data to calculate a toluene degradation rate. Moreover, it appeared that there was a

slight negative fractionation of toluene during the partitioning process and as a result the

toluene dissolved in the aqueous phase was slightly depleted in 13C compared to injected

toluene. Probably a longer incubation period is required in order to detect significant

fractionation of toluene caused by biological degradation. However, relatively high ground

water flow velocity in the aquifer study restricts the maximum incubation period in a PPT. A

possible solution to this problem would be to use two wells and recirculate the injection

solution in order to keep it longer in contact with the microorganisms present in this portion

of the aquifer.

7.4.2 Difficulty to label archaeal biomarkers

The stable isotope labeling technique relies on the incorporation of label into the

biomarker molecules studied, and therefore its success is greatly affected by the incorporation

of carbon into microbial biomass. This incorporation depends on the energy yield of the

process studied (Madigan et al., 2003). One of the difficulties encountered during our field

experiments was to use the appropriate amount of label to detect significant C-enrichment in

the PLFA. In our first set of experiments described in chapter 2 we detected enrichments of up
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to 5000 %o in some PLFA, specially in 16:0 which is a central metabolite in fatty acid

synthesis (Schweizer, 1989). In the next experiment, because of the cost of C-labeled

compounds, we reduced the fraction of C in the injected substrate from 25 to 10 % of total

C. Nevertheless, the amount of label used and the incubation time were sufficient to label the

PLFA of SRB, although only to a maximum enrichment of 60 %o in some PLFA. However,

labeling of archaeal biomarkers from samples of the aquifer during the same experiment was

even lower and only 7 %o enrichment was detected in an archaeal marker extracted from

sediment samples. This can be explained if we take into account that acetate oxidation yields

higher amount of energy when it is coupled with nitrate reduction than when it is coupled to

sulfate reduction or fermented to CH4. This happens because of the difference between the

reduction potential of the different electron acceptors (Madigan et al., 2003). Moreover, the

higher the energy yield of a process, the higher the amount of carbon that an organism can use

to produce new biomass. For example, growth yield on toluene is 3 times higher in

Pseudomonas sp. strain K172 (a nitrate-reducing toluene-degrader) with a yield of 57 g

cell/mol toluene (Altenschmidt & Fuchs, 1992) than in Desulfobacula toluolica PRTOL1 (a

sulfate-reducing toluene-degrader) with a yield of 19 g cells/mol toluene (Beller et al., 1996).

Enrichment of archaeal biomarkers was not detected in H2 utilizing methanogenic

populations during the experiment performed with labeled HCO3" described in chapter 5, even

though reduction of HCO3" was demonstrated by the appearance of 13C-label in the produced

CH4. This can be explained because the methanogenic archaea present in that well that are

able to use H2/CO2 were closely affiliated with the Methanomicrobiaceae (Kleikemper et al.,

2005) and that group of Archaea is incapable of using CO2 to synthesize biomass (Whitman et

al., 1999).

7.4.3 Mass balance

Of great interest in our studies would have been a mass balance to quantify the relative

contribution of each process to the degradation of the substrate injected. However, working in

an open system (where matter flow is not restricted) and with many unknown variables makes

the task difficult. In the experiments we performed in Studen, background concentration of

DIC and CH4 were very high. Therefore, although the increase in C-content in DIC and CH4

linked their production to the degradation of the injected labeled substrate, an accurate mass

balance was not possible. This was partly because the amount of produced DIC and CH4 was

too small compared to their background concentrations and the methods used to measure DIC

and CH4 concentrations were not sensitive enough to detect small differences. Moreover, the
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mixing of CH4 and DIC between the injected solution and background caused more variation

in their concentration that production or consumption. In chapter 3 however, we were able to

perform a partial mass balance using the C-content of the different fractions (acetate, DIC

and CH4) and to estimate the relative contribution of different processes to the acetate

degradation.

141





References

References

Abraham, W.-R., Hesse, C. & Pelz, O. (1998). Ratios of carbon isotopes in microbial lipids as an

indicator of substrate usage. Applied and Environmental Microbiology 64, 4202-4209.

Adamczyk, J., Hesselsoe, M., Iversen, N., Horn, M., Lehner, A., Nielsen, P. H., Schloter, M., Roslev,
P. & Wagner, M. (2003). The isotope array, a new tool that employs substrate-mediated

labeling of rRNA for determination of microbial community structure and function. Applied and
Environmental Microbiology 69, 6875-6887.

Aggarwal, P. K., Fuller, M. E., Gurgas, M. M., Manning, J. F. & Dillon, M. A. (1997). Use of stable

oxygen and carbon isotope analysis for monitoring the pathways and rates of intrinsic and

enhanced in Situ biodégradation. Environmental Science & Technology 31, 590-596.

Albrechtsen, H. J., Bjerg, P. L., Ludvigsen, L., Rugge, K. & Christensen, T. H. (1999). An anaerobic

field injection experiment in a landfill leachate plume, Grindsted, Denmark 2. Deduction of

anaerobic (methanogenic, sulfate-, and Fe(lll)-reducing) redox conditions. Water Resources

Research 35, 1247-1256.

Alexandnno, M., Knief, C. & Lipski, A. (2001). Stable-isotope-based labeling of styrene-degrading

microorganisms in biofilters. Applied and Environmental Microbiology 67, 4796-4804.

Alfreider, A., Krossbacher, M. & Psenner, R. (1997). Groundwater samples do not reflect bacterial

densities and activity in subsurface systems. Water Research 31, 832-840.

Alfreider, A., Vogt, C. & Babel, W. (2002). Microbial diversity in an in situ reactor system treating
monochlorobenzene contaminated groundwater as revealed by 16S ribosomal DNA analysis.
Systematic and Applied Microbiology 25, 232-240.

Altenschmidt, U. & Fuchs, G. (1992). Anaerobic toluene oxidation to benzyl alcohol and benzaldehyde
in a denitrifying Pseudomonas strain. Journal of Bacteriology 174, 4860-4862.

Altschul, S. F., Madden, T. L., Schaffer, A. A., Zhang, J., Zhang, Z., Miller, W. & Lipman, D. J. (1997).
Gapped BLAST and PSI-BLAST: a new generation of protein database search programs.
Nucleic Acids Research 25, 3389-3402.

Amann, R. & Ludwig, W. (2000). Ribosomal RNA-targeted nucleic acid probes for studies in microbial

ecology. FEMS Microbiology Reviews 24, 555-565.

Amann, R. I., Binder, B. J., Olson, R. J., Chisholm, S. W., Devereux, R. & Stahl, D. A. (1990a).
Combination of 16S rRNA-targeted oligonucleotide probes with flow cytometry for analyzing
mixed microbial populations. Applied and Environmental Microbiology 56, 1919-1925.

Amann, R. I., Krumholz, L. R. & Stahl, D. A. (1990b). Fluorescent-oligonucleotide probing of whole

cells for determinative, phylogenetic, and environmental studies in microbiology. Journal of

Bacteriology 172, 762-770.

Amann, R. I., Ludwig, W. & Schleifer, K.-H. (1995). Phylogenetic identification and in situ detection of

individual microbial cells without cultivation. Microbiological reviews 59, 143-169.

Anderson, R. T. & Lovley, D. R. (1997). Ecology and biogeochemistry of in Situ groundwater
bioremediation. Advances in Microbial Ecology 15, 289-350.

Balkwill, D. L, Leach, F. R., Wilson, J. T., McNabb, J. F. & White, D. C. (1988). Equivalence of

microbial biomass measures based on membrane lipid and cell-wall components, adenosine-

triphosphate, and direct counts in subsurface aquifer sediments. Microbial Ecology 16, 73-84.

Bekins, B. A., Godsy, E. M. & Warren, E. (1999). Distribution of microbial physiologic types in an

aquifer contaminated by crude oil. Microbial Ecology 37, 263-275.

Beller, H. R., Spormann, A. M., Sharma, P. K., Cole, J. R. & Reinhard, M. (1996). Isolation and

characterization of a novel toluene-degrading, sulfate-reducing bacterium. Applied and
Environmental Microbiology 62, 1188-1196.

Blair, N. E., Levin, L. A., DeMaster, D. J. & Plaia, G. (1996). The short-term fate of fresh algal carbon

in continental slope sediments. Limnology and Oceanography 41, 1208-1219.

Bhgh, E. G. & Dyer, W. J. (1959). A rapid method of total lipid extraction and purification. Canadian

Journal of Biochemistry and Physiology 37, 911-917.

Boetius, A., Ravenschlag, K., Schubert, C. J., Rickert, D., Widdel, F., Gieseke, A., Amann, R.,

Jorgensen, B. B., Witte, U. & Pfannkuche, O. (2000). A marine microbial consortium

apparently mediating anaerobic oxidation of methane. Nature 407, 623-626.

Bolliger, C., Hohener, P., Hunkeler, D., Haberh, K. & Zeyer, J. (1999). Intrinsic bioremediation of a

petroleum hydrocarbon-contaminated aquifer and assessment of mineralization based on

stable carbon isotopes. Biodegradation 10, 201-217.

Bolliger, C, Schonholzer, F., Schroth, M. H., Hahn, D., Bernasconi, S. & Zeyer, J. (2000).
Characterizing intrinsic bioremediation in a petroleum hydrocarbon-contaminated aquifer by
combined chemical, isotopic and biological analyses. Bioremediation Journal 4, 359-371.

143



References

Boon, J. J., Deleeuw, J. W., Vanderhoek, G. J. & Vosjan, J. H. (1977). Significance and taxonomic

value of iso- and anteiso-monoenoic fatty acids and branched ß-hydroxy acids in Desulfovibrio

desulfuncans. Journal of Bacteriology 129, 1183-1191.

Boschker, H. T. S., de Graaf, W., Koster, M., Meyer-Reil, L.-A. & Cappenberg, T. E. (2001). Bacterial

populations and processes involved in acetate and propionate consumption in anoxic brackish

sediment. FEMS Microbiology Ecology 35, 97-103.

Boschker, H. T. S. & Middelburg, J. J. (2002). Stable isotopes and biomarkers in microbial ecology.
FEMS Microbiology Ecology 40, 85-95.

Boschker, H. T. S., Nold, S. C, Wellsbury, P., Bos, D., de Graaf, W., Pel, R., Parkes, R. J. &

Cappenberg, T. E. (1998). Direct linking of microbial populations to specific biogeochemical

processes by 13C-labehng of biomarkers. Nature 392, 801-805.

Bossio, D. A. & Scow, K. M. (1998). Impacts of carbon and flooding on soil microbial communities:

Phospholipid fatty acid profiles and substrate utilization patterns. Microbial Ecology 35, 265-

278.

Bowman, J. P., Sly, L. I., Nichols, P. D. & Hayward, A. C. (1993). Revised taxonomy of the

Methanotrophs: Description of Methylobacter gen.nov., emendation of Methylococcus,
validation of Methylosinus and Methylocystis species, and a proposal that the family
Methylococcaceae includes only the Group-I Methanotrophs. International Journal of

Systematic Bacteriology 43, 735-753.

Bundt, M., Widmer, F., Pesaro, M., Zeyer, J. & Blaser, P. (2001). Preferential flow paths: biological 'hot

spots' in soils. Soil Biology and Biochemistry 33, 729-738.

Burgmann, H., Widmer, F., Von Sigler, W. & Zeyer, J. (2004). New molecular screening tools for

analysis of free-living diazotrophs in soil. Applied and Environmental Microbiology 70, 240-

247.

Caccavo, F., Blakemore, R. P. & Loviey, D. R. (1992). A hydrogen-oxidizing, Fe(lll)-reducing

microorganism from the great bay estuary, New-Hampshire. Applied and Environmental

Microbiology 58, 3211 -3216.

Chapelle, F. H., Bradley, P. M., Loviey, D. R., O'Neill, K. & Landmeyer, J. E. (2002). Rapid evolution of

redox processes in a petroleum hydrocarbon-contaminated aquifer. Ground Water 40, 353-

360.

Chapelle, F. H., Bradley, P. M., Loviey, D. R. & Vroblesky, D. A. (1996). Measuring rates of

biodégradation in a contaminated aquifer using field and laboratory methods. Ground Water

34,691-698.

Chnstensen, T. H., Kjeldsen, P., Albrechtsen, H. J., Heron, G., Nielsen, P. H., Bjerg, P. L. & Holm, P.

E. (1994). Attenuation of landfill leachate pollutants in aquifers. Critical Reviews in

Environmental Science and Technology 24, 119-202.

Cole, J. R., Chai, B., Marsh, T. L, Farns, R. J., Wang, Q., Kulam, S. A., Chandra, S., McGarrell, D. M.,

Schmidt, T. M., Garrity, G. M. & Tiedje, J. M. (2003). The Ribosomal Database Project (RDP-
II): previewing a new autoahgner that allows regular updates and the new prokaryotic
taxonomy. Nucleic Acids Research 31, 442-423.

Collins, M. D., R.M., K. & Kroppenstedt, R. M. (1983). Lipid composition of Arthrobacter simplex,
Arthrobacter tumescens and possibly related data. Systematic and Applied Microbiology 4, 18-

26.

Connon, S. A. & Giovannoni, S. J. (2002). High-throughput methods for cultunng microorganisms in

very-low-nutnent media yield diverse new marine isolates. Applied and Environmental

Microbiology 68, 3878-3885.

Conrad, M. E., Daley, P. F., Fischer, M. L, Buchanan, B. B., Leighton, T. & Kashganan, M. (1997).
Combined 14C and 513C monitoring of in Situ biodégradation of petroleum hydrocarbons.
Environmental Science & Technology 31, 1463-1469.

Cottrell, M. T. & Kirchman, D. L. (2000). Natural assemblages of marine Proteobacteria and members

of the Cytophaga-Flavobacter cluster consuming low- and high-molecular-weight dissolved

organic matter. Appl. Environ. Microbiol. 66, 1692-1697.

Cozzarelli, I. M., Suflita, J. M., Ulrich, G. A., Harris, S. H., Scholl, M. A., Schlottmann, J. L. &

Christenson, S. (2000). Geochemical and microbiological methods for evaluating anaerobic

processes in an aquifer contaminated by landfill leachate. Environmental Science &

Technology 34, 4025-4033.

Cronan, J. E. (2002). Phospholipid modifications in bacteria. Current Opinion in Microbiology 5, 202-

205.

De Rosa, M. & Gambacorta, A. (1988). The lipids of archaebactena. Progress in Lipid Research 27,
153-175.

144



References

Dojka, M. A., Hugenholtz, P., Haack, S. K. & Pace, N. R. (1998). Microbial diversity in a hydrocarbon-
and chlorinated-solvent-contaminated aquifer undergoing intrinsic bioremediation. Applied and
Environmental Microbiology 64, 3869-3877.

Doumenq, P., Acquaviva, M., Asia, L, Durbec, J. P., Le Dreau, Y., Mille, G. & Bertrand, J. C. (1999).
Changes in fatty acids of Pseudomonas nautica, a marine denitrifying bacterium, in response
to n-eicosane as carbon source and various culture conditions. FEMS Microbiology Ecology
28, 151-161.

Dowling, N. J. E., Nichols, P. D. & White, D. C. (1988). Phospholipid fatty acid and infra-red

spectroscopic analysis of a sulphate-reducing consortium. FEMS Microbiology Letters 53,
325-333.

Dowling, N. J. E., Widdel, F. & White, D. C. (1986). Phospholipid ester-linked fatty acid biomarkers of

acetate-oxidizing sulphate-reducers and other sulphide-forming bacteria. Journal of General

Microbiology 132, 1815-1825.

Edlund, A., Nichols, P. D., Roffey, R. & White, D. C. (1985). Extractable and hpopolysacchande fatty
acid and hydroxy acids profiles from Desulfovibrio species. Journal of Lipid Research 26, 982-

988.

Eilers, H., Pernthaler, J., Glockner, F. O. & Amann, R. (2000). Culturability and in situ abundance of

pelagic bacteria from the North Sea. Applied and Environmental Microbiology 66, 3044-3051.

Ekelund, F., Olsson, S. & Johansen, A. (2003). Changes in the succession and diversity of protozoan
and microbial populations in soil spiked with a range of copper concentrations. Soil Biology
and Biochemistry 35, 1507-1516.

Elfermk, S. J. W. H. O., Boschker, H. T. S. & Stams, A. J. M. (1998). Identification of sulfate reducers

and Syntrophobacter sp. in anaerobic granular sludge by fatty-acid biomarkers and 16S rRNA

probing. Geomicrobiology Journal15, 3-17.

Fang, J. & Barcelona, M. J. (1998). Biogeochemical evidence for microbial community change in a jet
fuel hydrocarbons-contaminated aquifer. Organic Geochemistry 29, 899-907.

Fang, J., Barcelona, M. J. & Alvarez, P. J. J. (2000). Phospholipid compositional changes of five

pseudomonad archetypes grown with and without toluene. Applied Microbiology and

Biotechnology 54, 382-389.

Fang, J. S., Kato, C, Sato, T., Chan, O. & McKay, D. (2004). Biosynthesis and dietary uptake of

polyunsaturated fatty acids by piezophilic bacteria. Comparative Biochemistry and Physiology
Part B: Biochemistry & Molecular Biology 137, 455-461.

Felsenstem, J. (1989). PHYLIP - Phylogeny Inference Package (Version 3.2). Cladistics 5, 164-166.

Ficker, M., Krastel, K., Orlicky, S. & Edwards, E. (1999). Molecular characterization of a toluene-

degrading methanogenic consortium. Applied and Environmental Microbiology 65, 5576-5585.

Fielding, E. R., Archer, D. B., Demacano, E. C. & Macano, A. J. L. (1988). Isolation and

characterization of methanogenic bacteria from landfills. Applied and Environmental

Microbiology 54, 835-836.

Fmdlay, R. H., King, G. M. & Watlmg, L. (1989). Efficacy of phospholipid analysis in determining
microbial biomass in sediments. Applied and Environmental Microbiology 55, 2888-2893.

Forney, L. J., Liu, W. T., Guckert, J. B., Kumagai, Y., Namkung, E., Nishihara, T. & Larson, R. J.

(2001). Structure of microbial communities in activated sludge: Potential implications for

assessing the biodegradabihty of chemicals. Ecotoxicology and Environmental Safety 49, 40-

53.

Franzmann, P. D., Patterson, B. M., Power, T. R., Nichols, P. D. & Davis, G. B. (1996). Microbial

biomass in a shallow, urban aquifer contaminated with aromatic hydrocarbons: analysis by
phospholipid fatty acid content and composition. Journal ofApplied Bacteriology 80, 617-625.

Frednckson, H. L., Cappenberg, T. E. & Leeuw, J. W. d. (1986). Polar lipid ester-linked fatty acid

composition of Lake Vechten seston: an ecological application of lipid analysis. FEMS

Microbiology Letters 38, 381 -396.

Fröhlich, J. & Konig, H. (2000). New techniques for isolation of single prokaryotic cells. FEMS

Microbiology Reviews 24, 567-572.

Frostegârd, Â. & Bââth, E. (1996). The use of phospholipid fatty acid analysis to estimate bacterial

and fungal biomass in soil. Biology and Fertility of Soils 22, 59-65.

Fuchs, B. M., Wallner, G., Beisker, W., SchwippI, I., Ludwig, W. & Amann, R. (1998). Flow cytometric
analysis of the in situ accessibility of Escherichia coli 16S rRNA for fluorescently labeled

oligonucleotide probes. Applied and Environmental Microbiology 64, 4973-4982.

Garcia, J. L., Patel, B. K. C. & Olhvier, B. (2000). Taxonomic phylogenetic and ecological diversity of

methanogenic Archaea. Anaerobe 6, 205-226.

Gattmger, A., Günther, A., Schloter, M. & Munich, J. C. (2003). Characterisation of Archaea in soils by
polar lipid analysis. Acta Biotechnologica 23, 21-28.

145



References

Gattmger, A., Schloter, M. & Munch, J. C. (2002). Phospholipid etherlipid and phospholipid fatty acid

fingerprints in selected euryarchaeotal monocultures for taxonomic profiling. FEMS

Microbiology Letters 213, 133-139.

Ginige, M. P., Hugenholtz, P., Daims, H., Wagner, M., Keller, J. & Blackall, L. L. (2004). Use of stable-

isotope probing, full-cycle rRNA analysis, and Fluorescence In Situ Hybndization-
Microautoradiography to study a methanol-fed denitrifying microbial community. Applied and
Environmental Microbiology 70, 588-596.

Godsy, E. M., Goerhtz, D. F. & Grbic-Gahc, D. (1992). Methanogenic biodégradation of creosote

contaminants in natural and simulated ground-water ecosystems. Ground Water 30, 232-242.

Gray, N. D. & Head, I. M. (2001). Linking genetic identity and function in communities of uncultured

bacteria. Environmental Microbiology 3, 481-492.

Green, C. T. & Scow, K. M. (2000). Analysis of phospholipid fatty acids (PLFA) to characterize

microbial communities in aquifers. Hydrogeology Journal 8, 126-141.

Gnebler, C, Mmdl, B., Slezak, D. & Geiger-Kaiser, M. (2002). Distribution patterns of attached and

suspended bacteria in pristine and contaminated shallow aquifers studied with an in situ

sediment exposure microcosm. Aquatic Microbial Ecology 28, 117-129.

Griffiths, R. I., Manefield, M., Ostle, N., McNamara, N., O'Donnell, A. G., Bailey, M. J. & Whiteley, A.

S. (2004). 13C02 pulse labelling of plants in tandem with stable isotope probing:
methodological considerations for examining microbial function in the rhizosphere. Journal of

Microbiological Methods 58, 119-129.

Grogan, D. & Cronan, J., Jr (1997). Cyclopropane ring formation in membrane lipids of bacteria.

Microbiol. Mol. Biol. Rev. 61, 429-441.

Guckert, J. B., Antworth, C. P., Nichols, P. D. & White, D. C. (1985). Phospholipid, ester-linked fatty-
acid profiles as reproducible assays for changes in prokaryotic community structure of

estuanne sediments. Ferns Microbiology Ecology 31, 147-158.

Guckert, J. B., Hood, M. A. & White, D. C. (1986). Phospholipid ester-linked fatty-acid profile changes
during nutrient deprivation of Vibrio Cholerae: Increases in the trans-cis ratio and proportions
of cyclopropyl fatty-acids. Applied and Environmental Microbiology 52, 794-801.

Guckert, J. B., Ringelberg, D. B., White, D. C, Hanson, R. S. & Bratma, B. J. (1991). Membrane fatty-
acids as phenotypic markers in the polyphasic taxonomy of methylotrophs within the

Proteobacteria. Journal of General Microbiology 137, 2631-2641.

Guo, Z. K., Beach, D. H. & Kaneshiro, E. S. (1996). Fatty acid composition of the major phospholipids
of Pneumocystis carinii carinii: Comparison with those in the lungs of normal and

methylprednisolone-immunosuppressed rats. Infection and Immunity 64, 1407-1412.

Haack, S. K., Garchow, H., Odelson, D. A., Forney, L. J. & Klug, M. J. (1994). Accuracy,
reproducibility, and interpretation of fatty acid methyl ester profiles of model bacterial

communities. Applied and Environmental Microbiology 60, 2483-2493.

Haggerty, R., Schroth, M. H. & Istok, J. D. (1998). Simplified method of "push-pull" test data analysis
for determining in situ reaction rate coefficients. Ground Water 36, 314-324.

Hall, R. O. j. & Meyer, J. L. (1998). The tropic significance of bacteria in a detritus-based stream food

web. Ecology 79, 1995-2012.

Hansen, L. K., Jakobsen, R. & Postma, D. (2001). Methanogenesis in a shallow sandy aquifer, Romo,
Denmark. Geochimica et Cosmochimica Acta 65, 2925-2935.

Hansen, T. A. (1994). Metabolism of sulfate-reducing prokaryotes. Antonie Van Leeuwenhoek

International Journal of General and Molecular Microbiology 66, 165-185.

Hanson, J. R., Macalady, J. L., Harris, D. & Scow, K. M. (1999). Linking toluene degradation with

specific microbial populations in soil. Applied and Environmental Microbiology 65, 5403-5408.

Hanson, R. S. & Hanson, T. E. (1996). Methanotrophic bacteria. Microbiological Reviews 60, 439-471.

Harvey, H. R., Fallon, R. D. & Patton, J. S. (1986). The effect of organic matter and oxygen on the

degradation of bacterial membrane lipids in marine sediments. Geochimica et Cosmochimica

Acta 50, 795-804.

Head, I. M., Saunders, J. R. & Pickup, R. W. (1998). Microbial evolution, diversity, and ecology: A
decade of ribosomal RNA analysis of uncultivated microorganisms. Microbial Ecology 35, 1-

21.

Heider, J., Spormann, A. M., Beller, H. R. & Widdel, F. (1999). Anaerobic bacterial metabolism of

hydrocarbons. FEMS Microbiology Reviews 22, 459-473.

Henckel, T., Roslev, P. & Conrad, R. (2000). Effects of 02 and CH4 on presence and activity of the

indigenous methanotrophic community in rice field. Environmental Microbiology 2, 666-679.

Herzberg, G. R. & Rogerson, M. (1985). Use of alcohol oxidase to measure the methanol produced
during the hydrolysis of D-methyl-3-hydroxybutyric and L-methyl-3- hydroxybutync acid.

Analytical Biochemistry 149, 354-357.

146



References

Hess, A., Hohener, P., Hunkeler, D. & Zeyer, J. (1996). Bioremediation of a diesel fuel contaminated

aquifer: simulation studies in laboratory aquifer columns. Journal of Contaminant Hydrology
23, 329-345.

Hinrichs, K.-U., Hayes, J. M., Sylva, S. P., Brewer, P. G. & DeLong, E. F. (1999). Methane-consuming
archaebactena in marine sediments. Nature 398, 802-805.

Hinrichs, K.-U., Summons, R. E., Orphan, V., Sylva, S. P. & Hayes, J. M. (2000). Molecular and

isotopic analysis of anaerobic methane-oxidizing communities in marine sediments. Organic
Geochemistry 31, 1685-1701.

Hoefs, J. (1997). Stable isotope geochemistry, 4th edn, pp. 201. Berlin: Springer.
Hordijk, C. A., Kammmga, H. & Cappenberg, T. E. (1994). Kinetic studies of acetate in freshwater

sediments: Use of stable isotopic tracers. Geochimica et Cosmochimica Acta 58, 683-694.

Hnstova, K. R., Mau, M., Zheng, D., Aminov, R. I., Mackie, R. I., Gaskms, H. R. & Raskin, L (2000).
Desulfotomaculum genus- and subgenus-specific 16S rRNA hybridization probes for

environmental studies. Environmental Microbiology 2, 143-159.

Hunkeler, D., Hohener, P., Bernasconi, S. & Zeyer, J. (1999). Engineered in situ bioremediation of a

petroleum hydrocarbon-contaminated aquifer: assessment of mineralization based on

alkalinity, inorganic carbon and stable carbon isotope balances. Journal of Contaminant

Hydrology 37, 201-223.

Hutchens, E., Radajewski, S., Dumont, M. G., McDonald, I. R. & Murrell, J. C. (2004). Analysis of

methanotrophic bacteria in Movile Cave by stable isotope probing. Environmental

Microbiology 6, 111-120.

Istok, J. D., Humphrey, M. D., Schroth, M. H., Hyman, M. R. & O'Reilly, K. T. (1997). Single-well,
"push-pull" test for in situ determination of microbial activities. Ground Water 35, 619-631.

Ivanova, E. P., Gorshkova, N. M., Bowman, J. P., Lysenko, A. M., Zhukova, N. V., Sergeev, A. F.,

Mikhailov, V. V. & Nicolau, D. V. (2004). Shewanella pacifica sp nov., a polyunsaturated fatty
acid- producing bacterium isolated from sea water. International Journal of Systematic and

Evolutionary Microbiology 54, 1083-1087.

Jahnke, L. L. (1992). The effects of growth temperature on the methyl sterol and phospholipid fatty-
acid composition of Methylococcus capsulatus (Bath). FEMS Microbiology Letters 93, 209-

212.

Jakobsen, R. & Postma, D. (1999). Redox zoning, rates of sulfate reduction and interactions with Fe-

reduction and methanogenesis in a shallow sandy aquifer, Romo, Denmark. Geochimica et

Cosmochimica Acta 63, 137-151.

Janssen, P. H., Yates, P. S., Gnnton, B. E., Taylor, P. M. & Sait, M. (2002). Improved culturability of

soil bacteria and isolation in pure culture of novel members of the divisions Acidobactena,

Actinobactena, Proteobacteria, and Verrucomicrobia. Applied and Environmental Microbiology
68,2391-2396.

Jeon, C. O., Park, W., Padmanabhan, P., DeRito, C, Snape, J. R. & Madsen, E. L. (2003). Discovery
of a bacterium, with distinctive dioxygenase, that is responsible for in situ biodégradation in

contaminated sediment. PNAS 100, 13591-13596.

Jetten, M. S. M., Stams, A. J. M. & Zehnder, A. J. B. (1990). Threshold values and acetate activating

enzymes m methanogenic bacteria. FEMS Microbiology Ecology 73, 339-344.

Johnsen, A. R., Winding, A., Karlson, U. & Roslev, P. (2002). Linking of microorganisms to

phenanthrene metabolism in soil by analysis of 13C-labeled cell lipids. Applied and
Environmental Microbiology 68, 6106-6113.

Jouhan, C, Olhvier, B., Patel, B. K. C. & Roger, P. A. (1998). Phenotypic and phylogenetic
characterization of dominant culturable methanogens isolated from ncefield soils. FEMS

Microbiology Ecology 25, 135-145.

Kaneda, T. (1991). Iso-fatty and anteiso-fatty acids in bacteria - biosynthesis, function, and taxonomic

significance. Microbiological Reviews 55, 288-302.

Kates, M. (1993). Membrane lipids of archaea. In The biochemistry of archaea (Archaebactena), pp.

261-295. Edited by M. Kates, D. J. Kushner & A. T. Matheson. Amsterdam: Elsevier.

Kerger, B. D., Nichols, P. D., Antworth, C. P., Sand, W., Bock, E., Cox, J. C, Langworthy, T. A. &

White, D. C. (1986). Signature fatty acids in the polar lipids of acid-producing Thiobacillus

spp.: methoxy, cyclopropyl, alpha-hydroxy-cyclopropyl and branched and normal monoenoic

fatty acids. FEMS Microbiology Ecology 38, 67-77.

Kieft, T., Ringelberg, D. & White, D. (1994). Changes in ester-linked phospholipid fatty acid profiles of

subsurface bacteria during starvation and desiccation in a porous medium. Applied and
Environmental Microbiology 60, 3292-3299.

Kieft, T., Wilch, E., O'Connor, K., Ringelberg, D. & White, D. (1997). Survival and phospholipid fatty
acid profiles of surface and subsurface bacteria in natural sediment microcosms. Applied and
Environmental Microbiology 63, 1531 -1542.

147



References

Klamer, M. & Baath, E. (2004). Estimation of conversion factors for fungal biomass determination in

compost using ergosterol and PLFA 18:2©6,9. Soil Biology and Biochemistry 36, 57-65.

Kleikemper, J., Pelz, O., Schroth, M. H. & Zeyer, J. (2002a). Sulfate-reducing bacterial community

response to carbon source amendments in contaminated aquifer microcosms. FEMS

Microbiology Ecology 42, 109-118.

Kleikemper, J., Pombo, S. A., Schroth, M. H., Sigler, W. V., Pesaro, M. & Zeyer, J. (2005). Activity and

diversity of methanogens in a petroleum hydrocarbon-contaminated aquifer. Applied and
Environmental Microbiology 71, 149-158.

Kleikemper, J., Schroth, M. H., Sigler, W. V., Schmucki, M., Bernasconi, S. M. & Zeyer, J. (2002b).
Activity and diversity of sulfate-reducing bacteria in a petroleum hydrocarbon-contaminated
aquifer. Applied and Environmental Microbiology 68, 1516-1523.

Knief, C, Altendorf, K. & Lipski, A. (2003). Linking autotrophic activity in environmental samples with

specific bacterial taxa by detection of 13C-labelled fatty acids. Environmental Microbiology 5,
1155-1167.

Knivett, V. A. & Cullen, J. (1965). Some factors affecting cyclopropane acid formation in Escherichia

coll. Biochemical Journal 96, 771-776.

Knoblauch, C, Sahm, K. & Jorgensen, B. B. (1999). Psychrophilic sulfate-reducing bacteria isolated

from permanently cold Arctic marine sediments: description of Desulfofngrus oceanense gen.

nov., sp. nov., Desulfofrigus fragile sp. nov., Desulfofaba gelida gen. nov., sp nov.,

Desulfotalea psychrophila gen. nov., sp. nov. and Desulfotalea arctica sp. nov. International

Journal of Systematic Bacteriology 49, 1631 -1643.

Koga, Y., Morn, H., Akagawa-Matsushita, M. & Ohga, M. (1998). Correlation of polar lipid composition
with 16S rRNA phylogeny in methanogens. Further analysis of lipid component parts.
Bioscience, Biotechnology and Biochemistry 62, 230-236.

Kohnng, L. L, Ringelberg, D. B., Devereux, R., Stahl, D. A., Mittelman, M. W. & White, D. C. (1994).
Comparison of phylogenetic relationships based on phospholipid fatty acid profiles and
ribosomal RNA sequence similarities among dissimilatory sulfate-reducing bacteria. FEMS

Microbiology Letters 119, 303-308.

Konneke, M. & Widdel, F. (2003). Effect of growth temperature on cellular fatty acids in sulphate-
reducing bacteria. Environmental Microbiology 5, 1064-1070.

Korom, S. F. (1992). Natural denitnfication in the saturated zone: a review. Water Resources

Research 28, 1657-1668.

Krumholz, L. R., Caldwell, M. E. & Suflita, J. M. (1996). Biodegradation of 'BTEX' hydrocarbons under

anaerobic conditions. In Bioremediation: principles and applications. Edited by R. L. Crawford

& D. L. Crawford. Cambridge: Cambridge University Press.

Lechevalier, H. & Lechevalier, M. P. (1998). Chemotaxonomic use of lipids - an overview. In Microbial

lipids, pp. 869-902. Edited by C. Ratledge & S. G. Wilkinson. London: Academic Press.

Lechevalier, M. P. (1977). Lipids in Bacterial Taxonomy - Taxonomists View. CRC Critical Reviews in

Microbiology 5, 109-210.

Leckie, S. E., Prescott, C. E., Grayston, S. J., Neufeld, J. D. & Mohn, W. W. (2004). Comparison of

chloroform fumigation-extraction, phospholipid fatty acid, and DNA methods to determine

microbial biomass in forest humus. Soil Biology and Biochemistry 36, 529-532.

Lee, N., Nielsen, P. H., Andreasen, K. H., Juretschko, S., Nielsen, J. L., Schleifer, K.-H. & Wagner, M.

(1999). Combination of fluorescent in situ hybridization and microautoradiography—a new tool

for structure-function analyses in microbial ecology. Applied and Environmental Microbiology
65, 1289-1297.

Lehman, R. M. & O'Connell, S. P. (2002). Comparison of extracellular enzyme activities and

community composition of attached and free-living bacteria in porous medium columns.

Applied and Environmental Microbiology 68, 1569-1575.

Lehman, R. M., Roberto, F. F., Earley, D., Bruhn, D. F., Brink, S. E., O'Connell, S. P., Delwiche, M. E.

& Colwell, F. S. (2001). Attached and unattached bacterial communities in a 120-meter

corehole in an acidic, crystalline rock aquifer. Applied and Environmental Microbiology 67,
2095-2106.

Lin, B., Van Verseveld, H. W. & Rolmg, W. F. M. (2002). Microbial aspects of anaerobic BTEX

degradation. Biomedical and Environmental Sciences 15, 130-144.

Loffhagen, N., Hartig, C, Benndorf, D. & Babel, W. (2002). Effects of growth temperature and

lipophilic carbon sources on the fatty acid composition and membrane lipid fluidity of

Acinetobacter calcoaceticus 69V. Acta Biotechnologica 22, 235-243.

Lollar, B. S., Slater, G. F., Ahad, J., Sleep, B., Spivack, J., Brennan, M. & MacKenzie, P. (1999).
Contrasting carbon isotope fractionation during biodégradation of tnchlorethylene and toluene:

implications for intrinsic bioremediation. Organic Geochemistry 30, 813-820.

148



References

Londry, K. L., Jahnke, L. L. & Des Marais, D. J. (2004). Stable carbon isotope ratios of lipid biomarkers

of sulfate-reducing bacteria. Applied and Environmental Microbiology 70, 745-751.

Lu, G. P., Clement, T. P., Zheng, C. M. & Wiedemeier, T. H. (1999). Natural attenuation of BTEX

compounds: Model development and field-scale application. Ground Water 37, 707-717.

Ludvigsen, L., Albrechtsen, H.-J., Heron, G., Bjerg, P. L. & Chnstensen, T. H. (1998). Anaerobic

microbial redox processes in a landfill leachate contaminated aquifer (Gnndsted, Denmark).
Journal of Contaminant Hydrology 33, 273-291.

Ludvigsen, L., Albrechtsen, H.-J., Hoist, H. & Chnstensen, T. H. (1997). Correlating phospholipid fatty
acids (PLFA) in a landfill leachate polluted aquifer with biogeochemical factors by multivariate

statistical methods. FEMS Microbiology Reviews 20, 447-460.

Lueders, T., Wagner, B., Claus, P. & Friedrich, M. W. (2004). Stable isotope probing of rRNA and DNA

reveals a dynamic methylotroph community and trophic interactions with fungi and protozoa in

oxic rice field soil. Environmental Microbiology 6, 60-72.

MacNaughton, S. J., Stephen, J. R., Venosa, A. D., Davis, G. A., Chang, Y.-J. & White, D. C. (1999).
Microbial population changes during bioremediation of an experimental oil spill. Applied and
Environmental Microbiology 65, 3566-3574.

Madigan, M. T., Martinko, J. M. & Parker, J. (1999). Brock Biology of microorganisms, Ninth edn.

Upper Saddle River, NJ.: Prentice Hall, Inc.

Madigan, M. T., Martinko, J. M. & Parker, J. (2003). Brock Biology of microorganisms, Tenth edn.

Upper Saddle River, NJ: Prentice Hall, Inc.

Madsen, E. L. (1991). Determining m situ biodégradation -facts and challenges. Environmental

Science & Technology 25, 1663-1673.

Madsen, E. L. (1998). Epistemology of environmental microbiology. Environmental Science &

Technology 32, 429-439.

Madsen, E. L. (2000). Nucleic-acid characterization of the identity and activity of subsurface

microorganisms. Hydrogeology Journal 8, 112-125.

Mandelbaum, R. T., Shati, M. R. & Ronen, D. (1997). In situ microcosms in aquifer bioremediation

studies. FEMS Microbiology Reviews 20, 489-502.

Manefield, M., Whiteley, A. S., Griffiths, R. I. & Bailey, M. J. (2002). RNA stable isotope probing, a

novel means of linking microbial community function to phylogeny. Applied and Environmental

Microbiology 68, 5367-5373.

Manz, W., Amann, R., Ludwig, W., Wagner, M. & Schleifer, K.-H. (1992). Phylogenetic
ohgodeoxynucleotide probes for the major subclasses of proteobacteria: problems and

solutions. Systematic and Applied Microbiology 15, 593-600.

Manz, W., Eisenbrecher, M., Neu, T. R. & Szewzyk, U. (1998). Abundance and spatial organization of

Gram-negative sulfate-reducing bacteria in activated sludge investigated by in situ probing
with specific 16S rRNA targeted oligonucleotides. FEMS Microbiology Ecology 25, 43-61.

Manotti, A., Germon, J.-C, Hubert, P., Kaiser, P., Letolle, R., Tardieux, A. & Tardieux, P. (1981).
Experimental determination of nitrogen kinetic isotope fractionation: some principles;
illustration for the denitrification and nitrification processes. Plant and Soil 62, 413-430.

Meckenstock, R. U., Morasch, B., Warthmann, R., Schmk, B., Annweiler, E., Michaelis, W. & Richnow,
H. H. (1999). 13C/12C isotope fractionation of aromatic hydrocarbons during microbial

degradation. Environmental Microbiology 1, 409-414.

Middelburg, J. J., Barranget, C, Boschker, H. T. S., Herman, P. M. J., Moens, T. & Heip, C. H. R.

(2000). The fate of intertidal microphytobenthos carbon: An in situ 13C-labehng study.
Limnology and Oceanography 45, 1224-1234.

Miller, L. G., Warner, K. L, Baesman, S. M., Oremland, R. S., McDonald, I. R., Radajewski, S. &

Murrell, J. C. (2004). Degradation of methyl bromide and methyl chloride in soil microcosms:

Use of stable C isotope fractionation and stable isotope probing to identify reactions and the

responsible microorganisms. Geochimica et Cosmochimica Acta 68, 3271-3283.

Miller, T. L., Wolin, M. J., Hongxue, Z. & Bryant, M. P. (1986). Characteristics of methanogens isolated

from bovine rumen. Applied and Environmental Microbiology 51, 201-202.

Minz, D., Fishbain, S., Green, S. J., Muyzer, G., Cohen, Y., Rittmann, B. E. & Stahl, D. A. (1999a).
Unexpected population distribution in a microbial mat community: Sulfate-reducing bacteria

localized to the highly oxic chemochne in contrast to a eukaryotic preference for anoxia.

Applied and Environmental Microbiology 65, 4659-4665.

Minz, D., Flax, J. L, Green, S. J., Muyzer, G., Cohen, Y., Wagner, M., Rittmann, B. E. & Stahl, D. A.

(1999b). Diversity of sulfate-reducing bacteria in oxic and anoxic regions of a microbial mat

characterized by comparative analysis of dissimilatory sulfite reductase genes. Applied and
Environmental Microbiology 65, 4666-4671.

149



References

Morris, S. A., Radajewski, S., Willison, T. W. & Murrell, J. C. (2002). Identification of the functionally
active methanotroph population in a peat soil microcosm by stable-isotope probing. Applied
and Environmental Microbiology 68, 1446-1453.

Neufeld, J. D., Yu, Z., Lam, W. & Mohn, W. W. (2004). Serial analysis of ribosomal sequence tags
(SARST): a high-throughput method for profiling complex microbial communities.

Environmental Microbiology 6, 131-144.

Nichols, P. D., Mancuso, C. A. & White, D. C. (1987). Measurement of methanotroph and methanogen
signature phospholipids for use in assessment of biomass and community structure in model

systems. Organic Geochemistry 11, 451-461.

Nold, S. C, Boschker, H. T. S., Pel, R. & Laanbroek, H. J. (1999). Ammonium addition inhibits 13C-
methane incorporation into methanotroph membrane lipids in a freshwater sediment. FEMS

Microbiology Ecology 29, 81-89.

Nordby, H. E., Nemec, S. & Nagy, S. (1981). Fatty acids and esterais associated with Citrus root

mycorrhizae. Journal ofAgricultural and Food Chemistry 29, 396-401.

O'Leary, W. M. & Wilkinson, S. G. (1988). Gram-positive bacteria. In Microbial lipids, pp. 117-201.

Edited by C. Ratledge & S. G. Wilkinson. London: Academic Press.

Olhvier, B., Cayol, J. L, Patel, B. K. C, Magot, M., Fardeau, M. L. & Garcia, J. L. (1997).
Methanoplanus petroleanus sp nov, a novel methanogenic bacterium from an oil-producing
well. FEMS Microbiology Letters 147, 51-56.

Olsson, P. A. (1999). Signature fatty acids provide tools for determination of the distribution and

interactions of mycorrhizal fungi in soil. FEMS Microbiology Ecology 29, 303-310.

Oremland, R. S. (1988). Biogeochemistry of methanogenic bacteria. In Biology ofAnaerobic

Microorganisms, pp. 641-705. Edited by Z. A.J.B. New York: John Wiley & Sons.

Oremland, R. S. & Capone, D. G. (1988). Use of "specific" inhibitors in biogeochemistry and microbial

ecology. Advances in Microbial Ecology 10, 285-383.

Ouverney, C. C. & Fuhrman, J. A. (1999). Combined Microautoradiography-16S rRNA Probe

Technique for Determination of Radioisotope Uptake by Specific Microbial Cell Types In Situ.

Appl. Environ. Microbiol. 65, 1746-1752.

Overmann, J. (2003). Principles of enrichment, isolation, cultivation, and preservation of prokaryotes.
In The Prokaryotes: an volving electronic resource for the microbiological community. Edited

by e. M. Dworkm et al. New York, http://link.springer-nv.com/lmk/service/books/10125/:

Springer Verlag.
Pace, N. R. (1997). A molecular view of microbial diversity and the biosphere. Science 276, 734-740.

Padmanabhan, P., Padmanabhan, S., DeRito, C, Gray, A., Gannon, D., Snape, J. R., Tsai, C. S.,

Park, W., Jeon, C. & Madsen, E. L. (2003). Respiration of 13C-labeled substrates added to soil

in the field and subsequent 16S rRNA gene analysis of 13C-labeled soil DNA. Applied and
Environmental Microbiology 69, 1614-1622.

Page, R. D. M. (2004). TreeView 1.6.6, 1.6.6 edn: Page, R. D. M.

Parkes, R. J. & Calder, A. G. (1985). The cellular fatty acids of three strains of Desulfobulbus, a

propionate-utihzmg sulfate-reducing bacterium. FEMS Microbiology Ecology 31, 361-363.

Parkes, R. J., Dowling, N. J. E., White, D. C, Herbert, R. A. & Gibson, G. R. (1993). Characterization

of sulfate-reducing bacterial-populations within marine and estuanne sediments with different

rates of sulfate reduction. FEMS Microbiology Ecology 102, 235-250.

Parkes, R. J. & Taylor, J. (1983). The relationship between fatty acid distributions and bacterial

respiratory types in contemporary marine sediments. Estuanne, Coastal and Shelf Science 16,
173-189.

Pelz, O., Chatzinotas, A., Andersen, N., Bernasconi, S., Hesse, C, Abraham, W.-R. & Zeyer, J.

(2001a). Use of isotopic and molecular techniques to link toluene degradation in denitrifying
aquifer microcosms to specific microbial populations. Archives of Microbiology 175, 270-281.

Pelz, O., Chatzinotas, A., Zarda-Hess, A., Abraham, W.-R. & Zeyer, J. (2001b). Tracing toluene-

assimilating sulfate-reducing bacteria using 13C-mcorporation in fatty acids and whole-cell

hybridization. FEMS Microbiology Ecology 38, 121-131.

Pelz, O., Hesse, C, Tesar, M., Coffin, R. B. & Abraham, W.-R. (1997). Development of methods to

measure carbon isotope ratios of bacterial biomarkers in the environment. Isotopes in

Environmental and Health Studies 33, 131 -144.

Pelz, O., Tesar, M., Wittich, R.-M., Moore, E. R. B., Timmis, K. N. & Abraham, W.-R. (1999). Towards

elucidation of microbial community metabolic pathways: unraveling the network of carbon

sharing in a pollutant-degrading bacterial consortium by inmunocapture and isotopic ratio

mass spectrometry. Environmental Microbiology 1, 167-174.

Pesaro, M. & Widmer, F. (2002). Identification of novel Crenarchaeota and Euryarchaeota clusters

associated with different depth layers of a forest soil. FEMS Microbiology Ecology 42, 89-98.

150



References

Phelps, C. D. & Young, L. Y. (1999). Anaerobic biodégradation of BETX and gasoline in various

aquatic sediments. Biodegradation 10, 15-25.

Pombo, S. A., Kleikemper, J., Schroth, M. H. & Zeyer, J. (2005). Field-scale isotopic labeling of

phospholipid fatty acids from acetate-degrading sulfate-reducing bacteria. FEMS Microbiology
Ecology 51, 197-207.

Pombo, S. A., Pelz, O., Schroth, M. H. & Zeyer, J. (2002a). Field-scale 13C-labelmg of phospholipid
fatty acids (PLFA) and dissolved inorganic carbon: tracing acetate assimilation and

mineralization in a petroleum hydrocarbon-contaminated aquifer. FEMS Microbiology Ecology
41,259-267.

Pombo, S. A., Pelz, O., Schroth, M. H. & Zeyer, J. (2002b). Field-scale C-13-labelmg of phospholipid
fatty acids (PLFA) and dissolved inorganic carbon: tracing acetate assimilation and

mineralization in a petroleum hydrocarbon-contaminated aquifer. Ferns Microbiology Ecology
41,259-267.

Rabus, R., Fukui, M., Wilkes, H. & Widdel, F. (1996). Degradative capacities and 16S rRNA-targeted
whole-cell hybridization of sulfate-reducing bacteria in an anaerobic enrichment culture

utilizing alkylbenzenes from crude oil. Applied and Environmental Microbiology 62, 3605-3613.

Rabus, R., Hansen, T. & Widdel, F. (2000). Dissimilatory sulfate- and sulfur-reducing prokaryotes. In

The Prokaryots: An Evolving Electronic Resource for the Microbiological Community, 3rd edn.

Edited by D. M. e. al. New York,
http://141.150.157.117:8080/prokPUB/chaprender/isp/showchap.isp?chapnum=274: Springer-
Verlag.

Radajewski, S., Ineson, P., Parekh, N. R. & Murrell, J. C. (2000). Stable-isotope probing as a tool in

microbial ecology. Nature 403, 646-649.

Rajendran, N., Matsuda, O., Rajendran, R. & Urushigawa, Y. (1997). Comparative description of

microbial community structure in surface sediments of eutrophic bays. Marine Pollution

Bulletin 34, 26-33.

Raskin, L., Poulsen, L. K., Noguera, D. R. & Rittmann, B. E. (1994a). Quantification of methanogenic

groups in anaerobic biological reactors by oligonucleotide probe hybridization. Applied and
Environmental Microbiology 60, 1241 -1248.

Raskin, L, Stromley, J. M., Rittmann, B. E. & Stahl, D. A. (1994b). Group-specific 16S ribosomal-RNA

hybridization probes to describe natural communities of methanogens. Applied and
Environmental Microbiology 60, 1232-1240.

Ratledge, C. & Wilkinson, S. G. (1988). Microbial lipids, 1 edn, pp. 963. London: Academic Press.

Reinhard, M., Shang, S., Kitanidis, P. K., Orwin, E., Hopkins, G. D. & Lebron, C. A. (1997). In situ

BTEX biotransformation under enhanced nitrate-and sulfate-reducing conditions.

Environmental Science & Technology 31, 28-36.

Reusser, D. E., Istok, J. D., Beller, H. R. & Field, J. A. (2002). In situ transformation of deuterated

toluene and xylene to benzylsuccmic acid analogues in BTEX-contammated aquifers.
Environmental Science & Technology 36, 4127-4134.

Richnow, H. H., Annweiler, E., Michaelis, W. & Meckenstock, R. U. (2003). Microbial in situ

degradation of aromatic hydrocarbons in a contaminated aquifer monitored by carbon isotope
fractionation. Journal of Contaminant Hydrology 65, 101-120.

Ringelberg, D. B., Townsend, G. T., Deweerd, K. A., Sufhta, J. M. & White, D. C. (1994). Detection of

the anaerobic dechlonnating microorganism Desulfomonile tiedjei in environmental matrices

by its signature hpopolysacchande branched-long-chain hydroxy fatty-acids. FEMS

Microbiology Ecology 14, 9-18.

Rolmg, W. F. M., van Breukelen, B. M., Braster, M., Lin, B. & van Verseveld, H. W. (2001).
Relationships between microbial community structure and hydrochemistry in a landfill

leachate-polluted aquifer. Applied and Environmental Microbiology 67, 4619-4629.

Rooney-Varga, J. N., Anderson, R. T., Fraga, J. L., Rmgelberg, D. B. & Loviey, D. R. (1999). Microbial

communities associated with anaerobic benzene degradation in a petroleum-contaminated
aquifer. Applied and Environmental Microbiology 65, 3056-3063.

Rosa, S., Antunes-Madeira, M. D., Matos, M. J., Jurado, A. S. & Madeira, V. M. C. (2000). Lipid
composition and dynamics of cell membranes of Bacillus stearothermophilus adapted to

amiodarone. Biochimica Et Biophysica Acta-Molecular and Cell Biology of Lipids 1487, 286-

295.

Russell, N. & Nichols, D. (1999). Polyunsaturated fatty acids in marine bacteria—a dogma rewritten.

Microbiology 145, 767-779.

Sambrook, J., Fritsch, E. F. & Maniatis, T. (1989). Molecular cloning: a laboratory manual, Second

edn. New York: Cold Spring Harbor Laboratory Press.

Satomi, M., Oikawa, H. & Yano, Y. (2003). Shewanella mannintestina sp. nov., Shewanella

schlegeliana sp. nov. and Shewanella sairae sp. nov., novel eicosapentaenoic-acid- producing

151



References

marine bacteria isolated from sea-animal intestines. International Journal of Systematic and

Evolutionary Microbiology 53, 491 -499.

Schluep, M., Imboden, D. M., Galh, R. & Zeyer, J. (2001). Mechanisms affecting the dissolution of

nonaqueous phase liquids into the aqueous phase in slow-stirring batch systems.
Environmental Toxicology and Chemistry 20, 459-466.

Schroth, M. H., Istok, J. D., Conner, G. T., Hyman, M. R., Haggerty, R. & O'Reilly, K. T. (1998). Spatial
variability in in situ aerobic respiration and denitrification rates in a petroleum-contaminated
aquifer. Ground Water 36, 924-937.

Schroth, M. H., Istok, J. D. & Haggerty, R. (2000). In situ evaluation of solute retardation using single-
well push-pull tests. /Advances in Water Resources 24, 105-117.

Schroth, M. H., Kleikemper, J., Bolliger, C, Bernasconi, S. M. & Zeyer, J. (2001a). In situ assessment

of microbial sulfate reduction in a petroleum-contaminated aquifer using push-pull tests and

stable sulfur isotope analyses. Journal of Contaminant Hydrology 51, 179-195.

Schroth, M. H., Kleikemper, J., Bolliger, C. & Zeyer, J. (2001b). Quantification of microbial sulphate
reduction in a petroleum-contaminated aquifer. Land Contamination and Reclamation 9, 293-

300.

Schweizer, E. (1989). Biosynthesis of fatty acids and related compounds. In Microbial lipids, pp. 3-50.

Edited by C. Ratledge & S. G. Wilkinson. London: Academic Press.

Sigler, W. V., Nakatsu, C. H., Reicher, Z. J. & Turco, R. F. (2001). Fate of the biological control agent
Pseudomonas aureofaciens TX-1 after application to turfgrass. Applied and Environmental

Microbiology 67, 3542-3548.

Sikkema, J., Debont, J. A. M. & Poolman, B. (1995). Mechanisms of membrane toxicity of

hydrocarbons. Microbiological Reviews 59, 201-222.

Smith, R. L., Garabedian, S. P. & Brooks, J. M. (1996). Comparison of denitrification activity
measurements in groundwater using cores and natural-gradient tracer tests. Environmental

Science & Technology 30, 3448-3456.

Snodgrass, M. F. & Kitanidis, P. K. (1998). A method to infer in situ reaction rates from push-pull
experiments. Ground Water 36, 645-650.

Staddon, P. L. (2004). Carbon isotopes in functional soil ecology. Trends in Ecology & Evolution 19,
148-154.

Stahl, D. A. & Amann, R. (1991). Development and application of nucleic acid probes in bacterial

systematics. In Nucleic acid techniques in bacterial systematics, pp. 205-248. Edited by E.

Stackebrandt & M. Goodfellow. Chichester, England: John Wiley & Sons Ltd.

Stephen, J. R., Chang, Y.-J., Gan, Y. D., Peacock, A., Pfiffner, S. M., Barcelona, M. J., White, D. C. &

MacNaughton, S. J. (1999). Microbial characterization of a JP-4 fuel-contaminated site using a

combined lipid biomarker/polymerase chain reaction-denaturing gradient gel electrophoresis
(PCR-DGGE)-based approach. Environmental Microbiology 1, 231-241.

Straub, K. L. & Buchholz-Cleven, B. E. E. (2001). Geobacter bremensis sp nov and Geobacter

pelophilus sp nov., two dissimilatory ferric-iron-reducing bacteria. International Journal of

Systematic and Evolutionary Microbiology 51, 1805-1808.

Stumm, W. & Morgan, J. J. (1981). Aquatic Chemistry-An Introduction Emphasizing Chemical

Equilibria in Natural Waters, 2nd edn, pp. 780. New York: Wiley-lnterscience.
Sturt, H. F., Summons, R. E., Smith, K., Elvert, M. & Hinrichs, K. U. (2004). Intact polar membrane

lipids in prokaryotes and sediments deciphered by high-performance liquid
chromatography/electrospray ionization multistage mass spectrometry - new biomarkers for

biogeochemistry and microbial ecology. Rapid Communications in Mass Spectrometry 18,
617-628.

Sunamura, M., Koga, Y. & Ohwada, K. (1999). Biomass measurement of methanogens in the

sediments of Tokyo Bay using archaeol lipids. Marine Biotechnology 1, 562-568.

Taylor, J. & Parkes, R. J. (1983). The cellular fatty acids of the sulphate-reducing bacteria,
Desulfobacter sp., Desulfobulbus sp. and Desulfovibrio desulfuncans. Journal of General

Microbiology 129, 3303-3309.

Taylor, J. & Parkes, R. J. (1985). Identifying different populations of sulfate-reducing bacteria within

marine sediment systems, using fatty acid biomarkers. Journal of General Microbiology 131,
631-642.

Taylor, J., Parkes, R. J., Wähle, K. W. J. & Graham, A. (1985). The monoenoic fatty acid composition
of marine species of Desulfobulbus grown on lactate. Lipids 20, 393-397.

Thiernn, J., Davis, G. B. & Barber, C. (1995). A ground-water tracer test with deuterated compounds
for monitoring in situ biodégradation and retardation of aromatic hydrocarbons. Ground Water

33, 469-475.

152



References

Tunhd, A. & White, D. C. (1992). Biochemical analysis of biomass, community structure, nutritional

status, and metabolic activity of microbial communities in soil. In Soil Biochemistry, pp. 229-

262. Edited by G. Stotzky & J.-M. Bollag. New York: Marcel Dekker.

Ueki, A. & Suto, T. (1979). Cellular fatty-acid composition of sulfate-reducing bacteria. Journal of

General and Applied Microbiology 25, 185-196.

Urbach, E., Vergin, K. L. & Giovannoni, S. J. (1999). Immunochemical Detection and Isolation of DNA

from Metabolically Active Bacteria. Applied and Environmental Microbiology 65, 1207-1213.

Urmann, K., Gonzalez-Gil, G., Schroth, M. H., Hofer, M. & Zeyer, J. (2005). New field method: gas

push-pull test for the in-situ quantification of microbial activities in the vadose zone.

Environmental Science & Technology 39, 304-310.

Utsumi, M., Belova, S. E., King, G. M. & Uchiyama, H. (2003). Phylogenetic comparison of

methanogen diversity in different wetland soils. Journal of General and Applied Microbiology
49, 75-83.

Vainshtem, M., Hippe, H. & Kroppenstedt, R. M. (1992). Cellular fatty acid composition of Desulfovibrio

species and its use in classification of sulphate-reducing bacteria. Systematic and Applied
Microbiology 15, 554-566.

Vestal, J. R. & White, D. C. (1989). Lipid analysis in microbial ecology - Quantitative approaches to the

study of microbial communities. Bioscience 39, 535-541.

von Keitz, V., Schramm, A., Altendorf, K. & Lipski, A. (1999). Characterization of microbial

communities of biofilters by phospholipid fatty acid analysis and rRNA targeted oligonucleotide
probes. Systematic and Applied Microbiology 22, 626-634.

Vroblesky, D. A., Bradley, P. M. & Chapelle, F. H. (1996). Influence of electron donor on the minimum

sulfate concentration required for sulfate reduction in a petroleum hydrocarbon-contaminated
aquifer. Environmental Science & Technology 30, 1377-1381.

Watanabe, K., Kodama, Y., Hamamura, N. & Kaku, N. (2002). Diversity, abundance, and activity of

archaeal populations in oil-contaminated groundwater accumulated at the bottom of an

underground crude oil storage cavity. Applied and Environmental Microbiology 68, 3899-3907.

Watanabe, K., Watanabe, K., Kodama, Y., Syutsubo, K. & Harayama, S. (2000). Molecular

characterization of bacterial populations in petroleum-contaminated groundwater discharged
from underground crude oil storage cavities. Applied and Environmental Microbiology 66,
4803-4809.

Whitby, C. B., Hall, G., Pickup, R., Saunders, J. R., Ineson, P., Parekh, N. R. & McCarthy, A. (2001).
13C incorporation into DNA as a means of identifying the active components of ammonia-

oxidizer populations. Lett Appl Microbiol 32, 398-401.

White, D. C, Davis, W. M., Nickels, J. S., King, J. D. & Bobbie, R. J. (1979). Determination of the

sedimentary microbial biomass by extractable lipid phosphate. Oecologia 40, 51-62.

White, D. C, Flemming, C. A., Leung, K. T. & MacNaughton, S. J. (1998). In situ microbial ecology for

quantitative appraisal, monitoring, and risk assessment of pollution remediation in soils, the

subsurface, the rhizosphere and in biofilms. Journal of Microbiological Methods 32, 93-105.

Whitman, W. B., Bowen, T. L. & Boone, D. R. (1992). The methanogenic bacteria. In The prokaryotes,

pp. 739-745. Edited by A. Balows, H. G. Truper, M. Dworkin, W. Harder & K. H. Schleifer. New

York, N. Y.: Springer-Verlag.
Whitman, W. B., Bowen, T. L. & Boone, D. R. (1999). The methanogenic bacteria. In The Prokaryotes,

3rd edn. Edited by D. M. New York: Springer-Verlag.
Wilkinson, S. G. (1988). Gram-negative bacteria. In Microbial lipids, pp. 299-487. Edited by C.

Ratledge & S. G. Wilkinson. London: Academic Press.

Woods, D. D. (1936). Hydrogenlyases. IV. The synthesis of formic acid by bacteria. Journal of

Biological Chemistry 77, 515-527.

Worm, J., Gustavson, K., Garde, K., Borch, N. H. & Sondergaard, M. (2001). Functional similarity of

attached and free-living bacteria during freshwater phytoplankton blooms. Aquatic Microbial

Ecology 25, 103-111.

Wu, W. M., Hickey, R. F., Jam, M. K. & Zeikus, J. G. (1993). Energetics and regulations of formate and

hydrogen metabolism by methanobactenum-formicicum. Archives of Microbiology 159, 57-65.

Wuchter, C, Schouten, S., Boschker, H. T. S. & Smninghe Damste, J. S. (2003). Bicarbonate uptake
by marine Crenarchaeota. FEMS Microbiology Letters 219, 203-207.

Wuebbles, D. J. & Hayhoe, K. (2002). Atmospheric methane and global change. Earth-Science

Reviews 57, 177-210.

Yang, Y. R. & McCarty, P. L. (1998). Competition for hydrogen within a chlorinated solvent

dehalogenating anaerobic mixed culture. Environmental Science & Technology 32, 3591-

3597.

153



References

Yang, Y. R., Zarda, A. & Zeyer, J. (2003). Combination of microautoradiography and fluorescence in

situ hybridization for identification of microorganisms degrading xenobiotic contaminants.

Environmental Toxicology and Chemistry 22, 2840-2844.

Zarda, B., Hahn, D., Chatzinotas, A., Schonhuber, W., Neef, A., Amann, R. I. & Zeyer, J. (1997).
Analysis of bacterial community structure in bulk soil by an in situ hybridization. Archives of

Microbiology 168, 185-192.

Zehnder, A. J. B. (1988). Biology of anaerobic microorganisms. In Wiley series in ecological and

applied microbiology, pp. xii, 872. New York: Wiley.
Zelles, L. (1999). Fatty acid patterns of phospholipids and lipopolysacchandes in the characterization

of microbial communities in soil: a review. Biology and Fertility of Soils 29, 111-129.

Zelles, L. & Bai, Q. Y. (1993). Fractionation of fatty acids derived from soil lipids by solid phase
extraction and their quantitative analysis by GC-MS. Soil Biology and Biochemistry 25, 495-

507.

Zengler, K., Richnow, H. H., Rossellö-Mora, R., Michaelis, W. & Widdel, F. (1999). Methane formation

from long-chain alkanes by anaerobic microorganisms. Nature 401, 266-269.

Zengler, K., Toledo, G., Rappe, M., Elkins, J., Mathur, E. J., Short, J. M. & Keller, M. (2002).
Cultivating the uncultured. PNAS 99, 15681-15686.

Zepp Falz, K., Holhger, C, Grosskopf, R., Liesack, W., Nozhevnikova, A. N., Müller, B., Wehrli, B. &

Hahn, D. (1999). Vertical distribution of methanogens in the anoxic sediment of Rotsee

(Switzerland). Applied and Environmental Microbiology 65, 2402-2408.

Zheng, Z., Breedveld, G. &Aagaard, P. (2001). Biodegradation of soluble aromatic compounds of jet
fuel under anaerobic conditions: laboratory batch experiments. Applied Microbiology and

Biotechnology 57, 572-578.

Zhukova, N. V. & Kharlamenko, V. I. (1999). Sources of essential fatty acids in the marine microbial

loop. Aquatic Microbial Ecology 17, 153-157.

Zinder, S. H. (1993). Physiological ecology of methanogens. In Methanogenesis - Ecology,
Physiology, Biochemistry & Genetics, pp. 128-206. Edited by J. G. Ferry. New York: Chapman
& Hall, Inc.

Zumft, W. G. (1992). The denitrifying prokaryotes. In The Prokaryotes, Second edn, pp. 554-582.

Edited by A. Balows, H. G. Trüper, M. Dworkin, W. Harder & K.-H. Schleifer. New York:

Springer-Verlag.

154



Curriculum Vitae

Curriculum Vitae

1974 Born on May 15 in Mendoza, Argentina

1980-1986 Primary education at Escuela Domingo Bombai, Mendoza, Argentina

1987-1992 Secondary education at Colegio Universitario Central, Mendoza, Argentina.

Graduated with Bachellor degree in Natural Sciences

1993-1999 Studies of Microbiology at Universidad Nacional de Rio Cuarto, Rio

Cuarto, Argentina. Diploma Thesis:

Degradation of Tetradecyltrimetylammonium-Br by bacteria of the

Pseudomonas genus and its antimicrobial effect.

1994-1999 Student Teaching and Research Assistant at Molecular Biology Department,

Universidad Nacional de Rio Cuarto, Rio Cuarto, Argentina

1999 Employed at Bioprocesses Laboratory, D.E.T.I., Faculty of Engineering,

Universidad Nacional de Cuyo, Mendoza, Argentina.

2000-2004 PhD student, Institute of Terrestrial Ecology, Soil Biology, Swiss Ferderal

Institute of Technology (ETH) Zürich, Switzerland.

155





Thanks

Thanks

I would like to thank Prof Zeyer for giving me the opportunity to work m his group I appreciate not only

all the scientific support, but also the many nice hikes and experiences I had the opportunity to share with him

and Maryvone m India and in Switzerland

I am very grateful to Prof Eberl for accepting to co-examme my thesis and Prof Kopf for chairing the

thesis defense

I can not imagine a better adviser for my thesis than Dr Martin Schroth, who helped me through the long

field days, the labyrinths of calculations, the lab work, and for the discussions and suggestions to improve my

presentations, posters, papers and this thesis

Thanks to Dr Pelz and Dr Laune Mauclaire for introducing me to the PLFA world

I'm especially grateful to Dr Jutta Kleikemper for the long lab and field ours we shared, and for all the time

out ofwork together and her friendship through this years

Many thanks to all the Soil Biology members that I got to know through the time I was m the group It was

a great atmosphere to work in, the shared lunches, and hikes, after work beers and game playing Special thanks

for all the patience and help with the computer to Martin Thullner, Helmut(ito) Burgmann and Richard Dobson

All the people I met at the ITOe, which was always nice to me, thanks for helping me whenever I needed

something, and for sharing many nice moments during the ITOe trips, the aperos, and the breaks m the coffee

corner

While I was doing my stable isotope measurements I had the opportunity to meet many people that helped

me a lot and received me in their labs in a way that I felt like at "home-lab" Thanks to Stefano Bemascom from

the Geological Institute for his help with the DIC stable isotopes measurements, Rolf Siegwolf and Matthias

Saurer from PSI for their help with the methane stable isotope measurements, people at the EAWAG in

Dubendorf and m Kastamenbaum, specially Luc Zwank and Carsten Schubert, for their help with the PLFA

measurements, and Andreas Gattmger at GSF (Munich) for his help with the archaeal lipids

Thanks to all my friends m Switzerland for sharing so many nice and important moments with me during all

my staying in Zurich

Without the support ofmy parents I would not have made it here, thanks from my heart

Mathias, my life has a whole new meaning smce I met you, thanks for your love, patience and support

157




