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ABSTRACT

Abstract

Microbial biofilms control biogeochemical processes and the fluxes of organic carbon in most
aquatic and terrestrial ecosystems, thereby effecting ecosystem services and human health. In
groundwater, a variety of attached microbial aggregates have been described to date. These
descriptions have determined that these aggregates depend mainly on nutrient inputs and water
flow. Nevertheless, a comprehensive understanding of groundwater biofilm community structure
and functioning is still lacking. The ‘Biofilm Initiative’, funded by the HelmholtzZentrum
Miinchen, was initiated as a multidisciplinary network studying microbial biofilms in biological
systems relevant to environmental and human health. Within this network, this specific thesis
project has addressed three central hypotheses concerning the importance of microbial biofilms
in ground- and drinking water systems: (i) reactive mineral surfaces can alleviate nutrient
limitations and select for specific communities of attached microbes in aquifers; (i) cave systems
with upwelling reduced waters offer a unique gradient habitat for the development of
lithotrophic biofilms; (iii) attached microbes in drinking water wells provide specific ecological
niches affecting the spread and survival of microbes in drinking water systems.

In this thesis, I aimed to characterize natural groundwater biofilm communities, to identify key
bacterial constituents, and to examine their role in groundwater ecosystem functioning. Biofilm
communities were investigated using microscopic and cultivation-based approaches, as well as by
PCR amplification of diverse taxonomic or functional marker genes. T-RFLP fingerprinting,
amplicon sequencing and quantitative polymerase chain reactions (qQPCR) were applied.
Hydrogeochemical characteristics of biofilm systems were recorded by elemental analysis,
compound-specific isotope analysis (CSIA), gas chromatography and basic water chemistry (ion
chromatography, dissolved organic carbon analysis).

Despite their importance, biofilms have hardly been studied in nutrient deprived, oligotrophic
systems such as pristine aquifers. In the first experiment of my thesis, distinct and potentially
reactive mineral coupons were exposed in a natural aquifer, after which the microbes attached to
different mineral surfaces were tested for different metabolic capabilities and variations of
community composition. A flow-through mesocosm was designed to expose the mineral
coupons in natural groundwater, allowing for colonization of the substratum over the course of
15 months. Four different minerals (apatite, pyrite, magnetite and granite) were selected as
representing potential sources of nutrients, electron donors and electron acceptors. T-RFLP
fingerprinting, used in combination with pyrotag sequencing of the bacterial 16S rRNA genes,

allowed for the comparison of composition and identification of key bacterial populations within
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attached communities. Biofilms were also removed from the mineral surfaces and used to
inoculate a carbon substrate utilization test array (Ecoplate Biolog). Imaging of colonized and
weathered mineral surfaces via scanning electron microscopy (SEM) allowed for detailed
visualizations of the attached microorganisms. The microbial communities attached to the
mineral surfaces showed only minor distinctions, except for the sulfide mineral biofilms, where a
high abundance of Zoggloea spp. was detected. Mineral weathering was observed for some
substrata but no continuous coverage of the surfaces was discovered. Although phosphate
limitation was apparent within the aquifer, the apatite minerals did not modify the communities
compared to non-phosphate bearing minerals. Substrate usage patterns differed even between
highly similar communities but biofilm activities were generally low. Surprisingly, the biofilm on
pyrite displayed the lowest substrate uptake potential. Even though it had the most distinct
community, highest cell abundance and greatest sign of weathering, it consumed the least carbon
substrates. The results indicate that inorganic electron donors (sulfides) not specific nutrients
(phosphate), have the potential to alleviate growth limitations and select for distinct attached
microbiota in oligotrophic aquifers. Thus, strict electron donor limitation in pristine aquifers has
the potential to override all other potential benefits of attached growth for microbes.

The second topic of this thesis focuses on massive microbial biofilms formed in a cave fed by an
iodine-rich, former medicinal spring with high thermogenic methane loads stemming from deep
formation water. The massive biomass produced by the microbes and exopolysaccharide (EPS)
slime completely covers the walls and ceilings of the cave, the latter bearing bacterial snottites of
up to 10 cm in length. However, the nature of these unique subsurface biofilms, as well as their
ecophysiology, has not been investigated to date. Here, I provide primary evidence for the role
of methane and potentially also methyl halides (iodomethane) as electron donors in this unique
habitat. A surprisingly diverse microbial community was found within these biofilms, indicating a
complex network of bacteria and archaea within the sticky matrix. Sequencing revealed distinct
methanotrophic and methylotrophic populations within the A/pha-, Beta- and Gammaproteobacteria,
which dominated the biofilms. Methylophilaceae and Methylococcaceae were abundant on the walls
and especially in the cavern water but not in ceiling biofilms. Here, ribosomal and functional
gene analysis hinted at methylotrophic and potentially also iodine-cycling populations,
supporting a postulated production and oxidation of iodomethane in this system. A functional
gene analysis of the methyltransferase (e72..4) also supported the presence of methyl halide-
oxidizing bacteria. Geochemical gradients in the cave were reflected within biofilms and
stoichiometric composition gave insights into biochemical fluxes from the spring to the cavern

exit. In contrast to our initial expectation, biofilms seemed to largely draw on methane as a
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source of energy and not as a source of carbon. In fact, the massive EPS formation suggested its
use as an electron sink by the biofilms in face of severe nutrient limitations. In conclusion,
primary insights into a dominantly chemolithoautotrophic biofilm system are revealed, largely
independent from phototrophic carbon and energy inputs and just several meters under our feet.
The third hypothesis was addressed by sampling microbiota from an active drinking water
production system close to the city of Munich. Microbial monitoring of drinking water
production and distribution systems is essential to assure water quality and for risk prediction.
Chemical and biological characteristics of the produced drinking water are checked regularly;
however, microbiological data is still predominantly based on classical culturing tests. Here,
intrinsic groundwater microbiota were investigated before, during and after the mechanical
restoration of an active drinking water production well. High pressure jetting and
hydrofracturing are procedures routinely used to alleviate well clogging by biofilms and fine
sediments. Variations were observed in bacterial communities between different wells of the
same production system before maintenance, despite the wells having practically identical water
chemistries. This may have reflected the distinct usage practices of the different wells, and also
local aquifer heterogeneity. In contrast, well jetting preferentially purged only a subset of the
dominating taxa, including lineages related to Diaphorobacter, Nitrospira, Sphingobinn, Ralstonia,
Alkanindiges, and Janthinobacterinm spp, suggesting their tendency for growth in well-associated
biofilms. Lineages of potential hygienic drinking water concern (i.e. Legionellaceae,
Psendomonadaceae, and Acinetobacter spp.) reacted distinctly to hydraulic jetting. Bacterial diversity
was markedly reduced in drinking water two weeks after the cleaning procedure. The results of
this study provide a better understanding of drinking water wells as a microbial habitat, as well as
their role of attached microbes in this ultra-oligotrophic habitat as a seed bank for drinking water
networks.

In summary, this thesis comprises a multifaceted approach to studying biofilm structures and
their ecology in groundwater systems. Their role in the turnover of organic and inorganic
substrates, as well as a potential refuge for drinking water pathogens, is dissected in a
comprehensive manner. These insights substantiate the largely neglected relevance of biofilms in
groundwater ecosystems, which is a crucial advance in our current perspective of the functional

diversity and biogeochemical fluxes in our societies” most important drinking water resource



ZUSAMMENFASSUNG

Zusammenfassung

Viele biogeochemische Prozesse und Stofffliisse in aquatischen und terrestrischen Okosystemen
sind durch mikrobielle Biofilme kontrolliert. Im Grundwasser wurden bereits einige dieser
sessilen mikrobiellen Gemeinschaften untersucht, allerdings vorwiegend in Bezug auf ihre
Abhingigkeit von Nahrstoffeintridgen und hydrologischen Parametern. Ein umfassenderes
okologisches Verstindnis von Biofilmen im Grundwasser, ihrer Zusammensetzung und ihrer
Funktionsweise fehlt jedoch bislang. Trotz ihrer Bedeutung fiir die Wasserqualitit wurden
Biofilme in oligotrophen Systemen wie Grundwasser noch kaum charakterisiert. Zur
Untersuchung mikrobieller Biofilme und deren Relevanz in Umwelt und Gesundheit wurde
deshalb in 2009 am Helmholtz Zentrum Miinchen ein multidisziplinires Forschungsprojekt
initiiert, die sog."Biofilm Initiative".

Die vorliegende Doktorarbeit behandelt drei zentrale Hypothesen, die speziell fiir mikrobielle
Biofilme in Grund- und Trinkwasser relevant erscheinen: (i) der Aufwuchs auf reaktiven
mineralischen Oberflichen kann wesentliche Nihrstofflimitierungen im Grundwasser
abmindern, somit ist eine spezifische Selektion anhaftender mikrobieller Gemeinschaften zu
vermuten; (i) Biofilme in oberflichennahen Grundwasser- und Quellsystemen sind vor allem an
geochemischen Gradienten zu vermuten, dominiert durch lithotrophe Mikroben; (iii) Biofilme in
Trinkwassersystemen stellen eine 6kologische Nische dar, die die Ausbreitung und das
Uberleben von Mikroorganismen im Trinkwasser beeinflusst.

Um diese Hypothesen zu hinterfragen, wurden in dieser Doktorarbeit nattirliche Grund- und
Trinkwasser-Biofilme in mehreren Systemen charakterisiert, sowie ihre biogeochemische
Funktion in den Habitaten untersucht. Anhand mikrobiologischer Methoden wie der
Kultivierung von Mikroben oder des Nachweises verschiedener taxonomischer und funktioneller
Marker-Gene tber PCR wurden die Zusammensetzung der Biofilme dargestellt. Die Struktur der
Gemeinschaften wurde mit molekularen Methoden (genetische Fingerabdriicke, Sequenzierung
mikrobieller Marker-Gene, sowie mittels quantitativer PCR) untersucht. Die
hydrogeochemischen Eigenschaften der Biofilme wurden tiber die Analyse ihrer elementaren
Zusammensetzung und Isotopensignatur, sowie durch Gas- und Ionenchromatographie
charakterisiert.

Im ersten Experiment wurden in einem natirlichen Grundwasserleiter verschiedene reaktive
mineralische Aufwuchsoberflichen exponiert. Uber 15 Monaten erfolgte eine Besiedlung dieser
Oberflichen in einem von Grundwasser durchstromten Mesokosmos. Vier verschiedene

Mineralien (Apatit, Pyrit, Magnetit und Granit) wurden aufgrund ihres Potentials, entweder als
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Nihrstoffquelle, Elektronendonor oder Elektronenakzeptor zu fungieren ausgewihlt. Danach
wurden die aufgewachsenen Biofilme beziiglich threr Zusammensetzung sowie unterschiedlicher
metabolischer Potentiale verglichen.

Eine Kombination von genetischen Fingerabdriicken und Gensequenzierung erméglichte dabet
eine vergleichende Identifizierung der wichtigsten bakteriellen Biofilm-Populationen.Der Umsatz
verschiedener Kohlenstoffsubstrate durch die Biofilme wurde mit dem Ecoplate Assay (Biolog)
untersucht. Besiedelte mineralische Oberflichen wurden mittels Elektronenmikroskopie
visualisiert. Mit Ausnahme Biofilme auf sulfidischem Substrat (Pyrit), waren die aufgewachsenen
mikrobiellen Gemeinschaften sehr dhnlich. Erstere waren vor allem durch Zoogloea spp.
dominiert. Obwohl die Besiedlung oft nur sparlich war, zeigte sich an einigen Oberflichen eine
starke Verwitterung der Mineralien. Trotz einer nachgewiesenen Phosphat-Limitierung im
untersuchten Grundwasserleiter zeigte die Besiedlung der Apatit-Oberflichen keiner im
Vergleich zu den nicht-phosphathaltigen Mineralien verinderte Gemeinschaft. Unterschiedliche
Muster der Substratnutzung wurden trotz generell geringer Aktivitit der Biofilme sogar zwischen
strukturell ahnlichen Gemeinschaften identifiziert. Obwohl die stirkste Besiedlung und
Oberflichenverwitterung auf Pyrit zu verzeichnen war, zeigten die Biofilme hier das geringste
Spektrum an verwertbaren Substratquellen. Offensichtlich wirkte Pyrit als anorganischer
Elektronendonor selektiv auf die aufwachsenden Mikroorganismen, wihrend mineralische
Nihrstoffquellen (Apatit) keine Verdnderung der mikrobiellen Gemeinschaft bedingten.

In einer zweiten Studie wurden Biofilme in einem von jodhaltigem Formationswasser gespeisten
Quellsystem untersucht. Die Winde und die Decke dieses einzigartigen Habitats sind komplett
durch Biofilme bedeckt. An der Decke bilden sich hingende, tropfenférmige Schleimfiden,
sogenannte "Snottiten" von bis zu zehn Zentimeter Linge. Obwohl dieses Phinomen bereits seit
Jahrzehnten bekannt ist, sind die Ursachen fiir das Wachstum dieser einzigartigen mikrobiellen
Gemeinschaften und deren Okophysiologie noch nicht verstanden. In der vorliegenden
Doktorarbeit wurde erstmals der Nachweis erbracht, dass thermogenes Methans als primirer
Elektronendonor von diesen Biofilmen genutzt wird. Ein komplexes mikrobielles Netzwerk aus
Bakterien und Archaeen wird fiir die Snottiten erstmals beschrieben. Mehrere bekannte
methanotrophe und methylotrophe Populationen innerhalb der A/jpha-, Beta-, und
Gammaproteobakterien wurden identifiziert. An den Winden und besonders im Quellwasser waren
Methylophilaceae und Methylococcaceae dominant, wihrend sie an der Decke kaum nachzuweisen
waren. Zudem wird ein moglicher Jod-Kreislauf in der Hoéhle postuliert, in dem mdgliche
Jodmethan-oxidierende Populationen eine Rolle spielen konnten. Geochemischen Gradienten

innerhalb der Hohle waren in der stéchiometrischen Zusammensetzung der Biofilme reflektiert.
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Damit ergeben sie Hinweise auf die biogeochemischen Stoffflisse von der Quelle bis zum
Hohlenabfluss. Diese Ergebnisse beschreiben erstmals ein von chemolithoautotrophen
Biofilmen dominiertes oberflichennahes Grundwasser-Okosystem, welches groBtenteils
unabhingig von rezenten Kohlenstoff- und Energieeintriagen aus der Biosphire ist.

Im dritten Projekt wurden die mikrobiellen Gemeinschaften einer aktiven
Trinkwasserversorgungsanlage im Minchner Umland untersucht. Von behérdlicher Seite werden
hier regelmil3ig mikrobiologische Untersuchungen tiber klassische Kultivierungs-Ansitze
durchgefiihrt. In diesem Projekt sollten nun aber die intrinsischen bakteriellen Gemeinschaften
mittels Hochdurchsatz-Sequenzierung erstmals abgebildet werden. Zudem wurden Proben eines
Trinkwasserbrunnens wihrend einer hydraulischen Reinigung untersucht. Mittels solcher
Hochdruck-Verfahren werden Brunnen regelmiBig von Biofilmen und Feinsedimenten befreit.
Die untersuchten Brunnen wiesen trotz einheitlicher wasserchemischer Parameter sehr
unterschiedliche bakterielle Gemeinschaften auf. Dies konnte méglicherweise unterschiedliche
Nutzungsprofile der Brunnen sowie lokale Heterogenititen im Grundwasserleiter
wiederspiegeln. Ein gewisser Anteil der zuvor dominanten Taxa (z.B. Diaphorobacter, Nitrospira,
Sphingobinm, Ralstonia, Alkanindiges und Janthinobacterium spp.) wurde durch die Reinigung entfernt.
Dies weist auf deren bevorzugte Ansiedlung im Brunnenbereich, z.B. in Biofilmen hin. Taxa mit
potentiell pathogenen Organismen (z.B. Legionellaceae, Psendomonadaceae, und Acinetobacter spp.)
wurden durch die hydraulische Behandlung nur teilweise eliminiert, was auf ihren Ursprung aus
dem umgebenden Grundwasserleiter hinweist. Die Diversitit der Bakterien im Brunnen war
zwei Wochen nach der Reinigung deutlich reduziert. Die Ergebnisse dieser Studie tragen zum
besseren Verstindnis von Trinkwasserbrunnen als mikrobielles Habitat bei. In diesen ultra-
oligotrophen Systemen stellen Biofilme eine wichtige Uberdauerungsstrategie der Mikroben dar.
Zusammenfassend wurden in dieser Doktorarbeit Biofilm-Strukturen und deren Okologie in
unterschiedlichen Grundwassersystemen mit vielfiltigen methodischen Ansitzen charakterisiert.
Thre Rolle im Umsatz organischer und anorganischer Substrate, sowie ihre Funktion als
Refugium méglicher pathogener Mikroben im Trinkwasser wurde untersucht. Die hier
gewonnen Erkenntnisse belegen die grofie Bedeutung mikrobieller Biofilme fiir Stoftkreisldufe
im Grundwasser. Somit wird ein wesentlicher Beitrag zum besseren Verstindnis
mikrobiologischer Funktionen und bestimmender Faktoren der Wasserqualitit in

oberflichennahen Grundwassersystemen geleistet.
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INTRODUCTION

1 Introduction

This PhD thesis was conducted at the Institute for Groundwater Ecology IGOE), as part of the
“Biofilm Initiative”, started by the Helmholtz Zentrum Minchen, in 2009. Here, I present a
groundwater perspective of microbial biofilms in the framework of systems ecology. The
relevance of these microbial assemblages for ecosystem services and human health is discussed.
First, a general description and definition of biofilms in natural and anthropogenic systems is
given. Important properties of the biofilm lifestyle are further emphasized. The relevance and
impact of microbial biofilms in groundwater ecosystems is presented and previous studies on
this subject are discussed in detail. Furthermore, I give an overview on state-of-the-art in biofilm
research linked to water quality. Research gaps related to biofilms in groundwater systems are

described and consequently approached in three different experimental and field settings.

1.1 Defining Microbial Biofilms

Most microbial processes occurring in the environment are achieved through collective activities
of microbial communities (Wolfaardt ¢z a/., 1994, Moller ¢/ al., 1998). Microbial consortia and

communities attached to a surface in a spatially defined manner are termed biofilms (Figure 1- 1).

Figure 1- 1 Microbial biofilms display different structural characteristics induced by several abiotic and
biotic factors such as slow flow (1), turbulent flow (2), as well as the dispersal and colonization (3) and

grazing, creating a spatially heterogeneous landscape. Modified from Battin ez 2/ (2007)
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The IUPAC defines a biofilm as “an aggregate of microorganisms in which cells that are
frequently embedded within a self-produced matrix of extracellular polymeric substance (EPS)
adhere to each other and/or to a surface” (Vert ez al.,, 2012). In biofilms, microbial functions are
dependent on a complex web of interactions (Hansen ez a/., 2007). Surface-bound microbial
populations and hence, the resulting spatial interdependence, facilitate interaction and mutualism.
Individual microbial cells arrange in a way that facilitates interactions amongst themselves and
can therefore be seen as an initiation of multi-cellularity (Wolfaardt e a/., 1994, Shapiro, 1998).
Henrici (1933) was first to observe that aquatic bacteria grow mostly on submerged surfaces and
not in the bulk water, describing the deposition of bacteria on exposed surfaces. The advantage
of surface attachment for microbes was further recognized in the 1940s (Heukelekian & Heller,
1940, Zobell, 1943). In the seminal work of Claude Zobell (1943), several characteristics inherent
to biofilms such as the accumulation and deposition of organic material and nutrients along
surfaces and the increase in the local concentration of nutrients which enhance bacterial growth

were described (Figure 1- 2).

A B
A . )

Figure 1- 2 A free-floating bacterial cell surrounded by particulate matter which must be hydrolyzed by
exoenzymes (helicoidal line) before the resulting hydrolyzates (dots) can be ingestited and assimilated. B
Particles of nutrients concentrated in a monomolecular layer in a solid surface. C Nutrient particles are
more available to the cell on solid surfaces where the interstices at the tangent of the bacterial cell and the
solid surface retard the diffusion of exoenzymes and hydrolyzates away from the cell. D Multiple cells

form additional interstitial spaces. Taken from Zobell (1943).

The term “Biofilm” was first used in a publication in 1975 describing a diverse microbial

community attached to a wastewater trickling filter (Mack ez a/, 1975). A few years later,
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Costerton et al. (1978) described to a greater audience the scientific shift of attention in applied
and environmental microbiology towards the attached microbes and their extracellular
glycocalyx. This extracellular matrix, termed EPS, gives a biofilm viscoelastic properties. Matrix
polymers not only glue the biofilm to the surface but also enable spatial organization to be
imposed on the community (Costerton ez al., 1987, McBain ez a/., 2000). The revelation that
attached bacteria differ in their physiological behavior and adaptability towards planktonic cells
led to a rapid increase of publications (Figure 1- 3) addressing biofilms in ecology,

biotechnology, health and industry.
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Figure 1- 3 Annual numbers of publications associated with the keyword biofilm, from 1979 — 2013
(Soutrce ISI Web of Knowledge)

Important advances in the understanding of biofilms came from medical sciences studying dental
plaques (Rickard ez al., 2003, Filoche et al., 2010), and infections of catheters and implants where
biofilms can form resistant sheaths (Hall-Stoodley ¢7 a/, 2004). The intensive study of the human
microbiome deals with microbial assemblages in our digestive tracts (Koenig ez a/., 2011), lungs,
and skin (Costello ez a/., 2009) improving medical treatment and diagnosis of diseases, many of
which are related to biofilms. Wastewater treatment processes benefit from micro-gradients
created by microbial assemblages (Hidalgo ez /., 2009), thereby reducing nutrient loads.
Biogeochemical cycles are very much controlled by metabolic reactions induced by microbes that
are attached to each other. In soils, bacterial cells will attach or even intrude into plant roots,
affecting plant growth and viability. Mineral weathering is facilitated by bacteria, which increases

the fertility of soils. It is presumed that the rhizosphere can be stimulated to prevent plant
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pathogens and increase crop production (Morris & Monier, 2003). Stream biofilms covering
riverbeds are now understood as bioreactors contributing to the turnover of transported carbon
loads (Battin e al., 2003a, Battin ¢# al., 2008). Marine snow is likely to be the most extensive
biofilm assemblage on Earth, greatly impacting the oceanic carbon cycle (Azam & Malfatti,
2007).

There is even fossil evidence for the formation of biofilms dating back to 3.5 billion years ago,
making them likely to be among the first life forms on Earth (Rasmussen, 2000, Altermann &
Kazmierczak, 2003, Martin ez a/., 2008). Biofilms in hydrothermal environments such as hot
springs and deep-sea vents are extreme habitats, often harbouring “living fossils” of the most
ancient lineages (Reigstad ez a/., 2010, Williams e7 /., 2013). In the context of evolution, biofilms
provide homeostasis under fluctuating and harsh external conditions facilitating the development
of complex interactions between individual cells (Hall-Stoodley e7 a/., 2004).

A plethora of biofilm properties and activities have been studied, providing in-depth knowledge
on biofilm formation, the nature of the EPS, interactions and communication, pathogenicity,
biofilms in industrial and medical applications, and many others (Hall-Stoodley ez 4/, 2004,
Xavier & Foster, 2007, Karatan & Watnick, 2009, Flemming & Wingender, 2010) but research
has been mainly based on simplified model systems mimicking nutrient rich environments. The
examples of biofilm research presented here discuss ecological and environmental aspects of this
microbial mode of life.

In the introduction of this PhD thesis, I provide at first an overview of the state-of-the-art of
multispecies microbial biofilm ecology. Special attention is then given to biofilms in groundwater
and water quality related issues. Three selected systems that allow addressing fundamental
questions of biofilms in groundwater ecology to be addressed are introduced. This thesis aims to
elucidate the role of microbial biofilms in groundwater ecosystems. Microbial biofilms and their
ecological role are investigated and further discussed in light of their contribution to

groundwater quality.

1.2 Biofilm Formation and Structure

Biofilm development includes colonization, maturation, maintenance, and dissolution (O"Toole
et al., 2000, Stoodley ez al., 2002). Structural development (Figure 1- 4) is therefore the net result
of attachment, growth and detachment of microbial biomass, hydrodynamics, and substrate
availability, as well as predation e.g. grazing, viral lysis (Battin e a/., 2003a). The different
dispersal capabilities and microscale landscape patterns of biofilms affect dispersal-assembled

communities (Battin ez a/., 2007). Biofilm community dynamics involve a fine balance between
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the forces of attachment and those associated with detachment and colonization resistance of

the community (McBain ez a/., 2000).

Biofilm Development
.u, .v/-' \U—Qﬁ\‘ . »

Figure 1- 4 Stages of biofilm development: The initial attachment (1) of microbial cells and subsequent
production of EPS (2) resulting in “irreversible” attachment. The development of biofilm architecture (3)
leads to maturation of the biofilm (4).Mature biofilms represent a seed bank proliferating cells via

dispersion. Taken from Stoodley ez a/. (2002)

Although biofilm microbes are not strictly sessile organisms, they are primarily dependent on
dispersal, which is a primary process regulating population dynamics. The seed-dispersion
pattern not only determines the potential area of colonization, but also controls subsequent
processes, such as predation, competition and concurrence (Nathan & Muller-Landau, 2000).
The important role of physical transportation in regulating the supply of recruits to an area has
been emphasized in aquatic ecology (McNair ez /., 1997, Leff e al., 1998). The continous flux of
individuals to and from regional dispersal pools and their residence times profoundly impact
local assemblage dynamics (Palmer ez /., 1996). The selective advantage of bacterial adhesion
favors the localization of surface- bound bacterial populations in nutritionally favorable, non-
hostile environments and at the same time provides some level of protection (Dunne, 2002). In
general, biofilm surface colonization can occur through at least three different mechanisms: One
is by the redistribution of attached cells by surface motility, second is from the binary division of
attached cells, and third is aggregation by the recruitment of planktonic cells from the bulk fluid
to the developing biofilm (Stoodley ez 4/, 2002).

When microorganisms migrate to a surface, attachment is determined by physical and chemical

interactions, which may be attractive or repulsive, depending upon the complex interplay of the
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chemistries of the bacterial and substratum surfaces, and the aqueous phase (Figure 1- 5) (An &

Friedman, 1998, Bos ez al.,, 1999, Katsikogianni & Missirlis, 2004).

ooy Q who w s
, » 2 " m‘ " m.
X Collulose

9 g h
ot [T  lonic attractive forces
(‘ ~9o ‘ * Electrostatic attractive forces
G ] :,4: .bco ‘ Van der Waals interactions
' . # Hydrogen bonding
Chromosome
I I blm -{ 5
‘@ f ~
i
% o eeei— i = ’ i
T ! ].w.m...,.,
2 R e—u wwmw
Capsular protein
e %
| ! na.eu iz ] ) !
u’jjf, Les: f Pllsy % s poyascuatcen €
Surtace { c

Figure 1- 5 A mature biofilm at the solid — liquid interface: attached bacteria embedded in EPS. A At
contact, the microbial cells can interact with the surface via several protein and polysaccharide
appendages such as pili, flagella, capsular polysaccharides. B Extracellular DNA (eDNA), protein, and
polysaccharides are important in eatly biofilm formation. C Water channels and void spaces allow the
distribution of ions and nutrients across the biofilm matrix. D Exoenzymes solubilize the exopolymeric

matrix and release planktonic cells. Modified from Lembre ez a/. (2012)

In the case of primary colonisation, biofilm formation is initiated with the adsorption of a
conditioning film comprised of polysaccharides, proteins, lipids, humic acids, nucleic acids and
amino acids to which the colonizing bacteria subsequently adhere (Loeb & Neihof, 1975, Bakker
et al., 2003, Siboni et al., 2007, Tang et al., 2013). The division of the initial microbial adhesion
process in two phases continues to be the dominant perspective (An & Friedman, 1998,
Hermansson, 1999, Garrett ef al., 2008). Cells are initially attracted towards the surface due to
van der Waals attraction forces, Brownian motion, gravitational forces, electrostatic charges
and/or hydrophobic interactions (Busscher ez al., 1991, Bos ez al., 1999). The relative

contribution of specific and non-specific mechanisms, that play an important role in the ability
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of cells to attach to surfaces, likely depends on surface properties as well as the associated flow
conditions (Katsikogianni & Missirlis, 2004).

In the second phase of adhesion, molecular and cellular interactions between bacterial surface
structures and substratum surfaces govern the attachment which benefits from microbial surface
polymeric structures and appendages such as capsules, fimbriae or pili and EPS (Bullitt &
Makowski, 1995, Pratt & Kolter, 1998, Mayer ¢z al., 1999), leading to irreversible adehsion. This
adhesion sequence is then followed by population growth. Production of bio-polymers ‘glue’ the
cell and its daughter cells onto the surface until detachment takes place (Hermansson, 1999,
Mack, 1999, O'Gara & Humphreys, 2001).

Highly organized patterns with relatively regular cell spacing have been observed in single species
biofilms (Stoodley ez al., 2002). An organized spatial structure is certainly necessary to allow the
evolution of cooperation in biofilms (Kreft, 2004). The spatial patterns formed in microbial
communities are important in order to understand species interactions and dispersal, and to
develop ecological networks and theory (Battin ez 2/, 2007, Hanski, 2007, Rani ef al., 2007, Xavier
et al., 2009).

At maturity, biofilms are challenged by invading planktonic cells from the bulk liquid (Kadouri &
O'Toole, 2005, Kim ¢t al., 2013). These might constitute individual cells that have grown in
suspension or ones that have been derived from biofilms upstream of the community.
Immigrant organisms depend upon their ability to displace, compete or co-operate effectively
with the resident biofilm (McBain ef a/., 2000). The encounter between invading cells and a

surface can have several outcomes:

e The surface may be hostile to the potential colonizer due to lack of available/unoccupied
binding sites and the immigrant will therefore fail to bind.

e The invading cells may physically displace one of the eatly colonizers by virtue of a
higher binding affinity for a common binding site. This is most likely to occur during the
initial attachment phase of film formation and before the deposition of polymer cements.
The duration of this phase will therefore be indirectly related to the metabolic potential
at each colonized site.

e Both the invading species and the primary colonizer are retained at the surface, either at
separate sites or attached to each other or to matrix polymers. Where a surface is co-
colonized, then the degree of interaction between the colonizers will be minimal in the
first instance but will increase as the community grows and adjacent micro-colonies come

into closer proximity. Such interactions might be mediated through the production of
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cell-cell signaling compounds, specific and nonspecific inhibitors, or competition for

available nutrients (McBain ez 4/, 2000).
Indeed, these interactions appear to be essential for the attachment, growth and survival of
species at a site (Rickard ez 4/, 2002). In addition to possible patterns during adhesion, movement
of cells within the biofilm matrix was described (Stoodley ez a/., 2002, Gloag e# al., 2013). Motility
of bacterial cells over surfaces by gliding, twitching and swarming has been reported (Fenchel,
2002, Harshey, 2003, Kaiser, 2007). It is evident that many different environmental factors
influence the settling and adherence of particles. Thus the spatial patterns of organisms primarily
result from abiotic factors, and organisms physically alter their environment, thereby creating
spatial heterogeneity (Tolker-Nielsen & Molin, 2000, Turner, 2005, Hanski, 2007). Selection
pressures are exerted disproportionately throughout the biofilm, leading to the establishment of
mosaics of sub-communities within the global biofilm architecture (McBain ez a/., 2000, Stewart
& Franklin, 2008, McDougald ez a/., 2012). Detachment and active dispersal of cells from
biofilms can be triggered by a multitude of biotic and abiotic drivers such as temperature
fluctuations, nutrient and oxygen limitations, quorum sensing and other cell-cell signals (Karatan
& Watnick, 2009, Kaplan, 2010, McDougald e7 a/., 2012). The process of detachment is of
outmost importance regarding the dispersal abilities and structural integrity of biofilms.
The structure and architecture of biofilms in aquatic and subsurface environments has been the
subject of many recent studies (Battin e a/., 2003b, Wilmes ¢t al., 2008, Besemer e al., 2009,
Ziegler et al., 2009). The spatial arrangement of microorganisms is generated by intrinsic
(e.g. vegetative division of immotile cells, invasion and detachment processes) as well as extrinsic
(e.g. flow of liquids, temperature, pH, salinity, oxygen, accessibility of nutrients) factors. The
spatial configuration of biofilms has a direct influence in regulating community structure-
function relationships through processes such as dispersal, cell-cell signalling and horizontal gene
transfer (Tolker-Nielsen & Molin, 2000, O'Donnell ¢7 a/., 2007). The coupling of structural
properties and their functions have been emphasized in biofilm ecology studies (Stoodley 7 L.,
1999).
Biofilms are highly hydrated open structures often containing a large fraction of EPS and large
void spaces between micro-colonies (Lawrence e al., 1991, Tolker-Nielsen & Molin, 2000).
Secondary structures such as mushroom-like caps, filamentous streamers and migratory ripples
separated by channels and voids can be seen as adaptations of biofilm structure for survival in
varying environments of high nutritional input (Hall-Stoodley ez 4/, 2004) while oligotrophic
habitats are likely to contain only patchy single-layer micro-aggregates (Karatan & Watnick,

2009).
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Biofilms can serve as environmental refugia by enclosing colloidal particles such as bacteria and
virus-sized particles from the surrounding bulk fluid (Drury e a/., 1993, Flood, 2000, Searcy e? al.,
2000). This is especially of interest regarding the fate of pathogens. A positive relationship
between particle deposition and biofilm surface roughness (Battin ¢ a/., 2003b), as well as biofilm
thickness (Drury e al., 1993), has been shown. The internal biofilm channel system and the
highly hydrated matrix constitute important transient storage zones (Battin e# a/, 2003b)
facilitating the deposition of nutrients and storage.

Biofilm formation influences the interplay of microbial constituents with their environment.
Surfaces that are colonized can be living tissue, other microbial cells or abiotic structures. In
groundwater habitats, inorganic surfaces such as minerals are likely to outweigh other possible
sites for attachment. Certainly those surfaces cannot be seen as inert, and while in surface waters
the surrounding liquids transport most of the nutrients and carbon responsible for biofilm
growth, microbial weathering is likely to play a governing factor affecting community
composition and metabolic properties in nutrient deprived environments such as the subsurface.
This implies that a holisitc approach including hydrodynamics, geochemistry and molecular
sciences is needed to understand biofilm formation in groundwater. Mechanisms describing
biofilm adhesion at the solid-liquid interface appear universal and can be adapted for
groundwater biofilms. Biofilm formation has been also observed in artifical sediment columns
using novel imaging techniques (Martiny e7 a/., 2003, Keller & Auset, 2007, Rockhold ez a/., 2007,
Davit ez al., 2011). Nonetheless, there is still a lack of knowledge regarding the existence and
distribution of biofilms in oligo- and ultraoligotrophic systems. The reported cell numbers in
these nutrient deprived environments infer that substantial surface areas are not covered by

microbes (Baveye ¢z al., 1992, Griebler ez al., 2002, Goldscheider ¢z al., 20006).

1.2.1 The Social Life in Biofilms

Biofilms have been referred to as “cities of microbes” (Watnick & Kolter, 2000) illustrating the
manifold interactions within these multifaceted communities and the importance of spatial
organization. Microorganisms communicate and cooperate in biofilms, forming a complex
system of inter-species interactions, in order to perform a wide range of multicellular behaviours
(West ez al., 2006, Freilich ez al., 2010). Ecological interactions in microbial communities range
from symbiotic interactions such as parasitism, commensalism and mutualism, to antagonistic
interactions via competition or predation (Little ez a/, 2008). Cell-cell signalling induced by small
diffusible molecules secreted and detected by resident microorganisms modulates several

interactions. This communication, known as quorum sensing or diffusion sensing, is thought to
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be used as a proxy for population density and monitoring the extent of diffusion in their
microenvironment, thereby tuning the behaviour of other cells (Redfield, 2002, Hense ez 4/,
2007, Nadell ez al., 2009). Understanding the extent of coordination and cooperation in biofilms
is a prerequisite to acquire insights into the functions of these entangled communities. In
groundwater, it is conceivable that many obligate mutualistic interactions (cell-cell signalling,
syntrophy) are only possible in biofilms, due to the patchiness of aquifers as microbial habitats.
Comprehensive evidence, however, remains undeveloped. Hence, studying such interactions will

provide valuable insights regarding ecological and evolutionary roles in structuring communities.

1.2.2 Rheology — Forming Biofilms

The development of multispecies biofilms at solid-liquid interfaces occurs both in quiescent
water and under conditions of high shear forces (Rickard ez a/., 2004). Turbulent flow controls
transport processes through exchange with the water-column. Turbulence involves complex,
three dimensional fluid motions in which the paths of individual fluid packets are unpredictable
(McNair e al., 1997). On the contrary, laminar flow is characterized by low Reynolds numbers
and unidirectional flow. In theory, the flow velocity immediately adjacent to the
substratum/liquid interface, termed the hydrodynamic boundary layer, is negligible (Donlan,
2002). Nevertheless, shear rates over surfaces have been reported (Rickard ez a/, 2004) to directly
influence bacterial composition and govern the abilities of individual species to immigrate to
biofilms and colonize surfaces, thus controlling the diversity of multispecies biofilms.

Ultimately, hydrodynamic conditions will influence biofilm structure (Purevdorj e a/., 2002) and
mechanisms that facilitate bacterial adhesion (e.g. co-aggregation) might be flow dependent
(Rickard ef al., 2004). The biofilm shape varies with the growth cycle of resident microbes and
with variations in fluid shear (Stoodley ez al., 1999, O'Toole ¢ al., 2000). Changes in biofilm shape
will affect its porosity and density and therefore the transfer of solutes into and through the
biofilm (Stoodley e# al., 1999). Shear-mediated migration of biofilms represents one possible
mechanism of dissemination in flowing systems (Purevdorj et al. 2002).

In groundwater systems, diverse flow regimes can establish themselves. However, most
groundwater bodies are characterized by slow flow and little shear rates, while turbulent flow
occurs in zones of high hydraulic-conductivity and engineered environments e.g. drinking water
pipes. Thus, biofilms must contend with the varying flow conditions that shape the community
structure as well as biofilm arrangement. The shape and structure of biofilms differs substantially

in different habitats (Figure 1- 6) as they are formed by a feedback of external forces and the
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microorganisms that actually build the biofilms (Besemer 7 a/, 2009) through attachment and

exudation of their sticky matrix.

Figure 1- 6 Diverse biofilm structures found in different aquatic habitats. A Subaerial “snottites”
encountered in cave ecosystems. (Photo: Karwautz) B Incrustations and biofilm formation within a
drinking water distribution pipe. (Photo: Karwautz) C Oscillating benthic stream biofilms. Taken from

Besemer et al. (2009)

1.2.3 Extracellular Polymeric Substances - EPS

Once attached to a surface, microbial cells change their specific gene expression patterns
(Prigent-Combaret ez al., 1999, Beloin & Ghigo, 2005) and embed themselves in adhesive
exopolymeric substances, which provide structural support. It appears that most microorganisms
are able to form extracellular polymeric substances through multiple pathways (Linton, 1990,
Branda ez al., 2005). Potential functions of the EPS are related to attachment and biofilm
formation, genetic transfer, nutrient retention and accumulation. Furthermore, juxtaposition
within the matrix allows diverse interactions (e.g. quorum sensing, syntrophy). Exopolymers
provide a physical and chemical barrier, which creates microenvironments shaped by the

exudation of metabolic products as well as the influx of new substances (Figure 1- 7) (Wolfaardt
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et al., 1999, Donlan, 2002, Stewart & Franklin, 2008). Exudates include a wide range of organic
polymers that may be arranged into loose associations or into discrete structures (Wotton, 2011).
The composition of the EPS varies with the organisms that produce them and hence differ in
their chemical and physical properties (Sutherland, 2001). Moreover, biopolymer configuration
can vary depending on environmental conditions such as nutrient composition and availability

(Sheng et al., 2010) as well as biofilm age (Leriche ez a/., 2000).

A Metabolic substrate B Metabolic intermediate

C  Metabolic product

Figure 1- 7 Chemical heterogeneity in biofilms. Distinct patterns arise from reaction—diffusion
interactions of a metabolic substrate creating a gradient from the source outside the biofilm, which
decreases with depth (blue; A), a metabolic intermediate which is produced and consumed within the
biofilm, thereby creating local maxima (green; B), a metabolic product concentrated inside the biofilm
diffuses outwards (orange; C) and redox zones describing the reduction potential due to the depletion of

electron acceptors towards the biofilm base (red; D). Modified from Stewart & Franklin (2008).

Polysaccharides were initially thought to be the essential components of the EPS, but proteins,
nucleic acids, lipids and humic substances have also been found in substantial amounts
(Wingender et al., 1999, Flemming & Wingender, 2010). Exo-biopolymers form and maintain the
three-dimensional, viscoelastic, locally charged biofilm matrix. One key feature of EPS is its
ability to bind water after secretion (Sutherland 2001), becoming highly hydrated and likely to
contain colloidal and dissolved compounds. Once the mucus is excreted, inorganic particles and
biogenic material are entrapped, potentially involved in the cross-linking of EPS and thus in

polymer network formation (Denkhaus ez a/., 2000).
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The role of extracellular DNA (eDNA) within the matrix is especially fascinating since it is not
only important during cell adhesion (Figure 1- 5), but also appears to be an essential exudate of
live cells, maintaining the structural integrity of the matrix (Flemming & Wingender, 2010).
Several features of eDNA are likely to enhance cooperation and interaction within biofilms.
Extracellular DNA can be used in gene transfers, creating extremely dynamic genomes (Ochman
et al., 2000). Furthermore, it is a source of nutrients and even facilitates motility, since it is crucial
in the assembly and coordination of the collective behaviour of cells (Gloag ez a/., 2013).

The EPS provides a microbial public good, an excreted secondary metabolite, coming at a cost
for the producing individuals (Xavier & Foster, 2007, Hibbing e# a/,, 2010). The ATP
requirement may even exceed cell production at the same growth rate (Linton 1990). In addition
to establishing a protective environment, the viscous matrix also changes a multitude of
parameters for the microbes. Substrates and gases can only diffuse through the EPS, creating
steep gradients (Figure 1- 7) (De Beer et al. 1994, Stewart and Franklin 2008). On the other
hand, excreted metabolites e.g. signaling molecules and extracellular enzymes can accumulate,
facilitating complex interactions and concerted actions.

The production of metabolites and EPS in biofilms is often triggered by high carbon to nitrogen
ratios ot nitrogen and/or oxygen limitations (Wrangstadh ez a/, 1986, Babel, 1992). Exopolymer
production and biofilm formation of methylotrophic bacteria and organisms that oxidize and
assimilate C;-compounds have been especially studied in great detail (Linton e7 a/., 1986, Linton,
1990, Hilger ez al., 2000). Methylotrophs produce sugars as intermediates, providing a direct route
of formaldehyde removal, balancing the utilization and production of this toxic compound that
can be readily build into EPS (Southgate & Goodwin, 1989, Linton, 1990). Bacteria have also
been shown to produce polyhydroxybutyrate (PHB) granules under high carbon to nitrogen
ratios and limited O,, providing an energy source that can be made available at a later stage
(Babel, 1992, Muller ez al., 1999, Shi et al., 2007). In this way, EPS offers an electron sink to
microbes that are provided with excess supply of electrons they cannot use for growth and
division due to the limitation of other essential nutrients.

Extracellular polymeric substances have been identified as a defining property of biofilms. They
substantially influence the proximate environment of cells living within the matrix. In
groundwater systems, extensive EPS production is rare as high-energy demand is associated with
its formation. Nevertheless, biofilms with significant amounts of EPS have been found in
drinking water pipes (Pedersen, 1990, Percival & Walker, 1999) and groundwater caves (Engel ez
al., 2004b, Macalady e al., 2007). Several factors are likely to influence the absence of EPS.

Classical drivers of biofilm formation such as the availability of energy and nutrients, as well as
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the necessity to firmly adhere to the surface due to high shear forces are absent in most aquifers.
Other functions, such as the buffering of fluctuating environmental conditions and the
prevention of desiccation, are also not crucial for starved subsurface organisms. However, EPS
production can be expected to commence as soon as shear increases or energy sources become

available to microbial communities.

1.3 Biofilms in Groundwater Ecosystems

Pristine aquifers are often ultra-oligotrophic systems exhibiting low temperatures and
characterized by several specific conditions such as the lack of light and therefore the absence of
photosynthesis and a requirement for allochthonous energy inputs and chemosynthesis. The
presence of electron donors and acceptors, carbon sources, and nutrients are essential for
microbial growth. Fast turnover rates of dissolved free amino acids and carbohydrates indicate
that these compounds are generally important carbon, nitrogen, and energy sources for
heterotrophic microbes in groundwater (Poindexter, 1981, Hazen e a/, 1991, Egli, 2010). More
than 90 percent of the microbial biomass in aquifers is attached to matrix surfaces, thereby
altering their environments considerably. The number of attached microbes in groundwater
systems can be in the range of 10" and 10° cells cm™ of sediment (Griebler & Lueders, 2009).
Biofilms are usually taken to be composed of highly active and growing bacteria, while in natural,
especially nutrient deprived habitats, a substantial amount of the standing biomass will generally
be composed of dormant, dead or slow growing cells under starving conditions (Morita, 1990,
Sherr et al., 1999, Wilhartitz ef al., 2009). In sum, high variability in bacterial growth efficiency is
reported at low growth rates when substrates are limiting (Del Giorgio & Cole, 1998).
Microorganisms attached to minerals produce very reactive microenvironments, accelerating the
dissolution of minerals and releasing potential nutrients (Roling & van Verseveld, 2002, Rogers
& Bennett, 2004, Gadd, 2010). Thus, access to growth limiting substrates and nutrients is
enhanced via surface attachment. Bioleaching of minerals is dependent on the reactivity of the
substrate, the environmental conditions, and the colonizing microbial community (Viles, 1995).
The biogeochemical microenvironment and resource availability generated within attached
microorganisms is significantly different from compartments where sediments are not colonized
(Tolker-Nielsen & Molin, 2000, Jackson, 2003, Gadd, 2010). Microbial leaching and
solubilization of essential nutrients (Bennett ez a/, 2001, Boswell ez /., 2001), is facilitated by
attachment and excretion of exopolymers. Microorganisms can accumulate and utilize metals
either as electron acceptors (Boon ez al., 1998, Johnson, 1998, Tebo & Obraztsova, 1998,
Rohwerder ¢# al., 2003) or electron donors (Ehtlich, 1997, Emerson ¢t al., 2010) for energy
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metabolism. (Figure 1- 8). This suggests a competitive advantage for surface bound communities
over their planktonic counterparts (Kjelleberg ez al., 1982, Hazen ez al., 1991), if specific resources
are limiting. It is assumed that biofilm communities also control many important processes in the
subsurface (Griebler ef al., 2002), although comprehensive knowledge is still lacking.

In aquifers, available nutrient pools have to be utilized as efficiently as possible. Bacteria in low
nutrient environments may use several organic substrates simultaneously (Del Giorgio & Cole,
1998, Egli, 2010), expressing a wide range of uptake and catabolic systems, even for compounds
that cannot serve as a sole energy source. In carbon-limited continuous systems, mixed substrate
growth is the rule rather than the exception during slow growth. Several stress response systems
are expressed at higher levels during slow growth in biofilms (Kjelleberg & Hermansson, 1984,
Schimel ez al., 2007, Hengge, 2009, Karatan & Watnick, 2009). The advantage of exploiting
several carbon compounds simultaneously improved kinetic performance and

metabolic/physiological flexibility resulting in a competitive advantage (Gottschal ef al., 1979).
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Figure 1- 8 Biogeochemical processes modified by microbial actions lead to altered distributions of
elements. Present microbial populations and physico-chemical factors affect the activity and processes
controlling the turnover of organic carbon, the solubilizations and availability of nutrients as well as

influence the speciation of metals. Taken from Gadd (2010)
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Bacteria can consume large amounts of energy directed towards other processes than growth; for
example, secondary metabolite production, especially when growth is constrained (Linton, 1990,
Russell & Cook, 1995). Though there is evidence that microbes also attach to surfaces under
starving conditions (Morita & ZoBell, 1955, Pedersen, 1997, Griebler ez al., 2002), the formation
of multilayer assemblages is nevertheless unlikely and the exudation of secondary metabolites too
costly (Brockhurst ez a/, 2008). In contrast, it seems possible that small patches of greater
microbial activity exist along preferential flow paths in groundwater. There, microbial
interactions also facilitate the degradation of recalcitrant compounds, which could provide

important advantages in contrast to starving, planktonic cells.

A

asee BER

Figure 1- 9 Microscopic cross-sections through monolayer (A) and multilayer (C) biofilms and illustrated

side views of the monolayer (B) and multilayer (D) biofilms encased in an EPS matrix. Taken from

Karatan and Watnick (2009)

Biofilms may be an important prerequisite for the survival and growth of specific microbes in
the subsurface, because they facilitate the most efficient use of available resources and provide an
especially protective environment (Tolker-Nielsen & Molin, 2000). Also, the importance of the

“biofilm-mode-of-life” in structuring the diversity and spatial distribution of microbial
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communities in the subsurface by facilitating access to limiting nutrients and resources remains
to be verified and is one of the research questions that shall be addressed in this thesis.

Much of the biofilm research mentioned in this introduction has dealt with non-nutrient limited,
multilayer, often mono-species biofilms (Figure 1- 9). In contrast, multi-species monolayer
biofilms, may be the most prevalent form in oligotrophic groundwater environments (Karatan &

Watnick, 2009).

1.3.1 Heterotrophic vs. Autotrophic Metabolism

Heterotrophic biofilms establish themselves in groundwater systems based on the turnover of
allochthonous organic carbon. Despite nutrient limitations, many heterotrophic biofilms display
great microbial diversity (Pedersen, 1997, Newman & Banfield, 2002, Castelle e7 4/, 2013) and
metabolic versatility (Hazen e al., 1991, Castelle ¢7 al., 2013) in subsurface sediments. In the
absence of oxygen, or nitrate, in subsurface sediments. In the absence of oxygen or nitrate, iron
oxides and sulfate are reduced during anaerobic metabolism in contaminated or deep subsurface
aquifers (Lovley & Chapelle, 1995, Meckenstock ez al., 2004, Windetl ez al., 2008, Pilloni ef al.,
2011) and even within biofilms where oxygen may become depleted (Bishop & Yu, 1999). In
groundwater systems, the importance of microbe-mineral interactions is recognized as an
important component of biogeochemical cycles , but knowledge of the microbial key players
mediating these processes is mainly obtained for very particular, often contaminated
groundwater habitats (Reardon et al., 2004, Hug e al., 2013).

Autotrophic biofilms, which derive their energy from oxidizing ammonia, ferric iron, hydrogen
sulphide or methane, present an alternative mode of life. Highly specialized microbial
communities have been observed in cave systems (Bond ez a/, 2000, Hose e# al., 2000, Northup ez
al., 2003, Macalady ez al., 2007, Ziegler ez al., 2009). The present analysis of biofilm communities
has indicated that chemolithotrophic microorganisms constitute the primary producers in many
of these systems (Peck, 19806). Sometimes extreme biofilm production has been observed in
these caves not only at the solid-liquid interface but also in subaerial biofilms covering walls and
ceilings (Bond e# al., 2000). Organic carbon concentrations in caves are usually low, so that
carbon assimilation is based mostly on chemolithoautotrophic processes. Oxidation of sulfur and
iron compounds as well as oxidation of gases (e.g. methane) must therefore provide sufficient
energy for extensive biofilm accumulation (Holmes e7 a/., 1995, Angert e/ al., 1998, Macalady ez
al., 2008, Ziegler et al., 2009). The impact of these biofilms on cave formation (speleogenesis) and
mineral dissolution, as well as biomineralization processes, is the subject of several studies (Peck,

1986, Engel ¢t al., 2004a, Macalady e7 a/., 2006, Barton & Northup, 2007). Microbial life in caves

28



INTRODUCTION

can be influenced by the mixing of communities populating habitats below as well as
communities seeping through the overlaying soil layers (Goldscheider ez 4/, 2006). Parallels
regarding the metabolism of microbes in deep subsurface communities and autotrophic

groundwater communities can be drawn.

Chemoorganoheterotrophic metabolism
Carbon source: Biosynthesis . ; z .
» organic substance (anabolism) Blomass — Chemolithoautotrophic metabolism
Electron source: Energy production | cO — sourcecz:o Biosynthesis Biomass
» organic substance (catabolism) £ 2 (anabolism)
Electron acceptor: Reduced Electron source: Oxidised
(= oxidant) substances inorganic
aerobic 0, j——on———3|H,0 substances
< anaerobic: NO, ———— N, /NH} ———=—=——- N, /NH] |—— | NO,
i E MnO, —»Mp®* ——————- M f—————————» MnO,
N o
@ FeOOH el Fe?t oo Fe* [|— > | FeOOH T
SOF |—————»[HS  —————-- H,S ————»| sor
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T
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Figure 1- 10 Autotrophic and heterotrophic metabolism:. Autotrophs fix the energy from inorganic
sources such as atmospheric CO», while heterotrophs depend on energy and carbon fixed by other

organisms. Taken from Goldscheider ¢f a/. (2006)

Based on the central role of carbon metabolism in groundwater ecosystems, a differentiation into
autotrophic and heterotrophic biofilms appears instinctive (Figure 1- 10). Previous findings from
biofilm studies in oligotrophic environments can be used to establish a framework of biofilm
functionality and community structure in subsurface sediments. It is the purpose of this thesis to
address the complexity of microbial biofilms in groundwater regarding their microbial diversity

and functionality.

1.3.2 Role of Biofilms in Water Quality

Although substantial data on microbes in drinking water systems is available, little is known on
the microbiology of groundwater extraction wells and the ecology of the native, attached

microbes therein. In the few studies available, it appears that apart from a core groundwater

29



INTRODUCTION

community dominated by oligotrophic taxa predominantly related to Profeobacteria but also
Bacteroidetes, specialized organisms depending on the availability of specific nutrients (e.g. iron,
nitrogen) shape the inherent communities (Hong ez a/., 2010, Pinto ez al., 2012, Navarro-Noya ez
al., 2013). Additionally, potential pathogens commonly appear and disperse in proximity of
drinking water production systems (KKwon ez a/., 2011). Microbial monitoring of drinking water
from the well to the tap is essential to assure water quality and to predict possible risks
(Bockelmann et al., 2009, Miles ez al., 2009).

Besides their beneficial ability to stimulate bioremediation, other studies have demonstrated the
resistance of natural, indigenous biofilms against pathogens in drinking water systems and flow
cell chambers (Habimana ez /., 2009, Giao ez al., 2011). On the other hand biofilms can
contribute to the persistence of pathogens protected within its matrix, being highly resistant to
antimicrobial and cleaning treatments (Davies, 2003, Giao e al., 2008). Thus, biofilms impact
public health (Costerton ef al., 1999, Hall-Stoodley ef al., 2004). The role of potential pathogens
and their interactions within the biofilm community needs further examination. Triggers for
outbreaks, transmission routes and the influence of biofilms as reservoirs are still enigmatic.
Waterborne disease outbreaks have been frequently associated with microbial pathogens entering
drinking water via natural groundwater (Hoffman ez a/., 2009).

Processes in drinking water biofilms are often dominated by heterotrophic bacteria but are
usually associated with autotrophic organisms which are beneficial because they remove nitrate
(Kindaichi ez al., 2004). In a long-term study (Martiny ez a/., 2003), different successional stages of
biofilm formation were observed over the course of three years and temporal variation was
shown to impact community composition. In the study, the authors suggest that dominating
microbes are reduced in older biofilms allowing the emergence of organisms that might benefit
from the exudates generated within the biofilm (Martiny e a/., 2003). There is evidence for
ecological succession of biofilms in groundwater and even seasonal variation in shallow aquifers
(Feris ez al., 2004). Assessment of these patterns might give clues on ecological strategies of the
studied taxa.

Temporal variations in microbial communities could also be of interest to drinking water
providers that aim to consistently provide water of continuously high quality. Drinking water
production systems have to be understood as highly engineered environments, which provide
different conditions to groundwater biofilms than those in aquifers. While the milieu in aquifers
seems to be mainly governed by sediment heterogeneity and microbe-mineral interactions as well
as nutrient availability, distribution systems in drinking water production environments are

mainly governed by extreme hydrodynamics and pipe material characteristics (Yu ez a/., 2010). To
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date, drinking water biofilms have mainly been studied within the framework of a distribution
system (Block e a/., 1993, Williams ez al., 2004, Henne e7 al., 2012, Lautenschlager ez /., 2013), but
the link between aquifers and technical systems is not very well understood, at least from a
microbiological perspective.

Representative microbiota sampled from clogged wells have mainly been methanogenic bacteria,
algae (Bubela, 1985), iron oxidizers (e.g Gallionella ferruginea) (Sogaard et al., 2001) inducing
precipitation of ferrihydrate, as well as iron-, nitrate- and sulfate-reducing bacteria (Beek &
Kooij, 1982, Ralph & Stevenson, 1995, Baveye ¢f a/., 1998) that can reduce hydraulic conductivity
in the proximity of drinking water wells through the production of exopolymeric slime and
precipitates.

In this thesis, attached microbes in drinking water wells and their impact on drinking water
proliferation will be addressed. Special focus was put on biofilm composition and diversity as

well as the presence of putative pathogenic bacteria.

1.3.3 Examples of Biofilm Systems in Groundwater Investigated in this

Thesis

In subsurface sediments, microbes are directly linked to water quality issues. The composition of
biofilms can have far-reaching impacts affecting ecological processes in the subsurface such as
the turnover of organic matter, the transformation of xenobiotic compounds and even the
dispersal capabilities of species. Sediment characteristics and surface-microbe interactions are
major factors shaping community structure and thus biogeochemical processes. Biofilms
determine activities at microbe-mineral interfaces, such as the biomineralization and dissolution
of metals and minerals (Linsdorf ez 4/, 2000, Rogers & Bennett, 2004). Thus, microbes are
responsible for the build-up and dissolution of geological formations, thereby forging
subterranean karst landscapes and caves (Northup & Lavoie, 2001, Newman & Banfield, 2002).
In this thesis, three major aspects of microbial biofilms in subsurface systems were investigated:
microbe-mineral interactions, autotrophic cave biofilms, and attached microbes in drinking water

wells.

1. First, microbial colonization of minerals in a natural aquifer was investigated within an
experimental mesocosm system. Since mineral surfaces can be attachment surfaces and
potential substrates at the same time, the interplay of these two factors requires detailed
understanding. Access to growth limiting substrates and nutrients is enhanced via surface

attachment (Rogers & Bennett, 2004, Wu ez a/., 2008). Microbial leaching allows the cells
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in biofilms to gain nutrients and transfer electrons to the mineral interface, which can
provide a competitive advantage over free-living microbes, if the resource is limited
(Fredrickson & Zachara, 2008). So far, studies on natural, porous aquifer biofilms lack
substantial data regarding the influence of prevalent mineral surfaces and their impact on
the microbiology of biofilms. The chosen experimental approach provides identical
environmental conditions and colonizing taxa to a series of mineral surfaces. Selected
mineral surfaces were: 1) Granite, as the most common mineral in the Earth’s crust but
representing a rather inert surface, 2) Apatite, a phosphate-bearing mineral which could
provide this often limiting nutrient to attached microorganisms, 3) Magnetite, which may
provide iron oxides as electron acceptors, and 4) Pyrite (FeS,), as well as other metal
sulphides (ZnS) where attachment, leaching and oxidation of Fe*" and S as electron
donors should be expected (Edwards ez a/, 1999, Rodriguez ef al., 2003). According to
the tenet of Baas-Becking (1934); “Everything is everywhere, but the environment
selects”. Thus, the minerals should exert selective forces on the attaching communities.
Deterministic selection rather than stochastic processes should mainly determine
community assembly. Correlation of subsurface microbial diversity and carbon-utilization
patterns provides insights into the interactions of community diversity, geology and
function. The long-term character of the study, running for 15 months, allows the
integration of possible short-term fluctuations in the natural seeding community.

Second, massive biofilms that have been discovered in a spring cave were investigated
regarding extrinsic energy sources and biofilm community assembly. Here, a fundamental
ecological question was posed as to how environmental heterogeneity is reflected in the
composition of biofilm species. Physicochemical gradients that establish within cave, by
outgassing methane and their influence on biofilm community composition were
investigated. The main focus was on methane oxidizing bacteria and identifying potential
key players in biofilm formation. Questions regarding the spatial organization within
these communities were addressed by means of microscopic examination and labelling of
key taxonomic groups with fluorescence in situ hybridization (FISH). Special interest was
placed on spatial distinctions within cave biofilms regarding possible energy sources and
metabolic functionality. The characterization of the cave regarding the input of
allochthonous carbon sources, the chemistry of the mineral spring water and its inherent
microbial community provide a primary microbiological description of this unique
habitat. The co-occurrence of Bacteria, Eukarya and Archaea was investigated, identifying

possible interaction partners for further research.
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In the third part of this thesis, active drinking water wells were selected to investigate
biofilms in an engineered environment. Inter-well comparability, aquifer heterogeneity
and observation of the attached indigenous microbiota within the wells were in focus.
The biofilms at the intersection of an aquifer and a drinking water distribution system
provide a reservoir for microorganisms and even for downstream dispersal and
colonization of potential pathogens. This study aimed to characterize the microbial
community in order to find dominant populations as well as species of potential
pathogenicity. A purging event of the microbes during hydraulic well restoration,
conducted in the form of high pressure jetting, was monitored for the first time. Time
resolved analysis of the community composition during cleaning allowed sampling of the
inherent attached well community. Comparison of the well water before and after the
restoration provided details on the transported aquifer microbes. The influence of the

attached well bacteria on the microbial drinking water community was elucidated.

In summary, the three main hypotheses that were tackled in these separate projects were:

1.

Reactive mineral surfaces can alleviate nutrient limitations and select for specific
communities of attached microbes in aquifers.

Cave systems with upwelling, reduced waters offer a unique gradient habitat for the
development of lithotrophic biofilms.

Attached microbes in drinking water wells provide specific ecological niches, affecting

the spread and survival of microbes in drinking water systems.

In essence, this thesis aims to elucidate the role of microbial biofilm communities in

groundwater ecosystems. I present an extensive synopsis on attached microorganisms in the

subsurface and their potential role in biogeochemical processes, and provide a framework for

future investigations.

1.3.3.1 Study 1: Mineral Surfaces Exposed to Colonization of Microbial Communities

from a Porous Aquifer

Biofilm growth on mineral surfaces can alleviate important energy and nutrient limitations for

microbes in aquifers (Bennett ¢z a/, 1996, Bennett ¢f al., 2001, Wu ez al., 2008). Coevolution of

mineral substrates and biofilms leads to disintegration and dissolution via several processes such

as acidolysis, alkaline hydrolysis, enzymolysis, ligand degradation, and extracellular polysaccharide

redox effects (Beveridge ¢z al, 1997, Rohwerder ¢ al., 2003, Sand & Gehrke, 2006, Uroz ¢t al.,

2009). Microbial assemblages in groundwater are likely to build isolated islands (Rittmann, 1993,
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Wanger ¢t al., 2006, Mueller ¢t al., 2010), creating micro-niches of high reactivity involved in
weathering, biomineralization, oxidation or reduction reactions of metals, carbon, nitrogen and
sulfur (Edwards ¢7 a/,, 1999, Sand & Gehrke, 2000, Fredrickson & Zachara, 2008, Gadd, 2010).
The microbes responsible for the weathering of mineral surfaces display different abilities of
dispersal, colonization, competition and dissolution of recalcitrant compounds.

In this study, a mesocosm filled with several differing mineral coupons was continuously fed
with natural groundwater from a porous aquifer. The surfaces represent rather common minerals
in the subsurface constituting potential electron donors and acceptors, as well as nutrient
sources. They included phosphate bearing apatite, pyrite (FeS,; the most common sulfide mineral
and a potential electron donor), magnetite (Fe*'Fe,” O,; an important iron oxide), and granite (a
mixture of silicates including feldspar and quartz, the two most abundant minerals in the Earth’s
crust, both quite inert). The chosen experimental approach allowed for the comparison of
biofilm communities exposed to the same abiotic and biotic conditions and potentially seeding
planktonic microbes. The abundance of taxa for each surface biofilm and the structure and
diversity of each community was investigated to show the selectiveness exerted by the minerals.
The 15 months duration of the study allowed for the integration of possible fluctuations in the
natural seeding community and permitted sampling of mature groundwater biofilms. Sub-
hypothesis for this study were that () minerals rich in nutrients (apatite) or electron donors
(pytite/sphalerite) increase biofilm biomass. (ii) Phylogenetic diversity and metabolic flexibility
are interrelated. Minerals providing essential nutrients (apatite) may sustain a more diverse
community with higher metabolic flexibility; while a more specialized community would be

found on highly specific surfaces (pyrite).

1.3.3.2 Study 2: Karst and Cave Biofilms

Caves are known to host a rich diversity of microorganisms (Angert e al., 1998, Northup et al.,
2003, Engel ¢7 al., 2004a, Barton & Jurado, 2007, Macalady e7 /., 2008, Engel, 2010, Shabarova &
Pernthaler, 2010), many of which are organized as microbial biofilms (Hose e# /., 2000, Macalady
et al., 2006, Macalady e7 al., 2007, Engel, 2010). Such ecosystems can be mainly sustained by
chemolithoautotrophic microbial activities within biofilms covering the walls, as well as microbial
mats floating on cave water (Engel ¢/ a/., 2004b, Kumaresan e a/. 2014). Extremophiles, including
acidophilic, thermophilic and sulfidophilic microbes have been found to produce massive
biofilms of various shapes and even snottites in caves (Angert ¢f al., 1998, Hutchens e al., 2003,
Northup ez al., 2003, Macalady ez al., 2008, Ziegler ez al., 2009). Deep subsurface energy inputs
such as upwelling formation water, rich in hydrocarbons and outgassing thermogenic gas can

provide substrates to cave biofilms (Hill, 1995, Hutchens ez /., 2003, Engel ef al., 2004b,
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Shabarova & Pernthaler, 2010). Consequently, the microbial communities found in cave habitats
reflect the inputs of different inocula, such as soil leakage carrying microbes especially during
storm events (Rusterholtz & Mallory, 1994, Goldscheider ez a/., 2006), and upwelling
groundwater microbes originating from deeper strata (Farnleitner ez a/., 2005).

The Sulzbrunn spring cavern (Bavaria, Germany) presents a unique model system for biofilm
research. Massive biofilm growth has been observed on the walls and ceiling along the man-
made gallery up to the natural cavern where mineral spring water with high iodine loads emerge
(Ditterich, 1863) into a pool filling the cave half way up the wall (Figure 1- 11).

Situated in the fault region of the northern alps, gas seeps releasing thermogenic methane are
fairly common (Etiope, 2009, Etiope ef a/., 2010). The occurrence of iodine in groundwater is an
indicator for formation waters which have been in contact with fossil oil or gas reservoirs

(Moran et al., 1995).
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Figure 1- 11 The Sulzbrunn spring cave system: sampling locations and assumed fluxes. Two transects,
(1) along the ceiling from the well towards the cave opening, and (2) a vertical profile of wall biofilms,
covering potential physicochemical gradients in the cavern were sampled. Water mainly enters the cavern
in the form of spring water but a substantial amount of seepage water also trickles down from the ceiling

adding to the cavern water.
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The role of iodine and associated microbial activities are still poorly understood but the
accumulation and oxidation of iodide as well as the reduction of iodate in microbes has been
shown mainly in marine systems (Councell ¢f a/, 1997, Amachi ez al., 2007b, Amachi, 2008,
Arakawa ef al., 2012). Specifically, the production of methyl iodide via volatilization of iodine
(Hughes et al., 2008, Fujimori ez al., 2012) and subsequent oxidation (McDonald e 4/, 2002, Cox
et al., 2012) of these carcinogenic compounds could play a role in this cave.

Some characteristic, abundant taxa of uncontaminated alpine karst waters are Bea- and
Deltaproteobacteria, Acidobacteria, Nitrospira, and Firmicutes (Engel, 2010). Besides these common
groundwater bacteria, some extremophilic taxa have been found within biofilms and corrosion
residues, affiliated with e.g. Hyphomicrobium sp., Pedomicrobinm sp. and Leptospirillum sp., but rather
directly related to acidic and sulfidic conditions (Hose ¢# a/, 2000, Northrup ef al., 2003).
Snottites, subaerial pendulous biofilm structures, have been found in acid mine drainage karst
environments at low pH (Bond ez a/., 2000, Hose et al., 2000, Ziegler ez al., 2009), but to date have
not been encountered in less extreme environments. In a cave in Romania, active methanotrophs
were found next to the dominating sulfur-oxidizing bacteria, representing the first report of
methane oxidizing bacteria in caves, but no biofilm structures were reported (Hutchens ez a/,
2003, Chen e# al., 2009, Kumaresan ef al., 2014). Thus, the Sulzbrunn cavern system has the
potential to host the first methane driven snottite formation in a cave system described at
circum-neutral pH.

Methylotrophic organisms are phylogenetically diverse and several “modules” of these pathways
utilizing single-carbon compounds have been discovered (Anthony, 1982, Chistoserdova, 2011).
These include the group of aerobic methanotrophs, which are able to thrive on methane as a sole
carbon source. They are found within the Apha- and Gammaproteobacteria and 1 errncomicrobia
(Hanson & Hanson, 1996, Op den Camp e7 al., 2009, Dedysh & Dunfield, 2011). In addition,
anaerobes oxidizing methane with sulfate (Boetius ¢ @/, 2000, Thauer, 2011) and iron (Sivan ez
al., 2011), and a special form of anaerobic methane oxidation driven by nitrite (Ettwig e7 al.,
2010) in oxygenic bacteria have also been described. Biofilm formation of methanotrophic
microbes has been investigated in terms of overflow metabolism and EPS production (Linton ez
al., 1986, Babel, 1992), if excess electrons are provided in the form of methane. After the initial
oxidation of methane, toxic formaldehyde could accumulate but be shunted off via sugars that
are built in the ribulose monophosphate pathway (Linton, 1990). These could provide building
blocks for the exopolymeric substances, thereby providing an electron sink and nutrient storage

(Branda ez al., 2005, Shi ez al., 2007).
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The following research questions are addressed in this subproject: (1) What drives massive
biofilm growth and who are the key players in the Sulzbrunn biofilm communities? If methane is
present, methanotrophs should be abundant as well as a long tail of methylotrophs that consume
methylated compounds. (i) Do microbial biofilm communities in the cave reflect intrinsic

physicochemical gradients?

1.3.3.3 Study 3: Technical and Drinking Water Systems

The microbiome of drinking water produced from groundwater is primarily influenced by the
influx of microbes from the surrounding aquifer, as well as by biofilms established in the
drinking water wells and the distribution network itself. Bacterial communities in drinking water
distribution networks and also the impacts of disinfection and filtration have been intensively
studied (Schmeisser ez al., 2003, Williams ez al., 2004, Poitelon ez al., 2009, Revetta ez al., 2010,
Henne ez al., 2012, Pinto ¢ al., 2012, Zhang et al., 2012, Lautenschlager ez al., 2013). Here,
although classical cultivation-based approaches are a powerful tool to detect specific indicator
taxa in potable water, they are known to allow for only a very limited grasp of total microbial
communities (Szewzyk ez al., 2000).

Proteobacteria are the most dominant bacterial phylum in drinking water habitats, comprising
sometimes up to 90 percent of total communities, represented mostly by .A/pha-, Beta-, and
Gammaproteobacteria (Schmeisser ez al., 2003, Pinto e al., 2012, Zhang et al., 2012). There are even
some typical genera such as Aguabacterium, Sphingomonas and Polaromonas (Ultee et al., 2004,
Williams e# al., 2004, Loy et al., 2005, Pinto ef al., 2012) that have been associated with extremely
oligotrophic conditions. Other characteristic lineages frequently reported for drinking water
communities are within the phyla Bacteroidetes, Actinobacteria, and Nitrospira (Henne et al., 2012,
Pinto et al., 2012, Liu ez al., 2013). Some genera harbouring potential pathogens can also be
frequently observed, such as Aeromonas, Mycobacterinm, and Legionella (Szewzyk et al., 2000).
Legionella spp. seem to be especially ubiquitous in ground- and drinking water systems, even at
low temperatures, but not necessarily connected to a pathogenic risk (Costa e al., 2005, Wullings
et al., 2011).

Hydraulic well restoration by high pressure jetting is a routine maintenance method that can be
used in drinking water production to maintain well productivity, by dislodging inorganic and
organic deposits in the well casing (DVGW, 2007). Such a purging event offered a unique
possibility to access the microbes established in the well vicinity, and to discriminate them
against the base influx of microbes from the surrounding aquifer. To the best of my knowledge,
such high-pressure jetting has never been followed from a microbial community perspective. It

was expected that (i) before treatment, microbial communities from closely related wells in the
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same aquifer should be rather similar, dominated by lineages typical for low nutrient

groundwater. (ii) The taxa specifically dislodged during the maintenance procedure were distinct

well microbiota established potentially as biofilms, in the well matrix. Moreover, it was tested
whether (iii) high pressure jetting had a beneficial (= negative) effect on the detectability of
bacterial lineages of potential pathogen affiliation after well restoration.

These questions were addressed in an operative drinking water production system in southern
Germany during a routine hydraulic well purging event by the application of 454 pyrotag
sequencing of bacterial 16S rRNA gene amplicons (Pilloni e 4/, 2012) to suspended microbes,
resulting in an extensive level of microbial identity data on the microbiota in this oligotrophic

habitat.
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2 Materials and Methods

The methods described here aim to characterize and comprehend the community structure and
possible environmental controls of biofilms in groundwater systems. The author of this thesis
together with Dr. Tillmann Lueders selected the sampling sites and developed the sampling
design and experiments. All sampling and sample analysis was conducted by the author of this

thesis if not stated otherwise.

2.1 Sampling, Sites and Experimental Setup

2.1.1 Colonization of Mineral Surfaces

The “mineral surfaces” experiment was conducted at the Helmholtz Centre Munich.
Groundwater was pumped from a filtered well, situated in the Munich gravel plain at a depth of
16 meters and fed into a thermally isolated barrel (volume 300 liter) with a flow rate of

136 mL s ' to provide a reservoir. The aquifer is characterized by sandy sediments and fractions
of gravel and silt (Figure 2- 1 A). Effective porosity, defined as the mobile fraction of the water,
was calculated to be 22 % (Karolak, 2010).

An experimental box was designed to allow for the exposure of mineral coupons under
controlled groundwater inflow. Constant flow to the experimental box was attained by peristaltic
pumps (IPC8 30 W, Ismatec, Switzerland), which transported water from the reservoir to 4 inlets
of the box. The box was constructed from acryl with a size of 200 x 340 mm (Figure 2- 1 B & C)
and was installed in the well pit at a depth of three meters to assure constant temperature at ~12
°C. The box was fixed vertically so the inlets were situated at the bottom and outlets at the top.
The first 3 cm within the box were filled with glass beads with a diameter of 7 mm packed to a
porosity of n=0.42 to ensure homogenous spreading of the water. Beforehand, glass beads were
soaked with 1 M HCl and rinsed with double-distilled (bidest) water, then baked at 600 °C for 4
hours to remove residual carbon. Water flow was verified using a visual tracer (uranine solution).
Mean water velocity was adjusted to ~40 centimeters per day. Within the box, sterile coupons (in
total 11 coupons per mineral species) were arranged, one mineral type per row facing in

alternating directions, to prevent transfer from adjacent communities.

39



MATERIAL AND METHODS

200 i

o
'
i LoT
5 glass slide

-v‘ " mineral section

340 mm
320 mm

glass beads

Flow direction I

Figure 2- 1 Cross-section and top view of the mesocosm system. Glass beads at the inlet ensured

homogenous flow. Glass slides with mounted mineral sections were fixed in an upright position.

Granite, apatite, pyrite and magnetite were attained from Wards Natural Science (USA) (Table 2-
1). Mineral sections, which were cut and fixed on glass slides covering roughly 2 cm® (prepared
by Franziska Hauser, Department of Earth and Environmental Sciences, LMU Munich) were
fixed in an upright position into the flow through box. After 15 months, sample slides were
removed with sterile tweezers and stored in 5 mL plastic tubes (Becton-Dickinson Biosciences).
The slides were selected by stratified sampling dividing the mesocosm length into a front (slides
2 - 4), center (slides 5 - 7) and back section (slides 8 - 10), taking minerals in random order at

least three for each analysis.

Table 2- 1 Minerals used in the colonization experiment and selected characteristics

Mineral Name Typical Configuration Potential Category
Apatite Cas(POg)3Fs Phosphate donor Phosphate mineral
Magnetite Fe*Fe** Oy Electron acceptor Oxide mineral
Pyrite / Sphalerite FeS; / ZnS Electron donor Sulfide mineral
Granite KAISi305;KAI(AISi4010)OH “inert” Igneous rock
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2.1.2 Biofilms in a Spring Cavern

Cavern biofilms were sampled close to Sulzbrunn (N 47°40°, E 10°21°), in the vicinity of the
Allgiau Alps of Bavaria. Situated at 875 m altitude, the location is influenced by relatively high
precipitation (1274 mm a") and a mean annual temperature of 8 °C. A small mixed forest and a
building surround the cavern entry. The cave entrance is closed by a metal cover plate

(Figure 2- 2 A). An eight meter descent accesses a manmade gallery into the base of the cavern
(Figure 1- 11). The corridor is 150 cm in height and 100 cm wide, it extends 8 meters into the
hillside from where it drops about 150 cm into the natural cavern. The cavern is approximately
300 cm in height and 400 cm wide. On the cavern floor, a small pool is formed, filled with a
layer of fine sediment. A stainless steel sampling flume has been installed from a fissure at the
foot of the pool, but mineral water also seeps from below directly into the cavern bottom. Gas
bubbles out at several spots within the cavern pool (Figure 2- 2 B). In addition to the mineral

water, there is a constant inflow of hillslope seepage from the ceiling.

- .

Figure 2- 2 A The entrance to the cavern is roofed and closed with a metal cover; photo from the
sampling campaign in December 2013. B The collected mineral water enters the cavern through a
sampling flume (arrow) in the cave wall. Outgassing methane and sediment was collected from the cavern

pool. (Photo: Karwautz)

The ceiling is covered throughout with pendulous biofilms of up to 15 cm in length and 1 cm

diameter at the base, termed “snottites”. At the same time, the walls are covered with thick
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biofilms from the water table up to the entrance, displaying different volume and hydration
status. The water level within the cavern fluctuates depending on precipitation but an overflow at
the entrance prohibits the water level from rising above 100 cm in the gallery.

Biofilm samples were collected after pumping water out for 24 hours and opening the metal
cover to allow fresh air to fall into the cavern. Samples were directly transferred into 50 mL
Falcon tubes (BD Biosciences, USA) and cooled until storage at -20 °C. The selected sampling
points were located on the cavern ceiling with increasing distance from the mineral spring and a
vertical profile of the biofilms covering the wall. Water samples were taken in sterile, one-liter
glass bottles by collecting either spring water from the sampling flume or seepage water which
trickles from the ceiling. The mixed cavern water was collected during separate sampling
campaigns using a Ruttner sampler. Gas samples of the undisturbed cavern atmosphere were
taken by installing a hose connected to a laboratory pump, filling sealed 120 mL serum bottles
(Glasgeritebau Ochs, Germany).

Water samples in the immediate vicinity were taken from a small stream, which passes within 20
meters of the cave, and a second sample was taken from a close-by spring (~ 900 m distance)

providing reference groundwater.

2.1.3 Drinking Water Wells

Drinking water wells were investigated at an operational drinking water production system in
Baldham, close to Munich, Bavaria. A commercial service provider performed the well
restoration of two wells in the course of two days. Samples were taken in cooperation with the
local water supplier before, during and after hydraulic well restoration at an operational drinking
water production unit east of Munich, Germany. Three groundwater extraction wells (Figure 2-
3) located in close proximity to each other (~ 50 m) were sampled in the summer of 2010. The
wells extend ~37 m below the ground into the Munich gravel plain. The groundwater table is
~18 m below surface and the aquifer extends 9 to 14 m down to an underlying impermeable
tertiary clay layer. Well 2 is distinct from the others in that it extends through a ~10 m layer of
more sandy gravel. While well 3 is permanently used for drinking water supply (pumping rate
~16 L's"), well 1 and 2 are backup facilities and are only operational for ~2 h per month
(pumping rate ~100 L s). Well 2 had developed signs of reduced hydraulic conductivity over
several years.

Four days before the actual purging event, fresh drinking water was collected from each well via
dedicated monitoring faucets, into previously sterilized 5 L glass bottles and immediately

transferred to the lab. Samples taken during high pressure jetting were collected directly from the
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operative suction hose at the beginning of the purging process, after 15 min, and after 60 min.

The high pressure pump (up to 420 bar), operated by the service provider was combined with a
submersible rotating jet forcing water out of several nozzles at a speed of up to 180 ms™. A last
sample was taken two weeks after the procedure. Suspended solids purged during jetting (at the
start, after 15 and 45 min of jetting) were collected in sterile 1 L. glass bottles, transported to the

lab and centrifuged at 5000 rpm for 15 min to collect suspended solids and attached biomass.

Figure 2- 3 A Hydrogeological map of parts of the catchment area. Taken from Landesamt fiir

Digitalisierung, Breitband und Vermessung - http://geoportal.bayern.de/bayernatlas/.

Legend: g3 fluvial-glacial sediments, q4 morainic sediments, q1 quaternary river gravel, 2 quaternary river gravel
and sands, v3 gravel and gravelly sands of the Bavarian upper freshwater molasse

Inlay B Aerial view of the water production area facility including production wells and indicated
groundwater flow. Modified from the homepage of Wasserverband Baldham:

http:/ /www.wasserverband-baldham.de/sektionen/technik/grundstueck.gif.

C Groundwater well profile of well 2 taken from Ortner (1999).
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2.2 Biogeochemical Analyses

2.2.1 Water Properties and Chemistry

In each of the three studies, common physicochemical water properties were evaluated. Water
parameters such as pH, dissolved oxygen (DO), and specific conductivity were measured with
calibrated field sensors (Hach Company, Germany). Water for dissolved organic carbon (IDOC)
analysis and ion chromatography was filtered through 0.45 um syringe driven filter units (Merck
Millipore, Germany) and stored at 4 °C in sterile, pretreated (soaked overnight in bidest water)
glassware containing no residual carbon respectively collected in polystyrene vials for analysis by
ion chromatography (1C).

DOC samples that were not analyzed immediately were acidified using 1 M HCl to a final
concentration of 100 mM. DOC in carbon deprived, environmental samples was analyzed using
high temperature combustion with infrared detection of CO, on a TOC-V (Shimadzu, Japan)
with an ASI-V autosampler having a detection limit of 0.1 mg L. If higher concentrations were
anticipated, a TOC-5000 (Shimadzu, Japan) with a detection limit of 1 mg L.” was used based on
the same detection method (Dickson e7 /., 2007). Major cations (calcium, magnesium, potassium,
ammonium, sodium) and anions (nitrite, nitrate, chloride, bromide, sulfate) were measured on a
DX-100 (Dionex, USA) ion chromatograph equipped with a CS12 and AS14A Ton Pac columns
(Faye et al., 2005) equipped with an AS40 auto-sampler.

2.2.2 Gas Samples

Gas samples were taken either directly from leaking bubbles within the Sulzbrunn cavern,
collected into inverted bottles subsequently sealed with vinyl stoppers, or were sucked from
outside the cavern using a laboratory pump (N 86, KNF Neuberger GmbH, Deutschland) with a
flow rate of 25 mL s™' and directly transferred into gas traps and sealed with stopcocks (Rotaflo,
England). For this reason, plastic tubes were installed within the cave and placed at different
locations. Tubing volumes were exchanged 5 times before sample collection. Samples for
quantification were analyzed within two days, while those for isotope analysis were kept dark at

4 °C until measurement.
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2.2.2.1 GC-TCD/HID

For methane concentration analysis, a 100 pl. gas sample was manually injected into the gas
chromatograph (GC) (SRI Instruments, USA) at constant helium flow. Gas samples were
separated on a 6 meter 1/8" S.S. HayeSep D column (SRI Instruments, USA) at 50 °C.
Measuring time was 4 min, allowing for the recording of nitrogen, methane and carbon dioxide.
For quantification, a 5-point standard curve (10000 — 1000 ppm) was generated (R*> = 0.98) using
mixtures of N,, CH,, and CO, (all gases Linde, Germany). Measurements were taken in
triplicates. Signals were recorded simultaneously on a helium ionization detector and a thermal

conductivity detector set to high.

2.2.2.2 Isotope Analysis of Methane Gas Samples by GC-IRMS

Measuring carbon and hydrogen isotope values of sampled methane was accomplished by the
candidate with the advice of the staff of the “Environmental Isotope Chemistry” group at the
Institute for Groundwater Ecology, Helmholtz Zentrum Miinchen. Compound specific isotope
ratios were measured using a TRACE GC Ultra gas chromatograph (GC) (Thermo Fisher
Scientific; Italy), coupled to a FinniganTM MAT 253 IRMS (Thermo Fisher Scientific, Germany)
connected by a FinniganTM GC Combustion III Interface as previously described (Bergmann ez
al., 2011). The combustion oven temperature was 980 °C for carbon isotope analysis, while for
hydrogen isotopes a pyrolytic interface was used (1390 °C). The GC was equipped with a
programmable temperature vaporizer (PTV) injector (Optic3, ATAS GL International B.V ;
Netherlands) heated to 100 °C. For isotope analysis of methane, the GC was equipped with a
RT —QPLOT capillary column (30m x 0.32, Restek, USA) connected to fused-silica pre- and
postcolumns (FFS-Methyl-Sil, 2 m x 0.32 mm and 1 m x 0.32 mm, respectively; CS
Chromatographie Service GmbH, Germany). For carbon analysis, carrier gas flow was set to

1.4 mL min" and a 100 pL. sample was injected for each measurement making three
measurements per run (800 s). Gas samples were injected by hand into the heated 100 °C
injection port. Oxidation of carbon was achieved at 980 °C.

For hydrogen isotope analysis, the same settings and columns were used but carrier gas flow was
set to 1.2 mL min" and 500 plL. was injected for each measurement. The GC-oven was

programmed to permanently hold at 40 °C.
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2.2.3 Biofilm Characterization

2.2.3.1 Isotope Analysis of Biofilm Samples Using an Elemental Analyzer

Analysis via published methods (Bernstein e a/., 2010) was executed by Harald LLowag of the

b

“Environmental Isotope Chemistry” group at the Institute for Groundwater Ecology, Helmholtz
Zentrum Minchen. Isotope analysis of biofilm samples was carried out on an elemental analyzer
(EA; Euro Vector SPA, Italy) coupled with a combustion unit (Hekatech, Germany) connected
to a Finnegan Mat 253 isotope-ratio mass spectrometer (IRMS; Thermo Fisher Scientific,
Germany) to assess the carbon and nitrogen isotopic signature. Samples were lyophilized by
means of freeze-drying and then ground to powder which was weighed into tin capsules for
analysis. The temperature of the oxidation tube in the EA was 1000 °C and the temperature of

the reduction tube was 600 °C. The temperature of the combustion tube was 1480 °C. For
calibration, three different standards were analyzed in triplicate before and after the analysis of
the samples. Standards used for 8"C and 8" N calibration were caffeine (IAEA-600) and 1-
glutamic acid (USGS-40 and USGS-41). In addition, a standard was analyzed after every seventh
sample to calibrate shifts in the measurements. The caffeine standard was used for this purpose.
Equations and calculations

The isotope values generated by the IRMS for a given compound are relative to the isotopic

composition of an international standard. This isotope ratio, 0, is measured in per mil units (%o).

5x = 2xRstd » 1000

Rsta
where Ox is the isotope ratio of the investigated compound, R, and R, are the ratios between the

heavy and light isotopes in the investigated compound and in the international standard.

2.2.3.2 Trace Elemental Analysis

Peter Grill and Prof. Dr. Bernhard Michalke of the “Research Unit Analytical
BioGeoChemistry” at the Helmholtz Zentrum Miinchen executed this published method. In
brief, freeze-dried sample material was extracted by means of ashing under pressure at 170 °C in
a Seif device with HNO; respectively with tetramethyl ammonium hydroxide (TMAH) for the
determination of iodine. Elements in the extracts were determined using ICP-OES (inductively

coupled plasma optical emission spectrometry) (Schramel, 1994)
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2.3 Microbiological and Molecular Analyses

2.3.1 Coliform Screening on Commercial Agar Plates

Screening for coliform bacteria in drinking water, sampled directly at drinking water wells, was
done by filtering 100 mL of the liquid sample onto Endo KS plates (Sartorius, Germany) which
were incubated at 36 °C for 24 hours (EC Council Directive 1998).

2.3.2 Estimating Active Microbial Biomass via Adenosine Triphosphat
(ATP) Measurement

Viable microbial biomass was estimated from ATP concentration as determined in water samples
and cell suspensions attained from the mineral colonization experiment. Cellular ATP was
measured using the BacTiter-Glo Microbial Viability Assay reagent (Promega Corporation, USA)
and a luminometer (Glomax, Turner Biosystems, USA) following a modified protocol of
Hammes e al. (2010). The ATP bioluminescence assay uses the reaction of the substrate luciferin
catalyzed by the luciferase enzyme requiring ATP, oxygen and magnesium ions resulting in the
emission of photons. Emitted light is measured quantitatively and correlated with ATP extracted
from the microbial community. All reagents and samples are warmed to 38 °C prior to the
measurement. A standard curve from 16.5 nM to 16.5 fM of ATP (Promega, USA) was used for
calibration.

To measure total ATP, 1 mL of water sample and 50 uL. of BacTiter-Glo reagent containing
ATP releasing agents and the luciferase were mixed in sterile 2 mL reaction tubes (Eppendorf,
Germany). After one minute of incubation at 38 °C, luminescence was measured. Extracellular
ATP was measured by centrifuging aliquots of the same water sample at 7500 g for 20 min. The
incubation and measurement procedure was repeated for the supernatant, which represented the
cell-free ATP concentration in the water sample. Data were collected as relative light units (RLU)
and further converted to ATP [M] by means of a calibration curve with known ATP standard
concentrations (Roche, Germany) The conversion factors taken to calculate active biomass from
ATP concentration were: 1 ng mL" ATP equals 250 ng mL" cell carbon and 2.95 x 10” nmol
ATP relates to 1 um’ biovolume of a microbial cell (Hammes ez 4/, 2010). Finally, the cell carbon

of a microbial cell from groundwater was set to 20 fg C for calculations (Karl, 1980).
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2.3.3 Fluorescence In Situ Hybridization (FISH) with Labelled
Oligonucleotide Probes

Samples from the Sulzbrunn cavern were immediately fixed with 4 % formaldehyde, pH 7 (2 g
Paraformaldehyde in 50 mL PBS, 1N NaOH to adjust pH) for at least 12 hours and
subsequently stored at 4 °C. After incubation, liquid samples were spun down (10 min 4000 g),
the supernatant was discarded and fixed cells were resuspended in 500 pl. 1X PBS. This was
repeated two more times to ensure the removal of formaldehyde. Finally, samples were
resuspended in a 1:1 mix of EtOH and 1x PBS. Glass slides were rinsed with H,O bidest, dried
and dipped into a prewarmed (70 °C) gelatin solution (0.1 % w/v gelatin and KCt(SO,),x12H,0)
and then air-dried, enhancing the adherence of samples. Biofilm samples were fixed in a
formaldehyde solution (4 %, pH 7) which was removed after 14 hours with a pipette and
samples were washed with PBS (1X, pH 7.6) prior to embedding (see 2.3.4).

All subsequent steps were performed swiftly to avoid temperature fluctuations and unnecessary

exposure of the probes to light.

Hybridization

Formamide concentration in the hybridization buffer (Table 2- 2) was adjusted to the salt
concentration of the washing buffer (Table 2- 3). 10 uL of the liquid environmental sample was
put on the prepared glass slide and dried at 37 °C. Frozen biofilm sections were also dried at

37 °C.

In order to further dry out the cells, sample preparation required soaking the samples in an
ethanol series with increasing concentrations (50, 80, absolute) for 3 minutes each. Samples were
dried and 9-18 pL. (depending on sample dimensions) of pre-warmed (37 °C) hybridization
buffer were spread on the specimen followed by incubation at 46 °C for 15 min in the
hybridization oven (HB-1000 Hybridizer, UVP, USA). For this, glass slides were put into 50 mL
tubes (Falcon, Becton-Dickinson, USA) and filled with clean, moistened paper towels. After

15 min, 1-2 uL of the specific probe were quickly added keeping the glass slide warmed on a
heated metal block. Samples were then hybridized for 2 hours at 46 °C.
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Table 2- 2 Hybridization buffer taken from Manz ¢# a/. (1992)

Final concentration in

Reagent Volume hybridization buffer
Formamide concentration [%o] Depending on probe
5 M NaCl 360 pl. 900 mM

1M Tris HCI 40 uL. 20 mM

20 % SDS, (w/v) 1 uL 0.01 %

H>O bidest Add to 2 mL

Washing Procedure

Plastic tubes were filled with washing buffer (Table 2- 3) and warmed to 48 °C in a water bath.
Specimens were removed from the oven, immediately rinsed with washing buffer, then
immersed in pre-warmed 48 °C washing buffer for 15 minutes. Finally, they were rinsed with
deionized water and dried. If needed, samples were counterstained with 10 uL. DAPI solution

(1 ug mL™") and incubated for 10 min at room temperature. The staining solution was washed off
again with deionized water. To prevent rapid photo bleaching, dried samples were embedded in
Citifluor (Citifluor Ltd, U.K) and fixed with a cover glass. Samples were either directly used for

microscopy ot stored at -20 °C in the dark.

Table 2- 3 Washing buffer for a hybridization reaction using 35 % formamide

Formamide concentration [%b] 35
5M NaCl [pL] 700
TRIS / HCI buffer [uL] 1000
EDTA 0.5 M pH 8 500
20 % SDS, (w/v) [nL] 25
H>0 bidest [mL] add 50

Table 2- 4 Names and position, nucleotide sequences, targeted organisms and references of FISH probes

used
Probe Position Formamide  Sequence 5'-3' Specificity Reference
name * Conc. [%]
s w0 SOSEE s Dm0
mmsn s 0w SO g, Dl

49



MATERIAL AND METHODS

ARCH345 345 0-30 Gg %g}g(gccgg(} o Récéggh
ARCHOY15 915 0-30 ng((;:g%:gcCT Archata Stahl (1991)
ARCH1044 1044 0-30 gg\?(/ %f(\; (g%é Arhaoa Régglgh
o
GAM42a 1027 35 %i%?(;CTC% Gammaproteobacteria M?lngz 93‘)4/'
ww s n GeSImC e ke
Mgt a1 - T

* Positions refer to the 16S rRNA gene numbering of E.coli (Brosius ¢f a/., 1978)
Further details on oligonucleotide probes are available at probeBase (Loy ef 4/, 2003)

Probes EUB338 I, EUB338 II, and EUB338 III (Table 2- 4) were used in equimolar
concentrations as “EUBMix”. Probes ARCH345, ARCH915, and ARCH1060 wete used in
equimolar concentrations as “ARCMix”. Probes Mg705 and Mg84 were used in equimolar
concentrations in “MgMix”. The specified probes were labelled with the fluorescent dyes
RhodaminGreen, DyLight 488, Cy 3 or Cy 5, as synthesized from Furofins (Germany) as well as
FITC and Cy3 (Biomers, Germany)

2.3.4 Cryosection - Biofilm Sections at the Micrometer Scale

For spatial analysis, biofilms were embedded in an O.C.T. compound (Sakura Finetek Europe
B.V., Netherlands) and stored frozen at —20 °C until cryosectioning and further analysis.
Cryosections were performed on a Cryostat (Leica CM 1860 UV, Leica Biosystems, Germany) by
cutting slices of 10-25 um thickness at a -20 °C working temperature. Those were then
transferred onto poly-l-lysine coated microscope slides, ait-dried and again stored at -20 °C until

further analysis.

2.3.5 Image Acquisition using Epifluorescence Microscopy and Electron

Microscopy

2.3.5.1 Epifluorescence microscopy of biofilms

Images of fluorescently labelled samples were obtained using an epifluorescence microscope

with Apotome (Zeiss Imager Axiolmager.Z1) with an 80 x Neoplanar objective. For excitation
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of the fluorophores (Table 2- 5), a mecury lamp (Xcite 120, Olympus, Germany) was used.
Pictures were recorded with a 5 mega pixel digital camera (Zeiss AxioCam MRc5) and optical
sections were acquired using a confocal laser scanning microscope (Zeiss LSM 510 META,

Zeiss, Germany) equipped with 488 and 633 nm laser lines.

Table 2- 5 Fluorophotes and filters used for epifluorescence Microscopy

Fluorophore Ex / Em Filter Excitation S?)Tiii?t Emission
DAPI 359 / 457 49 G 365 FT 395 BP 445/50
Dy488 /FITC 493 / 518 95 TBP 40507(4)- 495 + ’glggils()gg- TBP 46602;- 530 +
Cy3 549 / 562 43HE  BP550/25(HE) FI'570(HE) BP 605/70 (HE)
Cy5 646 / 664 50 BP 640 / 30 FT 660 BP 690 / 50

2.3.5.2 Scanning Electron Microscopy (SEM) of Mineral Coupons

Handling and image acquisition was carried out by Dr. Marianne Hanzlik from the Institute of
Chemistry at the TUM in Garching. Mineral surfaces were scanned for indications of bioleaching
and microbial colonization. Samples were rinsed with 0.2 pm filtered water, then frozen at -20 °C
and subsequently air dried before investigation. Samples were sputtered with gold (Bal-Tec
SCDO005 Sputter Coater, Liechtenstein) for 70 seconds. The ~3 nm resolution microscope

(JEOL JSM-5900LV, Japan) was equipped with an EDX detector which allowed for an

elemental analysis of the samples.

2.3.6 Counting Microbial Cells Applying Flow Cytometry

Measurements were conducted by the author with the help of Nina Weber, a technician at the
IGOE. Environmental samples were fixed with a 25 % glutardialdehyde solution to a final
concentration of 2.5 % and stored at 4 °C. Samples were further processed as described in
Hammes ¢ a/. (2008). In brief, counting beads (TrueCount Tubes, Becton-Dickinson, Germany)
were dissolved with 1 mL sterile filtered 1x PBS to a final concentration of 49800 beads mL",
vortexed and added for standardization. A 250 uL aliquot of the bead suspension and 3 pL. of
SybrGreen (conc. 1000x) was added and mixed to each environmental sample (1 mL) and a
control, containing only PBS buffer. Samples were then incubated for 15 minutes in the dark.
Before measurement, abiotic particles had to be removed via a filter top system (CellTrics Partec,

Germany). Total cell counts were quantified in a flow cytometer (Beckmann Coulter FC 500,
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USA) equipped with a 488 nm and 633 nm laser. Each sample was always measured in duplicates

and counted until 200 beads were counted in each sample.

2.3.7 Biolog - Community-Level Physiological Profile (CLPP)

This method provides a community-level approach for assessing patterns of carbon source
utilization in mixed microbial communities. An inoculum was prepared by cleaning three surface
coupons into a plastic tube with a sterile electronic toothbrush for 30 seconds and then rinsing
with 0.2 pm filtered groundwater before collecting a 10 mL cell slurry. The toothbrush was
washed again with 80 % ethanol and subsequently thoroughly rinsed with water (bidest).
Bacterial biomass was estimated employing ATP concentration measurements. The inoculum for
the carbon utilization assay was normalized by diluting the samples to equal starting
concentrations based on measured ATP concentration.

Sample slurries taken from the mineral surfaces were inoculated to microtiter plates (Biolog™
Ecoplate, Biolog Inc., USA) composed of 96 wells containing 31 different sole carbon sources
and nutrients plus controls without a carbon source in triplicates. Through direct inoculation of
the environmental samples into the microtiter plates, a color formation from the reduction of a
tetrazolium dye was generated. Oxidation of the carbon source is indicated by the reduction of
2,3,5-triphenyl tetrazolium chloride (TIC) to the colored, insoluble formazan. To assess
utilization of the separate sole carbon sources, plates were inoculated with 150 uL of the
normalized sample and incubated at 16 °C. The development of color was measured
spectrophotometrically at 595 nm on a VICTOR3 plate reader (Perkin Elmer, USA) periodically,
for 5 days (132 hours). The plate reader started by shaking the plate and measured each well in
duplicates. Well color development was calculated by subtracting the absorbance of the control
wells filled with no additional carbon substrate from the respective absorbance value. Median
values were taken for the two measurements of the three well replicates (n=6). The well color
development (Garland & Mills, 1991) was calculated for each time point measurement taking
median values of the corrected absorbance values of each plate. Calculations were similarly

performed for carbon sources which were grouped into chemical guilds as suggested (Zak ef al.,

1994, Preston-Matham e7 a/l., 2002) and diversity indices were calculated (see data 2.4.2).

2.3.8 DNA Extraction

A modified extraction protocol based on Lueders ez 2/ (2004) was used for water and sediment

samples. Cave biofilms were pretreated specifically (Cury & Koo, 2007) to interrupt the EPS
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matrix. 1-2 g samples (wet weight) were mixed with 7 mL sterile filtered 1x PBS and the
supernatant was carefully removed after 5 min. The samples were then re-suspended with 7 mL
PBS, vortexed for 30 s, sonicated for 30 s (35 kHz, Sonorex RK102; Bandelin Electronic GmbH
& Co, Germany) and subsequently the sample was centrifuged 10 min at 5500 g at 4 °C. The
supernatant was then removed and the previous three steps (vortex, sonicate, centrifuge) were
repeated two more times. Finally, 500 uL of the cell slurry was transferred to a bead beating cup
and processed as described for all other samples.

Solid samples were weighed and 0.2-0.4 g of a sample (wet weight), or cut water filter
respectively (Corning, USA) with filtered sample material was added to bead beating cups filled
with 0.2 mL of a 1:1 (v/v) mixture of 0.1 mm zirconia/silica beads and 0.7mm zirconia beads
(Biospec Products Inc., Bartlesville, USA).

750 uL. PTN butffer (pH 8) containing 120 mM NaPO,, 125 mM Tris-HCI and 25 mM NaCl,
were vortexed for 10 s and subsequently 40 ul. lysozyme with a concentration of 50 mg mL " in
1x TE (10 mM Tris-HCl and 1 mM EDTA) as well as 10 uL. Proteinase K (10 mg mL." in 1x TE)
were added. Samples were then mixed manually and incubated at 37 °C for 15 min in a
Thermomixer (Eppendotf, Germany). An additional 100 uL. of 20 % (w/v) sodium dodecyl
sulfate (SDS) was added and again incubated this time at 65 °C by shaking at 500 rpm for
another 15 min. The cells were lysed using a combination of the phenol chloroform extraction
and bead beating. In all of the subsequent steps, the samples were kept on ice during handling.
All chemicals used were molecular grade from Sigma-Aldrich (St. Louis, USA), if not stated
otherwise. A 100 uL. phenol-chloroform-isoamylalcohol (25:24:1, pH 8) (PCI) solution was
added followed by a first round of bead beating. Bead beating was performed on a cell disruptor
(FastPrep24, MP Biomedicals, USA) for 45 s at a setting of 6 m's . After centrifugation (5 min,
4 °C, 6000 g), 600 pL of the supernatant was stored in a separate vial and the remaining sample
was mixed with up to 300 uL. PTN and again extracted via bead beating for 20 s at 6.5 m s™'. The
suspension was again centrifuged and 300 uL of the resulting supernatant was pooled with the
previous. Further extraction was accomplished by vigorous shaking with an equal volume of PCI
(25:24:1, pH 8) and the phases were separated again by centrifugation (4 min, 4 °C, 12000 g). To
remove the phenol, the liquid phase was transferred to a Phase Lock Gel Heavy 2 mL vial (5
Prime, Germany) and mixed with an equal volume of chloroform-isoamylalcohol (24:1) followed
by centrifugation (4 min, 4 °C, 12000 g). Afterwards, the DNA from the extracted liquid phase
was precipitated by mixing with two volumes of 30 % (w/v) PEG solution (polyethylene glycol
6000, 1.6 mM NaCl). Samples were then stored for a minimum of 6 hours at 4 °C and

subsequently centrifuged for 2 hours at 4 °C and 12000 g. The DNA pellet was then washed
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with ice cold 70 % (v/v) ethanol, air dried and dissolved in 25-40 pL elution buffer (Qiagen
GmbH, Germany), depending on the expected yield.

2.3.9 Polymerase Chain Reaction (PCR)

Preparation and mixing of the reagents and sample DNA were performed under sterile
conditions (UV Box, UVP, USA), reagents were kept on ice.

The PCR was scaled to 50 pL. comprising of 5 uL. of 10 x PCR buffer, 3 pLL of 1.5 mM MgCl,,
0.5 ul. of 0.1 mM dNTPs, 0.25 pul. (5 units pl. ') of recombinant Taq polymerase (all from
Thermo Fisher, USA), 0.5 uL. of 0.2 ug ul. "' bovine serum albumin (BSA) (Roche, Germany),
0.3 uL of each primer (50 uM) (Biomers, Germany) and 1 uL. of template DNA. For primers see
Table 2- 6 and for temperature profiles Table 2- 7.

2.3.10 Gel Electrophoresis and Amplicon Purifaction

DNA extracts quality and integrity was inspected by gel electrophoresis. 5 pl. of raw DNA
extract was mixed with 1 uL. of loading dye (Thermo Fisher, USA) and applied to a 1.5 %
agarose gel. Gel electrophoresis was done with 1x Tris-acetate-EDTA (TAE) buffer at 90 V and
150 W for 45 minutes. Afterwards, the gel was stained for 10 minutes with 3 % GelRed
(Biotium, USA) and DNA bands were visualized under UV light. The same procedure was
followed to visualize amplified DNA. Clearly visible bands of the expected size and lack of
contamination by humic acid were used as criteria for further usage of the amplicon.

Amplicons were purified of primers, nucleotides, enzymes, salts and residual impurities with the
commercial PCRExtract kit (5SPRIME, Germany). This kit contains a silica membrane binding

DNA in a high-salt buffer and elution with a low-salt buffer or water.

Table 2- 6 Primer names and amplification direction, nucleotide sequences, targeted organisms or

functional genes and original reference of primers used in PCR and qPCR

Name v At e s

direction Sequence 5' - 3 Specificity Reference
21 AGA GTT TGA TCM TGG CTC AG 168 rRNA most Bacteria (Smalol 52
forward* Giovannoni,
907x CCG TCA ATT CCT TTG AGTTT 165 tfRNA most Bacteria Amann ¢ al.
reverse (1992)
f:gzrse TAT TAC CGC GGC KGC TG 16S tRNA most Bacteria Lane (1991)
Arl09f ACK GCT CAG TAA CAC GT 16S tRNA most Archaea Whitehead &
forward Cotta (1999)
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Ar912rt
reverse*

Euk20£*

Euk516r

A189f
forward*
mb661
reverse
A682
reverse
mxaf1003
forward
mxar1561
reverse

V170f

V613b

cmuA929f
forward
cmuA1669r
reverse
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CTC CCC CGC CAATTC CTT TA

TGC CAG TAG TCA TAT GCT
TGT

ACCAGA CTT GYCCTCCAAT

GGN GACTGG GACTTCTGG

CCG GMG CAA CGT CYTTACC

GAA SGC NGA GAA GAA SGC

GCG GCA CCA ACT GGG GCT
GGT

GGG CAG CAT GAA GGG CTC CC

GGA TWG ATT GGA AAG ATM G

GCA AAR CTY CTC ATY GTW CC

AACTAG CTG CTG AGG TTG
GCT AYA AYG GNG G
CAA CGT ATA CGG TGG AGG
AGT TNG TCA TNA C

165 IRNA most Archaca Frilggreicclﬁrzz(?;OO)
188 rRNA Most Eukarya K"Wﬁ;hg‘% et al.
18S tRNA Most Eukatya A“E’i‘gfglof;f al,
pmoA Ho?ln9€955§f al,
ot s
pmoA, amoA Hotrlngegssif al.
methanol dehydrogenase
methanol dehydrogenase MCD(‘;;;S et al

pmoA Methylacidiphilum

pmoA Methylacidiphilum

Methyltransferase /
corrinoid-binding
Methyltransferase /
corrinoid-binding

Sharp e al. (2012)

Sharp e al. (2012)

McAnulla ez 4.
(2001a)
McAnulla ez 4.
(2001a)

* indicates FAM labelled primers used in T-RFLP

Temperature Profiles

Amplification reactions were performed on preheated thermal cyclers using either a

Mastercycler EP Gradient (Eppendorf, Germany) or a SureCycler 8800 (Agilent, USA).

Table 2- 7 Temperature profiles and the number of cycles used in Polymerase Chain Reactions

Amplicon 16S rRNA 18S rRNA mxaF pmoA cmuA

Inital = 94°C5min  94°C5min  94°C5min  92°C5min 94 °C 5 min

denaturation

28 Bact.

Number of cycles 30 Areh. 28 28 25 30

Denaturation 94 °C 30 s 94 °C 30 s 94 °C 60 s 94 °C 60 s 94 °C 60 s

Annealing 52°C30s 55°C30s 55°C 60 s 55°C 60 s 55°C 60 s

Elongation 72 °C 60 s 70 °C 60 s 72°C 60 s 72°C 60 s 72 °C 60 s

Final elongation 70 °C 5 min 70°C5min  72°C5min 72 °C 5 min 72 °C 10 min

Reference DK/E?;B& Costello & Miller e# al.
(2005). Lidstrom (1999) (2004)
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2.3.11 Terminal Restriction Fragment Length Polymorphism (T-RFLP)
Fingerprinting

The bacterial, archaeal, and eukaryotic community were analyzed by 16S and 18S rDNA gene-

targeted terminal restriction fragment length polymorphism (T-RFLP) fingerprinting (Liu ef al.,

1997) with primers specified (Table 2- 6). Forward primers were labelled at the 5’ end with

6-FAM (6- carboxyfluorescein), which has a maximum absorbance at 492 nm and emission

maxima at 517 nm, binding to the amplified DNA. PCR was conducted as described above
(2.3.9).

Restriction

In total, 2 volume of 8.7 ul. amplified DNA (9.2 ng ul.") was cut by adding 0.3 pl. restriction
enzymes (10 units pl.") and 1 pL. buffer (all Thermo Fisher, USA) and incubating the mixture for
2 h at 37 °C (bacteria, eukatya) or 65 °C for archaea. The restriction enzymes used were Mspl
and A/ul for bacteria (Liu ez al., 1997), and Bsh12361 for eukarya (Euringer & Lueders, 2008).
Restriction of the amplified and labelled p7o.A4 genes was performed using Mspl and Hhal
(Costello & Lidstrom, 1999).

Fragments were subsequently desalted with DyeEx 2.0 Spin Kit columns (QIAGEN, Germany).
Aliquots of 1 and 3 puL. were combined with a mixture of high definition formamide and 6-
carboxy-X-rhodamine-labeled MapMarker 1000 ladder (BioVentures, USA) in a 1:400 dilution.
Fragments were denatured at 95 °C for 5 min and stored in the fridge (4 °C) until fragment
analysis.

Automated fragment electrophoresis was performed at the genome analysis center, where
fragments were separated by capillary electrophoresis on an ABI 3730 DNA analyser (Applied
Biosystems, Germany). Electrophoresis was executed with POP-7 polymer in a 50 cm capillary
array under the following conditions: 10 s injection time, 2 kV injection voltage, 7 kV run
voltage, 66 °C run temperature and 63 min analysis time.

The electropherograms were then evaluated with the Gene Mapper 5.1 software (Applied
Biosystems, Germany) and T-RFLP data was analyzed with the online T-RF analysis software
T-REX (Culman e# al., 2008). Background noise filtering (Abdo e# al., 2006) selected all peak
heights above *1 of the standard deviation and the clustering threshold for aligning peaks across
the samples was set to 2, binning all peaks within two base pairs. Relative T-RF abundance was
inferred from peak heights. For reduction of data complexity, T-RFs that occurred in less than

5 % of the samples were excluded from further analysis.
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2.3.12 Quantitative PCR (qPCR)

To estimate bacterial gene abundance of samples from the Sulzbrunn cave, qPCR was prepared
for 16S rRNA genes with a Stratagene MX3000P qPCR cycler (Agilent, USA). Gene copy
numbers per DNA extract were measured for three dilutions in triplicate. Dilution factors were
1x10°, 1x10" and 1x10”. Quantitative PCR was performed using the PCR settings described
above (1.1.1) while also adding the fluorescent dyes SybrGreen (0.25 uL. 1/500) for DNA
detection and ROX (0.75 uL. 1/500) (both Life Technologies, USA) for equilibration and adding
2 puL sample instead of 1 pL.. Quantitative PCR was performed at an initial denaturation
temperature of 94 °C (3 min) followed by 40 cycles of denaturation (94 °C, 30 s), annealing

(52 °C, 30 s) and elongation (70 °C 30 s), and subsequent denaturation (95 °C, 1 min),
reassociation (55 °C, 30 s) and a dissociation ramp (55 °C to 95 °C, 30 min). The specificity of
the PCR products was verified by melting curve analysis. A full length 16S rRNA of Azoarcus sp.
strain T, with a known concentration, was used in a dilution series between 1x10” and 1x10"
molecules per uL as a standard curve to convert measured threshold cycles to rRNA gene copy

numbers (Kunapuli ez 2/, 2007).

2.3.13 Amplicon Pyrosequencing

2.3.13.1 Amplicon Pyrotag PCR

Barcoded amplicons were generated for forward and reverse reads with the same PCR
conditions as specified (Table 2- 7). Primers were fused with A or B adapters (for forward and
reverse discrimination) and multiplex identifiers (MID), a small barcode sequence (Roche,
2013b). PCR products were purified with the NucleoSpin clean-up kit (Macherey - Nagel,
Germany) and Agencourt AMPure magnetic beads (Beckman Coulter, Germany) as specified by
the manufacturers. Amplicons were extracted twice with 20 uL. 1x TE buffer. After the first
purification a second purification step was necessary to guarantee the removal of all short
fragments. Furthermore, each amplicon was checked for primer dimer contamination and
correct fragment size using the Bioanalyzer2100 (Agilent, USA) by loading High Sensitivity DNA
assay chips (Agilent, USA), as described by the manufacturer.

The PicoGreen® dsDNA quantification assay (Life Technologies, USA) was used to exactly
measure amplicon quantity based on standard curve concentrations (2.5, 2, 1.5, 1, 0.5, 0.1, 0.05
and 0 pg/mL). Samples were measured in two dilutions and each in duplicates with the
Stratagene MX3000P qPCR cycler (Agilent, USA).

All amplicons were diluted to 1x 10” molecules pl. ' by applying the following equation:
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+ 23
o= \/ var,, tvar molecules pL' = sample conc; [ng/uL] . 6.022 10
2 656.6 10 amplicon length [bp]

where 6.022 x 10% is Avogadro’s number in molecules mol ', and 656.6 is the average molecular

weight of nucleotide pairs, in g mol”" (Roche, 2013b).

Samples with differing MIDs (20-26 samples) were then pooled for subsequent emulsion PCR
(emPCR). Pooled amplicon libraries were then diluted to 1x 10" molecules ul.". emPCR and
sequencing was done by Katrin Hérmann (Molecular Ecology, IGOE, HMGU) as
recommended by the manufacturer in the emPCR Method Manual (Roche, 2013a). To find the
best bead enrichment percentage (8 %) for plate loading, emulsion titration was done before
each run in three different concentrations. For emulsion PCR, capture beads were loaded with
amplicons, amplification mix and emulsion oil was added. To ensure encapsulated PCR
amplification for every bead, the emulsion was established by shaking with a tissue lyser before
amplification. Beads were washed and recovered and amplicon bearing beads were bound to
magnetic enrichment beads that retained the beads with the amplified DNA on a magnet. In this
step, beads without amplified material are removed with the surrounding buffer. Finally,

sequencing primers for forward and reverse reads were annealed to the amplicons.

2.3.13.2 Pyrosequencing

Sequencing itself was done by the EGEN research unit environmental genomics at the HMGU,
with a 454 GS FLX pyrosequencer and Titanium chemicals (Roche). Amplicons fixed to DNA
beads were mixed with packing beads and filled into the picoTiterPlate (PTP) in between two
layers of enzyme beads. A layer with PPiase beads preventing interferences between wells was
placed on top. Next, sequencing took place with 100s automated rounds of alternating additions
of either dATP, dTTP, dGTP or dCTP and washing. Each successful incorporation of a
nucleoside resulted in the release of PPi which was then coupled to adenosine 5” phosphosulfate
by ATP sulfurylase. ATP, in turn, was hydrolysed again by luciferase and a fluorescent signal was

emitted indicating base by base the nucleotide sequence of the amplicon (Margulies ez al., 2005).
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2.4 Data Processing

2.4.1 Processing Pyro-tag Sequence Reads

Raw data was transformed to conventional sff files using a linux script written by Marion Engel
(EGEN, HMGU). Data analysis was performed either using a protocol developed in-house
(Pilloni e7 al., 2012) or via the mothur pipeline (Schloss ez af., 2009).

2.4.1.1 In-house Pipeline (Pilloni et al., 2012)

Sequences from pooled amplicon libraries were de-multiplexed according to their sample and
primer barcode, generating fasta and qual files which were further used to trim data with respect
to its quality scores using the TRIM function of the GreenGenes web application (DeSantis et al.
20006). Default settings (good quality threshold: 20, window size: 40, percentage: 90) were
applied. Sequences shorter than 250 base pairs (bp) were eliminated with BioEdit (Hall 1999).
These sequences were then classified by the web application RDP classifier (Wang et al. 2007).

Contig Assembly and TRF Prediction

Sequences were split into forward and reverse reads in BioEdit using primer nucleotide
information. “Contigs” were assembled from overlapping reads of closely related taxa in each
single sample with SEQMAN II (DNAStar, USA) using an assembly threshold of 98 % sequence
similarity in a window size of 50 bp. Contigs containing at least one forward and reverse read
were used for further analysis. The generated sequences were again submitted to the RDP
classifier (Wang et al. 2007) after setting the taxonomic classification threshold to 80 %. T-RFs
were computed with TRiFLe (Junier et al. 2008) based on contig sequences, specifying primer

sequences and restriction enzymes used for original T-RFs.

2.4.1.2 Mothur Pipeline

Processing of sff files was conducted with the software “mothur” (Schloss ez a/., 2009). The
standard script (Schloss 7 /., 2011) was modified. In brief, flowgrams were denoised using the
implemented PyroNoise algorithm (Quince e al., 2011), by setting the flow length to 360 and
720 flows, and then allowing two primer differences and one difference in barcode sequences.
Next, sequences were trimmed selecting only sequences longer than 250 bp, with less than 8
homopolymers, allowing only one primer mismatch. Sequences were aligned to the SILVA-
compatible alignment database. Sequence artifacts were identified with the implemented
Chimera.uchime (Edgar ¢f a/., 2011) and removed. Remaining sequences were binned into

operational taxonomic units (OTUs) at a 97 % sequence similarity cut-off, using the average
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neighbor-clustering algorithm. Figure 3- 12 shows the pyrosequencing results obtained from the
Sulzbrunn cavern system prepared with Krona, an interactive visualization program (Ondov e#

al, 2011).

2.4.2 Data Handling of Substrate Utilisation Assay

Absorbance values at 595 nm were used to evaluate the well colour development over time
(Garland & Mills, 1991). Measurements for each plate at the beginning of the experiment (t0)
were used as blank values. The median value of replicate well measurements (n=3) and repeated
measurement after vigorous shaking (in total 6 values) was computed for each well. For each
median substrate value, the median blank value of water was subtracted. Negative values were set
to zero. Well colour development was calculated by taking the sum of all absorbance values
(n=31) for each time point. Error bars for the well colour development plots (Figure 3- 2) were
comprised of the standard deviations of all measurements. Diversity was expressed either as

substrate use richness, by counting all positive well values or as Shannon diversity (H') index

H' = -X p, In p, (Shannon, 1948), where p; is the proportion of a measured value belonging to the

i value in the dataset.

2.4.3 Multivariate Analysis

All calculations were performed using the open-source platform R (version 3.1.0) and several of
the available packages. The vegan package (Oksanen ez 4/, 2013) was especially used to calculate

diversity indices and perform ordination techniques as described below.

2.4.3.1 Principal Coordinate Analysis (PCA)

PCA was used for the ordination of T-RFLP data of p#oA fragments as well as the
pyrosequencing results acquired in the well restoration field sampling. A PCA transforms
variables into new uncorrelated variables called principal components or factors. Multivariate
datasets can be reduced to a few components to find patterns or structures. The scores for each
object on each component are called z-scores (Quinn & Keough, 2002). Within the PCA plot,
the eigenvalues of parameters (e.g. abundance of OTUs) are depicted as vectors. The directions

and length of a vector represent the correlation with the principal component (Ramette, 2007).

2.4.3.2 The Additive Main Effects and Multiplicative Interaction Model (AMMI)

This double-centered PCA, implemented in the T-REX software (Culman e a/., 2008), using

used to find differences in the T-RFLP dataset of the microbial communities sampled from the
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mineral surfaces. First, an ANOVA is calculated to estimate the variation of captured or minimal

assumptions about the data. AMMI creates an interaction matrix by removing sources of

variation (Gauch Jr, 1992).

2.4.4 Network Construction and Network Analysis

A network was constructed using the open-source platform Cytoscape (version 3.1.1.) and the
CONET plugin (Faust e al., 2012). The cave biofilm community dataset generated with pyro-tag
sequencing was used to find possible interactions partners at the family level. The network was
constructed following the description of Faust e a/. (2012). In brief, the data matrix containing
relative abundance at the family level was filtered to remove all taxa appearing in less than 5
samples and was then normalized for each sample. Four measures of correlation or dissimilarity
(Pearson, Spearman, Kullback-Leibler, Bray Curtis) were calculated to compute pair-wise scores.
The top and bottom 100 edges were kept for each measure. The network was recomputed with
1000 permutations. Next, 1000 bootstrap matrices were computed by sampling columns of the
original matrix with replacement, thereby constructing confidence intervals around the edge
scores. Edges with scores below the 95 % confidence interval were discarded. A measure- and
edge-specific p-value was obtained from a Gauss curve defined by the mean and standard
deviation of the bootstrap distribution. Variances of the bootstrap and permutation distribution

were pooled by taking the standard deviation of the null distribution into account.

d — Va'rboot + Varpemnut
S pooled 2 )

Moreover the p-value was computed as:

p-val = pnorm(mean mean=mean,, sd= sd,,.q)

permut>

High p-values correspond to negative relationships (low similarities and high distances) and were
converted into low p-values by computing 1 - p-value for all p-values above 0.5.

Each edge is supported by a set of measure-specific p-values, which are dependent, since the
measures are correlated. P-values were merged with the Sime's method (Dai ef a/., 2012), which
kept the minimum p-value as the merged p-value of the edge. Merged p-values were then
corrected for multiple hypothesis testing using the false discovery rate control (Benjamini &

Hochberg, 1995). Edges with p-values above a confidence interval of 0.05 were discarded.
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3 Results

The experiments and field studies described here provide insights into the multifaceted
appearance and role of biofilms in groundwater ecosystems. This thesis focuses on the analysis
of microbial communities based on established fingerprint methods such as T-RFLP and state-
of-the-art community sequencing. These molecular tools were used to target marker genes, such
as the 16S rRNA of bacteria, 18S rRNA of eukaryotes and functional genes like p7zoA for
methane oxidizing bacteria. Additional parameters e.g. water chemistry, elemental composition,
gas concentrations and isotope signatures were analyzed to understand the ecological niches
within these biofilm communities. Datasets were mined using multivariate statistics and results
are presented in integrative plots and tables. Images from epifluorescence microscopy and

electron microscopy (EM) are provided for an additional discussion of biofilm features.

3.1 Mineral Surfaces Attachment Experiment

The experiment was set up in a mesocosm system equipped with mineral coupons to grow near
natural biofilms. Groundwater was pumped from a depth of 16 meters from an aquifer in the
Munich gravel plain. The water was filled from a thermally isolated reservoir (Figure 3- 1) at the
surface to ensure constant water flow. Subsequently, the groundwater was fed into the
mesocosm using a peristaltic pump (Ismatec, Switzerland), applying low in situ flow velocities. A
characterization of the physicochemical parameters of the groundwater is presented in Table 3-
1, followed by a microbiological analysis of the seeding community and the biofilm communities

growing on the mineral coupons after 15 months.

3.1.1 Water Analyses

Tertiary groundwater pumped at high rates (~490 L. h™") into the first container displayed
constant physicochemical parameters throughout the year (Table 3- 1). The water was
oxygenated and had a circum-neutral pH and constant temperature. Dissolved organic carbon in
the groundwater was low (0.5 mg L") and was only marginally higher in the outflow of the
mesocosm (1.1 mg L"). Groundwater was pumped through the mesocosm with a constant flow

rate of 1.6 L h”', which corresponds to a mean residence time of 1.7 hours.
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Groundwater extraction

1.

Pump
Depth: 16 m

Figure 3- 1 A schematic representation of the experimental setup including: (1.) the extraction pump, (2.)
the water reservoir on the surface, (3.) a 4-channel peristaltic pump in the well pit and (4.) the

experimental mesocosm box.

Table 3- 1 Physiochemical water characteristics of the groundwater collected over 2 years (mean % sd,

n=29)
Sample pH Oxygen [mg L] EC[ uS cm™] Temperature [°C]
Groundwater 7.7+0.2 63+ 04 542 + 1 122+ 0.3

A comparison of major ion concentrations in the groundwater and water sampled from the
mesocosm showed only little differences (Table 3- 2). Nitrate and sulfate concentrations were
relatively high compared to that of other essential nutrient sources measured as nitrite,

ammonium and phosphate, which were negligible in both systems.
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Table 3- 2 Concentrations of major ions in groundwater and mesocosm water samples (mean T sd, n=8)

Ion species Groundwater Mesocosm
Nat [mg L] 6.212.8 6.312.5
NH;* [mg L] <0.01* 0.1£0.1
K* [mg L] 1.0£0.03 1.0£0.04
Mg?+ [mg L] 28t4.4 26.614
Ca?* [mg L] 68.8+3.9 61.8+9.7
Cl' [mg L] 13£1.8 14.8+3.6
NO [mg L] <0.01* 0.01
NO;s [mg L] 17.242.1 16.6+1.4
HPO, [mg L] <0.1 <0.1
SO4 [mg L] 19.9+1.8 21.9%3.6

* indicates values below the detection limit

3.1.2 Microbial Community and Carbon Utilization Assay

At the end of the colonization experiment, the active biomass in the groundwater and mesocosm
water was evaluated by ATP quantification (n=3) yielding 1.7 x 10° + 6.5 x 107 cells mL." and 3.3
x 10* cells mL™ respectively. Directly after removing the cells from the mineral surface, it was
determined that the attached microbial biomass was similar for most minerals (magnetite 9.9 x
10° + 5.1 x 10°, apatite 1.54 x 10°+ 1.9 x 10°, granite 0.4 x 10° + 9.6 x 10* cells crn’z) but the
biomass was considerably higher on pyrite (5.9 x 10° + 1.5 x 10° cells cm™). Detached cells were
diluted to a starting concentration of 6.4 x 10° cells mL" for the incubation of the carbon
substrate utilization assay.

The time-resolved monitoring of carbon-utilization showed the highest versatility and activity of
the microbial community when associated with the magnetite mineral surface, steadily increasing
until the end of the Biolog plate incubations after 132 hours (Figure 3- 2 B). A similar pattern
was observed for the microbial community attached to granite, while the activities of the apatite
grown microorganisms reached a plateau after ~100 hours of incubation. High variability was
observed in the absorbance of different replicate wells filled with microbes of the magnetite and
granite associated communities, especially at later time points. Carbon usage activity measured

for pyrite-attached microorganisms was negligible.

64



RESULTS

T 30 ® T
@ n -
] : ug® — 1| o~ Granite 235
2 . —_
@ m& 12| -m- Magnetite PDag
] / . [T
O 20 ) 4 Sl Apa_1t|te .
3 /% — e Pyrite ©
HRE . ® s =8 Y20
st A .. & > -]
5 10 22 B ols
bt
s A9 a  © B0
o s ) 7
= ) 005
/ = >
S o n o
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 100 150 140

Time [hours]

Figure 3- 2 Utilization profiles of 31 distinct substrates (see Table 3- 3) for the attached microbial
communities removed from mineral coupons. Substrate usage was analyzed on the Biolog plate (n=3).
The median value was taken to depict A the number of utilized substrates for each community exceeding
values measured in wells without carbon substrate (blank) at given time points, B the activity of the
community measured taking the sum of all absorbance values (at 595 nm) indicating total activity and C
the diversity of substrate usage calculated as H' = - Z p; In pi., where p; is one absorbance value at a time
point. Error bar represent the standard deviation (n=3). Error bars are not shown if the symbol size is

greater than the standard deviation.

Magnetite associated microbes were actually able to utilize all of the presented substrates (30) but
one (2-hydroxy benzoic acid) showed no measurable absorbance at 595 nm by the end of the
experiment. Microbes from granite mineral surfaces converted more than half (20) of the
available substrates, whereas pyrite grown cells actively used 14 different compounds (Figure 3- 2
A). The inoculum from the apatite mineral surfaces converted eight different substrates, most
notably converting malic acids by the end of the experiment. Substrate utilization patterns were
most diverse in the assay inoculated with microbial communities taken from magnetite and
granite surfaces (Figure 3- 2 C), followed by apatite and pyrite. Granite increased utilization
diversity recovering from a small drop after two days of incubation. A more detailed look at the
utilized substrate guilds (carbohydrates, carboxylic and acetic acids, polymers, amines and amino
acids) helped to differentiate between community capabilities.

In the assay containing the granite associated microbial community, carboxylic and acetic acids
were preferentially utilized (Figure 3- 3) while the least used compounds where amino acids. The
magnetite profiles showed the highest affinity for amines, where activity was twice as high as for
carboxylic and acetic acids, which topped amino acids and polymer utilization development.
Carbohydrates were the least converted substrates in those communities. A similar pattern but
with less activity was found in the apatite associated substrate assay which differed in that amines

and carbohydrates were not utilized at all.
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Figure 3- 3 Substrates condensed to substrate guilds, which were utilized by the microbial communities
attached to mineral surfaces. Sums of activities were normalized, dividing the sum of absorbance values
for each chemical guild by the number of substrates per guild. Error bar represent the standard deviation

(n=3). Error bars are not shown if the symbol size is greater than the standard deviation.

Table 3- 3 Substrates presented to the detached biofilm communities on the Ecoplate of the Biolog assay

grouped into chemical guilds

Amines & Carboxylic & acetic

amides Amino acids Carbohydrates acids Polymers
Phenylethylamine  L-Atrginine Pyruvic acid methyl ester  D-Glucosaminic acid Tween 40
Putrescine L-Asparagine D-Cellobiose D-Galactonic acid-y-lactone ~ Tween 80
L-Phenylalanine  o-D-Lactose D-Galacturonic acid a-Cyclodextrin
L-Serine B -Methyl-D-glucoside 2-Hydroxy benzoic acid Glycogen
L-Threonine D-Xylose 4-Hydroxy benzoic acid
glligrll_ii_aci d i-Erythritol y-Hydroxybutyric acid
D-Mannitol Itaconic acid
gl]lﬁngatﬁ_i?e_ a-Ketobutyric acid

Glucose-1-phosphate D-Malic acid

D,L- a —Glycerol phosphate
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Preferential consumption of malic acid was observed in granite, magnetite, and apatite samples.
Furthermore, granite communities converted methyl pyruvate, D-galactonic acid- y -lactone, and
4-hydroxy benzoic acid in substantial amounts. Microbial communities taken from magnetite
surfaces utilized efficiently L-asparagine and putrescine, as well as 4-hydroxy benzoic acid.

The substrate utilization patterns of the planktonic community was not directly compared to that
of the attached microbial communities since cell density of the inocula was much lower (1.7 x
10° £ 6.5 x 10° cells mL" for the groundwater and 3.3 x 10* cells mL™" for the mesocosm water).
Taking the low cell numbers into account, the number of utilized substrates was high (Figure 3-
4 A) and did not show the pronounced break down of activity as observed for detached biofilms.
The microbial community taken from the mesocosm bulk water utilized up to 28 substrates and
the groundwater community was capable of using 26 different carbon substrates (Figure 3- 4 A).
The differences in inoculum density were also reflected in the low substrate use activity assessed

by summarized well color development.

—

A - B C
=
y Mesocosm Groundwater

0.1

o wo‘zs - Carbohydrates

9 30 = @ Polymers

=] AA ahA g — .2 | & Carboxylic & acetic acids 0.08

o 25 L w& » £ -@ Amines/amides

o e— ] / (7] —#%— Amino acids

5 20 . A —o® € 0.15] ... mean

3 S ./' a

0] et o

@ 15 N )

o 0.1

- o

S 10 ©

[} S 0.05

o O

= 5 A-Mesocosm ° /

S @ Groundwater Y 5 - ‘;‘Y " oy s

0 = = 04 2 X

= 0 20 40 60 80 100 120 g 0 20 40 60 80 100 120 100 120

=
: ©
Time [hours] L Time [hours]

Figure 3- 4 Substrate utilization patterns from planktonic samples of groundwater and mesocosm bulk
water sampled at the end of the colonization experiment. A shows the number of utilized substrates in
the course of the incubation. B and C depict the normalized sum of activity for the defined substrate
guilds. Error bar represent the standard deviation (n=3). Error bars are not shown if the symbol size is

greater than the standard deviation.

Microbial activity for each substrate guild (Figure 3- 4 B and C) displayed low absorbance values,
indicating that only small amounts of substrates were oxidized. Again, amines and amides were
the least used substrates, while carbohydrates and polymers were converted fastest and
considerably more efficiently than all of the other substrates. The mesocosm community

displayed high variability by the end of the Biolog assay. Nonetheless, there was a trend of
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increasing activity in the assays (Figure 3- 4 B). While the number of resources used increased,

the activity in the groundwater-inoculated assays did not change overtime (Figure 3- 4 C).

3.1.3 Biofilm and Planktonic Community Composition

Detached communities from mineral coupons were subjected to T-RFLP fingerprinting. For
selected samples, pyro-tag libraries were constructed in order to identify dominant OTUs.
Several key taxonomic groups were identified as Profeobacteria, which was the most abundant
phylum. Additionally numerous other bacterial phyla Bacteroidetes, Actinobacteria, Nitrospira and
Planctomyceta were also characteristic of the attached communities (Figure 3- 5). Most of the
Proteobacteria were affiliated to the subgroup Betaproteobacteria. As shown in the ordination,
differences amongst fingerprints of apatite, granite and magnetite associated bacterial
communities were marginal (Figure 3- 6). The main taxa associated with these surfaces were
Rhodocyclaceae apparent Sulfuritalea spp., but also Comamonadaceae and several Gammaproteobacteria.
The Comamonadaceae, most likely Acidovorax spp. had the same T-RF length of 488 bp as

Thiotrichales which were present and abundant on the pyrite surfaces. Furthermore the bacteria

attached to pyrite differed substantially and were dominated by Rhodocyclaceae (related to Zoogloea

spp. but at low sequence identity of ~40 %). Interestingly, Flavobacteriaceae (Bacteroidetes) were

found throughout all samples except for the apatite mineral surfaces. The composition of the

planktonic community in the mesocosm was more similar to that of the pyrite biofilms, but taxa

were more evenly distributed and a higher number of low abundance taxa were found in the
water samples. The groundwater community appeared mostly distinct when compared to all

other communities.

Table 3- 4 Diversity estimates of attached and planktonic bacterial communities based on 16S tRNA

gene ﬁngerprinting (nApatite,GranitEIZ, NMagnetite, Pyrite :3, NMesocosm :3, NGroundwater :5)

Sample Apatite  Granite Magnetite Pyrite Mescosm  Groundwater
Richness 59 48 48+16 55+6 64+15 45+18
Shannon H' 3 2.8 2.9+0.9 2.240.2 3.240.1 2.9+0.1
Simpson D 0.89 0.88 0.9+0.03 0.77£0.0 0.9240.01 0.9+0.01
effectiveno. 194 17 18.9+4 9.2+1.4 25.6%3.5 17.6+3.2

of OTUs

Most notably, Planctomycetes were more abundant here than in any other sample. Community
diversity based on the T-RFs was highest for the planktonic communities (Table 3- 4). The

similarity of the attached communities of the three minerals apatite, granite and magnetite was
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reflected in the diversity indices. The few dominating taxa attached to the pyrite surfaces resulted
in lower diversity measures, although the number of total OTUs was the highest of all mineral

associated bacterial communities.
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compared to planktonic communities. [l 429 bp Betaproteobacteria /| Zooglea spp.
Affiliation of selected T-RFs was done using M 157 bp Planctomycetes
sl al o f 1 B 148 bp Gammaproteobacteria / Legionellales
in-silico terminal restriction fragment len
gm gth [l 144 bp Hyphomicrobium spp. (Alphaproteobacteria)
polymorphism analysis. Average values are B 88 bp Flavobacterium spp. (Bacteroidetes)

shown. Error bars represent the standard deviation of two biological replicates and two technical
replicates, each representing the microbes detached from three mineral coupons. The first taxa given in
the legend have more than 98 % identity with the OTU, while the second taxa given further specify
possible affiliations.

* indicates T-RFs identified via pyrotag libraries

A double-centered PCA (Figure 3- 6) was chosen to display distinctions in community
composition between the different mineral surfaces. A great amount of variance was represented

on the first axis (69.3 %). Almost no differences were observed between the granite, apatite and
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magnetite communities. In contrast, the pyrite associated bacterial community was most
different to those biofilms. The planktonic communities are discriminated on the second axis,
positioning the groundwater community further away from the surface biota than the mesocosm
water community.

T-RFs with the highest loadings (scaled eigenvectors) towards the three similar minerals were
Gammaproteobacteria (closely related to Legionellales), as well as the Betaproteobacteria (Sulfuritalea spp.)
and alphaproteobacterial Hyphomicrobium spp.. The 429 bp T-RE (Rhodocyclaceae) was clearly

indicative for the pyrite surfaces.
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Figure 3- 6 A double centered PCA depicting bacterial (left) and eukaryotic (right) community similarity,
identifying discriminative T-RFs being characteristic for the specific minerals Number of samples for
Bacteria: NApatite, Granitezz, NMagnetite, Pyrite :3, NMesocosm :3, NGroundwater =5 and Mz’cmez//éag/oz‘ey: N Apatite :6,

nGranite:3, n]\/fagnetitc, Pyrite :5, nMesocosm, Groundwater :3

In addition to the bacterial fingerprints, micro-eukaryotic communities were also analyzed for
diversity of samples (Table 3- 5) and in the ordination plot (Figure 3- 6). The highest diversity of
microeukaryotic T-RFs was found associated to the magnetite surfaces, while the lowest diversity
was encountered on the granite and apatite samples. In general, diversity indices indicated similar
diversity patterns for eukaryotic and bacterial communities with the exception of pyrite, where

the microeukaryotes were by far more diverse.
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Table 3- 5 Diversity estimates of the eukaryotic communities based on T-RFs from the 18S tRNA gene

ﬁngerprint (nApatite :6, nGranite:3, NMagnetite, Pyrite :5, NMesocosm, Groundwater :3>

Sample Apatite  Granite Magnetite  Pyrite Mescosm  Groundwater
Richness 26+11 2247 407 3345 31£10 3247
Shannon H' 21404  22%0.1 2.6+0.4 2.6%0.1 24403 2.240.1
Simpson D 0.81+0.1  0.81£0.01  0.85%0.1  0.9+0.01 0.84+0.1 0.850.02
effectiveno. of  gg+29 88409 137450  132+13  11.4%0.13.4 9.3+1.3
OTUs

3.1.4 Mineral Weathering

After incubation, coupons of each mineral species were frozen and later dried to allow for an
imaging of weathering processes, which was done by Dr. Marianne Hanzlik at the Institute of
Electron Microscopy, TUM Garching. The examination of mineral surfaces using scanning
electron microscopy showed interesting features of attached microbes and mineral weathering.
In general, colonization was low which could be due to the treatment of mineral surfaces where
coupons were rinsed with water trying to separate loose and planktonic cells directly after
recovering the mineral coupons from the mesocosm, although no electron microscopic images
of surfaces before exposure were made. The pyrite mineral surface appeared considerably altered
after exposure, showing grooves and channels (Figure 3- 7). Elemental analysis of the surface
probed with EDX revealed the prevalence of zinc over iron inclusions in the sulfide mineral.
Surprisingly, no evidence for biofilm formation was found. In contrast, apatite surfaces were
clearly colonized and several microbial cell clusters were found preferentially in cavities of the
mineral. Only sparse colonization of the granite surface was found, but again cells appeared in
clusters. The sample handling noticeably collapsed cells and differentiation of morphologies was
no longer feasible. Nonetheless, the cell walls displayed a coarse surface, which was especially
true for granite and magnetite attached microbial cells. The magnetite surface appeared the most
densely colonized mineral. Several colonies of approximately 50—80 cells were distributed in
distances of about 150 um to each other. SEM allowed the examination of mineral surfaces at a
resolution relevant for microbial growth. Even though no clear evidence for differences in the
colonization behavior of the selected minerals was observed, the SEM allowed the examination

of mineral surfaces at a resolution relevant for microbial ranges.
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Figure 3- 7 A - I Electron microscopy images show different levels of mineral weathering and
colonization of surface coupons exposed in groundwater mesocosms. A Single cell-like structures were
observed on the pyrite mineral coupons. B Examination of the pyrite surface shows a heterogeneous
mixture of different mineral species observed as lighter and darker areas. B, C These coupons were
clearly weathered showing increased surface roughness after exposure. D, E An organic film covered
most of the apatite minerals after exposure. E Microbial cells cluster within a depression of the apatite. F
Micro-colonies were observed on the quartz material surfaces. G The inlay presents a magnification of
this colony indicating cell surface structures. H Several micro-colonies were also detected on the
magnetite coupons. I The close distances between attached cells would enable cell-cell interactions within
the cell clusters. Sample preparation and SEM imaging was done by Dr. Marianne Hanzlik of the Institute

of Chemistry of the TUM in Garching,.
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3.2 lodine Spring Cavern Biofilms

Here, a unique, semi-artificial cave augmented by mineral water was studied for the first time,
focusing on microbial biofilm communities and the physiology of inherent biofilms. An in-depth
analysis of the biofilm communities, not only by molecular but also by chemical methods,

provided primary insights into this fascinating habitat.

3.2.1 Biogeochemical Analyses

Water Samples

Michael Stockl IGOE, HMGU) and the author collected water samples from spring and
seepage water in November 2012 and December 2013. Additional samples of nearby water
bodies (river, groundwater well) and the mixed cavern water were also taken. Water chemistry of

the mineral spring water was analyzed by Michael Stockl, and compared to data recorded over

the previous 2 years and in the 1950s (Table 3- 6).

Table 3- 6 lon composition and dissolved organic carbon content of the spring water recorded by several

independent studies. Mean values * sd are given

Water parameters Souci & MUVA Kempten LfU % This study
1950 2011 2010-2012 (n=4) 2012-2013 (n=2)

Nat [mg L] 453 1380 1210£105 1140

K* [mg L] 6 10.2 9.5+0.4 8.6

Mg?* [mg L] 24 56.5 48.5t4.4 55.3

Ca?* [mg L] 82.1 12.5 113.5+11.4 61.8

Fe [mg L] 0.6 0.6 0.910.2 NA

Cl [mg L] 685 2360 2075196 2224

Br [mg L] * NA 20% 19.2

I- [mg L] 7.2 20 21%1.4 20

NH4* [mg L] NA NA NA <0.01*

NO» [mg L] NA 0.02 NA <0.01*

NO;5 [mg L] NA 0.4 < 3 0.19

SO, [mg L] 5.1 2.5 < 3 0.85

DOC [mg L] NA NA 7.4111.7 1.45

* Indicates at least one measurement below detection limit; N.A4 not assessed
T Accredited water analytical laboratory, data made available by Franz Hésle, Jodbad Sulzbrunn
T Bavarian Environment agency, data made available by Giinter Kus, LfU Bayern
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Little difference was observed, though variability in the concentration of bromide was found,
which is likely due to analysis thresholds. Elevated salinity was mainly owing to chloride, sodium
and potassium, which were also reflected by the measured conductivity (Table 3- 7). Nutrients or
electron acceptors such as nitrate, phosphate and sulfate were negligible in the well water.
Dissolved organic carbon measured in the spring water showed some variability and is likely to
be influenced by mixing of formation water and meteoric seepage water. lodine concentrations

remained stable at 20 mg L. in the spring water, and 925 ug I in the mixed cavern water.

Table 3- 7 Chemistry of water samples (n=1) taken at different locations and dates in the vicinity of the

Spring. Given standard deviations are of technically replicated measurements (n=06).

. Cavern Surface Nearby
Parameter Sfl);lfllzg ;};?tzet 1§e1e2p ;§f2 water water groundwater

o o 18.11.2013  18.11.2013 18.11.2013
Nat [mg L] 1131.01 18.71 328.55 1.38 4.25
K* [mg L] 8.64 1.39 3.01 0.67 0.75
Mg?+ [mg L] 55.32 22.18 28.87 23.45 24.05
Ca?* [mg L] 111.74 76.81 93.27 83.60 85.38
Cl- [mg L] 2248.22 4.51 606.48 0.39 2.09
NO2 [mg L] <0.01 0.01 <0.01 <0.01 <0.01
Br [mg L] 19.20 0.03 4.69 <0.01 <0.01
NO; [mg L] 0.19 3.95 1.77 5.32 5.12
HPO [mg L] 0.01 <0.01 <0.01 <0.01 <0.01
SO4 [mg L] 1.70 3.42 1.14 2.38 1.97
pH 7.9 8.3 8 NA 7.5
EC [pS cm ] 6250 526 2040 NA 537
O: [mg L] 2.85 8.5 5 NA 10.5
Temp. [°C] 7.2 NA 8.6 NA 75
8130 [%o] -7.8 £ 0.1 -11 £ 0.1 -10.2 £ 0.1 NA NA
O2H [%o] -66.9 £ 0.3 -754 £ 0.2 -73.2+0.3 NA NA

Water stable isotope analysis was done by Petra Seibel, Institute of Groundwater Ecology.

The mixing ratio of the two waters (seepage water and mineral well water) calculated from 8O
(%o) and 8’H (%o) values, measured by Petra Seibel IGOE, HMGU), indicated a high input of
seepage water. The analysis of 8"°O and 8’H provided estimates for the amount of seepage water

in the cavern being 75.3 % and 73.3 % of the total volume, respectively. This mixing ratio was

76



RESULTS

also supported by chloride data (Table 3- 7), giving a volume of 73 % originating from seepage

inflow.

Gas Samples

Tillmann Lueders, Michael Stéckl, Franz Hosle (responsible person at the Jodbad Sulzbrunn)
and the author obtained gas samples in the course of two sampling campaigns (November 2012,
December 2013), by collecting gas bubbles with an inverted glass bottle directly from the cavern
pool. In addition, gas samples from the undisturbed cave atmosphere were drawn at three more
occasions using a vacuum pump connected to a tube entering the main cavern. High methane
concentrations of up to 50 % were measured from the emerging gas bubbles directly in the well
pool. The average methane concentration sampled from the cave atmosphere was 3000 ppm.
The measured CO, concentrations of 8000 ppm were 20-fold higher than the natural average

concentration of the Earth’s atmosphere. Compound specific stable isotope analysis (CSIA)
revealed relatively heavy 8"7°C values of -43.6 £ 0.2 %o (n =6) for the outgassing methane, and

of -33.2 £ 0.1 %o (n=06) for the 8"°C of CO,. The hydrogen isotopic composition of methane
collected directly from the bubbles was -164.9 £ 2.2 %o (n=10).

Biofilm Samples

Cave biofilm samples were collected in November 2012 by Tillmann Lueders, covering three
ceiling samples from the well towards the cavern opening at distances of ~5 meters as well as
three samples representing a wall gradient from the bottom towards the top (~1.80 m height) of
the wall. In addition, a sample was drawn from the sediment layer directly at the spring water
inflow. An extra biofilm sample was taken inside a pipe collecting the outflow of the cavern.

A stable isotope analysis of freeze dried biofilms, carried out by Harald Lowag (IGOE, HMGU),
allowed the comparison to known carbon and nitrogen sources as well as processes potentially
influencing the values (Whiticar, 1999). The only sample having a lighter carbon isotope ratio
(t=5.87, p<0.05) than the measured gas (-43.6 %o) was the biofilm at the bottom of the wall

gradient (-44.4 %o + 0.12), which is normally submerged. The sample taken at the wall center,
above the water table, had a 8"°C value of -37.7 %o and the sample at the top of the wall

(-30.8 %o) was indistinguishable from 8"C values of the ceiling biofilms (-31.08 %o + 1.2). There
was no obvious trend observed in the carbon signature of ceiling biofilms (Figure 3- 8). The
mean 8"C value of the sediment sample was -11.6 %o but showed substantial variation

(Figure 3- 8). A similar pattern, but less pronounced, was given by the nitrogen isotope values

(Figure 3- 8). Wall biofilms displayed a gradient of increasing (heavier) nitrogen values towards
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the top spanning from -11.3 %o to -0.4 %o. The average value for the ceiling biofilms and

sediment was 0.15 %o respectively 0.2 %o.
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Figure 3- 8 Carbon and nitrogen stable isotope ratios as measured in biofilm samples. The length of the
crosshair depicts the standard deviation of averaged measurements (n=3). Stable isotope analysis was

done by Harald Lowag, Institute of Groundwater Ecology.

An elemental analysis of the biofilms, conducted by Peter Grill and Bernhard of the Research
unit Analytical BioGeoChemistry, provided information on the composition of biofilms (total
carbon, nitrogen, phosphorous, and sulfur), as well as on iron and iodine accumulation.

High carbon ratios were found in the ceiling biofilms (Figure 3- 9), reaching from 273 to

426 mg g dry weight. Nitrogen and phosphate concentrations were higher in wall biofilms,
which was also the case for iron and sulfur (Table 3- 8). The high values of iron at the bottom
and center of wall biofilms were especially noticeable. Iodine values did not display a clear

gradient in the biofilm biomass, and were 4290 ppm on average.
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Figure 3- 9 Correlation of the concentration of specific elements to the carbon to phosphorous ratio in
lyophilized cave biofilms along sampling gradients (NceilingSediment=2; Nwan=1). The elemental composition

was determined by Bernhard Michalke, Research Unit Analytical BioGeoChemistry.

High carbon ratios were found in the ceiling biofilms (Figure 3- 9), reaching from 273 to

426 mg g’1 dry weight. Nitrogen and phosphate concentrations were higher in wall biofilms,
which was also the case for iron and sulfur (Table 3- 8). The high values of iron at the bottom
and center of wall biofilms were especially noticeable. Iodine values did not display a clear

gradient in the biofilm biomass, and were 4290 ppm on average.

Table 3- 8 An elemental analysis of lyophilized biofilm samples. The carbon and nitrogen values were
derived from isotope analysis (by Harald Lowag, IGOE) on the Elemental analyzer (n=3), all others by
ICP-MS (Bernhard Michalke, Research Unit Analytical BioGeoChemistry) (nwai=1, Nceilingsed=2)

Location Cmgg'] Nimggl P[mgg’ Felmggl] Smggl I[mggl]

Bottom 183 11.9 0.5 80 5.6 0.3
T Center 138.4 13.4 0.6 106 5.6 0.7
g Top 283.8 8.7 0.2 18.1 4.4 0.2
,, Vel 273.5%153 52102 0.1 1.1 2.2 0.4
S Center 41681433  6.3+13 0.1 1.9 2.4 0.4
S Opening  426.6+21.9 6.8+0.5 0.1 2.3 1.5 0.6
Sediment 431475 2.4+1.1 0.5 31.2 2.2 0.2

3.2.2 Molecular Analyses of Water and Biofilm Communities

Cells numbers in the upwelling water determined by flow cytometry (n=3) were 1.3 x 10° cells
mlL.". This value is consistent with rRNA gene quantification with qPCR (n=6) (Figure 3- 10)
and reveals high gene abundance, especially in the lower wall biofilms, as well as in the biofilm of

the cavern outflow. Clear gradients in the abundance of 16S genes were found. Bacteria
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decreased in numbers as the height of the wall transect increased and slightly increased along the

ceiling transect towards the cell opening.
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Figure 3- 10 Boxplot of qPCR results from biofilms, sediments and outflow, as well as spring water. The
maximum and minimum values are represented by whiskers, the boxes encompass quartiles and the line

indicates the median value for gene copy numbers (n=6)

PCR screening for functional marker genes indicative of methylotrophic and methanotrophic
physiology provided tentative evidence for the presence of microbes carrying such functional
potentials. All tested samples gave positive results for genes enconding methanol dehydrogenase
(MDH) and the membrane-associated particulate methane monooxygenase (pMMO). The
methane oxidation gene cluster A (mxal”) encodes an enzyme containing a pyrroloquinoline
quinone (PQQ) cofactor that oxidizes methanol to formaldehyde in the second step of the
methane oxidation pathway, while p70.4 encoding the pMMO is the marker gene for all obligate
methanotrophs (Hanson & Hanson, 1996, Anthony, 2000). The ¢zxA gene encodes a corrinoid-
binding / methyltransferase - responsible for the initial step of methyl halide oxidation (Hanson
& Hanson, 1996, Anthony, 2000, Schifer ¢ a/., 2005). The ezuA gene encodes a C-terminal
corrinoid-binding domain and an N-terminal methyltransferase responsible for the initial step of
methyl halide oxidation (McAnulla ez 2/, 2001b, Schifer ez al., 2005). Detection of the oznA gene

was positive only for the lower wall biofilms and for sediment samples (Table 3- 9).
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Table 3- 9 Qualitative PCR results of mxal, pmoA, and ennA marker genes amplified from DNA
extracted from different biofilm (Nceiling,wai=0), water (n=4) and sediment (n=4) samples. A check mark

indicates a positive amplification of an expected amplicon, while the cross expresses lack of successful

amplification.
Protein-encoding Ceiling Wall Well water Sediment
gene
mxaF v v v v
pmoA v v v v
cmuA X v X v

Molecular fingerprinting (T-RFLP analysis) of the p#0.4 gene pool revealed low diversity among
the wall biofilms, and clustering of biofilm towards the ceiling. The sediment community was
most different from the other samples (Figure 3- 11). Potential candidate lineages for T-RF

affiliation via fragment lengths given in the literature are shown in (Table 3- 10)
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Figure 3- 11 A Principal Component Analysis: Ordination of aerobic methane oxidizers in biofilms based

on pmoA fingerprinting using Mspl as the restriction enzyme.
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Table 3- 10 Methanotrophic taxa and corresponding lengths of associated pmo.A gene terminal restriction

fragments (T-RFs) with Mspl digestion Taken from Reim e a/. (2012).

Methanotroph Fragment length [bp]

Methylomonas 437
Methylobacter 508
Type I b 79
Typela 349
Typela 241

3.2.2.1 Pyrosequencing Analysis of Water and Biofilm Communities

Sequence reads were obtained from the same biofilm samples used for biogeochemical analysis.
Due to resource limitations and feasibility, only samples from ceiling biofilms and spring water
were sequenced in replicate. Bioinformatic processing of the pyrotag libraries resulted in an
average of 3272 + 914 reads per sample affiliated to bacteria. Profeobacteria represent the most
abundant phylum in all samples, while other phyla often linked to groundwater and soils e.g.
Planctomycetes, Bacteroidetes and Verruemicrobia also substantially contributed to the community. A
total of 11 phyla were present at >1 % abundance in any sample. Unclassifiable reads accounted

for up to 6 % in sediment and well water samples.

Table 3- 11 Diversity indices of sequencing libraries of bacterial 16S tRNA gene amplicons of different

cavern and biofilm DNA extracts (n=1).

Wall Ceiling Spring
Sediment Outflow
Bottom Center Top Well Center Opening water

Richness 73 105 59 68 66 71 132 199 53

Shannon H’ 2.9 3.5 3.1 2.9 3.2 3.3 2.5 3.9 2.7

Simpson D 0.91 0.96 0.93 0.9 0.92 0.95 0.85 0.96 0.9
effective no.

of OTUs 18.2 34 23.3 18.4 24.3 28.4 12.5 49.9 15.2

Diversity given in Hill’s numbers (Table 3- 11), also known as the effective number (Jost, 2007)
and used here for bacteria at the family level, was highest in the sediment (49.9). Regarding the
biofilm samples, the center of wall biofilms was most diverse (34) while the lowest wall biofilm
was the least diverse (18.2). In general, the spring water sample (12.5) was less diverse than

biofilm samples. The sediment community had by far the highest number of taxa (199).
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Within the Proteobacteria, Alphaproteobacteria were almost equally frequent in all wall and ceiling
biofilms (29 % 4 %), but almost absent (<1 %) in the mineral spring water. Gammaproteobacteria
were highly abundant in almost all samples, foremost in the ceiling biofilms (37 * 9 %) and in
the outflow sample (51 %) (Figure 3- 12). Betaproteobacteria were highly abundant (62 %) in spring
water and biofilms forming on top of the cavern pool. Notably, the lower wall communities were
also rich in Betaproteobacteria (27 %), while their abundance was low (4 £ 1 %) in all other cave
biofilms. Planctomycetes were generally more abundant in upper biofilms (ceiling, wall center and

wall top) with the exception of the ceiling biofilm close to the source.

. Proteobacteria . Planctomycetes
unclassified Proteobacteria . Phyocisphaerae
(@)} . Alphaproteobacteria . Planctomycea
c ) )
= unclassified Alphaproteobacteria . Pirellulales
8 [0 Rnizobiates W Pranctomycetales
Hyphomicrobiaceae . Bacteroidetes
Beijerinckiaceae . Sphingobacteriales
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Figure 3- 12 Bacterial community composition of biofilm and cavern samples (n=1) at the phylum level
with selected lineages zoomed down to family level, as displayed via Krona diagramms (Ondov ¢f 4/,

2011).

An in-depth taxonomic analysis revealed the main putative methylotrophic, and especially
methanotrophic populations, within the biofilms (Figure 3- 12). Potential methylotrophic
Alphaproteobacteria were apparent as Bezjerinckiaceae, Hyphomicrobiaceae, Rhodobacteraceae, and
Erythrobacteraceae, but there was also a substantial amount of unclassified _A/phaproteobacteria in all
biofilm samples. Bezerinckiaceae (3 = 1 %) and Hyphomicrobiaceae (4 £ 3 %) were present in ceiling
biofilms but almost irrelevant (<1 %) in all other samples. Wall biofilms were rich in
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Rhodobacteraceae (bottom: 6 %/ center: 3 % /top: 2 %) and Erythrobacteriaceae (15 %/3 %/3 %),
whose relative abundance decreased with height (Figure 3- 13). An inverse trend was found for
unclassified Alphaproteobacteria (8 %/11 % /19 %). Erythrobacteriaceae (3 %0) and unclassified
Alphaproteobacteria (6 %) were also present in the sediment sample. The contribution of all these
taxa to the community composition in any water sample was negligible.

Within the Betaproteobacteria, Methylophilaceae were abundant (10 %) in the lower wall biofilms, in
the spring water (4 %) and the outflow water sample (6 %). Dominant taxa within this group
were affiliated to Methylotenera sp.. Most notable was the dominance of Gallionellaceae (25 %)
within the spring water and, at the same time, a similarly high fraction of unclassified
Betaproteobacteria (25 %), both absent in all other samples. Rhodocyclaceae contributed to the well
water with 7 % but were also abundant in the lower wall biofilms (8.5 %) and the outflow (8 %).
The most abundant alphaproteobacterial family in the outflow was Comamonadaceae (16 %).

The high abundance of Gammaproteobacteria in ceiling biofilms was mainly due to Psexdomonadaceae
contributing up to 44 % of the total relative abundance. This contribution was of minor
importance in wall biofilms (max 3 %) and almost absent in water and sediment samples.
Interestingly, Legionellaceae increased in higher wall biofilms (3 %/5 %/6 %) but were less
abundant in ceiling biofilms (~1 %). Unclassified Gammaproteobacteria were found in all samples in
relatively high abundance. There was an increase of this group towards the top in the wall
biofilms (2 %/4 %/8.5 %), and their fraction accounted for 6.5 % within ceiling biofilms. Water
and sediment samples contained ~3 % of unclassified Gammaproteobacteria.

Methylococcaceae were the most abundant putative methanotrophic group found in the biofilm
samples. Highly abundant reads within the water samples were affiliated to Meshylobacter sp. and
Methylosarcina sp.. These type I methanotrophs were common especially within the lower wall
biofilms (17 %) but were drastically reduced (<1 %) towards the ceiling (Figure 3- 13). In the
well water (10 %) and outflow water (17 %), those taxa were also highly represented.

The Planctomycetes were mostly affiliated to Planctomyces spp. and unclassified Phycisphaeraceae and to
a minor extend to Pirellulaceae. The amount of Planctomyces spp. in ceiling biofilms increased
towards the cave entrance (1 %/6 %/12.5 %) and wall biofilms in the center (4 %) and top part

of the cave (4.5 %).
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Figure 3- 13 Selected taxa (abundance >4 %) displayed a more or less pronounced gradient along the

wall transect (n=1).

Verrucomicobia were represented primarily by Spartobacteriaceae and were only found in higher
numbers (>5 %) in ceiling biofilms. The recently discovered candidate phylum NC10 and its
described anaerobic, methanotrophic taxa Methylomirabilis sp. (Ettwig et al., 2010), was found but
only in negligible amounts (<1 %). The appearance of Epsilonproteobacteria in sediment and spring
water samples is especially interesting since those taxa are absent in most freshwater habitats but
have been found in other cave (Engel e al, 2004b) and groundwater systems (Moissl ¢ a/., 2002),
mainly linked to the cycling of sulfur. Archaeal populations within biofilms were also sequenced,

but so far only very preliminary data is available and not included here.

3.2.2.2 Fluorescence In Situ Hybridization (FISH)

Specific fluorescently labeled probes were selected based on the results of sequencing. Staining
of specific taxonomic groups via FISH and microscopic examination, done by the author, was
greatly impaired by strong autofluorescence due to mineral inclusions in the matrix and probe
delivery through the thick EPS. Possible particles could be iron precipitates in the wall biofilms.

Probes Gam42a and ArcMix for Gammaproteobacteria and Archaea gave the best results.
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Counterstaining with DAPI revealed interdispersed gammaproteobacterial cells throughout the

biofilm, while archaeal taxa seemed to be confined to the inner parts of the biofilm (Figure 3- 14)
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Figure 3- 14 A Biofilm thinsection stained with nucleic acid stain DAPI and a Gammaproteobacteria specific
probe B Composite picture of a cave biofilm stained with specific fluorescence probe for
Gammaproteobacteria (Cy 3 — green) and Archaea (FITC — red). B Wall biofilm series: all nucleic acids
stained with DAPI (blue), Gammaproteobacteria (grey) and Archaea (red).

3.2.2.3 Network Analysis of Bacterial Co-occurrence in Water and Biofilms

A co-occurrence network was constructed based on the co-existence or mutual exclusion of taxa
in all samples. The analysis could reveal possible cooperation between taxa or indicate
competition through exclusion (Barberan ez a/., 2012, Faust ez al., 2012). The bacterial network
(Figure 3- 15) revealed potential cooperation of specific taxa. In total, 54 taxa made up the nodes
of this network. Several basic network parameters are presented (Table 3- 11).

The co-occurrence network did not indicate central involvement of methanotrophs in
cooperation with other taxa, in contrast to several putative methylotrophs. This could also have
been due to the low sample size and relatively strict settings for network construction. In
contrast, several of the potential methylotrophic taxa, especially within the Betaproteobacteria, were

negatively correlated to Ajphaproteobacteria, which themselves were co-occurring.
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Table 3- 12 Parameters describing the network of bacterial co-occurrence patterns in the biofilm samples

Parameter Description Value
Clustering coefficient C =2l _ 0.247
k,(k, 1)
Network diameter largest distance between two nodes (n,m) 12
Average number of neighbors connectivity of a node in the network 3.11
Network centralization Centralized = 1, decentralized = 0 0.096
e e expected distance Es;\::en two connected 5071
Network heterogeneity Tendency to have hub nodes 0.668
Shortest paths distribution L(n,m) =k 2454 (85 %)

ky is the number of neighbors of n
eq is the number of connected pairs between all neighbors of n

Psendomonadaceae, which were highly abundant in ceiling biofilms, co-occurred with Bejerinckiaceae
and Flexibacteraceae, both of which have been associated to methane rich, often marine
environments (Kobayashi e a/., 2008, Chistoserdova, 2011). Additionally, Hyphomicrobiaceae
appeared centrally in the biofilms, co-occurring with several other methylotrophic taxa mainly
belonging to the Alphaproteobacteria but also the Planctomycetaceae. The latter should also be
highlighted, as they might also be involved in the turnover of methane (Bauer ez a/., 2004,
Chistoserdova ez al., 2004) but are also regularly encountered in bacterial communities of cave
ecosystems(Pasic ez al., 2010, Northup ez al., 2011).

Thus, primary insights into a dominantly chemolithoautotrophic biofilm system largely

independent from phototrophic carbon and energy inputs were revealed.
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Figure 3- 15 The network diagram indicates community interactions such as co-occutrence patterns of bacterial families in all samples from the Sulzbrunn cave.

Green nodes indicate co-occurrence, while red nodes show exclusion. Phylum affiliation is color-coded, possible methylotrophic taxa are circled red
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3.3 The Microbiology of Drinking Water Wells

The molecular monitoring of drinking water wells provides a valuable tool to assess water quality
and enable risk analysis. Here, three fully functional and active drinking water wells were
investigated before the hydraulic removal of fine sediments and well filter biofilms. A series of
samples taken during and after the restoration provided new insights into the distribution of well
microbiota and the impact of such a procedure. Special focus was placed on the appearance of

potential pathogenic taxa.

3.3.1 Water Analyses

The drinking water produced at the site was of moderate mineralization, which is characteristic
of the region (Ca** 76.1 mg L., Mg*" 21.9 mg L', HCO, 324.8 mg L."). Between-well variability
of hydrochemical parameters was minimal (Table 3- 13). The aquifer can be described as a well-
oxygenated, oligotrophic system (~0.5 mg I." DOC). S0,” (8.6 mg L") and NO; (13.9 mg L")
were present as potential alternative electron acceptors for microbial respiration, whilst
ammonium, nitrite and phosphate were below detection limits. Standard screening for coliform
indicator bacteria in the drinking water via cultivation in this study also gave no positive results,

consistent with results of regular inspection by certified labs.

3.3.2 Variability of Bacteria in Drinking Water Wells

Before purging, bacterial communities in the well systems were analyzed via bidirectional
amplicon pyrotag sequencing. Although the reproducibility and semi-quantitative rigor of
pyrosequencing libraries is still a matter of debate, a strong reproducibility of taxon abundances
across biologically replicated DNA extracts for the pyrotag workflow was recently reported
(Pilloni ez al., 2012) and shown that relative abundances can indeed be semi-quantitatively
meaningful for taxa with a relative abundance between 0.2 % and 20 %. Therefore, but mainly
for reasons of resources available for the project, analyses of replicated water samples per well or

time point were not performed in this study.
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Table 3- 13 Hydrochemical parameters [mg L] of drinking water produced from the three wells 4 days

before the well restoration (n=3). Standard deviations are not shown.

Sample Ca? cl- Mg** Na * NO, " SO, DOC
Well 1 76.4 74 21.9 2.6 13.9 8.6 0.53
Well 2 76.2 7.5 21.9 2.7 14 8.6 0.56
Well 3 75.8 7.4 21.8 2.6 13.8 8.5 0.41

First, it was the aim to assess the inter-well variability of drinking water bacteria between parallel
wells. Since the hydrochemical parameters were highly similar (Table 3- 13), one would expect
the same for the recovered microbial communities. After processing and quality filtering of all
reads, sequencing provided 5109 £ 933 reads per library and sample (Table 3- 14), of which
99.9 + 0.04 % were assigned to bacteria. Overall, in the three wells, 12 out of the 47 identified
bacterial phyla contributed to the community with more than 1 % relative abundance to at least
one library. The phylum-level read abundances between wells already indicated some variability
between well communities (Figure 3- 16). The inverse Simpson diversity measure indicated the

highest diversity within well 1 (1/A = 62.7, PIE = 41), but lower values for well 2 (1/A = 42.3,
PIE = 38.8) and well 3 (1/A = 29, PIE = 30.7). At the same time, weighted unifrac suggested

differences between overall community structures just above significance thresholds (W = 0.97,
p-Value = 0.00).

Proteobacteria predominated the communities contributing half (57.2 * 5.6 %) of all reads within
the wells before maintenance (Figure 3- 16). Within the Profeobacteria, the Alphaproteobacteria
(20.3 £ 6.5 %), Gammaproteobacteria (17.3 £ 3.6 %) and Betaproteobacteria (13.3 = 5.9 %) were most
abundant. A sub-phylum level perspective revealed the prevalence of members of the
Sphingomonadaceae (5 * 1 %), Comamonadaceae (4.2 = 2.9 %), Legionellaceae (4.4 = 3.9 %), and
Pseudomonadaceae (3.4 * 4.6 %) in all wells, the latter two being of interest as ubiquitous lineages
harboring potential drinking water pathogens. In contrast, and as suggested already by
cultivation-based coliform screening, members of the Enferobacteriaceae and coliform bacteria
were of extremely low abundance (<0.05 %), or not detected at all, respectively. Actinobacteria
contributed substantially only in well 1 (10.5 %) and well 2 (15.5 %). Well 3 harbored the lowest
ratio of Betaproteobacteria (5.9 %) and the highest ratio of A/jphaproteobacteria (29.5 %), dominated
by Rhodospirillaceae (10.5 %0). Surprisingly, well 3 also hosted a notable frequency of reads within

the Cyanobacteria (4.1 %). Sequences obtained from candidate phyla adding up to more than one

90



RESULTS

percent in one of the communities were affiliated to the phyla Therzi [TM7, SPAM, TG3, and
WS3 (Figure 3- 16).

Table 3- 14 The number of trimmed and processed 454 sequencing reads of bacterial 16S tDNA gene
pyrotag libraries from the drinking water wells (n=1). Diversity and richness indicators were inferred as

stated.

Sequencing reads, 4 days before purging  During restoration of well 2

Diversity Indices Welll Well2 Well3 Start 15min 45 min After

Trimmed reads

(f- & r-; >250 bp)
Denoised reads

(f- & t-; >250 bp)
Inverse Simpson index

5406 6366 4718 5714 3695 7086 6687

4703 5746 4447 5269 3536 6085 5980

49.9 41 271 585 172 14.4 15.9

(/1) o

?Sa;eﬁed species index 2658 245 1551 2414 1185 2518 106.7
Total species richness 392 389 232 372 165 447 189

3.3.3 Bacterial Dynamics During the Restoration of Well 2

One week after this initial assessment of well microbiota, the bacterial community dynamics
during the hydraulic purging treatment were monitored in one of the wells (Well 2). The
influence of high pressure jetting was clearly evident in community composition at the phylum
level (Figure 3- 16). Before and upon the start of jetting, only minor changes in community
composition compared to the initial status were observed, as shown also by principal component
analysis of pyrotag data (Figure 3- 17). But then, within 15 minutes of jetting, the abundance of
Betaproteobacteria increased from ~22 % to ~32 %, and especially members of the genus
Diaphorobacter appeared preferentially purged.

Although almost absent before and at the beginning of purging, reads of Ra/lstonia and
Chryseobacterinm spp. emerged in the sample 15 min after jetting. All three taxa did not appear in
higher numbers in later samples. Moreover, reads of Acinetobacter spp., Nitrospira spp. and
Sphingobinm spp. were most abundant in the purged samples on the first two time points. After
45 min of the maintenance procedure, reads of Alkanindiges sp. (22.9 %) and also unclassified
cyanobacterial sequences (7.7 %) affiliated to Bacillariophyta, as well as Janithobacterium spp. (7.1 %)

were suddenly observed (Figure 3- 16 & Figure 3- 17).
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Figure 3- 16 Relative read abundance of major taxa in bacterial sequencing libraries (n=1) of drinking
water wells. Communities were analyzed between the three wells (planktonic bacteria), as well as in course
of the hydraulic restoration of well 2 (suspended particle-associated bacteria) and after the event
(planktonic bacteria). All phyla or classes contributing more than 1 % abundance are depicted. Selected

sub-phylum taxa mentioned in the text are highlighted.

Intriguingly, reads affiliated to Psexdomonas spp. constantly decreased in abundance during the
maintenance and were hardly detectable after 2 weeks. The lowest bacterial diversity (1/A = 18.3,
PIE = 23.6) was observed in the water sample taken two weeks after high pressure jetting. Still,
this community was more similar to well 2 before cleaning than samples towards the end of
purging, according to the PCA (Figure 3- 17),. Betaproteobacteria (48.8 %) dominated the well
community, while Actinobacteria were almost absent (0.7 %). The most abundant genus-level
representatives were Acidovorax spp. (7.7 %), Sphingobium spp. (7.4 %), and Rhodocyclus spp.

(11.7 %) as well as unclassified sphingobacterial sequences (11.1 %). Chryseobacterium spp.
(Bacteroidetes) was the only taxon of hygienic concern, which increased in abundance (6.9 %) after

the cleaning procedure.
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Figure 3- 17 Principal component biplots of community variability between wells and during the
maintenance of well 2. Sample codes are the same as in Figure 3- 16. Selected taxa with high impacts on
sample ordination are highlichted (arrows). Variance explanation ratios for each principal component

(PC) are given.

This study demonstrated for the first time that drinking water wells act as a distinct microbial
habitat and emphasize the role of attached microbes in this ultra-oligotrophic habitat as a seed

bank for drinking water networks.
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4 Discussion

4.1 Microbial Colonization of Mineral Surfaces

The weathering of minerals by microbial actions is ubiquitous in nature (Viles, 1995, Rogers &
Bennett, 2004, Uroz ez al., 2009, Wang ¢f al., 2014). Porous aquifers present an immense surface
area and potential habitat for microbial colonization. Still, the lack of easily available carbon
sources and nutrients in pristine aquifers usually does not allow for high cell densities. The
groundwater used in this study reflected these conditions displaying low dissolved organic
carbon concentrations and the depletion of major nutrients (Table 3- 2). Up to 99 % of total
microbial biomass has been found attached to geological structures in previous studies (Lehman
et al., 2001, Griebler 7 al., 2002). However, a continuous coverage or even a multilayer biofilm
growth on mineral surfaces is unlikely (Baveye ez 4/, 1992) in pristine aquifers. In the experiment
conducted here, electron microscopy confirmed this scenario for all exposed surfaces.
Nonetheless, patches of microbial colonization or colony development were found on most
minerals (Figure 3- 7). Microbes attached to mineral surfaces establish local microenvironments
through the exudation of secondary metabolites (e.g. EPS, exoenzymes) and interactions
between cells (Norberg & Rydin, 1984, Johnson, 1998, Rohwerder ¢z a/., 2003). Microbial
aggregates can attack the surface of abiotic mineral particles by means of disintegration and
dissolution by acidolysis, alkaline hydrolysis, enzymolysis, ligand degradation, and extracellular
polysaccharide redox effects (Beveridge ez a/., 1997, Sand ez al., 2001, Rohwerder e al., 2003, Wu
et al., 2008) processes which are often summarized as bioleaching. Heavily weathered surfaces
were observed in this experiment, most notably on the sulfide mineral. This is to be discussed in
the following section (see “The colonization of minerals — Pyrite”).

Community diversity and environmental factors such as pH, temperature and oxygen supply are
essential in determining weathering processes (Johnson, 1998, Bennett ¢z 4/, 2001, Guidry &
Mackenzie, 2003). In this experiment, groundwater fed to the mesocosm displayed circum-
neutral pH, low temperatures and high oxygen concentrations (Table 3- 1). Knowledge of
psychrophilic bacteria involved in mineral dissolution is rare. The availability of electron donors
and electron acceptors in the form of natural minerals can have an especially fundamental impact
on microbial communities. An investigation of silicate weathering (Bennett ¢ a/., 2001) showed
the colonization of silicates and the leaching of potential nutrients. Minerals also used in this
study (apatite and magnetite) were shown to be colonized and weathered in 7 sit# microcosms

from an oil-contaminated aquifer (Table 4- 1).

94



DISCUSSION

Table 4- 1 Microbial colonization and weathering of mineral surfaces within an oil-contaminated aquifer:
Increasing magnitude of colonization, EPS production and weathering are symbolized by + to +++, - if

no such process was observed. Taken from Bennett ¢7 2/ (2001)

Mineral Colonized Weathered
Apatite (Cas(PO4)3 (F,Cl,O0H) + ++
Magnetite (Fe;04) +++ +
Quartz (Si02) ++ +
Anorthoclase ((Na,K) AlSi;Os) +++ +++

Plagioclase (NaAlSi;Og — CaAl,Si;Os) - -

The experiment conducted here gives a new perspective of the influence of mineral surfaces on
community composition as well on biofilm functioning. Nutrient limitations, specifically low
phosphate concentrations, were thought to increase weathering and colonization of the
phosphate-bearing mineral. However, this was not observed. All of the different minerals do not
select for distinct communities, rather only the one substratum providing the most limiting
resource. In this case, the pyrite surface acts as an electron donor. This provides essential
evidence that electron donor limitation dominates all other drivers of community selection.
Other surfaces, such as the sulfide mineral, could provide an electron acceptor to colonizing
microbes. Attachment has also been considered to be more influenced by physical surface
condition (e.g. surface roughness, interaction forces) than by nutritional selection of bacteria
(Katsikogianni & Missirlis, 2004). The bacterial cell wall influences mineral-microbe interactions
(Beveridge ez al., 1997). Active cell wall turnover increases the surface area-to-volume ratio of
microbial aggregates. Therefore, cell growth and division rates impact overall charge capacity.
Gram-positive cell walls display especially high structural complexity and coinciding chemical
complexity. Gram-positive cell walls are also known to sequester dilute metal ions and are often
covered by charged mineral particles (Beveridge & Murray, 1976). At citcum-neutral pH,
carboxylates and phosphates are first to be converted as they are used in the turnover of cell
walls. Gram-negative cell walls are also capable of interacting with metals (Li & Logan, 2004).
Essentially, lipopolysaccharides surrounding the cells control the physicochemical behavior.
Other bacterial surfaces, such as capsules, sheaths and biofilms can react with mineral surfaces
(Beveridge & Graham, 1991, Beveridge ez al., 1997). All the dominant taxa identified in the
experiment (Figure 3- 5) possess gram-negative cell walls.

Many of these attached cells have increased metabolic activity, which is reflected in their internal

ATP.
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4.1.1 The Colonization of Minerals

Apatite

The possibility of leaching limiting nutrients from mineral surfaces presents a considerable
opportunity for microbes to alleviate nutrient deprivation. Soluble phosphate (PO,”) is especially
scarce and tightly cycled within the microbial community in many groundwater systems (Madsen
& Ghiorse, 1993). Microbial phosphate solubilization has been extensively studied, emphasizing
its essential role in soil fertility (Rodriguez & Fraga, 1999). The apatite surfaces could potentially
provide phosphate to attached microorganisms (Goldstein, 1986, Bennett e a/., 2001, Welch ez
al., 2002). In this study, neither the community composition nor specific taxa indicated
exploitation of the apatite mineral surface. The bacterial communities attached to granite,
magnetite and apatite mineral surfaces were practically identical, as shown with a double-
centered principal component analysis (Figure 3- 6). The eukaryotic community separated this
mineral surface more decisively from the communities of other minerals (Figure 3- 6).
Nonetheless, colonization or weathering was low, as determined by examining SEM images.
Some possible reasons for low leaching activity could be that microbes taking up soluble PO,
from a solution could shift the solution’s equilibrium and prevent apatite dissolution. Also,
phosphate levels in the groundwater and bulk water within the mesocosm were at the limit of
detection (Table 3- 2), which might have hindered such a shift. Furthermore, the removal of Ca**
from the solution by microbially mediated precipitation of Ca-oxalate phases can also promote
apatite dissolution (Welch ez 4/, 2002). However, calcium oxalate crystals were not observed on
the electron microscopy images indicating no such process.

The number of substrates used and the activity and diversity of apatite detached cells in the
Biolog assay was lower compared to the communities removed from the magnetite and granite
surfaces. The activity measured in the assay leveled off or fell after 100 hours, indicating
substrate depletion. The substrate guilds responsible for the highest activity were amines,
followed by carboxylic and acetic acids and finally carbohydrates. The absence of activity related
to amino acids of the apatite community was surprising, since several bacteria are known to
readily utilize amino acids, such as carbon and nitrogen sources under nutrient limiting
conditions (Sepers, 1984, Egli, 2010).

In essence, an indication that apatite exposed to low temperature groundwater at circum-neutral
pH and at low nutrient concentrations can lift phosphate limitations or cause increases in carbon

usage activity was not provided compared to other mineral surfaces.
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Magnetite

Several bacteria, such as Shewanella spp., can couple the oxidation of organic carbon to the
reduction of amorphous Fe(III) oxyhydroxide and crystalline Fe(III) oxides (Lovley, 1991,
Kostka & Nealson, 1995). Magnetite reduction clearly resulted in electron flow and growth of
groundwater microbes in an anaerobic environment (Kostka & Nealson, 1995, Roh e a/., 2000).
In the microcosms investigated here, oxygen concentrations in the groundwater and the lack of
significant biofilm formation, leading to oxygen depletion, obviously impaired anaerobic
processes. Bacterial community composition was similar to those of apatite and granite surfaces
attached communities. The high number of sulfur-oxidizing Su/furitalea spp. could indicate a
leaching of sulfide minerals. However, these taxa have also been associated with magnetotactics
(Dziuba ez al., 2013) and sulfur-oxidation (Sakaguchi ez a/., 1993), and are capable of magnetite
formation. Yet, biomineralization on any magnetite mineral surface was not observed here. Still,
microbial populations attached to magnetite surfaces were the most active and diverse, in terms
of substrate use. The breadth of substrates converted was much higher, especially compared to
all other mineral surface communities. A preference for amines was exhibited after 60 h and was
almost twice as high as for other substrate guilds. Carboxylic and acetic acids followed the use of
amines and, most interestingly, by amino acids, which showed only minor contributions to the
activity in all other mineral observations. Potentially, this high activity could be related to the
more diverse eukaryotic community detected, which is capable of increasing carbon substrate
utilization. Mycorrhizal fungi are especially known to impact mineral weathering (Gadd & Raven,
2010).

The microscopic images taken from the magnetite minerals showed clusters of microbial cells,
which might facilitate the cooperation between cells, but no direct evidence for such interactions
can be provided. Thus, even though magnetite was clearly not relevant as an electron acceptor,
this reactive surface managed to select for the most functionally diverse microbiota, although this
was not apparent on the structural level. Although biofilm communities taken from the
magnetite surfaces were almost identical to those communities attached to apatite and granite,
the microbes associated with magnetite appeared the most diverse (Table 3- 4 & Table 3- 5),

arguably increasing the breadth of substrate use.

Pyrite

The sulfide mineral exposed to the indigenous groundwater community represented a mix of
sphalerite (ZnS), pyrite (FeS,), and silicates. These surfaces were the only potential electron
donors and were also most dissimilar to the other minerals. A wealth of literature (Edwards ef 4/,
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1999, Rodriguez et al., 2003, Li et al., 2013) on the colonization and leaching of pyrite minerals is
available. Several acidophilic microorganisms such as Acidithiobacillus ferrooxidans, Thiobacillus
thiooxidans, Leptospirillum ferrooxidans ot Thiobacillus ferrooxidans were found to be capable of
oxidizing sulfide and ferrous iron from mineral surfaces (Johnson, 1998). The leaching of pyrite
involves intermediate oxidation stages, e.g. thiosulfate and polythionates (Johnson, 2001, Sand e#
al., 2001), which are further oxidized to sulfate and also elemental sulfur as a byproduct. In our
experiment, the common acidophilic bacteria were not observed. Community diversity and cell
numbers on pyrite were the highest of all exposed surfaces, but activity in the heterotrophic
metabolic assay was low. A possible explanation could be that the lack of substratum after
transfer deprived the community of its lithotrophic electron donor, and that alternative
heterotrophic capacities were not developed. Even though no EM images of the mineral surfaces
at the start of the experiment were provided, weathering patterns of pyrite have been analysed in
detail (Liu ez al., 2003). A clear indication of whether heavy weathering of the sulfide mineral was
due to abiotic or biotic processes is not possible (Figure 3- 7). In previous work, it was
differentiated between a direct bacterial attack of the mineral surface and an indirect attack by
ferric iron (Fe’") in solution regenerated from planktonic bacteria (Konishi ez a/, 1992, Rodriguez
et al., 2003). Abiotic dissolution of zinc sulfide by ferric sulfate, where ferric ions oxidize the
sphalerite to form zinc and ferrous ions in solution and elemental sulfur, has also been reported
(Fowler & Crundwell, 1999). The ferrous ions formed in this bioleaching reaction can be
oxidized by microbes to ferric ions, accelerating the leaching process (Sand e# al., 2001, Li et al.,
2013). Given that we did not detect any specialized, acidophilic bacteria, one has to consider
abiotic weathering as well as bioleaching by a mixed microbial community as prevalent
mechanisms.

Microbes most closely affiliated to heterotrophic Zoogloea spp. (Betaproteobacteria) were dominant
on the pyrite surfaces. The appearance of Zoggloea spp. in pyrite tailings has been reported (Kalin
et al., 2005) They are capable of producing acidophilic polysaccharides to accumulate metals
(Norberg & Rydin, 1984). Zoogloea spp. were also found in greater abundance in the box water,
which indicates their potential for dispersal and detachment from surfaces.

Taken together, pyrite as a source of electron donors was the only surface to cause the expected
selective effects on attached microbiomes. An indicator for the selectivity of pyrite was the low
bacterial diversity observed on these minerals. Moreover, the biofilm community was not
capable of utilizing carbon substrates, at least in the absence of the substratum. It appears that

under heavy energy limitations, electron donors rather than putative nutrient release select
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groundwater microbes. This provides a new perspective on the attached growth of microbes in

energy- and nutrient-limited aquifers.

Granite

The granite coupons exposed in this experiment supposedly represented the least reactive
surface, providing neither limiting nutrients, electron acceptors nor electron donors. Evidence
for the colonization and even weathering of granite has been reported (Song ez al., 2007).
Different bacterial communities have been linked to specific granite minerals showing
correlation between OTUs and chemical composition (Gleeson e a/., 20006). In my experiment,
the similarity in community composition between granite, apatite and magnetite indicated a lack
of specific preference of groundwater bacterial communities towards any of these surfaces.
Previously, it was concluded that pH changes during microbial growth could stimulate silicate
mineral dissolution over longer timescales (Wu ez a/., 2008), so that the duration of the
experiment may still have been too short. Nonetheless, ongoing colonization would most likely
rather be driven by species interactions than by nutrient supply. Interestingly the community
attached to granite coupons was relatively active in the Biolog plates. The high similarity of the
microbial communities grown on granite and apatite emphasize the notion that nutrient
limitations were not alleviated by attached growth. Thus, the granite biofilms served as an
important control to exclude any selective patterns for apatite and magnetite, but substantiated

the observed selectivity and role of pyrite in this system.

4 1.2 Planktonic Microbes in Groundwater and the Mesocosm

Planktonic microorganisms in groundwater can be seen as part of a regional metacommunity,
connecting and shaping local communities through processes of adhesion, colonization and
dispersal (Leibold ez /., 2004, Besemer ez al., 2012). The community sampled within the
mesocosm was certainly a mixture of detached microbes from the surfaces as well as inflowing
groundwater.

Substrate utilization assays (Preston-Maftham ez a/, 2002) provide information on the range and
diversity of compounds potentially used by a community. Oligotrophic conditions in
groundwater can be survived by utilizing a range of carbon substrates at the same time (Egli,
2010). The low activity of planktonic cells in the Biolog assay was due to low cell numbers, but
the range of substrates used exceeded that of attached communities. Thus, planktonic cells seem
to experience even more oligotrophic conditions in groundwater, which is consistent with the

concept of the biofilm mode of life providing essential benefits for microbes.
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4.1.3 General synthesis

In summary, selection pressure was not exerted by the apatite, granite and magnetite surfaces to
the colonizing biofilm communities. This rejects our initial hypothesis that nutrient limitation
(phosphate limitation) can cause biofilm community shifts in natural oligotrophic, low-
temperature aquifers. It is likely that the attached taxa were simply exhibiting the best
colonization abilities and were ubiquitous in the seeding community favoring their dispersal. In
contrast, the sulfide mineral and its oxidation altered the community composition effectively.
The community was obviously impacted by the attachment and weathering of the
pytite/sphalerite mineral. This is a new perspective of electron donor limitations being the
central factor for selective surface colonization, in contrast to nutrient limitations, which
obviously did not impact biofilm composition.

The sampled biofilms consisted of groundwater taxa and microbes adapted to oligotrophic
conditions. The majority of previous studies on mineral weathering have focused on dissolution
in conditions which are uncharacteristic for shallow groundwater bodies. In most aquifers, low
temperatures, lack of energy sources, low nutrient levels, and relatively unreactive mineral
surfaces hinder the growth of microbes or even microbial aggregates. Here, however, I show that
electron donor limitation overrides the effect of nutrient-limitations and operates as a selective

force in the colonization of minerals.
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4.2 Microbial Biofilms in a Mineral Spring Cavern Dominated by Methane

and lodine

4.2.1 Methane as a Driver of Biofilm Formation

The central questions and hypotheses posed in this field study focus on the sources of biofilm
growth and the microbial communities inhabiting and producing the biofilm in the Sulzbrunn
spring cavern. The microbial biofilm community described herein impresses by its sheer biomass
and the massive amount of extracellular polymeric substances it produces. The energy source
allowing such accumulations was identified primarily as methane in this thesis. Other caves with
inputs of methane have been described (Kumaresan ez /., 2014) but in this cavern, hydrogen
sulfide appeared to be the primary energy source (Sarbu ez a/., 1996). So far, the described biofilm
system is the first evidence of such methane fuelled biofilm growth.

The isotopic signature of the outgassing methane identifies it as thermogenic (Figure 4- 2)
(Whiticar, 1999), excluding recent microbial production. Although the stable isotope values of
the freeze-dried biofilms were integrative over the whole community, gradients of distinct
carbon inputs were identified. Interestingly, the only sample with a signal of seeping methane
was found at the bottom of the wall dominating biofilms, which are usually submerged. A clear
gradient towards the ceiling was shown (Figure 3- 8). The carbon isotope signature of the
biofilms at the ceiling was comparable to soil leachate carbon from C, plants (Kohn, 2010),
substantiating this as an additional source of carbon in the cave. This appears legitimate, since
the cave water is also a mixture consisting of ~%4 seepage water, according to the estimations
from the mixing of water stable isotopes and chlorine. The input of organic carbon in the form
of dissolved organic matter from the overlaying pedosphere is common in caves (Sarbu ez a/.,
1996). Never before, however, has spatial localization of cave biofilms been identified as such an

important discriminant between biosphere and geosphere carbon inputs.
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Figure 4- 1 The classification of the origin of methane, based on the isotopic signature of carbon and
hydrogen atoms. The red cross indicates the reported values for methane from the Sulzbrunn Cave.

Taken from Whiticar (1999)

Furthermore, the 8N signature of the respective biofilm communities provided information
about local N partitioning. A close link between nitrogen cycling and methane oxidation has
been described recently. Microbial consortia dominated by Mezhylococcaceae and Methylophilaceae
linked to methane oxidation coupled to denitrification (Kalyuhznaya ez a/., 2009, Liu ¢f al., 2014)
and nitrite-driven oxidation of methane in Methylomirabilis oxyfera (Raghoebarsing ez al., 2006) are
just two examples. Methylophilaceae were markedly represented in lower wall biofilms where 8N
partitioning was the most pronounced (Figure 3-8). A direct link between the appearance of
Methylococcaceae and Methylophilaceae was not supported by network analysis.

The physicochemical analysis of the upwelling mineral water displayed elevated values of ions
resulting in high specific conductivity of the water, conforming to previous measurements (Table
3- 2). The water showed low oxygen concentrations, making the mixing of anoxic deep
formation water with aerated meteoric water on the way up to the spring cavern likely. The

circum-neutral pH of the groundwater differentiates this system from most other high biomass
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subsurface systems, where biofilm snottites have been reported mostly in acidic environments

(Bond et al., 2000, Macalady e al., 2007).

4.2.2 Massive Production of Extracellular Polymers

A central concern of this study was determining the factors initiating and influencing the
production of the massive EPS matrix. The overproduction of EPS can be hypothesized to
provide several advantages to biofilm communities. The most likely explanation for the high
production of EPS is suggested by the nutrient composition within biofilms. A high carbon to
nitrogen ratio has been identified as a proxy for biopolymer production (Linton, 1990). This
situation was eminent in the ceiling biofilms, which also exhibited the highest biomass. The
microbes appeared to have easy excess to carbon and energy, but other essential nutrients for
growth seemed lacking. The matrix provides an electron sink for the microbes and also a storage
capacity for reduced carbon. Methanotrophs using the ribulose monophosphat pathway (RuMP),
called type I methanotrophs (Hanson & Hanson, 1996), such as Mezhylococcaceae and
Crenotrichaceae, profit from an energetically favorable production of extracellular polysaccharides
(Linton, 1990). Additionally, they can shunt toxic formaldehyde produced in the first step of
methane oxidation. Nonetheless, these taxa were more abundant in the wall biofilms where
exopolymer production was not as apparent as on the ceiling. The higher rRNA gene abundance
of lower wall biofilms and the higher levels of nitrogen and phosphorous could indicate higher
growth rates and less exudation of polysaccharides by these microbes.

Certainly, the formation of EPS provides ideal conditions for cooperative behavior.
Physicochemical gradients in the biofilms are likely to create a multitude of microniches
(Costerton ef al., 1994). Although an oxygen profile from within the snottites cannot be provided
here, oxygen depletion within several hundred micrometers has been reported (De Beer ez al,
1994) and appears plausible for biofilms from a few millimeters up to a centimeter in thickness
(Ziegler et al., 2013). Although measurements of assumed oxygen gradients in the cavern remain
to be done, several micro-aerophilic to anoxic environments are likely to exist in the cave.

The importance of methane as an energy source was supported by the fact that pmo. coding
genes were detected in all samples, also indicating the availability of oxygen for lower wall
biofilms. Almost all abundant taxa found within the cave biofilms were directly or indirectly
linked to methylotrophy (Chistoserdova e al., 2009, Chistoserdova & Lidstrom, 2013). This was
also emphasized by the ubiquitous presence of the mxal” gene in all samples. While type 11

methanotrophs belonging to the A/phaproteobacteria can be found within the Begerinckiaceae, they
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were only of minor importance in lower biofilms. Instead, type I methanotrophs were common
in those samples.

Fingerprinting pm0A amplicons provided basic additional information on the diversity and
structure of the methanotrophic communities. Surprisingly, the diversity was lower at the bottom
compared to ceiling biofilms, indicating a more specialized community. Several pyrotag reads
were affiliated to Crenotrichaceae, as identified via the database published by Werner ez o/ (2011),
but not recognized with other databases (e.g. Greengenes (DeSantis ez /., 2006), SILVA (Quast ez
al., 2013)). Crenotrix spp. have been characterized as filamentous, sheated Gammaproteobacteria
found in groundwater and slow running water at low organic matter and Fe*" concentrations, but
frequently encrusted with iron or manganese oxides (Harder, 1919, Stoecker ez 4/, 2006). The
appearance of Crenotrix spp. in caves is well documented (Provencio & Polyak, 2001, Engel,
2010) but in this study its presence was not confirmed visually by microscopic examination.
Therefore, several 16S sequences were blasted using NCBI. Methylosarcina spp., Methylosoma spp.
and Methylobacter spp. were found to be closely related to the reads previously recognized as
Crenotrichaceae in the sample libraries. Methylosarcina spp. have been described (Wise e a/., 2001) as
slime forming bacteria found in diverse habitats, such as rice paddy soil (Qiu e7 4/, 2008), lakes
(Kalyuzhnaya ez al., 2005) and landfills (Wise 7 /., 2001) consuming methane and methanol as
their sole carbon sources. In essence, the methylotrophs in this system are likely to drive EPS

production using methane and methylhalides as energy sources.

4.2 .3 Biofilm Elemental Speciation

4.2.3.1 lron and Sulfur

An elemental analysis of biofilms revealed interesting distribution patterns for sulfur and iron,
both of which were elevated along the wall. Massive biofilm growth in caves has previously been
attributed to the presence of sulfide, but low sulfate levels in the water (Table 3- 2) and moderate
sulfur levels in the biofilms (Table 3- 8) do not suggest a central role of sulfide oxidation within
this cave. The high amount (up to 106 mg g") of iron especially in biofilms, indicates an
influence of the microbial communities. Certainly, iron was heavily enriched in biofilms
compared to the spring water. An interaction of iron and with extracellular polymer matrices

(e.g. regulation of EPS production, bioleaching) has previously been shown (Banin ¢z a/., 2005,
Sand & Gehrke, 20006). Cells with increased amounts of iron and glucuronic acids within the EPS
matrix displayed higher respiratory activity (Sand & Gehrke, 2006). Wall biofilms displayed less
EPS production compared to ceiling biofilms and were visibly pervaded with iron precipitates

(Figure 4-3). The larger area around the cave is known to feature iron ore deposits (Heim, 1919)
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so that iron rich geological formations could be the reason for the high iron concentrations. The

elevated iron concentrations along the wall might be due to leaching into the biofilms and might

play a role in regulating methylotrophic processes, especially under oxygen limitation (Beal ez a/,
2009).

Figure 4-2A Ceiling and B wall biofilms displying different morphology and coloration. Gas formation

is visible in the left corner of the wall biofilm image. (Photo: Karwautz)

4.2.3.2 lodine

The relatively high amount of iodine in spring water and also biofilm samples warrants further
attention. Iodine in high concentrations is generally found only in marine environments, but
iodine has also been detected in lakes, streams and groundwater ecosystems (Whitehead, 1984,
Fuge & Johnson, 1986). Iodine is a biophilic element enriched in fluids of high hydrocarbon
content (Moran ez al., 1998) and sorption to organic matter and minerals (e.g. ferric oxides and
hydroxides) has been demonstrated (Couture & Seitz, 1983, Whitehead, 1984). An enhanced
corrosion of iron has also been related to iodide oxidizing bacteria (Wakai ez 2/, 2014). Apart
from geological settings (faults), methyl iodide (CH;I) has been attributed to be responsible for
the transfer of iodine from the ocean to land (Whitehead, 1984). In aquatic systems, it was
demonstrated that dissolved iodine is mainly available as iodide (I'), iodate (I05) and organic
iodine (Figure 4-3)(Tsunogai & Sase, 1969, Elderfield & Truesdale, 1980, Jickells ez /., 1988,
Muramatsu & Wedepohl, 1998, Wong & Cheng, 1998, Chapman & Truesdale, 2011). The
distribution of iodine in groundwater is described as a spatially and temporally dynamic system
(Voutchkova e# al., 2014). Radioiodines ("I and "'I) in particular, which are generated in nuclear
energy facilities, are of major concern to human and ecosystem health (Snyder & Fehn, 2004,

Zhang et al., 2013).
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Under reducing conditions, aqueous iodine usually occurs as iodide (I-), while in more oxic environments,

iodine is present as iodate (I057). Taken from Whitehead (1984).

Several microbial processes involved in iodine cycling, such as the uptake and accumulation of
iodine, the reduction of iodate, or the oxidation and volatilization of iodide, have been described
(Malcolm & Price, 1984, Councell ¢z al., 1997, Fuse ¢f al., 2003, Amachi ef al., 2007b, Amachi,
2008, Arakawa ez al., 2012). Here, a cycling of different iodine species between spatially
segregated cavern compartments is proposed. A link between iodine and methane cycling would
be of considerable interest. Pathways that could be relevant in this system would be first, the
production and oxidation of methyl halides, and second, a redox reaction involving methane
oxidation and iodate reduction which would present a new mechanism for methane oxidation.
No final evidence for these processes can be provided at this stage because the full iodine

speciation awaits further investigation. The possible pathways are discussed below.
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4.2.3.2.1 lodomethane (CH,l) production and utilization

Iodomethane, or methyl iodide, is a mutagenic volatile halocarbon and actually the most
abundant halogenated hydrocarbon in the atmosphere, being mainly produced by kelp
(Laminaria) (Carpenter ef al., 2000), Cyanobacteria (Hughes et al., 2008) and microbial aggregates of
marine and terrestrial origin (Amachi e# a/, 2001, Amachi ez a/., 2003, Fujimori ez al., 2012).
Attachment and aggregation of microbial communities seems to enhance the production of
iodomethane (Asare ez al., 2012).

The production of methyl halides is likely to be wide-spread in marine microorganisms (Amachi
¢t al., 2001), and Erythrobacteriaceae have been particularly shown to do so (Fujimori e al., 2012).
The high numbers of Erythrobacteriaceae especially at the lower wall (Figure 3- 14), could be
indicative of such a process occuring in the cave biofilm.

In the presence of an equimolar mixture of iodide, bromide and chloride, methyl halides were
formed by a fungal culture in a ratio of 27:5:1, emphasizing the affinity of the fungal methylating
system (Harper & Kennedy, 1986). However, no respective data is available for bacterial
communities to date. Although a quantitative detection of methyl iodide or other methyl halides
in the cavern atmosphere was not feasible, the first qualitative evidence was in fact generated in

the course of this thesis and these measurements be continued.
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Methyl halides can be co-oxidized by organisms containing methane-, ammonia- or toluene
monooxygenases (Han & Semrau, 2000, Duddleston e7 /., 2002, McDonald ez 4., 2002,
Goodwin e al., 2005). Furthermore, a specific pathway for the oxidation of methyl halides was
found in several microorganisms represented by taxa of the Roseobacter clade, Hyphomicrobinm
chloromethanicun, Methylobacterinm chloromethanicuns, Aminobacter sp. IMB-1, and others (Vannelli e
al., 1999, Amachi et al., 2001, McAnulla ¢ /., 20012, McAnulla ¢/ a/., 2001b, McDonald ez 4/.,
2002, Amachi ez al., 2003, Schifer e al., 2007). The gene ennA codes for a methyltransferase
which carries out the first step of halomethane degradation, and was used as an indicator in this
study (Woodall ez a/, 2001, Schifer ez al., 2005). Like the potential methyl halide producing
organisms, this gene, suggestive of these specialized methylotrophs, was preferentially found on
lower sections of the wall. Other possible methyl halide degraders such as Hyphomicrobinm sp.
(McAnulla e al., 2001b) were mainly found in ceiling biofilms, but others e.g. Rhodobacteraceae
(Miller e al., 2004) were most abundant at the bottom of the walls, with a decreasing gradient
toward the top (Figure 3- 14). A potential cooperation of Erythrobacteraceae and Rhodobacteraceae as
indicated by the co-occurrence network graph (Figure 3- 16) should be further elucidated.

So far, the ewuA-encoded enzyme system has only been linked to the degradation of gaseous
methyl chloride and methyl bromide but not of methyl iodide. It has been argued that this
degradation pathway is primarily linked to energy gain rather than to carbon assimilation or a
detoxification reaction (Cox e# al., 2012, Halsey e# al., 2012). These findings further support the
newly proposed perspective of methane and iodomethane as an energy source but not a carbon
source in biofilms. The presence of such a highly specific pathway could provide a selective
advantage on a small scale, given the close proximity of the formation of methyl halides e.g. co-

localized methyl halide producers and degraders in the biofilm matrix.

4.2.3.2.2 lodide (I") oxidation and accumulation

The oxidation of iodide to iodine (I,), or to hypoiodous acid (HIO) by haloperoxidases, has been
observed in brown algae and bacteria (Kupper ez /., 1998, Amachi ¢t al., 2007a). Iodine is then
intracellularly stored as iodide or and might act as an antioxidant (Kipper e# a/, 2008). lodide
accumulation in bacteria was first shown in microbial communities of marine sediments (Amachi
et al., 2005a) where Flavobacteraceae showed relatively high uptake. Previous investigations
examining aquifer communities and groundwater conditions have shown lower uptake rates but
additional taxa (within the Betaproteobacteria - closely related to Ralstonia spp., the Firmicutes -
closely related to Bacillus spp., the Actinobacteria — closely related to Streptomyces spp. and

Bacteriodetes) are also capable of iodide accumulation (Li e a/., 2011). The maximum iodide
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concentration in bacterial cells was reported to be 30 ug g cells (Amachi ¢z a/,, 2005a), which is
comparably low to what was found in the cave biofilms where the total iodine was estimated to
be 480 + 180 pg g dry biomass. These relatively high values of iodine in the biofilms (Table 3-
8) were not significantly (R* = 0.39, p=0.07) related to the total carbon content, although such a
link has been established previously in surface sediments (Malcolm & Price, 1984).

Todide oxidation is an energetically favorable process but so far there is no evidence that bacteria

can actually capitalize on this reaction:
4174+0,+4H* - 21, +2H,0 AG® -56 k] /reaction

The oxidation of iodide has been examined in Alphaproteobacteria related to Roseovarins spp.,
Rhodothalassinm spp. and Kordiimonas spp. (Amachi ez al., 2005b, Arakawa ez al., 2012, Wakai e7 al.,
2014). The responsible peroxidases were found only extracellularly, making energy conservation
impossible. The microorganisms were also able to generate organic iodine species (CH,I,,
CH,CII). Iodine (I,) from iodide oxidizing bacteria could act as an inhibitor towards other
species, providing an advantage over iodine-sensitive taxa (Zhao et al., 2013). Elemental iodine
and hypoiodous acid are biocidals (Koch, 1881, Chang & Morris, 1953, Chang, 1958, Brion &
Silverstein, 1999), exerting their effect through their chemical property as strong oxidants. In
comparison to chlorine, its disinfection ability is neither decisively pH-related nor does the
presence of organic or inorganic nitrogenous substances interfere (Chang & Mortis, 1953).
Bacteria appear more sensitive to iodine compared to viruses (Brion & Silverstein, 1999) and
protozoa (Chang, 1958). Exposure to 0.2 ppm iodine for 10 minutes was shown to be sufficient
to kill enteric bacteria (Gottardi, 2001). Nevertheless, the iodine resistance of bacteria e.g.
Psendomonas alclaigenes is well established (Favero & Drake, 1960).

At present, the high abundance of unclassified alphaproteobacterial sequences found in the cave
cannot be directly linked to iodide oxidation. However, ongoing enrichments with added iodide
and also the detection of further gene markers (Arakawa ez o/, 2012) might identify novel iodide-

oxidizing bacteria.

4.2.3.2.3 lodate (I05) reduction

Todate is expected to be stable under oxidized conditions (Figure 4- 3). Iodate is known to
preferentially sorb to surfaces compared to iodide. The oxidation of compounds using iodate as
an electron acceptor has been demonstrated for marine phytoplankton and bacteria (Councell ez
al., 1997, Farrenkopf ez al., 1997, Amachi ez al., 2007b, Chance ¢# al., 2007). The reduction of

iodate to iodide might also be catalyzed by nitrate reducing bacteria (T'sunogai & Sase, 1969).
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Sulfur- and iron reducing bacteria (Desulfovibrio desulfuricans and Shewanella oneidensis) were reported
to reduce iodate anaerobically in experimental setups, but mechanisms remained unclear
(Councell ez al., 1997, Farrenkopf ef al., 1997). Dissimilatory iodate reduction has indeed been
demonstrated for Pseudomonas sp. strain SCT growing on iodate as the sole electron
acceptor(Amachi ez al., 2007b). Pseudomonas sp. strain SCT is most closely related to denitrifying
bacteria P. stutzeri (Lehmann & Neumann, 1896) and chlorate-reducing P. chloritidismutans
(Wolterink ez al., 2002) but does not grow on chlorate. The Pseudomonadaceae found in the
Sulzbrunn biofilms were phylogenetically distant from these two. Still, a potential oxidation of
methane under anaerobic conditions using iodate as an electron acceptor would be

thermodynamically feasible.

3CHy + 4103 » 3CO, + I + 6 H,0 AG® -1022 kJ /mol CH,4

Representatives of anaerobic nitrate and nitrite-driven methane oxidation (Mezhylomirabilis oxyfera)
were also present in small numbers in the samples. It is not known if they could grow on iodate
but they do contain an iodide peroxidase, which allows for the oxidation of iodide (Ettwig ez al.,
2010). Iodine was measured as the total iodine in water and freeze-dried biofilm samples,
therefore the available data does not allow for differentiation between different oxidation states.
Todine geochemistry is rather complex, as under relevant environmental conditions several
physical and oxidation states exist (Kaplan e7 4/, 2013). Hydrolysis of iodine and iodide in water
results in a multitude of possible compounds (Table 4- 1). Under conditions prevalent in
aquifers, only the —I, 0, and +V valence states are common (Fuge & Johnson, 1986). Iodate is
assumed to be stable under oxic conditions and was found to be the prevalent chemical form in
oxic seawater (Tsunogai & Sase, 1969). On the contrary, iodide is the dominant form in anoxic
seawater (Chapman, 1983) and marine sediments (Muramatsu ¢ a/., 2007). Elemental iodine (I,)
is readily oxidized in alkaline solution to iodate (105), while under acidic conditions, the
oxidation of I, to 105 requires a high redox potential (Figure 4- 3), making this process highly
unlikely. In 1969, Tsunogai & Sase postulated that the reduction of iodate to iodide (E, + 0.67 V,
pH 7) is more difficult than the reduction of chlorate to chloride (E; + 1.03 V, pH 7) but is
thermodynamically more favorable than the reduction of nitrate to nitrite (E, + 0.43 V, pH 7).
However, the referred standard redox potential for the IO, /I" couple is vastly different from
what was reported by Amachi (2008) of +1.54 V. Nonetheless, the reduction of iodate was
shown in several independent studies and should be included in further examinations of the

Sulzbrunn cave system, especially regarding the oxidation of methane.

110



DISCUSSION

Table 4- 1 The main reactions of iodine and iodide hydrolization in water. Taken from Kaplan ez 4/.

(2013)

Chemical reaction Equilibrium constant
I2) = I 2(aq) logKao°c = 0.65
g + I =I5 10gI<20 oc = 2.89

Iyag + H2O = H* + I- + HIO logKag oc= -12.49

Iz(aq) + 2 Hzo = 2H201+ 10g1<20 oc — —10.80
I-+ Ht = HI lOgI(zo oc= 0
21-= Iz(aq) +2e 10gI<2() oc =-21.33

I- + HO = HIO@q) + HY + 2 e 10g1<20 oc=-33.81
I-+3H,0 =105 +6 H* + 6 ¢ 10gI<2() oc =-113.31

4.2 4 Biodiversity in Biofilms

The considerable diversity observed in cave biofilms and sediments was surprising and is likely to
be due to the mixing of different source communities and diverse carbon and energy resources.
The appearance of several bacterial taxa known to thrive in anoxic (Syntrophobacteraceae), saline
(Sinobacteraceae) or deep subsurface habitats as well as the presence of classic soil microbiota
(Verrucomicrobia) reflected this situation. The influence of the cave’s atmosphere composition and
distribution of elements along vertical and horizontal gradients on the bacterial community was
observed. Further analysis of microgradients within the EPS matrix could help to describe the
realized niches for specific taxa. Niche partitioning was shown to shape microbial communities
involved in the cycling of methane (Bodelier ¢f a/., 2013). In the same study, the role of less
abundant microbial constituents was stressed. The interactions within the biofilms between
community taxa and their environment are certainly manifold (Little ¢7 a/., 2008). Different
nutritional strategies (generalists, specialists), as well as organic and inorganic electron donors,
are likely to ease competition for resources. The oxidation of methyl halides, which can
presumably be utilized by most methylotrophs, but also allow for the emergence of a specific
A gene containing population would provide such an example. At the same time, exclusion
could take place by chemical warfare via the exudation of iodine, which itself might enhance
microbial diversity (Lenski & Riley, 2002). However, it is most likely that mutualistic and
cooperative behavior sets the tone in these microenvironments. The production of massive EPS
and putative steep gradients of substrates and metabolites (Stewart & Franklin, 2008, Ziegler ez

al., 2009) within these structures certainly provide the basis for the observed diversity.
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4.2.5 Using Network Analysis to Explore Co-Occurrence Patterns in
Microbial Cave Communities

The described co-occurrence of bacterial taxa taken over all samples represents a first approach
towards revealing key community members and possible interaction partners in biofilms. The
relatively low sample size (n=14) certainly hinders the integration of community dynamics. As a
next step, a greater data set including Arhaea and eukaryotic community members is crucial.
Nevertheless, the visual examination of the co-occurrence network certainly provided useful
information on biofilm community assembly. The highly linked central part of the network
dominated by putative methylotrophic taxa highlighted the importance of this lifestyle. The
additional taxa split into typical soil microbes, as well as further potential methylotrophs
dominated by alphaproteobacterial lineages. These primary insights describe a diverse bacterial

network containing several interconnected methylotrophic taxa.

4.2.6 A Conceptual Model of the Sulzbrunn Cavern System

A conceptual model of the cavern system (Figure 4- 5) combining the main results and
considerations was established. The three main compartments, consisting of the mixed cavern
water, the wall and ceiling biofilms, were all shown to be bioreactive but distinctive in their
elemental and taxonomic composition. High gene copy numbers in the outflow indicate the
importance of the groundwater filled basin for biogeochemical processes compared to other
cavern habitats. The distribution of bacterial populations along the wall gradient is indicative of a
shift of physicochemical conditions. Key taxonomic groups were identified for each
compartment and the influx of water and methane was quantified. Outgassing methane and
putative methyl halides were used as energy and electron sources but not as the main carbon
source. In the absence of limiting nutrients (nitrogen, phosphorous), the microbes produce EPS
to shunt off electrons creating a unique habitat. The mixotrophic growth of biofilms observed

here is unusal for methylotrophs that are classically considered as autotrophic.
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4.3 Drinking Water Biofilms

4.3.1 Well Populations and Variability

The last part of this thesis provides evidence for a distinct bacterial well community. A generally
high level of diversity of bacterial communities in drinking water has been reported (Poitelon e#
al., 2009, Lautenschlager ez al., 2013). The prevalence of Proteobacteria was not surprising in the
investigated drinking water wells. Profeobacteria, and especially the Apha-, Beta-, and Gamma-
subclasses, have been identified as the predominant taxa in potable water and drinking water
biofilms (Kalmbach ez al., 1997, Schmeisser ez al., 2003, Williams ef al., 2004). Members of the
Actinobacteria, Bacteroidetes, Firmicutes, and Planctomycetes, as well as Cyanobacteria are also frequent
constituents of these communities (Revetta ez @/, 2010, Kahlisch ez al., 2012). Moreover, several
unidentified candidate phyla (e.g. WS3 and TM7) were found in this study, confirming their
general presence in potable water samples (Hwang e7 /., 2012, Lautenschlager ez al., 2013).
Microbial diversity is linked to a range of environmental and species interactions (Horner-Devine
et al., 2004). The paradox of finding high microbial diversity in oligotrophic systems has been
reported but often related to disturbance regimes, which are negligible in groundwater
ecosystems. Other drivers, such as bacteriophages or dispersal mechanisms, are more likely to
play a crucial role in these habitats.

Several taxa representing relatively defined metabolic capacities were observed (e.g. Nitrospira
spp.: nitrification, Diaphorobacter spp.: nitrification, denitrification (Khardenavis e a/., 2007),
Methyloversatilis sp: methylotrophy). Ammonia oxidizing bacteria and nitrite oxidizing bacteria
have been regularly observed in potable water (Lipponen et al., 2002, Martiny ef al., 2005) and
attributed to disinfection with chloramine. However, this treatment has never been applied to the
drinking water wells investigated here, and points towards the influx of distinct nitrogen sources.
Also, typical methylotrophic and methanotrophic taxa (e.g. Methyloversatilis spp., Methylococcus spp.)
were present at low, but still sizable, read frequency (up to 5 %). Methane oxidizers are also
capable of oxidizing ammonium and are often associated with denitrifying bacteria that can use
simple carbon compounds released by the methanotrophs as substrates for denitrification
reactions and for growth (Knowles, 2005)

Despite high hydraulic conductivity of the local aquifer, bacterial communities between wells
differed in their diversity and structure. Potentially, this could have been related to the different
usage routines and production intensities of the wells, as well as differences in sediment

composition, even though water chemistry was very similar. While well 3 is in use throughout the
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year, well 1 and well 2 are stagnant over several weeks and are then flushed to inhibit clogging.
Constant flow might enhance the growth of more compact biofilms, while stagnant communities
are more easily detached. Microbes in stagnant wells are likely to be more influenced by the well
environment than the constantly used well which is continuously fed with transported
microorganisms. Well clogging and its accompanied reduction of hydraulic conductivity has been
attributed to the production of low solubility gases, precipitation and deposition of metals and
CaCQO;, as well as the filtration of suspended particles (Ross e# a/, 2001). Microorganisms,
especially biofilms, play a crucial role in most of these processes.

Microbial biofilms and the production of extracellular polymeric substances (EPS) change the
physicochemical properties of their local environment. Microbes in bulk water are more
susceptible to the depletion of nutrients than biofilm residents (Boe-Hansen ez a/., 2002). Taxa
associated with considerable EPS production, such as Arthrobacter spp., Cytophaga spp., Rhizobinm
spp. and others, have been linked with bioclogging (Ross ez a/., 2001). A noticeable number (4.3
%) of Arthrobacter spp. reads were found in well 2, and of Cytophaga spp. in the two other wells (2
% and 3.4 %, respectively). The influence of biofilms in the proximity to the wells on overall
community structure and drinking water production can only be speculated upon. Observed
differences in community composition between wells suggest that the sampled bulk water biota
could consist of a mixture of ‘background’ aquifer microbes and dispersed site specific well
communities. Site specific taxa could be identified by high variability in relative abundance
between wells e.g. Psexdomonas, unclassitied Rhodospirillaceae, 1 egionella, Methyloversatilis, Acidovorax.
Taxa present in all wells in similar numbers are likely to be distributed by transportation or are

common aquifer taxa, displaying a low impact in the principal component analysis e.g. Gallionella.

4.3.2 Restoration of Well 2 by Hydraulic Jetting

The ratio of potential well-specific biofilm bacteria in the effluent was expected to increase
during physical removal via high pressure jetting. In the presented time series, several taxa were
found at transiently increased abundance, suggesting their presence in the well vicinity. Strong
fluctuations of taxa between different sampling time points indicate the high heterogeneity of
communities in the well itself. Most notably, Diaphorobacter spp., Nitrospira spp., Sphingobium spp.
and Ralstonia spp., were prevalently removed in the first 15 min. As they were less dominant in
later time points (Figure 3- 16), these populations might be situated directly at the well-aquifer
interface. At the third time point (45 min), the transient dominance of .A/kanindiges populations
were accompanied by Janthinobacterinm spp. (Figure 3- 16), a typical soil bacterium known to form

biofilms. Janthinobacterium spp. and Ralstonia spp. have both been previously reported for drinking
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water systems (Schmeisser ez al., 2003, Ultee ef al., 2004, Kormas et al., 2010). Both taxa are well
known soil dwelling bacteria likely belonging to the constantly seeding community.

Although Cyanobacteria have also been repeatedly found in drinking water systems (Williams ez a/.,
2004, Kahlisch ez al., 2012), the appearance of cyanobacterial DNA at the end of the
maintenance process was intriguing since there is no surface water body close by. After the
sampling of drinking water with direct surface water influence, (Revetta e a/., 2010) argued that
Cyanobacteria might survive in the dark. Several Bacillariophyta have been recognized as soil
microorganisms that are prevalently found in recently unglaciated soils (Nemergut e a/., 2007). In
another recent study, Hwang ez a/. (2012) also found high numbers of Cyanobacteria in chlorinated
drinking water directly stemming from an aquifer. All of this taken together suggests that
Cyanobacteria are able to survive (Kahlisch ef a/., 2010) and spread in the subsurface, even when
facing rather unsuitable conditions for their phototrophic lifestyle. Recently, the candidate
phylum Melainabacteria, which appears to be closely related to Cyanobacteria, was found in aquifers
living as obligate anaerobic fermenters (Di Rienzi ez /., 2013).

The cleaning procedure reduced bacterial diversity in drinking water considerably. It can be
speculated that high pressure jetting actually reduced the diversity of microbial niches in the
vicinity of the well previously established by microbial colonization, filtration and precipitation
processes. Especially, the relative abundance of Actinobacteria—related reads decreased in each
successive sample and was almost absent after two weeks. The dominance of Betaproteobacteria
two weeks after cleaning could be a further indication for the reduction of biofilm bacteria, often
belonging to the Apha-, Gamma- and Deltaproteobacteria (Henne ef al., 2012). In contrast, the
specific taxa (more abundant 2 weeks after cleaning) seem to represent the more mobile fraction
of the aquifer microbes, amongst them ‘typical’ drinking water representatives such as Rbodocyclus
spp., Sphingobium spp. or Polaromonas spp. (Loy et al., 2005, Kampfer ez al., 20006).

Lineages harboring potential pathogens of drinking water concern (i.e. Legionellaceae,
Psendomonadaceae, Acinteobacter spp.) reacted distinctly to hydraulic jetting. As mentioned above,
the read abundance of Pseudomonas spp. decreased steadily during well restoration, and was
almost absent after 2 weeks. This suggests that they were more a component of the attached
microbiota in the well vicinity than in the aquifer itself. In this respect, a positive effect of
hydraulic jetting on microbiological drinking water quality can be inferred. Still, given the
ubiquity and versatility of Psexdomonas and also Acinetobacter in aquatic environments, conclusions
on the impact of this purging on any hygienic parameters are not possible. In contrast, reads of
the Legionellaceae were identified in all samples, but at decreased abundance during the actual

purging event. This emphasizes the omnipresence of these taxa in oligotrophic drinking water

116



DISCUSSION

systems (Wullings ¢ a/., 2011) but opposes their establishment in biofilms in the vicinity of the
well. Also, the appearance of reads related to Chryseobacterinm spp. (Kim ez al., 2008) during
cleaning indicates its presence in the outer well sediments.

From an ecological perspective, the cleaning procedure has to be seen as a disturbance of the
well ecosystem. The dynamic equilibrium model (Huston, 1979) predicts that in low productive
environments where species have slow growth rates, infrequent disturbances are enough to
promote invasion of the system. Thus, disturbances can permanently alter communities by
decreasing slow growing species that are often excellent competitors (Mata ¢z al., 2013).
Phylogenetically more diverse communities are less susceptible to invasion, which is linked to the
more efficient use of resources by dissimilar communities (Jousset ez a/., 2011).

The well microbiome presents a seed bank (Leibold ez a/., 2004) dispersing cells to subsequent
drinking water supply systems all the way to the tap. This implies that drinking water community
characteristics are influenced by the size of the seeding community and the diversity of taxa
therein, the spatial structure of the community and the rate of dispersal (Curtis & Sloan, 2004).
After a disturbance, recolonization of such heterogeneous and oligotrophic habitats is difficult to
predict. While ‘niche-assembled communities’ would predict the coexistence of species because
of microbial niche differentiation, ‘dispersal-assembled communities’ are determined by the
ability to disperse, settle and persist independently of coexisting microbes. Neutral theory
(Hubbell, 2001) suggests that different species of a community are able to coexist because they
reproduce, die, disperse or evolve with the same probability (Gilyarov, 2011). Resident taxa
within aquifers are adapted to low substrate concentrations and are very likely to follow this
assumption. Functionally similar but phylogenetically differing groups are found in all three
wells. Several taxa which were found are frequently detected in drinking water and are therefore
likely to be adapted to low nutrient conditions. Microbes are constantly passing through the well
environment, many of which are organisms associated with soil, being potential colonizers of a
habitat which shows distinct patterns in distribution as revealed by successive sampling of the
maintenance process. Finding substantial differences between the purged samples indicates a
heterogeneous distribution within biofilms throughout the surrounding well filter and the impact
of high pressure jetting. Despite low nutrient conditions, microbial diversity was substantial and
metabolic versatility can be inferred from taxonomic information. In synthesis, distinct well
communities were found despite similar water chemistry. Also, high-pressure jetting proved

effective in considerably reducing the microbial diversity.
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5 Conclusions and Outlook

Microbial biofilms in groundwater ecosystems control several important processes and
ecosystem services. The studies conducted here exhibit considerable novelty in biofilm
communities in aquifers, showing that they can be found over a large span of physiologically,
trophically and ecologically distinct systems.

The discussion of whether biofilms even exist in groundwater (Taylor & Jafté, 1990, Baveye ez
al., 1992) depends on the investigated system and the available energy, as well as on the
definition of microbial biofilms. In this thesis, a biofilm is considered as a functionally defined
consortium of microbial cells attached to a surface in an organized manner. Although the role of
biofilms in the environment has been studied over the past 40 years, energy and nutrient limited
aquatic systems have been more or less neglected. Thus this thesis contributes to the recently
emerging paradigm shift in biofilm research from the ‘classical’ multilayer, monospecies biofilms
towards more environmentally relevant, monolayer and multispecies systems (Karatan &
Watnick, 2009). The situation in pristine aquifers where microbial cells need to budget their
energy in order to survive calls for such a change in paradigm, and the production of
extracellular polymers or signal molecules appears inefficient.

Whereas the interaction of microbial cells is emphasized in many studies of biofilms, cell-surface
interactions are often largely ignored. The importance of the geological media to which microbes
attach is highlighted in the first experiment described in this thesis. Biofilms were examined in an
experimental mesocosm system, which allowed for a controlled and reproducible colonization of
selected mineral coupons. The dissolution of minerals and the leaching of nutrients could both
be potential drivers of biofilm formation. However, in contrast to our initial expectations, the
experiment did not provide evidence for an alleviation of nutrient limitations by reactive mineral
surfaces. Thus, this idea must be reconsidered for pristine aquifers, at least for the given
hydrogeochemical setting. Still, the observation of discrete microbial assemblages on most
exposed surfaces indicated a clear benefit of species interactions for attached microbes, even
under growth-limiting conditions. Most surprisingly, the only biofilm community that was
different from all of the other attached microbial biomass was found on the only surface which
provided a potential electron donor. Although typical sulphide- and ferrous iron-oxidizing
populations were not identified in the respective biofilms, the influence of increased energy
availability was more than apparent. This indicates that the strict electron donor limitation in
pristine aquifers has the potential to override all other potential benefits of attached growth, as

well as that the capacity for lithotrophic electron donor use is potentially far more widespread
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than currently perceived. In the future, this work should be extended towards combinatory
effects of growth limitation relief, potentially even by considering resources provided by the
aquifer matrix and the mobile water phase at the same time. This will greatly advance our
understanding of the role of attached growth in oligotrophic groundwater systems.

In the second part of this thesis a unique cave-biofilm system is described, which most likely is
nutrient limited rather than energy limited. The mixing of geogenic methane and iodine inputs
with biosphere seepage water allowed for an extraordinary growth of previously undescribed
biofilms harbouring an unexpectedly diverse array of microbiota. The distribution of putative
methylotrophic and methanotrophic taxa was characteristically linked to different patterns of
carbon and nitrogen usage in biofilms. The relevance of these biofilms for putative methyl halide
cycling is of considerable biochemical and ecological relevance. Also, the co-occurrence of taxa
known to utilize a large range of substrates (generalists) and taxa realizing a highly specialised
metabolism can be ideally studied in this complex cave system. The transport of substrates and
metabolites, as well as the potential efflux of bactericidal iodine, can only be understood within a
perspective of cooperation in a microbial network. The elucidation of these processes and
respective key microbiota is subject to ongoing work, in which I will embark in a PostDoc
project after completion of this PhD thesis.

The third study in this thesis investigated the importance of microbial biofilms in drinking water
wells, one of the most critical groundwater habitats for human health. The management of
drinking water facilities necessitates a clear understanding of the microbial community in the
proximity of production wells. Distinct microbial well communities were characterized, which
provided a reference status and allowed for the monitoring and evaluation of the impact of
maintenance procedures. I show that within the proximate well area, microbes actually realize
several niches for their attachment and dispersal. The subsequent in-depth analysis of specific
taxa allowed for the identification of bacteria susceptible to high-pressure jetting, an opportunity
never realized before for an active drinking water system. This, in turn, also allows for the
identification of taxa which are resistant to this procedure, provides a seeding capacity for
downstream microbial communities, and links such events to water quality and risk assessment.
In conclusion, this thesis covers an exceptional range of microbial biofilms in subsurface
ecosystems. Their role in the turnover of organic and inorganic substrates, as well as a potential
refuge for drinking water pathogens, is dissected for both energy-limited as well as nutrient-
limited systems. These insights substantiate the largely neglected relevance of biofilms in
groundwater ecosystems, which is an advance in our perspective of the functional diversity and

biogeochemical fluxes in our societies” most important drinking water resource.

119



6 References

Abdo Z, Schiiette UM, Bent SJ, Williams CJ, Forney L] & Joyce P; 2006 Statistical methods
for characterizing diversity of microbial communities by analysis of terminal restriction fragment
length polymorphisms of 16S rRNA genes. Environmental Microbiology 8: 929-38.

Altermann W & Kazmierczak J; 2003 Archean microfossils: A reappraisal of early life on
earth. Research in Microbiology 154: 611-17.

Amachi S; 2008 Microbial contribution to global iodine yycling: Volatilization, accumulation,
reduction, oxidation, and sorption of iodine. Mzcrobes and Environments 23: 269-76.

Amachi S, Kamagata Y, Kanagawa T & Muramatsu Y; 2001 Bacteria mediate methylation of
iodine in marine and terrestrial environments. Applied and Environmental Microbiology 67: 2718-22.
Amachi S, Mishima Y, Shinoyama H, Muramatsu Y & Fujii T; 2005a Active transport and
accumulation of iodide by newly isolated marine bactetia. Applied and Environmental Microbiology
71: 741-45.

Amachi S, Kimura K, Muramatsu Y, Shinoyama H & Fujii T; 2007a Hydrogen peroxide-
dependent uptake of iodine by marine Flavobacteriaceae bacterium strain C-21. Applied and
Environmental Microbiology 73: 7536-41.

Amachi S, Kasahara M, Hanada S, Kamagata Y, Shinoyama H, Fujii T & Muramatsu Y;
2003 Microbial participation in iodine volatilization from soils. Environmental Science & Technology
37: 3885-90.

Amachi S, Kawaguchi N, Muramatsu Y, Tsuchiya S, Watanabe Y, Shinoyama H & Fujii
T; 2007b Dissimilatory iodate reduction by marine Pseudomonas sp. strain SCT. Applied and
Environmental Microbiology 73: 5725-30.

Amachi S, Muramatsu Y, Akiyama Y, Miyazaki K, Yoshiki S, Hanada S, Kamagata Y,
Ban-nai T, Shinoyama H & Fujii T; 2005b Isolation of iodide-oxidizing bacteria from iodide-
rich natural gas brines and seawaters. Microbial Ecology 49: 547-57.

Amann R, Stromley J, Devereux R, Key R & Stahl D; 1992 Molecular and microscopic
identification of sulfate-reducing bacteria in multispecies biofilms. Applied and Environmental
Microbiology 58: 614-23.

Amann RI, Binder BJ, Olson R], Chisholm SW, Devereux R & Stahl DA; 1990
Combination of 16S rRNA-targeted oligonucleotide probes with flow cytometry for analyzing
mixed microbial populations. Applied and Environmental Microbiology 56: 1919-25.

An YH & Friedman R]J; 1998 Concise review of mechanisms of bacterial adhesion to
biomaterial surfaces. Journal of Biomedical Materials Research 43: 338-48.

Angert ER, Northup DE, Reysenbach A-L, Peek AS, Goebel BM & Pace NR; 1998
Molecular phylogenetic analysis of a bacterial community in Sulphur River, Parker Cave,
Kentucky. Awmerican Mineralogist 83: 1583-92.

Anthony C; 1982 Biochemistry of methylotrophs. Academic Press, London, United Kingdom.
Anthony C; 2000. Methanol dehydrogenase, a PQQ-containing quinoprotein dehydrogenase.
Engyme-Catalyzed Electron and Radical Transfer. Springer.

Arakawa Y, Akiyama Y, Furukawa H, Suda W & Amachi S; 2012 Growth stimulation of
iodide-oxidizing Alphaproteobacteria in iodide-rich environments. Microbial Ecology 63: 522-31.
Asare NK, Turley CM, Nightingale PD & Nimmo M; 2012 Microbially-mediated methyl
iodide production in water samples from an estuarine system. Journal of Environment 1: 75-83.
Azam F & Malfatti F; 2007 Microbial structuring of marine ecosystems. Nature Reviews
Microbiology 5: 782-91.

Baas-Becking L; 1934 Geobiologie of inleiding tot de milieukunde. WP Van Stockum & Zoon.

Babel W; 1992 Pecularities of methylotrophs concerning overflow metabolism, especially the
synthesis of polyhydroxyalkanoates. FENMS Microbiology 1 etters 103: 141-48.

120



Bakker DP, Klijnstra JW, Busscher HJ & van der Mei HC; 2003 The effect of dissolved
organic carbon on bacterial adhesion to conditioning films adsorbed on glass from natural
seawater collected during different seasons. Biofouling 19: 391-97.

Banin E, Vasil ML & Greenberg EP; 2005 Iron and Pseudomonas aernginosa biofilm formation.
Proceedings of the National Acadenmy of Sciences 102: 11076-81.

Barberan A, Bates ST, Casamayor EO & Fierer N; 2012 Using network analysis to explore
co-occurrence patterns in soil microbial communities. The ISME Journal 6: 343-51.

Barton HA & Northup DE; 2007 Geomicrobiology in cave environments: past, current and
tuture perspectives. Journal of Cave and Karst Studies 69: 163-78.

Barton HA & Jurado V; 2007 What's up down there? Microbial diversity in caves. Microbe 2:
132-38.

Battin TJ, Kaplan LA, Newbold DJ & Hansen CM; 2003a Contributions of microbial
biofilms to ecosystem processes in stream mesocosms. Nazure 426: 439-42.

Battin TJ, Kaplan LA, Newbold JD, Cheng X & Hansen C; 2003b Effects of current
velocity on the nascent architecture of stream microbial biofilms. Applied and Environmental
Microbiology 69: 5443-52.

Battin TJ, Sloan WT, Kjelleberg S, Daims H, Head IM, Curtis TP & Eberl L; 2007
Microbial landscapes: new paths to biofilm research. Nature Reviews Microbiology 5: 76-81.

Battin TJ, Kaplan LA, Findlay S, Hopkinson CS, Marti E, Packman AI, Newbold JD &
Sabater F; 2008 Biophysical controls on organic carbon fluxes in fluvial networks. Nature
Geoscience 1: 95-100.

Bauer M, Lombardot T, Teeling H, Ward NL, Amann RI & Glockner FO; 2004 Archaea-
like genes for C,-transfer enzymes in Planctomycetes: phylogenetic implications of their unexpected
presence in this phylum. Journal of Molecular Evolution 59: 571-86.

Baveye P, Vandevivere P & Lozada D; 1992 Comment on “Biofilm growth and the related
changes in the physical properties of a porous medium: 1, Experimental investigation” by SW
Taylor and PR Jafté. Water Resources Research 28: 1481-82.

Baveye P, Vandevivere P, Hoyle BL, DeLeo PC & de Lozada DS; 1998 Environmental
impact and mechanisms of the biological clogging of saturated soils and aquifer materials. Critical
Reviews in Environmental Science and Technology 28: 123-91.

Beal EJ, House CH & Orphan V]J; 2009 Manganese-and iron-dependent marine methane
oxidation. Seience 325: 184-87.

Beek C & Kooij D; 1982 Sulfate-reducing bacteria in groundwater from clogging and
nonclogging shallow wells in the Netherlands river region. Ground Water 20: 298-302.

Beloin C & Ghigo JM; 2005 Finding gene-expression patterns in bacterial biofilms. Trends in
Microbiology 13: 16-9.

Benjamini Y & Hochberg Y; 1995 Controlling the false discovery rate: a practical and
powerful approach to multiple testing. Journal of the Royal Statistical Society Series B (Methodological)
289-300.

Bennett P, Rogers J, Choi W & Hiebert F; 2001 Silicates, silicate weathering, and microbial
ecology. Geomicrobiology Jonrnal 18: 3-19.

Bennett PC, Hiebert FK & Choi WJ; 1996 Microbial colonization and weathering of silicates
in a petroleum-contaminated groundwater. Chemical Geology 132: 45-53.

Bergmann FD, Abu Laban NM, Meyer AH, Elsner M & Meckenstock RU; 2011 Dual (C,
H) isotope fractionation in anaerobic low molecular weight (poly) aromatic hydrocarbon (PAH)
degradation: potential for field studies and mechanistic implications. Environmental Science &
Technology 45: 6947-53.

Bernstein A, Adar E, Ronen Z, Lowag H, Stichler W & Meckenstock RU; 2010
Quantifying RDX biodegradation in groundwater using 6" N isotope analysis. Jourmal of
Contaminant Hydrology 111: 25-35.

121



Besemer K, Hodl I, Singer G & Battin TJ; 2009 Architectural differentiation reflects bacterial
community structure in stream biofilms. The ISME Journal 3: 1318-24.

Besemer K, Peter H, Logue JB, Langenheder S, Lindstrom ES, Tranvik L] & Battin TJ;
2012 Unraveling assembly of stream biofilm communities. The ISME Journal 6: 1459-68.
Beveridge T & Murray R; 1976 Uptake and retention of metals by cell walls of Bacillus subtilis.
Journal of Bacteriology 127: 1502-18.

Beveridge TJ & Graham LL; 1991 Surface layers of bacteria. Microbiological reviews 55: 684.
Beveridge TJ, Makin SA, Kadurugamuwa JL & Li Z; 1997 Interactions between biofilms
and the environment. FEMS Microbiology Reviews 20: 291-303.

Bishop PL & Yu T; 1999 A microelectrode study of redox potential change in biofilms. Water
Science and Technology 39: 179-85.

Block J, Haudidier K, Paquin J, Miazga J & Levi Y; 1993 Biofilm accumulation in drinking
water distribution systems. Bigfouling 6: 333-43.

Bockelmann U, Dotries H-H, Ayuso-Gabella MN, Salgot de Marcay M, Tandoi V,
Levantesi C, Masciopinto C, Van Houtte E, Szewzyk U, Wintgens T & Grohmann E;
2009 Quantitative PCR monitoring of antibiotic resistance genes and bacterial pathogens in three
European artificial groundwater recharge systems. Applied and Environmental Microbiology 75: 154-
03.

Bodelier PL, Meima-Franke M, Hordijk CA, Steenbergh AK, Hefting MM, Bodrossy L,
von Bergen M & Seifert J; 2013 Microbial minorities modulate methane consumption through
niche partitioning. The ISME Journal.

Boe-Hansen R, Albrechtsen HJ, Arvin E & Jorgensen C; 2002 Bulk water phase and biofilm
growth in drinking water at low nutrient conditions. Water Research 36: 4477-86.

Boetius A, Ravenschlag K, Schubert CJ, Rickert D, Widdel F, Gieseke A, Amann R,
Jorgensen BB, Witte U & Pfannkuche O; 2000 A marine microbial consortium apparently
mediating anaerobic oxidation of methane. Nazure 407: 623-206.

Bond PL, Smriga SP & Banfield JF; 2000 Phylogeny of microorganisms populating a thick,
subaerial, predominantly lithotrophic biofilm at an extreme acid mine drainage site. ~Applied and
Environmental Microbiology 66: 3842-49.

Boon M, Snijder M, Hansford G & Heijnen J; 1998 The oxidation kinetics of zinc sulphide
with Thiobacillus ferrooxidans. Hydrometallurgy 48: 171-86.

Bos R, van der Mei HC & Busscher HJ; 1999 Physico-chemistry of initial microbial adhesive
interactions--its mechanisms and methods for study. FEMS Microbiology Reviews 23: 179-230.
Boswell C, Dick R, Eccles H & Macaskie L; 2001 Phosphate uptake and release by
Acinetobacter johnsonii in continuous culture and coupling of phosphate release to heavy metal
accumulation. Journal of Industrial Microbiology and Biotechnology 26: 333-40.

Branda SS, Vik A, Friedman L & Kolter R; 2005 Biofilms: the matrix revisited. Trends in
Microbiology 13: 20-26.

Brion GM & Silverstein J; 1999 Iodine disinfection of a model bacteriophage, MS2,
demonstrating appatrent rebound. Water Research 33: 169-79.

Brockhurst MA, Buckling A, Racey D & Gardner A; 2008 Resource supply and the evolution
of public-goods cooperation in bacteria. BMC Biology 6: 20.

Brosius J, Palmer ML, Kennedy PJ & Noller HF; 1978 Complete nucleotide sequence of a
168 ribosomal RNA gene from Escherichia coli. Proceedings of the National Academy of Sciences 75:
4801-05.

Bubela B; 1985 Effect of biological activity on the movement of fluids through porous rocks
and sediments and its application to enhanced oil recovery. Geomicrobiology Journal 4: 313-27.
Bullitt E & Makowski L; 1995 Structural polymorphism of bacterial adhesion pili. Nazure 373:
164-67.

122



Busscher HJ, Noordmans J, Meinders J & van der Mei HC; 1991 Analysis of the spatial
arrangement of microorganisms adhering to solid surfaces - Methods of presenting results.
Biofounling 4: 71 - 79.

Carpenter L, Malin G, Liss P & Kiipper F; 2000 Novel biogenic iodine-containing
trihalomethanes and other short-lived halocarbons in the coastal east Atlantic. Global
Biogeochemical Cycles 14: 1191-204.

Castelle CJ, Hug LA, Wrighton KC, Thomas BC, Williams KH, Wu D, Tringe SG, Singer
SW, Eisen JA & Banfield JF; 2013 Extraordinary phylogenetic diversity and metabolic
versatility in aquifer sediment. Nature communications 4.

Chance R, Malin G, Jickells T & Baker AR; 2007 Reduction of iodate to iodide by cold water
diatom cultures. Marine Chemistry 105: 169-80.

Chang SL; 1958 The use of active iodine as a water disinfectant. Journal of the American
Pharmacentical Association 47: 417-23.

Chang SL & Morris JC; 1953 Elemental iodine as a disinfectant for drinking water. Industrial &
Engineering Chemistry 45: 1009-12.

Chapman P; 1983 Changes in iodine speciation in the Benguela Current upwelling system. Degp
Sea Research Part A Oceanographic Research Papers 30: 1247-59.

Chapman P & Truesdale VW; 2011 Preliminary evidence for iodate reduction in bottom
waters of the Gulf of Mexico during an hypoxic event. Aguatic Geochemistry 17: 671-95.

Chen Y, Wu L, Boden R, Hillebrand A, Kumaresan D, Moussard H, Baciu M, Lu Y &
Murrell JC; 2009 Life without light: microbial diversity and evidence of sulfur-and ammonium-
based chemolithotrophy in Movile Cave. The ISME Journal 3: 1093-104.

Chistoserdova L; 2011 Modularity of methylotrophy, revisited. Environmental Microbiology 13:
2603-22.

Chistoserdova L & Lidstrom ME; 2013. Aerobic methylotrophic prokaryotes. The prokaryotes.
Springer.

Chistoserdova L, Kalyuzhnaya MG & Lidstrom ME; 2009 The expanding world of
methylotrophic metabolism. Annual Review of Microbiology 63: 477-99.

Chistoserdova L, Jenkins C, Kalyuzhnaya MG, Marx CJ, Lapidus A, Vorholt JA, Staley JT
& Lidstrom ME; 2004 The enigmatic Planctomycetes may hold a key to the origins of
methanogenesis and methylotrophy. Molecular Biology and Evolution 21: 1234-41.

Costa J, Tiago I, da Costa MS & Verissimo A; 2005 Presence and persistence of Legionella spp.
in groundwater. Applied and Environmental Microbiology 71: 663-71.

Costello AM & Lidstrom ME; 1999 Molecular characterization of functional and phylogenetic
genes from natural populations of methanotrophs in lake sediments. Applied and Environmental
Microbiology 65: 5066-74.

Costello EK, Lauber CL, Hamady M, Fierer N, Gordon JI & Knight R; 2009 Bacterial
community variation in human body habitats across space and time. Science 326: 1694-97.
Costerton J, Stewart PS & Greenberg E; 1999 Bacterial biofilms: A common cause of
persistent infections. Seczence 284: 1318-22.

Costerton JW, Geesey G & Cheng K; 1978 How bacteria stick. Scientific American 238: 86-95.
Costerton JW, Lewandowski Z, DeBeer D, Caldwell D, Korber D & James G; 1994
Biofilms, the customized microniche. Journal of Bacteriology 176: 2137-42.

Costerton JW, Cheng KJ, Geesey GG, Ladd TI, Nickel JC, Dasgupta M & Marrie TJ;
1987 Bacterial biofilms in nature and disease. Awnnual Review of Microbiology 41: 435-64.

Councell TB, Landa ER & Lovley DR; 1997 Microbial reduction of iodate. Water, Air, and
Soil Pollution 100: 99-1006.

Couture RA & Seitz MG; 1983 Sorption of anions of iodine by iron oxides and kaolinite.
Nuclear and chemical waste management 4: 301-06.

Cox M]J, Schifer H, Nightingale PD, McDonald IR & Murrell JC; 2012 Diversity of methyl

halide-degrading microorganisms in oceanic and coastal waters. FEMS Microbiology 1 etters.
123



Culman SW, Gauch HG, Blackwood CB & Thies JE; 2008 Analysis of T-RFLP data using
analysis of variance and ordination methods: a comparative study. Journal of Microbiological Methods
75: 55-63.

Curtis TP & Sloan WT; 2004 Prokaryotic diversity and its limits: microbial community
structure in nature and implications for microbial ecology. Current Opinion in Microbiology 7: 221-
20.

Cury JA & Koo H; 2007 Extraction and purification of total RNA from Streptococcus mutans
biofilms. Analytical Biochenistry 365: 208-14.

Dai H, Charnigo R, Srivastava T, Talebizadeh Z & Ye S; 2012 Integrating P-values for
genetic and genomic data analysis. | Biom Biostat 3: e117.

Daims H, Briihl A, Amann R, Schleifer K-H & Wagner M; 1999 The domain-specific probe
EUB338 is insufficient for the detection of all bacteria: Development and evaluation of a more
comprehensive probe set. Systematic and Applied Microbiology 22: 434-44.

Davies D; 2003 Understanding biofilm resistance to antibacterial agents. Nazure Reviews Drug
Discovery 2: 114-22.

Davit Y, Iltis G, Debenest G, Veran-Tissoires S, Wildenschild D, Gérino M & Quintard
M; 2011 Imaging biofilm in porous media using X-ray computed microtomography. Journal of
microscopy 242: 15-25.

De Beer D, Stoodley P, Roe F & Lewandowski Z; 1994 Effects of biofilm structures on
oxygen distribution and mass transport. Biotechnology and Bioengineering 43: 1131-38.

Dedysh SN & Dunfield PF; 2011 Facultative and obligate methanotrophs: How to identify and
differentiate them. Methods in Engymology 495: 31.

Del Giorgio PA & Cole JJ; 1998 Bacterial growth efficiency in natural aquatic systems. Awnnual
Review of Ecology and Systematics 29: 503-41.

Denkhaus E, Meisen S, Telgheder U & Wingender J; 2006 Chemical and physical methods
for characterisation of biofilms. Microchimica Acta 158: 1-27.

DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, Huber T, Dalevi
D, Hu P & Andersen GL; 2006 Greengenes, a chimera-checked 16S rRNA gene database and
workbench compatible with ARB. Applied and Environmental Microbiology 72: 5069-72.

Di Rienzi SC, Sharon I, Wrighton KC, Koren O, Hug LA, Thomas BC, Goodrich JK, Bell
JT, Spector TD & Banfield JF; 2013 The human gut and groundwater harbor non-
photosynthetic bacteria belonging to a new candidate phylum sibling to Cyanobacteria. Elife 2.
Dickson AG, Sabine CL & Christian JR; 2007 Guide to best practices for ocean CO,
measurements.

Ditterich GL; 1863 Salzbrunn im Kemptener W aldgebirge, seine muriatischen Jodquellen , Jodmileh,
Jodmolke, Jodkumis und Kraiitersdjfte. Munich.

Donlan RM; 2002 Biofilms: Microbial life on surfaces. Emerging Infections Diseases 8: 881-90.
Drury WJ, Stewart PS & Characklis WG; 1993 Transport of 1-um latex particles in
Psendomonas aeruginosa biotilms. Biotechnology and Bioengineering 42: 111-17.

Duddleston K, Arp D & Bottomley P; 2002 Biodegradation of monohalogenated alkanes by
soil NH;-oxidizing bactetia. Applied Microbiology and Biotechnology 59: 535-39.

Dumont MG & Murrell JC; 2005 Community-level analysis: Key genes of aerobic methane
oxidation. Methods in Enzymology 397: 413-27.

Dunne WM, Jr.; 2002 Bacterial adhesion: Seen any good biofilms lately? Clinical Microbiology
Reviews 15: 155-66.

DVGW; 2007 Technical Norm Process Sheet W 130, Well Regeneration (Technische Regel
Arbeitsblatt W 130, Brunnenregenerierung). (Deutsche Vereinigung des Gas- und Wasserfachs e.
V., ed.) Bonn.

Dziuba M, Kolganova T, Gorlenko V & Kuznetsov B; 2013 Species diversity of
magnetotactic bacteria from the Ol’khovka River, Russia. Microbiology 82: 335-40.

124



Edgar RC, Haas B]J, Clemente JC, Quince C & Knight R; 2011 UCHIME improves
sensitivity and speed of chimera detection. Broinformatics 27: 2194-200.

Edwards KJ, Goebel BM, Rodgers TM, Schrenk MO, Gihring TM, Cardona MM,
Mcguire MM, Hamers R], Pace NR & Banfield JF; 1999 Geomicrobiology of pyrite (FeS,)
dissolution: case study at Iron Mountain, California. Geomzicrobiology Journal 16: 155-79.

Egli T; 2010 How to live at very low substrate concentration. Water Research 44: 4826-37.
Ehrlich H; 1997 Microbes and metals. Applied Microbiology and Biotechnology 48: 687-92.
Elderfield H & Truesdale VW; 1980 On the biophilic nature of iodine in seawater. Earth and
Planetary Science Letters 50: 105-14.

Eller G, Stubner S & Frenzel P; 2001 Group-specific 16S rRNA targeted probes for the
detection of type I and type II methanotrophs by fluorescence in situ hybridisation. FEMS
Microbiology 1 etters 198: 91-97.

Emerson D, Fleming EJ & McBeth JM; 2010 Iron-oxidizing bacteria: An environmental and
genomic perspective. Annual Review of Microbiology 64: 561-83.

Engel AS; 2010. Microbial diversity of cave ecosystems. Geomzicrobiology: Molecular and
Environmental Perspective. Springet.

Engel AS, Stern LA & Bennett PC; 2004a Microbial contributions to cave formation: New
insights into sulfuric acid speleogenesis. Geology 32: 369-72.

Engel AS, Porter ML, Stern LA, Quinlan S & Bennett PC; 2004b Bacterial diversity and
ecosystem function of filamentous microbial mats from aphotic (cave) sulfidic springs
dominated by chemolithoautotrophic Epsilonproteobacteria. FEMS Microbiology Ecology 51: 31-53.
Etiope G; 2009 Natural emissions of methane from geological seepage in Europe. A#mospheric
Environment 43: 1430-43.

Etiope G, Zwahlen C, Anselmetti F, Kipfer R & Schubert C; 2010 Origin and flux of a gas
seep in the Northern Alps (Giswil, Switzerland). Geofluids 10: 476-85.

Ettwig KF, Butler MK, Le Paslier D, Pelletier E, Mangenot S, Kuypers MM, Schreiber F,
Dutilh BE, Zedelius J & de Beer D; 2010 Nitrite-driven anaerobic methane oxidation by
oxygenic bacteria. Nature 464: 543-48.

Euringer K & Lueders T; 2008 An optimised PCR/T-RFLP fingerprinting approach for the
investigation of protistan communities in groundwater environments. Journal of Microbiological
Methods 75: 262-68.

Farnleitner AH, Wilhartitz I, Ryzinska G, Kirschner AK, Stadler H, Burtscher MM,
Hornek R, Szewzyk U, Herndl G & Mach RL; 2005 Bacterial dynamics in spring water of
alpine karst aquifers indicates the presence of stable autochthonous microbial endokarst
communities. Environmental Microbiology 7: 1248-59.

Farrenkopf AM, Dollhopf ME, Chadhain SN, Luther GW & Nealson KH; 1997 Reduction
of iodate in seawater during Arabian Sea shipboard incubations and in laboratory cultures of the
marine bacterium Shewanella putrefaciens strain MR-4. Marine Chemistry 57: 347-54.

Faust K, Sathirapongsasuti JF, Izard J, Segata N, Gevers D, Raes ] & Huttenhower C;
2012 Microbial co-occurrence relationships in the human microbiome. PLoS Computational Biology
8: €10026006.

Favero MS & Drake CH; 1966 Factors influencing the occurrence of high numbers of iodine-
resistant bacteria in iodinated swimming pools. Applied microbiology 14: 627-35.

Faye S, Maloszewski P, Stichler W, Trimborn P, Cissé Faye S & Bécaye Gaye C; 2005
Groundwater salinization in the Saloum (Senegal) delta aquifer: minor elements and isotopic
indicators. Science of the Total Environment 343: 243-59.

Fenchel T; 2002 Microbial Behavior in a Heterogeneous World. Sczence 296: 1068-71.

Feris KP, Ramsey PW, Frazar C, Rillig M, Moore JN, Gannon JE & Holben WE; 2004
Seasonal dynamics of shallow-hyporheic-zone microbial community structure along a heavy-
metal contamination gradient. Applied and Environmental Microbiology 70: 2323-31.

125



Filoche S, Wong L & Sissons CHj; 2010 Oral Biofilms: Emerging Concepts in Microbial
Ecology. Journal of Dental Research 89: 8-18.

Flemming HC & Wingender J; 2010 The biofilm matrix. Nazure Reviews: Microbiology 8: 623-33.
Flood JA, Ashbolt, N.]J.; 2000 Virus-sized particles can be entrapped and concentrated one
hundred fold within wetland biofilms. Adpances in Environmental Research 3: 403—11.

Fowler T & Crundwell F; 1999 Leaching of zinc sulfide by Thiobacillus ferrooxidans: bacterial
oxidation of the sulfur product layer increases the rate of zinc sulfide dissolution at high
concentrations of ferrous ions. Applied and Environmental Microbiology 65: 5285-92.

Fredrickson JK & Zachara JM; 2008 Electron transfer at the microbe—mineral interface: a
grand challenge in biogeochemistry. Geobiology 6: 245-53.

Freilich S, Kreimer A, Meilijson I, Gophna U, Sharan R & Ruppin E; 2010 The large-scale
organization of the bacterial network of ecological co-occurrence interactions. Nucleic Acids
Research 38: 3857-68.

Fuge R & Johnson CC; 1986 The geochemistry of iodine—a review. Environmental Geochemistry
and Health 8: 31-54.

Fujimori T, Yoneyama Y, Taniai G, Kurihara M, Tamegai H & Hashimoto S; 2012
Methyl halide production by cultures of marine proteobacteria Erythrobacter and Pseudomonas
and isolated bacteria from brackish water. Limnology and Oceanography 57: 154-62.

Fuse H, Inoue H, Murakami K, Takimura O & Yamaoka Y; 2003 Production of free and
organic iodine by Roseovarins spp. FEMS Microbiology 1 etters 229: 189-94.

Gadd GM; 2010 Metals, minerals and microbes: geomicrobiology and bioremediation.
Microbiology 156: 609-43.

Gadd GM & Raven JA; 2010 Geomicrobiology of eukaryotic microorganisms. Geonzicrobiology
Journal 27: 491-519.

Garland JL & Mills AL; 1991 Classification and characterization of heterotrophic microbial
communities on the basis of patterns of community-level sole-carbon-source utilization. .Applied
and Environmental Microbiology 57: 2351-59.

Garrett TR, Bhakoo M & Zhang Z; 2008 Bacterial adhesion and biofilms on surfaces. Progress
in Natural Science 18: 1049-56.

Gauch Jr H; 1992 Statistical analysis of regional yield trials: AMMI analysis of factorial designs. Elsevier
Science Publishers.

Giao MS, Azevedo NF, Wilks SA, Vieira MJ & Keevil CW; 2008 Persistence of Helicobacter
Ppylori in heterotrophic drinking-water biofilms. Applied and Environmental Microbiology 74: 5898-904.
Gido MS, Azevedo NF, Wilks SA, Vieira MJ & Keevil CW; 2011 Interaction of Legionella
pnenmophila and Helicobacter pylori with bacterial species isolated from drinking water biofilms.
BMC Microbiology 11: 57.

Gilyarov A; 2011 In search for universal patterns in the organization of communities: The
concept of neutrality has paved the way to a new approach. Biology Bulletin Reviews 1: 13-25.
Gleeson DB, Kennedy NM, Clipson N, Melville K, Gadd GM & McDermott FP; 2006
Characterization of bacterial community structure on a weathered pegmatitic granite. Microbial
Ecology 51: 526-34.

Gloag ES, Turnbull L, Huang A, Vallotton P, Wang H, Nolan LM, Mililli L, Hunt C, Lu
J & Osvath SR; 2013 Self-organization of bacterial biofilms is facilitated by extracellular DNA.
Proceedings of the National Academy of Sciences, USA 110: 11541-46.

Goldscheider N, Hunkeler D & Rossi P; 2006 Review: Microbial biocenoses in pristine
aquifers and an assessment of investigative methods. Hydrogeology Jonrnal 14: 926-41.

Goldstein AH; 1986 Bacterial solubilization of mineral phosphates: Historical perspective and
tuture prospects. Awmerican Jonrnal of Alternative Agriculture 1: 51-57.

Goodwin KD, Tokarczyk R, Stephens FC & Saltzman ES; 2005 Description of toluene
inhibition of methyl bromide biodegradation in seawater and isolation of a marine toluene
oxidizer that degrades methyl bromide. Applied and Environmental Microbiology 71: 3495-503.

126



Gottardi W; 2001 Iodine and iodine compounds. Disinfection, sterilization, and preservation
Philadelphia: Lippincott Williams & Wilkins 159-84.

Gottschal JC, Vries S & Kuenen JG; 1979 Competition between the facultatively
chemolithotrophic Thiobacillus A2, an obligately chemolithotrophic Thiobacillus and a
heterotrophic spirillum for inorganic and organic substrates. Arhives of Microbiology 121: 241-49.
Griebler C & Lueders T; 2009 Microbial biodiversity in groundwater ecosystems. Freshwater
Biology 54: 649-77.

Griebler C, Mindl 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. Aguatic Microbial Ecology 28: 117-29.

Guidry MW & Mackenzie FT; 2003 Experimental study of igneous and sedimentary apatite
dissolution: Control of pH, distance from equilibrium, and temperature on dissolution rates.
Geochimica et Cosmochimica Acta 67: 2949-63.

Habimana O, Meyrand M, Meylheuc T, Kulakauskas S & Briandet R; 2009 Genetic
features of resident biofilms determine attachment of Lzsteria monocytogenes. Applied and
Environmental Microbiology 75: 7814-21.

Hall-Stoodley L, Costerton JW & Stoodley P; 2004 Bacterial biofilms: From the natural
environment to infectious diseases. Nature Reviews: Microbiology 2: 95.

Halsey KH, Carter AE & Giovannoni SJ; 2012 Synergistic metabolism of a broad range of C,
compounds in the marine methylotrophic bacterium HTCC2181. Environmental Microbiology 14:
630-40.

Hammes F, Goldschmidt F, Vital M, Wang Y & Egli T; 2010 Measurement and
interpretation of microbial adenosine tri-phosphate (ATP) in aquatic environments. Wazer
Research 44: 3915-23.

Hammes F, Berney M, Wang Y, Vital M, Koster O & Egli T; 2008 Flow-cytometric total
bacterial cell counts as a descriptive microbiological parameter for drinking water treatment
processes. Water Research 42: 269-77.

Han JI & Semrau JD; 2000 Chloromethane stimulates growth of Mezhylomicrobium album BG8
on methanol. FEMS Microbiology 1 etters 187: 77-81.

Hansen SK, Rainey PB, Haagensen JAJ & Molin S; 2007 Evolution of species interactions
in a biofilm community. Nature 445: 533-30.

Hanski I; 2007 Spatial patterns of coexistence of competing species in patchy habitat. Theoretical
Ecology 1: 29-43.

Hanson RS & Hanson TE; 1996 Methanotrophic bacteria. Microbiological reviews 60: 439-71.
Harder EC; 1919 Iron-depositing bacteria and their geologic relations. Gov't print. off.

Harper DB & Kennedy JT; 1986 Effect of growth conditions on halomethane production by
Phellinus species: biological and environmental implications. Journal of general microbiology 132:
1231-40.

Harshey RM; 2003 Bacterial motility on a surface: Many ways to a common goal. Annual Review
of Microbiology 57: 249-73.

Hazen TC, Jiménez L, de Victoria GL & Fliermans CB; 1991 Comparison of bacteria from
deep subsurface sediment and adjacent groundwater. Microbial Ecology 22: 293-304.

Heim A; 1919 Zur Geologie des Griinten im Allgin. Gebr. Fretz AG, Zurich.

Hengge R; 2009 Principles of c-di-GMP signalling in bacteria. Nature Reviews Microbiology 7: 263-
73.

Henne K, Kahlisch L, Brettar I & Ho6fle MG; 2012 Analysis of structure and composition of
bacterial core communities in mature drinking water biofilms and bulk water of a citywide
network in Germany. Applied and Environmental Microbiology 78: 3530-38.

Henrici AT; 1933 Studies of freshwater bacteria: I. A direct microscopic technique. Journal of
Bacteriology 25: 277-87.

127



Hense BA, Kuttler C, Muller J, Rothballer M, Hartmann A & Kreft J-U; 2007 Does
efficiency sensing unify diffusion and quorum sensing? Nature Reviews Microbiology 5: 230-39.
Hermansson M; 1999 The DLLVO theory in microbial adhesion. Collozds and Surfaces B:
Biointerfaces 14: 105-19.

Heukelekian H & Heller A; 1940 Relation between food concentration and surface for
bacterial growth. Journal of Bacteriology 40: 547.

Hibbing ME, Fuqua C, Parsek MR & Peterson SB; 2010 Bacterial competition: surviving
and thriving in the microbial jungle. Nature Reviews: Microbiology 8: 15-25.

Hidalgo G, Burns A, Herz E, Hay AG, Houston PL, Wiesner U & Lion LW; 2009
Functional tomographic fluorescence imaging of pH microenvironments in microbial biofilms
by use of silica nanoparticle sensors. Applied and Environmental Microbiology 75: 7426-35.

Hilger HA, Cranford DF & Barlaz MA; 2000 Methane oxidation and microbial exopolymer
production in landfill cover soil. Soi/ Biology and Biochemistry 32: 457-67.

Hill C; 1995 Sulfur redox reactions: hydrocarbons, native sulfur, Mississippi Valley-type
deposits, and sulfuric acid karst in the Delaware Basin, New Mexico and Texas. Environmental
Geology 25: 16-23.

Hoffman R, Marshall MM, Gibson MC & Rochelle PA; 2009 Prioritizing pathogens for
potential future regulation in drinking water. Environmental Science & Technology 43: 5165-70.
Holmes AJ, Costello A, Lidstrom ME & Murrell JC; 1995 Evidence that participate methane
monooxygenase and ammonia monooxygenase may be evolutionarily related. FEMS Microbiology
Letters 132: 203-08.

Hong P-Y, Hwang C, Ling F, Andersen GL, LeChevallier MW & Liu W-T; 2010
Pyrosequencing analysis of bacterial biofilm communities in water meters of a drinking water
distribution system. Applied and Environmental Microbiology 76: 5631-35.

Horner-Devine MC, Carney KM & Bohannan BJM; 2004 An ecological perspective on
bacterial biodiversity. Proceedings of the Royal Society B: Biological Sciences 271: 113-22.

Hose LD, Palmer AN, Palmer MV, Northup DE, Boston PJ & DuChene HR; 2000
Microbiology and geochemistry in a hydrogen-sulphide-rich karst environment. Chemical Geology
169: 399-423.

Hubbell SP; 2001 The unified neutral theory of biodiversity and biogeography. Princeton Univ. Press,
Princeton, NJ.

Hug LA, Castelle CJ, Wrighton KC, Thomas BC, Sharon I, Frischkorn KR, Williams KH,
Tringe SG & Banfield JF; 2013 Community genomic analyses constrain the distribution of
metabolic traits across the Chloroflexi phylum and indicate roles in sediment carbon cycling.
Microbiome 1: 22.

Hughes C, Malin G, Turley C, Keely B, Nightingale P & Liss P; 2008 The production of
volatile iodocarbons by biogenic marine aggregates. Limmnology and Oceanography 53: 867-72.
Huston M; 1979 A general hypothesis of species diversity. .American Naturalist 113: 81-101.
Hutchens E, Radajewski S, Dumont MG, McDonald IR & Murrell JC; 2003 Analysis of
methanotrophic bacteria in Movile Cave by stable isotope probing. Environmental Microbiology 6:
111-20.

Hwang C, Ling F, Andersen GL, LeChevallier MW & Liu W-T; 2012 Microbial community
dynamics of an urban drinking water distribution system subjected to phases of chloramination
and chlorination treatments. Applied and Environmental Microbiology 78: 7856-65.

Jackson CR; 2003 Changes in community properties during microbial succession. Ozkos 101:
444-48.

Jickells T, Boyd S & Knap A; 1988 Iodine cycling in the Sargasso Sea and the Bermuda inshore
waters. Marine Chemistry 24: 61-82.

Johnson DB; 1998 Biodiversity and ecology of acidophilic microorganisms. FEMS Microbiology
Ecology 277: 307-17.

128



Johnson DB; 2001 Importance of microbial ecology in the development of new mineral
technologies. Hydrometallurgy 59: 147-57.

Jost L; 2007 Partitioning diversity into independent alpha and beta components. Ecology 88:
2427-39.

Jousset A, Schulz W, Scheu S & Eisenhauer N; 2011 Intraspecific genotypic richness and
relatedness predict the invasibility of microbial communities. The ISME Journal 5: 1108-14.
Kadouri D & O'Toole GA; 2005 Susceptibility of biofilms to Bde/lovibrio bacteriovorus attack.
Applied and Environmental Microbiology 71: 4044-51.

Kahlisch L, Henne K, Grobe L, Brettar I & Hofle MG; 2012 Assessing the viability of
bacterial species in drinking water by combined cellular and molecular analyses. Microbial Ecology
63: 383-97.

Kahlisch L, Henne K, Groebe L, Draheim J, Hofle M & Brettar I; 2010 Molecular analysis
of the bacterial drinking water community with respect to live/dead status. Water Science and
Technology 61: 9-14.

Kaiser D; 2007 Bacterial swarming: A re-examination of cell-movement patterns. Current Biology
17: R561-70.

Kalin M, Fyson A & Meinrath G. Observations on the groundwater chemistry in and below a
pyretic tailings pile and microbiology In: Loredo | & Pendas F, eds. 9th International Mine Water
Congress 2005 University of Oviedo. 29-35.

Kalmbach S, Manz W & Szewzyk U; 1997 Dynamics of biofilm formation in drinking water:
phylogenetic affiliation and metabolic potential of single cells assessed by formazan reduction
and in situ hybridization. FEMS Microbiology Ecology 22: 265-79.

Kalyuhznaya MG, Martens-Habbena W, Wang T, Hackett M, Stolyar SM, Stahl DA,
Lidstrom ME & Chistoserdova L; 2009 Methylophilaceae link methanol oxidation to
denitrification in freshwater lake sediment as suggested by stable isotope probing and pure
culture analysis. Environmental Microbiology Reports 1: 385-92.

Kalyuzhnaya MG, Stolyar SM, Auman AJ, Lara JC, Lidstrom ME & Chistoserdova L;
2005 Methylosarcina lacus sp. nov., a methanotroph from Lake Washington, Seattle, USA, and
emended description of the genus Methylosarcina. International Journal of Systematic and Evolutionary
Microbiology 55: 2345-50.

Kimpfer P, Busse H-] & Falsen E; 2006 Polaromonas aquatica sp. nov., isolated from tap water.
International Journal of Systematic and Evolutionary Microbiology 56: 605-08.

Kaplan D, Denham M, Zhang S, Yeager C, Xu C, Schwehr K, Li H, Ho Y, Wellman D &
Santschi P; 2013 Radioiodine biogeochemistry and prevalence in groundwater. Critical Reviews in
Environmental Science and Technology.

Kaplan ]JB; 2010 Biofilm dispersal: mechanisms, clinical implications, and potential therapeutic
uses. Journal of Dental Research 89: 205-18.

Karatan E & Watnick P; 2009 Signals, regulatory networks, and materials that build and break
bacterial biofilms. Microbiology and Molecular Biology Reviews 73: 310-47.

Karl DM; 1980 Cellular nucleotide measurements and applications in microbial ecology.
Microbiological reviews 44: 739.

Karolak H; 2010. Kombinierter Pump- und Tracerversuch zur Bestimmung der effektiven Porositét und der
FliefSzeit im tertidiren Aquifer. Bachelor.

Karwautz C; 2012 Microbial Biofilms in Groundwater Ecosystems.

Katsikogianni M & Missirlis YF; 2004 Concise review of mechanisms of bacterial adhesion to
biomaterials and of techniques used in estimating bacteria-material interactions. Eurgpean Cells &
Materials 8: 37-57.

Keller AA & Auset M; 2007 A review of visualization techniques of biocolloid transport
processes at the pore scale under saturated and unsaturated conditions. Adpances in Water Resources
30: 1392-407.

129



Khardenavis AA, Kapley A & Purohit HJ; 2007 Simultaneous nitrification and denitrification
by diverse Diaphorobacter sp. Applied Microbiology and Biotechnology 77: 403-09.

Kim E-H, Dwidar M, Mitchell R] & Kwon Y-N; 2013 Assessing the effects of bacterial
predation on membrane biofouling. Water Research 47: 6024-32.

Kim KK, Lee KC, Oh H-M & Lee J-S; 2008 Chryseobacterinm aguaticum sp. nov., isolated from a
water reservoir. International Journal of Systematic and Evolutionary Microbiology 58: 533-37.

Kindaichi T, Ito T & Okabe S; 2004 Ecophysiological interaction between nitrifying bacteria
and heterotrophic bacteria in autotrophic nitrifying biofilms as determined by
microautoradiography-fluorescence in situ hybridization. Applied and Environmental Microbiology 70:
1641-50.

Kjelleberg S & Hermansson M; 1984 Starvation-induced effects on bacterial surface
characteristics. Applied and Environmental Microbiology 48: 497-503.

Kjelleberg S, Humphrey BA & Marshall KC; 1982 Effect of interfaces on small, starved
marine bacteria. Applied and Environmental Microbiology 43: 1166-72.

Knowles R; 2005 Denitrifiers associated with methanotrophs and their potential impact on the
nitrogen cycle. Ecological Engineering 24: 441-46.

Kobayashi T, Koide O, Mori K, Shimamura S, Matsuura T, Miura T, Takaki Y, Morono
Y, Nunoura T & Imachi H; 2008 Phylogenetic and enzymatic diversity of deep subseafloor
aerobic microorganisms in organics-and methane-rich sediments off Shimokita Peninsula.
Extremophiles 12: 519-27.

Koch R; 1881 Methods for the study of pathogenic organisms. Mitteilungen aus denr Kaiserlichen
Gesundheitsamte 2: 1-88.

Koenig JE, Spor A, Scalfone N, Fricker AD, Stombaugh J, Knight R, Angenent LT & Ley
RE; 2011 Succession of microbial consortia in the developing infant gut microbiome. Proceedings
of the National Academy of Sciences 108: 4578-85.

Kohn MJ; 2010 Carbon isotope compositions of terrestrial C;plants as indicators of (paleo)
ecology and (paleo) climate. Proceedings of the National Acadeny of Sciences 107: 19691-95.

Konishi Y, Kubo H & Asai S; 1992 Bioleaching of zinc sulfide concentrate by Thiobacillus
ferrooxidans. Biotechnology and Bioengineering 39: 66-74.

Kormas KA, Neofitou C, Pachiadaki M & Koufostathi E; 2010 Changes of the bacterial
assemblages throughout an urban drinking water distribution system. Environmental Monitoring and
Assessment 165: 27-38.

Kostka JE & Nealson KH; 1995 Dissolution and reduction of magnetite by bacteria.
Environmental Science & Technology 29: 2535-40.

Kowalchuk GA, Gerards S & Woldendorp JW; 1997 Detection and characterization of fungal
infections of Ammaophila arenaria (marram grass) roots by denaturing gradient gel electrophoresis
of specifically amplified 18s tDNA. Applied and Environmental Microbiology 63: 3858-65.

Kreft J-U; 2004 Biofilms promote altruism. Microbiology 150: 2751-60.

Kumaresan D, Wischer D, Stephenson J, Hillebrand-Voiculescu A & Murrell JC; 2014
Microbiology of Movile Cave—A chemolithoautotrophic ecosystem. Geomzicrobiology Jonrnal 31:
186-93.

Kunapuli U, Lueders T & Meckenstock RU; 2007 The use of stable isotope probing to
identify key iron-reducing microorganisms involved in anaerobic benzene degradation. The ISME
Journal 1: 643-53.

Kipper F, Schweigert N, Gall EA, Legendre J-M, Vilter H & Kloareg B; 1998 Iodine
uptake in Laminariales involves extracellular, haloperoxidase-mediated oxidation of iodide. Planta
207: 163-71.

Kupper FC, Carpenter L], McFiggans GB, Palmer CJ, Waite TJ, Boneberg E-M, Woitsch
S, Weiller M, Abela R & Grolimund D; 2008 Iodide accumulation provides kelp with an
inorganic antioxidant impacting atmospheric chemistry. Proceedings of the National Acadeny of
Sciences 105: 6954-58.

130



Kwon S, Moon E, Kim T-S, Hong S & Park H-D; 2011 Pyrosequencing demonstrated
complex microbial communities in a membrane filtration system for a drinking water treatment
plant. Microbes and Environments 26: 149-55.

Lane D; 1991 16S/23S tRNA sequencing. Nucleic acid technigues in bacterial systematics 125-75.
Lautenschlager K, Hwang C, Liu W-T, Boon N, Késter O, Vrouwenvelder H, Egli T &
Hammes F; 2013 A microbiology-based multi-parametric approach towards assessing biological
stability in drinking water distribution networks. Water Research 47: 3015-25.

Lawrence JR, Korber DR, Hoyle BD, Costerton JW & Caldwell DE; 1991 Optical
sectioning of microbial biofilms. Journal of Bacteriology 173: 6558-67.

Leff L, McArthur J & Shimkets L; 1998 Persistence and dissemination of introduced bacteria
in freshwater microcosms. Microbial Ecology 36: 202-11.

Lehman RM, Colwell FS & Bala GA; 2001 Attached and unattached microbial communities
in a simulated basalt aquifer under fracture-and porous-flow conditions. Applied and Environmental
Microbiology 67: 2799-809.

Lehmann KB & Neumann R; 1896 A%as und Grundriss der Bakteriologie und Lehrbuch der speziellen
bakteriologischen Diagnostik. Lehmann, K.B., Minchen.

Leibold MA, Holyoak M, Mouquet N, Amarasekare P, Chase JM, Hoopes MF, Holt RD,
Shurin JB, Law R, Tilman D, Loreau M & Gonzalez A; 2004 The metacommunity concept:
a framework for multi-scale community ecology. Ecology Letters 7: 601-13.

Lembre P, Lorentz C & Di Martino P; 2012. Exopolysaccharides of the biofilm matrix: A
complex biophysical world. In: Nedra Karunaratne D (ed.) The Complex World of Polysaccharides.
Rijeka, Croatia: InTech.

Lenski RE & Riley MA; 2002 Chemical warfare from an ecological perspective. Proceedings of the
National Academy of Sciences 99: 556-58.

Leriche V, Sibille P & Carpentier B; 2000 Use of an enzyme-linked lectinsorbent assay to
monitor the shift in polysaccharide composition in bacterial biofilms. Applied and Environmental
Microbiology 66: 1851-0.

Li B & Logan BE; 2004 Bacterial adhesion to glass and metal-oxide surfaces. Colloids and
Surfaces B: Biointerfaces 36: 81-90.

Li H-P, Brinkmeyer R, Jones WL, Zhang S, Xu C, Schwehr KA, Santschi PH, Kaplan DI
& Yeager CM; 2011 Iodide accumulation by aerobic bacteria isolated from subsurface
sediments of a '*’I-contaminated aquifer at the Savannah River site, South Carolina. .Applied and
Environmental Microbiology 77: 2153-60.

LiY, Kawashima N, Li J, Chandra A & Gerson A; 2013 A review of the structure, and
fundamental mechanisms and kinetics of the leaching of chalcopyrite. Advances in colloid and
interface science 197: 1-32.

Linton J; 1990 The relationship between metabolite production and the growth efficiency of the
producing organism. FEMS Microbiology 1etters 75: 1-18.

Linton J, Watts P, Austin R, Haugh D & Niekus H; 1986 The energetics and kinetics of
extracellular polysaccharide production from methanol by microorganisms possessing different
pathways of C, assimilation. Journal of general microbiology 132: 779-88.

Lipponen MT, Suutari MH & Martikainen PJ; 2002 Occurrence of nitrifying bacteria and
nitrification in Finnish drinking water distribution systems. Water Research 36: 4319-29.

Little AEF, Robinson CJ, Peterson SB, Raffa KF & Handelsman J; 2008 Rules of
engagement: Interspecies interactions that regulate microbial communities. Annual Review of
Microbiology 62: 375-401.

Liu G, Ling F, Magic-Knezev A, Liu W, Verberk J & Van Dijk J; 2013 Quantification and
identification of particle-associated bacteria in unchlorinated drinking water from three treatment
plants by cultivation-independent methods. Water Research 47: 3523-33.

131



Liu H-L, Chen B-Y, Lan Y-W & Cheng Y-C; 2003 SEM and AFM images of pyrite surfaces
after bioleaching by the indigenous Thiobacillus thiooxidans. Applied Microbiology and Biotechnology
062: 414-20.

Liu J, Sun F, Wang L, Ju X, Wu W & Chen Y; 2014 Molecular characterization of a microbial
consortium involved in methane oxidation coupled to denitrification under micro-aerobic
conditions. Microbial Biotechnology 7: 64-76.

Liu W-T, Marsh TL, Cheng H & Forney LJ; 1997 Characterization of microbial diversity by
determining terminal restriction fragment length polymorphisms of genes encoding 16S rRNA.
Applied and Environmental Microbiology 63: 4516-22.

Loeb GI & Neihof RA; 1975 Marine conditioning films. Advances in Chemistry 145: 319-35.
Lovley DR; 1991 Dissimilatory Fe (III) and Mn (IV) reduction. Microbiological reviews 55: 259.
Lovley DR & Chapelle FH; 1995 Deep subsurface microbial processes. Reviews of Geophysics 33:
365-81.

Loy A, Horn M & Wagner M; 2003 probeBase: an online resource for rRNA-targeted
oligonucleotide probes. Nucleic Acids Research 31: 514-16.

Loy A, Beisker W & Meier H; 2005 Diversity of bacteria growing in natural mineral water after
bottling. Applied and Environmental Microbiology 71: 3624-32.

Lueders T & Friedrich M; 2000 Archaeal population dynamics during sequential reduction
processes in rice field soil. Applied and Environmental Microbiology 66: 2732-42.

Lueders T, Manefield M & Friedrich MW, 2004 Enhanced sensitivity of DNA- and rRNA-
based stable isotope probing by fractionation and quantitative analysis of isopycnic
centrifugation gradients. Environmental Microbiology 6: 73-78.

Liinsdorf, Etb, Abraham & Timmis; 2000 ‘Clay hutches’: a novel interaction between bacteria
and clay minerals. Environmental Microbiology 2: 161-68.

Macalady JL, Jones DS & Lyon EH; 2007 Extremely acidic, pendulous cave wall biofilms
from the Frasassi cave system, Italy. Environmental Microbiology 9: 1402-14.

Macalady JL, Dattagupta S, Schaperdoth I, Jones DS, Druschel GK & Eastman D; 2008
Niche differentiation among sulfur-oxidizing bacterial populations in cave waters. The ISME
Journal 2: 590-601.

Macalady JL, Lyon EH, Koffman B, Albertson LK, Meyer K, Galdenzi S & Mariani S;
2006 Dominant microbial populations in limestone-corroding stream biofilms, Frasassi cave
system, Italy. Applied and Environmental Microbiology 72: 5596-609.

Mack D; 1999 Molecular mechanisms of Staphylococcus epidermidis biofilm formation. Journal of
Hospital Infection 43: S113-25.

Mack W, Mack J & Ackerson A; 1975 Microbial film development in a trickling filter. Microbial
Ecology 2: 215-26.

Madsen E & Ghiorse W; 1993 Groundwater microbiology: subsurface ecosystem processes.
Agquatic microbiology: An ecological approach 167-213.

Malcolm SJ & Price NB; 1984 The behaviour of iodine and bromine in estuarine surface
sediments. Marine Chemistry 15: 263-71.

Manz W, Amann R, Ludwig W, Wagner M & Schleifer K-H; 1992 Phylogenetic
oligodeoxynucleotide probes for the major subclasses of proteobacteria: problems and solutions.
Systematic and Applied Microbiology 15: 593-600.

Margulies M, Egholm M, Altman WE, Attiya S, Bader JS, Bemben LA, Berka J,
Braverman MS, Chen Y-J & Chen Z; 2005 Genome sequencing in microfabricated high-
density picolitre reactors. Nature 437: 376-80.

Martin W, Baross J, Kelley D & Russell MJ; 2008 Hydrothermal vents and the origin of life.
Nature Reviews: Microbiology 6: 805-14.

Martiny AC, Albrechtsen HJ, Arvin E & Molin S; 2005 Identification of bacteria in biofilm
and bulk water samples from a nonchlorinated model drinking water distribution system:

132



detection of a large nitrite-oxidizing population associated with Nitrospira spp. Applied and
Environmental Microbiology 71: 8611-7.

Martiny AC, Jorgensen TM, Albrechtsen HJ, Arvin E & Molin S; 2003 Long-term
succession of structure and diversity of a biofilm formed in a model drinking water distribution
system. Applied and Environmental Microbiology 69: 6899-907.

Mata T, Haddad N & Holyoak M; 2013 How invader traits interact with resident
communities and resource availability to determine invasion success. Ozkos 122: 149-60.

Mayer C, Moritz R, Kirschner C, Borchard W, Maibaum R, Wingender J & Flemming H-
C; 1999 The role of intermolecular interactions: studies on model systems for bacterial biofilms.
International Jonrnal of Biological Macromolecules 26: 3-16.

McAnulla C, McDonald IR & Murrell JC; 2001a Methyl chloride utilising bacteria are
ubiquitous in the natural environment. FEMS Microbiology 1etters 201: 151-55.

McAnulla C, Woodall CA, McDonald IR, Studer A, Vuilleumier S, Leisinger T & Murrell
JC; 2001b Chloromethane utilization gene cluster from Hyphomicrobium chloromethanicum strain
CM2T and development of functional gene probes to detect halomethane-degrading bacteria.
Applied and Environmental Microbiology 67: 307-16.

McBain AJ, Allison DG & Gilbert P; 2000 Population dynamics in microbial biofilms. Cambridge
Univ. Press, Cambridge.

McDonald I, Warner K, McAnulla C, Woodall C, Oremland R & Mutrrell J; 2002 A review
of bacterial methyl halide degradation: biochemistry, genetics and molecular ecology.
Environmental Microbiology 4: 193-203.

McDonald IR, Hall GH, Pickup RW & Colin Mutrell J; 1996 Methane oxidation potential
and preliminary analysis of methanotrophs in blanket bog peat using molecular ecology
techniques. FENMS Microbiology Ecology 21: 197-211.

McDougald D, Rice SA, Barraud N, Steinberg PD & Kjelleberg S; 2012 Should we stay or
should we go: mechanisms and ecological consequences for biofilm dispersal. Nature Reviews:
Microbiology 10: 39-50.

McNair JN, Newbold JD & Hart DD; 1997 Turbulent transport of suspended particles and
dispersing benthic organisms: How long to hit bottom? Journal of Theoretical Biology 188: 29.
Meckenstock RU, Morasch B, Griebler C & Richnow HH; 2004 Stable isotope
fractionation analysis as a tool to monitor biodegradation in contaminated acquifers. Journal of
Contaminant Hydrology 75: 215-55.

Miles SL, Gerba CP, Pepper IL & Reynolds KA; 2009 Point-of-use drinking water devices
for assessing microbial contamination in finished water and distribution systems. Environmental
Science & Technology 43: 1425-29.

Miller LG, Warner KL, Baesman SM, Oremland RS, McDonald IR, Radajewski S &
Murrell JC; 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: 3271-83.

Moissl C, Rudolph C & Huber R; 2002 Natural Communities of Novel Archaea and Bacteria
with a String-of-Peatls-Like Morphology: Molecular Analysis of the Bacterial Partners. Applied
and Environmental Microbiology 68: 933-37.

Moller S, Sternberg C, Andersen JB, Christensen BB, Ramos JL, Givskov M & Molin S;
1998 In situ gene expression in mixed-culture biofilms: Evidence of metabolic interactions
between community members. Applied and Environmental Microbiology 64: 721-32.

Moran JE, Fehn U & Hanor JS; 1995 Determination of source ages and migration patterns of
brines from the US Gulf Coast basin using 1. Geachimica et Cosmochimica Acta 59: 5055-69.
Moran JE, Fehn U & Teng RT; 1998 Variations in '*’I/'*'T ratios in recent marine sediments:
evidence for a fossil organic component. Chemical Geology 152: 193-203.

Morita R; 1990 The starvation-survival state of microorganisms in nature and its relationship to
the bioavailable energy. Experientia 46: 813-17.

133



Morita RY & ZoBell CE; 1955 Occurrence of bacteria in pelagic sediments collected during
the Mid-Pacific Expedition. Deep Sea Research (1953) 3: 66-73.

Morris CE & Monier J-M; 2003 The ecological significance of biofilm formation by plant-
associated bactetia. Annual Review of Phytopathology 41: 429-53.

Mueller RS, Denef V], Kalnejais LH, Suttle KB, Thomas BC, Wilmes P, Smith RL,
Nordstrom DK, McCleskey RB, Shah MB, VerBerkmoes NC, Hettich RL & Banfield JF;
2010 Ecological distribution and population physiology defined by proteomics in a natural
microbial community. Molecular Systems Biology 6: 374.

Miiller S, Bley T & Babel W; 1999 Adaptive responses of Ralstonia entropha to feast and famine
conditions analysed by flow cytometry. Journal of Biotechnology 75: 81-97.

Muramatsu Y & Wedepohl HK; 1998 The distribution of iodine in the earth's crust. Chemzical
Geology 147: 201-16.

Muramatsu Y, Doi T, Tomaru H, Fehn U, Takeuchi R & Matsumoto R; 2007 Halogen
concentrations in pore waters and sediments of the Nankai Trough, Japan: implications for the
origin of gas hydrates. Applied Geochenistry 22: 534-56.

Nadell CD, Xavier JB & Foster JS; 2009 The sociobiology of biofilms. FEMS Microbiology
Reviews 33: 206-24.

Nathan R & Muller-Landau HC; 2000 Spatial patterns of seed dispersal, their determinants
and consequences for recruitment. Trends in Ecology & Evolution 15: 278.

Navarro-Noya YE, Suarez-Arriaga MC, Rojas-Valdes A, Montoya-Ciriaco NM, Gémez-
Acata S, Fernandez-Luquefio F & Dendooven L; 2013 Pyrosequencing analysis of the
bacterial community in drinking water wells. Microbial Ecology 66: 19-29.

Neef A; 1997 Amwendung der in situ-Einzelzell-Identifizierung von Bakterien zur Populationsanalyse in
komplexcen mikrobiellen Bioginosen.

Nemergut DR, Anderson SP, Cleveland CC, Martin AP, Miller AE, Seimon A & Schmidt
SK; 2007 Microbial community succession in an unvegetated, recently deglaciated soil. Microbial
Ecology 53: 110-22.

Newman DK & Banfield JF; 2002 Geomicrobiology: How molecular-scale interactions
underpin biogeochemical systems. Sczence 296: 1071-77.

Norberg A & Rydin S; 1984 Development of a continuous process for metal accumulation by
Zoogloea ramigera. Biotechnology and bioengineering 26: 265-68.

Northup DE & Lavoie KH; 2001 Geomicrobiology of caves: A review. Geomicrobiology Jonrnal
18: 199-222.

Northup DE, Barns SM, Yu LE, Spilde MN, Schelble RT, Dano KE, Crossey L],
Connolly CA, Boston PJ & Natvig DO; 2003 Diverse microbial communities inhabiting
ferromanganese deposits in Lechuguilla and Spider Caves. Environmental Microbiology 5: 1071-86.
Northup DE, Melim LA, Spilde MN, Hathaway JJ, Garcia MG, Moya M, Stone FD,
Boston PJ, Dapkevicius ML & Riquelme C; 2011 Lava cave microbial communities within
mats and secondary mineral deposits: implications for life detection on other planets. Astrobiology
11: 601-18.

O'Donnell AG, Young IM, Rushton SP, Shirley MD & Crawford JW; 2007 Visualization,
modelling and prediction in soil microbiology. Nature Reviews: Microbiology 5: 689-99.

O'Gara JP & Humphreys H; 2001 Staphylococcus epidermidis biofilms: importance and
implications. Journal of Medical Microbiology 50: 582-87.

O'Toole G, Kaplan HB & Kolter R; 2000 Biofilm formation as microbial development. Annual
Reviews in Microbiology 54: 49-79.

Ochman H, Lawrence JG & Groisman EA; 2000 Lateral gene transfer and the nature of
bacterial innovation. Nature 405: 299-304.

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’Hara R, Simpson GL,
Solymos P, Stevens MHH, Stevenson BS & Wagner H; 2013 Package ‘vegan’.

134



Ondov BD, Bergman NH & Phillippy AM; 2011 Interactive metagenomic visualization in a
Web browser. BMC Bioinformatics 12: 385.
Op den Camp HJM, Islam T, Stott MB, Harhangi HR, Hynes A, Schouten S, Jetten
MSM, Birkeland NK, Pol A & Dunfield PF; 2009 Environmental, genomic and taxonomic
perspectives on methanotrophic Verrucomicrobia. Environmental Microbiology Reports 1: 293-3006.
Ortner C; 1999 Wasserbeschaffungsverband Baldham. Wasserbeschaffungsverband Baldham,
Baldham.
Palmer MA, Allan JD & Butman CA; 1996 Dispersal as a regional process affecting the local
dynamics of marine and stream benthic invertebrates. Trends in Ecology & Evolution 11: 322-26.
Pasic L, Barbara K, Boris S & Blagajana H-V; 2010 Diversity of microbial communities
colonizing the walls of a Karstic cave in Slovenia. FENMS Microbiology Ecology 71: 50-60.
Peck S; 1986 Bacterial deposition of iron and manganese oxides in North American caves.
National Speleological Society Bulletin 48: 26-30.
Pedersen K; 1990 Biofilm development on stainless steel and PVC surfaces in drinking water.
Water Research 24: 239-43.
Pedersen K; 1997 Microbial life in deep granitic rock. FEMS Microbiology Reviews 20: 399-414.
Percival SL & Walker JT; 1999 Potable water and biofilms: A review of the public health
implications. Bigfouling 14: 99-115.
Pilloni G, von Netzer F, Engel M & Lueders T; 2011 Electron acceptor-dependent
identification of key anaerobic toluene degraders at a tar-oil-contaminated aquifer by Pyro-SIP.
FEMS Microbiology Ecology 165-75.
Pilloni G, Granitsiotis MS, Engel M & Lueders T; 2012 Testing the limits of 454 pyrotag
sequencing: reproducibility, quantitative assessment and comparison to T-RFLP fingerprinting of
aquifer microbes. PLoS ONE 7: ¢40467.
Pinto AJ, Xi C & Raskin L; 2012 Bacterial community structure in the drinking water
microbiome is governed by filtration processes. Environmental Science & Technology 46: 8851-59.
Poindexter JS; 1981. Oligotrophy. Advances in Microbial Ecology. Springer.
Poitelon J-B, Joyeux M, Welté B, Duguet J-P, Prestel E, Lespinet O & DuBow MS; 2009
Assessment of phylogenetic diversity of bacterial microflora in drinking water using serial
analysis of ribosomal sequence tags. Water Research 43: 4197-200.
Pratt LA & Kolter R; 1998 Genetic analysis of Escherichia coli biofilm formation: roles of flagella,
motility, chemotaxis and type I pili. Molecular Microbiology 30: 285-93.
Preston-Mafham J, Boddy L & Randerson PF; 2002 Analysis of microbial community
functional diversity using sole-carbon-source utilisation profiles—a critique. FEMS Microbiology
Ecology 42: 1-14.
Prigent-Combaret C, Vidal O, Dorel C & Lejeune P; 1999 Abiotic surface sensing and
biofilm-dependent regulation of gene expression in Escherichia coli. Journal of Bacteriology 181: 5993-
6002.
Provencio PP & Polyak V]J; 2001 Iron oxide-rich filaments: possible fossil bacteria in
Lechuguilla Cave, New Mexico. Geomicrobiology Journal 18: 297-309.
Purevdorj B, Costerton JW & Stoodley P; 2002 Influence of hydrodynamics and cell signaling
on the structure and behavior of Psexudomonas aeruginosa biofilms. Applied and Environmental
Microbiology 68: 4457-64.
Qiu Q, Noll M, Abraham W-R, Lu Y & Conrad R; 2008 Applying stable isotope probing of
phospholipid fatty acids and rRNA in a Chinese rice field to study activity and composition of
the methanotrophic bacterial communities in situ. The ISME Journal 2: 602-14.
Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies ] & Glockner FO;
2013 The SILVA ribosomal RNA gene database project: improved data processing and web-
based tools. Nucleic Acids Research 41: 1D590-D96.
Quince C, Lanzen A, Davenport RJ & Turnbaugh PJ; 2011 Removing noise from
pyrosequenced amplicons. BMC Bioinformaties 12: 38.

135



Quinn GP & Keough MJ; 2002 Experimental design and data analysis for biologists. Cambridge
University Press.

Raghoebarsing AA, Pol A, Van de Pas-Schoonen KT, Smolders AJ, Ettwig KF, Rijpstra
WIC, Schouten S, Damsté JSS, den Camp HJO & Jetten MS; 2006 A microbial consortium
couples anaerobic methane oxidation to denitrification. Nazure 440: 918-21.

Ralph DE & Stevenson JM; 1995 The role of bacteria in well clogging. Water Research 29: 365-
09.

Ramette A; 2007 Multivariate analyses in microbial ecology. FENMS Microbiology Ecology 62: 142-
60.

Rani SA, Pitts B, Beyenal H, Veluchamy RA, Lewandowski Z, Davison WM,
Buckingham-Meyer K & Stewart PS; 2007 Spatial patterns of DNA replication, protein
synthesis, and oxygen concentration within bacterial biofilms reveal diverse physiological states.
Journal of Bacteriology 189: 4223-33.

Rasmussen B; 2000 Filamentous microfossils in a 3,235-million-year-old volcanogenic massive
sulphide deposit. Nazure 405: 676-79.

Reardon CL, Cummings DE, Petzke LM, Kinsall BL, Watson DB, Peyton BM & Geesey
GG; 2004 Composition and diversity of microbial communities recovered from surrogate
minerals incubated in an acidic uranium-contaminated aquifer. Applied and Environmental
Microbiology 70: 6037-46.

Redfield RJ; 2002 Is quorum sensing a side effect of diffusion sensing? Trends in Microbiology 10:
365-70.

Reigstad L], Jorgensen SL & Schleper C; 2010 Diversity and abundance of Korarchaeota in
terrestrial hot springs of Iceland and Kamchatka. The ISME Journal 4: 346-56.

Reim A, Luke C, Krause S, Pratscher | & Frenzel P; 2012 One millimetre makes the
difference: high-resolution analysis of methane-oxidizing bacteria and their specific activity at the
oxic-anoxic interface in a flooded paddy soil. The ISME Journal 6: 2128-39.

Revetta RP, Pemberton A, Lamendella R, Iker B & Santo Domingo JW; 2010
Identification of bacterial populations in drinking water using 16S rRNA-based sequence
analyses. Water Research 44: 1353-60.

Rickard AH, McBain A]J, Stead AT & Gilbert P; 2004 Shear rate moderates community
diversity in freshwater biofilms. Applied and Environmental Microbiology 70: 7426-35.

Rickard AH, Gilbert P, High NJ, Kolenbrander PE & Handley PS; 2003 Bacterial
coaggregation: an integral process in the development of multi-species biofilms. Trends in
Microbiology 11: 94-100.

Rickard AH, Leach SA, Hall LS, Buswell CM, High NJ & Handley PS; 2002 Phylogenetic
relationships and coaggregation ability of freshwater biofilm bacteria. Applied and Environmental
Microbiology 68: 3644-50.

Rittmann BE; 1993 The significance of biofilms in porous media. Water Resources Research 29:
2195-202.

Roche; 20132 emPCR Amplification Manual - Lib-A SV 454 Life Sciences Corp., Branford, CT
06405, USA.

Roche; 2013b Amplicon Library Preparation Manual 454 Life Sciences Corp., Branford, CT
06405, USA.

Rockhold ML, Yarwood RR, Niemet MR, Bottomley PJ, Brockman FJ & Selker JS; 2007
Visualization and modeling of the colonization dynamics of a bioluminescent bacterium in
variably saturated, translucent quartz sand. Advances in Water Resources 30: 1593-607.

Rodriguez H & Fraga R; 1999 Phosphate solubilizing bacteria and their role in plant growth
promotion. Biotechnology Advances 17: 319-39.

Rodriguez Y, Ballester A, Blazquez M, Gonzalez F & Munoz J; 2003 New information on
the sphalerite bioleaching mechanism at low and high temperature. Hydrometallurgy 71: 57-66.

136



Rodriguez Y, Ballester A, Blazquez ML, Gonzalez F & Mufioz JA; 2003 Study of bacterial
attachment during the bioleaching of pyrite, chalcopyrite, and sphalerite. Geomicrobiology Journal
20: 131-41.

Rogers JR & Bennett PC; 2004 Mineral stimulation of subsurface microorganisms: release of
limiting nutrients from silicates. Chemical Geology 203: 91-108.

Roh Y, Gao H, Vali H, Kennedy DW, Yang ZK, Gao W, Dohnalkova AC, Stapleton RD,
Moon J-W & Phelps TJ; 2006 Metal reduction and iron biomineralization by a psychrotolerant
Fe (III)-reducing bacterium, Shewanella sp. strain PV-4. Applied and Environmental Microbiology 72:
3236-44.

Rohwerder T, Gehrke T, Kinzler K & Sand W; 2003 Bioleaching review part A. Applied
Microbiology and Biotechnology 63: 239-48.

Roling WFM & van Verseveld HW; 2002 Natural attenuation: What does the subsurface have
in store? Biodegradation 13: 53-64.

Ross N, Villemur R, Deschénes L. & Samson R; 2001 Clogging of a limestone fracture by
stimulating groundwater microbes. Water Research 35: 2029-37.

Rudolph C; 2004. Molekularbiologische Untersuchungen zur 1 erbreitung und Physiologie nenartiger,
unkultivierter Archaeen in kalten Schwefelguellen.

Russell JB & Cook GM; 1995 Energetics of bacterial growth: balance of anabolic and catabolic
reactions. Microbiological reviews 59: 48-62.

Rusterholtz K & Mallory L; 1994 Density, activity, and diversity of bacteria indigenous to a
karstic aquifer. Mzcrobial Ecology 28: 79-99.

Sakaguchi T, Burgess JG & Matsunaga T; 1993 Magnetite formation by a sulphate-reducing
bacterium. Nature 365: 47-49.

Sand W & Gehrke T; 2006 Extracellular polymeric substances mediate
bioleaching/biocorrosion via interfacial processes involving iron(IIl) ions and acidophilic
bacteria. Research in Microbiology 157: 49-56.

Sand W, Gehrke T, Jozsa P-G & Schippers A; 2001 (Bio) chemistry of bacterial leaching—
direct vs. indirect bioleaching. Hydrometallurgy 59: 159-75.

Sarbu SM, Kane TC & Kinkle BK; 1996 A chemoautotrophically based cave ecosystem. Science
272: 1953-55.

Schifer H, McDonald IR, Nightingale PD & Murrell JC; 2005 Evidence for the presence of
a emnA methyltransferase pathway in novel marine methyl halide-oxidizing bacteria. Environmental
Microbiology T: 839-52.

Schifer H, Miller LG, Oremland RS & Murrell JC; 2007 Bacterial cycling of methyl halides.
Advances in Applied Microbiology 61: 307-46.

Schimel J, Balser TC & Wallenstein M; 2007 Microbial stress-response physiology and its
implications for ecosystem function. Ecology 88: 1386-94.

Schloss PD, Gevers D & Westcott SL; 2011 Reducing the effects of PCR amplification and
sequencing artifacts on 16S rRNA-based studies. PLoS ONE 6: ¢27310.

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, Lesniewski
RA, Oakley BB, Parks DH & Robinson CJ; 2009 Introducing mothur: open-source,
platform-independent, community-supported software for describing and comparing microbial
communities. Applied and Environmental Microbiology 75: 7537-41.

Schmeisser C, Stockigt C, Raasch C, Wingender J, Timmis KN, Wenderoth DF,
Flemming H-C, Liesegang H, Schmitz RA, Jaeger K-E & Streit WR; 2003 Metagenome
survey of biofilms in drinking-water networks. Applied and Environmental Microbiology 69: 7298-309.
Schramel P; 1994 Atomic emission spectroscopy in: Trace element analysis in biological specimens. Elsevier.
Searcy KE, Packman Al, Atwill ER & Harter T; 2006 Capture and Retention of
Cryptosporidinm parvum Oocysts by Pseudomonas aernginosa Biofilms. Applied and Environmental
Microbiology 72: 6242-47.

137



Sepers ABJ; 1984 The uptake capacity for organic compounds of two heterotrophic bacterial
strains at carbon-limited growth. Zeitschrift fiir allgemeine Mikrobiologie 24: 261-67.

Shabarova T & Pernthaler J; 2010 Karst pools in subsurface environments: collectors of
microbial diversity or temporary residence between habitat types. Environmental Microbiology 12:
1061-74.

Shannon CE; 1948 A mathematical theory of communication. Be// System Technical Jonrnal 27:
379-423.

Shapiro JA; 1998 Thinking about bacterial populations as multicellular organisms. Annual Review
of Microbiology 52: 81-104.

Sharp CE, Stott MB & Dunfield PF; 2012 Detection of autotrophic verrucomicrobial
methanotrophs in a geothermal environment using stable isotope probing. Frontiers in Microbiology
3: 303.

Sheng G-P, Yu H-Q & Li X-Y; 2010 Extracellular polymeric substances (EPS) of microbial
aggregates in biological wastewater treatment systems: a review. Biotechnology Advances 28: 882-94.
Sherr BF, del Giorgio P & Sherr E; 1999 Estimating abundunce and single-cell characteristics
of respiring bacteria via the redox dye CTC. Aguatic Microbial Ecology 18: 1616-564.

Shi H-P, Lee C-M & Ma W-H; 2007 Influence of electron acceptor, carbon, nitrogen, and
phosphorus on polyhydroxyalkanoate (PHA) production by Brachymonas sp. P12. World Journal of
Microbiology and Biotechnology 23: 625-32.

Siboni N, Lidor M, Kramarsky-Winter E & Kushmaro A; 2007 Conditioning film and initial
biofilm formation on ceramics tiles in the marine environment. FEMS Microbiology Letters 274:
24-29.

Sivan O, Adler M, Pearson A, Gelman F, Bar-Or I, John SG & Eckert W; 2011
Geochemical evidence for iron-mediated anaerobic oxidation of methane. Limnology and
Oceanography 56: 1536-44.

Snyder G & Fehn U; 2004 Global distribution of '’ I in rivers and lakes: implications for iodine
cycling in surface reservoirs. Nuclear Instruments and Methods in Physics Research Section B: Beam
Interactions with Materials and Atoms 223: 579-806.

Segaard EG, Aruna R, Abraham-Peskir J & Bender Koch C; 2001 Conditions for biological
precipitation of iron by Gallionella ferruginea in a slightly polluted ground water. Applied
Geochemistry 16: 1129-37.

Song W, Ogawa N, Oguchi CT, Hatta T & Matsukura Y; 2007 Effect of Bacillus subtilis on
granite weathering: A laboratory experiment. CATEN.A 70: 275-81.

Souci SW & Schneider L; 1951 Begutachtung der Badequelle von Sulzbrunn (Allgau).
Deutsche Forschungsanstalt fiir Lebensmittelchemie, Miinchen.

Southgate G & Goodwin PM; 1989 The regulation of exopolysaccharide production and of
enzymes involved in C, assimilation in Methylophilus methylotrophus. Journal of general microbiology 135:
2859-67.

Stahl D; 1991. Development and application of nucleic acid probes. In: Stackebrandt E &
Goodfellow M (eds.) Nucleic acid techniques in bacterial systematics. Chichester, England: John Wiley
& Sons.

Stewart PS & Franklin MJ; 2008 Physiological heterogeneity in biofilms. Nature Reviews:
Microbiology 6: 199-210.

Stoecker K, Bendinger B, Schéning B, Nielsen PH, Nielsen JL, Baranyi C, Toenshoff
ER, Daims H & Wagner M; 2006 Cohn’s Crenothrix is a filamentous methane oxidizer with an
unusual methane monooxygenase. Proceedings of the National Academy of Sciences 103: 2363-67.
Stoodley P, Lewandowski Z, Boyle JD & Lappin-Scott HM; 1999 The formation of
migratory ripples in a mixed species bacterial biofilm growing in turbulent flow. Environmental
Microbiology 1: 447-55.

Stoodley P, Sauer K, Davies DG & Costerton JW; 2002 Biofilms as complex differentiated
communities. Annual Review of Microbiology 56: 187-209.

138



Sutherland IW; 2001 Biofilm exopolysaccharides: a strong and sticky framework. Microbiology
147: 3-9.

Suzuki MT & Giovannoni SJ; 1996 Bias caused by template annealing in the amplification of
mixtures of 16S tRNA genes by PCR. Applied and Environmental Microbiology 62: 625-30.
Szewzyk U, Szewzyk R, Manz W & Schleifer K-H; 2000 Microbiological safety of drinking
water. Annual Review of Microbiology 54: 81-127.

Tang L, Schramm A, Neu TR, Revsbech NP & Meyer RL; 2013 Extracellular DNA in
adhesion and biofilm formation of four environmental isolates: a quantitative study. FEMS
Microbiology Ecology 86: 394-403.

Taylor SW & Jaffé PR; 1990 Biofilm growth and the related changes in the physical properties
of a porous medium: 1. Experimental investigation. Water Resources Research 26: 2153-59.

Tebo BM & Obraztsova AY; 1998 Sulfate-reducing bacterium grows with Cr(VI), U(VI),
Mn(1V), and Fe(III) as electron acceptors. FEMS Microbiology Letters 162: 193-98.

Thauer RK; 2011 Anaerobic oxidation of methane with sulfate: on the reversibility of the
reactions that are catalyzed by enzymes also involved in methanogenesis from CO,. Current
Opinion in Microbiology 14: 292-99.

Tolker-Nielsen T & Molin S; 2000 Spatial organization of microbial biofilm communities.
Microbial Ecology 40: 75-84.

Tsunogai S & Sase T; 1969 Formation of iodide-iodine in the ocean. Deep Sea Research and
Oceanographic Abstracts 16: 489-96.

Turner MG; 2005 Landscape ecology: What is the state of the science? Awnual Review of Ecology,
Evolution, and Systematics 36: 319-44.

Ultee A, Souvatzi N, Maniadi K & Konig H; 2004 Identification of the culturable and
nonculturable bacterial population in ground water of a municipal water supply in Germany.
Journal of Applied Microbiology 96: 560-68.

Uroz S, Calvaruso C, Turpault MP & Frey-Klett P; 2009 Mineral weathering by bacteria:
ecology, actors and mechanisms. Trends in Microbiology 17: 378-87.

Vannelli T, Messmer M, Studer A, Vuilleumier S & Leisinger T; 1999 A corrinoid-
dependent catabolic pathway for growth of a Mezhylobacterinm strain with chloromethane.
Proceedings of the National Academy of Sciences 96: 4615-20.

Vert M, Hellwich K-H, Hess M, Hodge P, Kubisa P, Rinaudo M & Schué F; 2012
Terminology for biorelated polymers and applications (IUPAC Recommendations 2012). Pure &
Applied Chemistry 84.

Viles H; 1995 Ecological perspectives on rock surface weathering: towards a conceptual model.
Geomorphology 13: 21-35.

Voutchkova D, Kristiansen S, Hansen B, Ernstsen V, Sarensen B & Esbensen K; 2014
Iodine concentrations in Danish groundwater: historical data assessment 1933-2011.
Environmental Geochemistry and Health 1-14.

Wakai S, Ito K, Iino T, Tomoe Y, Mori K & Harayama S; 2014 Corrosion of iron by iodide-
oxidizing bacteria isolated from brine in an iodine production facility. Microbial Ecology 1-9.
Wang Y, Zeng W, Chen Z, Su L, Zhang L, Wan L, Qiu G, Chen X & Zhou H; 2014
Bioleaching of chalcopyrite by a moderately thermophilic culture at different conditions and
community dynamics of planktonic and attached populations. Hydrometallurgy 147-148: 13-19.
Wanger G, Southam G & Onstott T; 2006 Structural and chemical characterization of a
natural fracture surface from 2.8 kilometers below land surface: Biofilms in the deep subsurface.
Geomicrobiology Journal 23: 443-52.

Watnick P & Kolter R; 2000 Biofilm, City of Microbes. Journal of Bacteriology 182: 2675-79.
Welch SA, Taunton AE & Banfield JF; 2002 Effect of microorganisms and microbial
metabolites on apatite dissolution. Geomicrobiology Jonrnal 19: 343-67.

139



Werner JJ, Koren O, Hugenholtz P, DeSantis TZ, Walters WA, Caporaso JG, Angenent
LT, Knight R & Ley RE; 2011 Impact of training sets on classification of high-throughput
bacterial 16s rRNA gene surveys. The ISME Journal 6: 94-103.

West SA, Griffin AS, Gardner A & Diggle SP; 2006 Social evolution theory for
microorganisms. Nat Rev Micro 4: 597-607.

Whitehead D; 1984 The distribution and transformations of iodine in the environment.
Environment International 10: 321-39.

Whitehead T & Cotta M; 1999 Phylogenetic diversity of methanogenic archaea in swine waste
storage pits. FEMS Microbiology 1etters 179: 223-26.

Whiticar MJ; 1999 Carbon and hydrogen isotope systematics of bacterial formation and
oxidation of methane. Chemical Geology 161: 291-314.

Wilhartitz IC, Kirschner AK, Stadler H, Herndl GJ, Dietzel M, Latal C, Mach RL &
Farnleitner AH; 2009 Heterotrophic prokaryotic production in ultraoligotrophic alpine karst
aquifers and ecological implications. FEMS Microbiology Ecology 68: 287-99.

Williams M, Domingo J, Meckes M, Kelty C & Rochon H; 2004 Phylogenetic diversity of
drinking water bacteria in a distribution system simulator. Journal of Applied Microbiology 96: 954-
04.

Williams TA, Foster PG, Cox CJ & Embley TM; 2013 An archaeal origin of eukaryotes
supports only two primary domains of life. Nazure 504: 231-30.

Wilmes P, Remis JP, Hwang M, Auer M, Thelen MP & Banfield JF; 2008 Natural
acidophilic biofilm communities reflect distinct organismal and functional organization. The
ISME Journal 3: 266-70.

Winderl C, Anneser B, Griebler C, Meckenstock RU & Lueders T; 2008 Depth-resolved
quantification of anaerobic toluene degraders and aquifer microbial community patterns in
distinct redox zones of a tar oil contaminant plume. Applied and Environmental Microbiology 74: 792-
801.

Wingender J, Neu TR & Flemming H-C; 1999. What are bacterial extracellular polymeric
substances? In: Wingender J, Neu TR & Flemming H-C (eds.) Microbial extracellular polymeric
substances. Berlin, Germany: Springer.

Wise MG, McArthur JV & Shimkets LJ; 2001 Methylosarcina fibrata gen. nov., sp. nov. and
Methylosarcina quisquiliarum sp. nov., novel type I methanotrophs. International Jonrnal of Systematic
and Evolutionary Microbiology 51: 611-21.

Wolfaardt GM, Lawrence JR & Korber DR; 1999. Function of EPS. In: Wingender J, Neu TR
& Flemming H-C (eds.) Microbial extracellular polymeric substances. Betlin, Germany: Springer.
Wolfaardt GM, Lawrence JR, Robarts RD, Caldwell S] & Caldwell DE; 1994 Multicellular
organization in a degradative biofilm community. Applied and Environmental Microbiology 60: 434-
46.

Wolterink AF, Jonker AB, Kengen SW & Stams AJ; 2002 Pseudomonas chloritidismutans sp. nov.,
a non-denitrifying, chlorate-reducing bacterium. International Jonrnal of Systematic and Evolutionary
Microbiology 52: 2183-90.

Wong GT & Cheng X-H; 1998 Dissolved organic iodine in marine waters: determination,
occurrence and analytical implications. Marine Chenistry 59: 271-81.

Woodall CA, Warner KL, Oremland RS, Murrell JC & McDonald IR; 2001 Identification of
methyl halide-utilizing genes in the methyl bromide-utilizing bacterial strain IMB-1 suggests a
high degtee of conservation of methyl halide-specific genes in gram-negative bacteria. Applied and
Environmental Microbiology 67: 1959-63.

Wotton RS; 2011 EPS (Extracellular Polymeric Substances), silk, and chitin: vitally important
exudates in aquatic ecosystems. Journal of the North American Benthological Society 30: 762-69.
Wrangstadh M, Conway PL & Kjelleberg S; 1986 The production and release of an
extracellular polysaccharide during starvation of a marine Pseudomonas sp. and the effect
thereof on adhesion. Archives of Microbiology 145: 220-27.

140



Wu L, Jacobson AD & Hausner M; 2008 Characterization of elemental release during
microbe—granite interactions at T=28°C. Geochimica et Cosmochimica Acta 72: 1076-95.

Whullings BA, Bakker G & van der Kooij D; 2011 Concentration and diversity of uncultured
Legionella spp. in two unchlorinated drinking water supplies with different concentrations of
natural organic matter. Applied and Environmental Microbiology T7: 634-41.

Xavier JB & Foster KR; 2007 From the cover: Cooperation and conflict in microbial biofilms.
Proceedings of the National Academy of Sciences 104: 876-81.

Xavier JB, Martinez-Garcia E & Foster KR; 2009 Social evolution of spatial patterns in
bacterial biofilms: when conflict drives disorder. Awerican Naturalist 174: 1-12.

Yu J, Kim D & Lee T; 2010 Microbial diversity in biofilms on water distribution pipes of
different materials. Water Science & Technology 61: 163-71.

Zak JC, Willig MR, Moorhead DL & Wildman HG; 1994 Functional diversity of microbial
communities: a quantitative approach. Soz/ Biology and Biochemistry 26: 1101-08.

Zhang M, Liu W, Nie X, Li C, Gu J & Zhang C; 2012 Molecular analysis of bacterial
communities in biofilms of a drinking water clearwell. Microbes and Environments 27: 443-48.
Zhang S, Xu C, Creeley D, Ho Y-F, Li H-P, Grandbois R, Schwehr KA, Kaplan DI,
Yeager CM, Wellman D & Santschi PH; 2013 Iodine-129 and Iodine-127 speciation in
groundwater at the Hanford Site, U.S.: Iodate incorporation into calcite. Environmental Science &
Technology 47: 9635-42.

Zhao D, Lim C-P, Miyanaga K & Tanji Y; 2013 Iodine from bacterial iodide oxidization by
Roseovarins spp. inhibits the growth of other bacteria. Applied Microbiology and Biotechnology 1-10.
Ziegler S, Ackermann S, Majzlan J & Gescher J; 2009 Matrix composition and community
structure analysis of a novel bacterial pyrite leaching community. Environmental Microbiology 11:
2329-38.

Ziegler S, Dolch K, Geiger K, Krause S, Asskamp M, Eusterhues K, Kriews M, Wilhelms-
Dick D, Goettlicher J & Majzlan J; 2013 Oxygen-dependent niche formation of a pyrite-
dependent acidophilic consortium built by archaea and bacteria. The ISME Journal 7: 1725-37.
Zobell CE; 1943 The effect of solid surfaces upon bacterial activity. Journal of Bacteriology 46: 39-
56.

141



Publications and Authorship Clarifications

Accepted and submitted

1. Karwautz C and Lueders T (2014) Impact of hydraulic well restoration on native
bacterial communities in drinking water wells Microbes Environ. 2014;29(4):363-9. doi:
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2. Karwautz C, Stockl M, Kus G, Lueders, T. Massive methane-fueled microbial biofilms
in an iodine-rich spring cavern. In preparation for ISME J.

3. Karwautz C and Lueders T. Mineral surfaces as controlling factor for attached growth

and ecophysiology of biofilms in an oligotrophic aquifer. In preparation for Geomicrobiol.

ad 1) The accepted publication is based on the examination of biofilms in drinking water wells
specified in the third hypothesis of the thesis. Tillmann Lueders planned the field study together
with the author. The "Wasserverband Baldham™ represented by Dr. Claus Ortner and Karl
Seebauer provided access to all samples. The author took samples in cooperation with Katrin
Hérmann, technical staff at Institut fiir Grundwasserdkologie (IGO). Water chemical parameters
were evaluated under guidance of Dr. Heike Brielmann (at that time PostDoc at the IGO) and
Michael Stéckl (technical staff at the IGO). Marion Engel at the Research Unit Environmental
Genomics (HMGU) was responsible for Pyrotag sequencing. The author did all data analysis and
multivariate statistics. Graphics of the sampling site and the geological well profile were modified
from the booklet “Wasserbeschaffungsverband Baldham: 1929 -1999 Dokumentation und
Information. The hydrogeological map was taken from the Landesamt fiir Digitalisierung,
Breitband und Vermessung (http://geoportal.bayern.de/bayernatlas). The author developed the

manuscript draft. Tillmann Lueders revised and edited the manuscript.

ad 2) The field study was planned by the author and Tillmann Lueders. Franz Hésle (local cave
attendant) provided access to the cavern and helped to prepare the sampling campaigns. In the
first sampling campaign, Tillmann Lueders, Michael Stéckl and Franz Hosle took biofilm and
water samples. The author and Michael Stéckl took further gas and water samples. Dr. Gunter
Kus (Landesamt fiir Umwelt) invited our team to investigate the cave and provided water
chemical parameters recorded from 2011 to 2012. The author completed quantitative gas
measurements. The author carried out compound-specific isotope analysis of the gas under

guidance of Dr. Armin Meyer (PostDoc) and Michael Maier (PhD student) of the IGO Stable
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Isotope Group. Dr. Bernhard Michalke of the Research Unit Analytical BioGeoChemistry
(HMGU) was responsible for the elemental analysis of lyophilized biofilm samples. Harald
Lowag (technical staff of the Stable Isotope Group, IGO) analyzed the carbon and nitrogen
isotope composition of the biofilms. Michael Stéckl (IGO) acquired water chemical parameters
describing the ion composition and dissolved organic carbon concentration of the cavern water.
Petra Seibel (technical staff of the Hydrogeology group, IGO) conducted the water isotope
measurements. The author was responsible for all molecular work, assisted by Katrin Hormann
in the sequencing workflow. The author handled the sequence data. The author cut biofilm
cryosections under supervision of Elonore Samson (technical staff, Institute of Pathology,
HMGU). Michael Rothballer (Abteilung Mikroben-Pflanzen Interaktion) provided know-how
and several probes for staining and fluorescence in situ hybridization of samples, which was
done by the author. Under the guidance of Nina Weber (Microbial Ecology Group, IGO) the
author conducted cell number quantification via flow cytometry. The author performed the data
analysis, multivariate statistics and graphical representation of the results. The author and
Tillmann Lueders currently write a manuscript based on the massive methane-oxidizing cave

biofilms.

ad 3) The experiment was planned by the author. The author designed the mesocosm box and
Dr. Marko Hiinniger (IGO) drew a dimensional sketch. Minerals were acquired from Wards
Scientific, while coupons were cut and finished by Franziska Hiuser, technical staff at the
Geology Dept., LMU Miinchen. Evaluation of hydrological properties (porosity, flow velocity,
tracer experiment) within the box was conducted by Marko Hunniger and the author. Water
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by the author with help of Michael Stéckl. Molecular work was done by the author with help of
Katrin Hérmann in pyrosequencing. The author performed the carbon utilization assay. Dr.
Marianne Hanzlik at the TUM Garching, Fachgebeiet Elektronenmikroskopie, accomplished
preparation and visualization of mineral surfaces for SEM. The author performed data analysis
and multivariate statistics. The manuscript draft was prepared by the author and revised by

Tillmann Luedets.
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Abbreviations

2C stable carbon isotope with
standard atomic weight of 12

16S rRNA ribosomal RNA, small
subunit (bacteria)

bp base pairs

emuA corrinoid-binding /

methyltransferase encoding gene

CSIA compound specific stable isotope

analysis

ddH20O double-distilled water

DNA  deoxyribonucleic acid

dNTP  deoxyribonucleotide

DOC  dissolved organic carbon

e.g. exempli gratia

EA Elemental analyzer

EC electrolytic Conductivity, SI:
siemens per meter [S/m]

EDTA Ethylenediaminetetraacetic acid

EM Electron microscopy

EPS extracellular polymeric substances

etal. et alii

FAM  Carboxyfluorescein

FISH  Fluorescence in situ hybridisation

H' Shannon-Weaver diversity index

HMGU Helmholtz Zentrum Munchen

Deutsches Forschungszentrum fiir
Gesundheit und Umwelt

ie. id est

IAEA  International Atomic Energy

Agency

ICP-MS Inductively coupled plasma mass
spectrometry

IGOE / IGO Institute for Groundwater
Ecology / Institut fir
Grundwasserokologie

IRMS-GC

IUPAC

LfU

mxal”

Mspl
OTU
PBS
PC1
PC2
PCA
PCR
PEG

pmoA

PIE

PPiase
qPCR

RDP
spp-
Taql

TIC
TMAH

TOC
T-RFLP

U

w/v

Isotope-ratio mass
spectrometry gas chromotography

International Union of Pure and
Applied Chemistry

Landesamt fir Umwelt

methanol dehydrogenase encoding
gene

restriction enzyme of Moraxella sp.
organizational taxonomic unit
Phosphate buffered saline

first principal component

second principal component
principal component analysis
polymerase chain reaction
polyethylene glycol

particulate methane
monooxygenase encoding gene

probability of interspecific

encounter
peptidylprolyl isomerise

quantitative (=real time)
polymerase chain reaction

Ribosomal Databse Project
species (plural)

restriction enzyme of Thermus
aquaticus

triphenyl tetrazolium chloride

tetramethyl ammonium
hydroxide

total organic carbon

terminal restriction fragment
length polymorphism

unit of enzyme activity [umol min-!]

weight/volume
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