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Abstract

Summary

Large amounts of methane are generated in marine sediments, but the emission to the
atmosphere of this important greenhouse gas is partly controlled by anaerobic oxidation of
methane coupled to sulfate reduction (AOM-SR). AOM-SR is mediated by anaerobic
methanotrophs (ANME) and sulfate reducing bacteria (SRB). AOM-SR is not only regulating
the methane cycle but it can also be applied for the desulfurization of industrial wastewater at
the expense of methane as carbon source. However, it has been difficult to control and fully
understand this process, mainly due to the slow growing nature of ANME. This research
investigated new approaches to control AOM-SR and enrich ANME and SRB with the final
purpose of designing a suitable bioreactor for AOM-SR at ambient pressure and temperature.
This was achieved by studying the effect of (i) pressure and of (ii) the use of different sulfur
compounds as electron acceptors on AOM, (iii) characterizing the microbial community and
(iv) identifying the factors controlling the growth of ANME and SRB.

Theoretically, elevated methane partial pressures favor AOM-SR, as more methane will be
dissolved and bioavailable. The first approach involved the incubation of a shallow marine
sediment (marine Lake Grevelingen) under pressure gradients. Surprisingly, the highest AOM-
SR activity was obtained at low pressure (0.45 MPa), showing that the active ANME preferred
scarce methane availability over high pressure (10, 20, 40 MPa). Interestingly, also the
abundance and structure of the different type of ANME and SRB were steered by pressure.

Further, microorganisms from anaerobic methane oxidizing sediments were enriched with
methane gas as the substrate in biotrickling filters (BTF) at ambient conditions. Alternative
sulfur compounds (sulfate, thiosulfate and elemental sulfur) were used as electron acceptors.
When thiosulfate was used as electron acceptor, its disproportionation to sulfate and sulfide
was the dominating sulfur conversion, but also the highest AOM-SR rates were registered in
this BTF. Therefore, AOM can be directly coupled to the reduction of thiosulfate, or to the
reduction of sulfate produced by thiosulfate disproportionation. Moreover, the use of
thiosulfate triggered the enrichment of SRB. Differently, the highest enrichment of ANME was
obtained when only sulfate was used as electron acceptor.

In a BTF with sulfate as electron acceptor, both ANME and SRB were enriched from marine
sediment and the carbon fluxes within the enriched microorganisms were studied through
fluorescence in-situ hybridization-nanometer scale secondary ion mass spectrometry (FISH-
NanoSIMS). Preliminary results showed the uptake of methane by a specific group of SRB.

ANME and SRB adapted to deep sediment conditions were enriched in a BTF at ambient
pressure and temperature. The BTF is a suitable bioreactor for the enrichment of slow growing
microorganisms. Moreover, thiosulfate and sulfate can be used strategically as as electron
acceptors to activate the sediment and enrich the SRB and ANME population to obtain high
AOM-SR and faster ANME and SRB growth rates for future environmental applications.
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Abstract

Samenvatting

Grote hoeveelheden methaan worden gegenereerd in mariene sedimenten, maar de uitstoot in
de atmosfeer van dit belangrijke broeikasgas wordt gedeeltelijk beheerst door anaérobe
oxidatie van methaan gekoppeld aan sulfaat reductie (AOM-SR). AOM-SR wordt gemedieerd
door anaerobe methanotrofen (ANME) en sulfaatreducerende bacterién (SRB). AOM-SR
reguleert niet alleen de methaancyclus, maar kan ook worden toegepast voor de ontzwaveling
van industrieel afvalwater ten koste van methaan als koolstofbron. Het was echter moeilijk om
dit proces te beheersen en volledig te begrijpen, voornamelijk vanwege de traaggroeiende aard
van ANME. Dit onderzoek onderzocht nieuwe benaderingen om AOM-SR te controleren en
ANME en SRB te verrijken met als uiteindelijk doel het ontwerpen van een geschikte
bioreactor voor AOM-SR bij omgevingsdruk en -temperatuur. Dit werd bereikt door het effect
van (i) druk en (ii) het gebruik van verschillende zwavelverbindingen als elektronenacceptoren
op AOM te bestuderen, (iii) de microbiéle gemeenschap te karakteriseren en (iv) de factoren
te identificeren die de groei van ANME en SRB beheersen.

Theoretisch, verhoogde methaan partiéle druk gunstig AOM-SR, omdat meer methaan zal
worden opgelost en biologisch beschikbaar zal zijn. De eerste benadering betrof de incubatie
van een kustsediment (Grevelingenmeer) onder drukgradiénten. Verrassenderwijs werd de
hoogste AOM-SR-activiteit verkregen bij lage druk (0,45 MPa), wat aantoont dat de actieve
ANME de voorkeur gaf aan een schaarse beschikbaarheid van methaan boven hoge druk (10,
20, 40 MPa). Interessant is dat ook de overvloed en structuur van het verschillende type ANME
en SRB werden gestuurd door druk.

Verder werden micro-organismen uit anaerobe methaanoxiderende sedimenten verrijkt met
methaangas als het substraat in biotricklingfilters (BTF) bij omgevingscondities. Alternatieve
zwavelverbindingen (sulfaat, thiosulfaat en elementaire zwavel) werden gebruikt als
elektronenacceptoren. Wanneer thiosulfaat als elektronenacceptor werd gebruikt, was de
disproportionering ervan met sulfaat en sulfide de dominerende zwavelconversie, maar ook de
hoogste AOM-SR-snelheden werden in deze BTF geregistreerd. Daarom kan AOM direct
worden gekoppeld aan de reductie van thiosulfaat, of worden gereduceerd door sulfaat
geproduceerd door thiosulfaat disproportionering. Bovendien triggert het gebruik van
thiosulfaat de verrijking of SRB. Anders werd de hoogste verrijking van ANME verkregen
wanneer alleen sulfaat als elektronenacceptor werd gebruikt.

In een BTF met sulfaat als elektronenacceptor werden zowel ANME als SRB verrijkt met
mariene sedimenten en de koolstoffluxen in de verrijkte micro-organismen werden bestudeerd
door middel van fluorescentie in-situ hybridisatie - nanometer schaal secundaire ionen
massaspectrometrie (FISH-NanoSIMS). Voorlopige resultaten toonden de opname van
methaan door een specifieke groep SRB.

ANME en SRB aangepast aan diepe sedimentomstandigheden werden verrijkt in een BTF bij
omgevingsdruk en temperatuur. De BTF is een geschikte bioreactor voor de verrijking van
langzaam groeiende micro-organismen. Bovendien kunnen thiosulfaat en sulfaat strategisch
worden gebruikt als elektronenacceptoren om het sediment te activeren en de SRB- en ANME-
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populatie te verrijken om hogere AOM-SR en snellere ANME- en SRB-groeisnelheden voor
toekomstige toepassingen te verkrijgen.
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Abstract

Sommario

Grandi quantita di metano vengono generate nei sedimenti marini, ma I'emissione atmosferica
di questo importante gas serra & parzialmente controllata dall'ossidazione anaerobica del
metano accoppiata alla solfato riduzione (OAM-SR). OAM-SR & mediato da metanotrofi
anaerobici (ANME) e da batteri solfato riduttori (SRB). OAM-SR non solo regola il ciclo del
metano ma puo anche essere applicato alla desolforazione delle acque reflue industriali usando
il metano come fonte di carbonio. Tuttavia, & difficile controllare e comprendere appieno
questo processo, principalmente a causa della lenta crescita degli ANME. In questa ricerca
vengono considerate nuove strategie per controllare 'OAM-SR e arricchire gli ANME e gli
SRB al fine di progettare un bioreattore adatto per 'OAM-SR a pressione e temperatura
ambiente. Cio e stato ottenuto studiando I'effetto della (i) pressione e (ii) l'uso di diversi
composti di zolfo come accettori di elettroni su OAM, (iii) caratterizzando la comunita
microbica e (iv) identificando i fattori che controllano la crescita degli ANME e SRB.

Teoricamente, elevate pressioni parziali del metano favoriscono 'OAM-SR, poiché piu metano
viene disciolto. Il primo approccio prevedeva l'incubazione di sedimenti costieri di un lago
salmastro (lago Grevelingen) a diversi gradienti di pressione. La piu alta attivita di OAM-SR e
stata ottenuta a bassa pressione (0,45 MPa), dimostrando che gli ANME attivi preferivano
scarsa disponibilita di metano rispetto all' alta pressione (10, 20, 40 MPa). Da notare che la
pressione ha anche influenzato I'abbondanza e la struttura dei diversi tipi di ANME e SRB.

Inoltre, i microrganismi provenienti da sedimenti anaerobici, capaci di ossidare il metano, sono
stati arricchiti usando metano come substrato in letti percolatori (LP) a condizioni ambientali.
Diversi composti dello zolfo (solfato, tiosolfato e zolfo elementare) sono stati usati come
accettori di elettroni. Quando il tiosolfatoe stato usato come accettore di elettroni, la sua
conversione dominante era il disproporzionamento a solfato e solfuro, ma anche i tassi piu alti
di OAM-SR sono stati registrati in questo LP. Pertanto, IOAM pu0 essere direttamente
accoppiato alla riduzione del tiosolfato o alla riduzione del solfato prodotto dal
disproporzionamento del tiosolfato. Inoltre, I'uso di tiosolfato ha indotto all'arricchimento degli
SRB. Diversamente, il piu alto arricchimento di ANME é stato ottenuto quando il solfato e
stato usato come solo accettore di elettroni.

Nel LP con solfato come accettore di elettroni, sia gli ANME che gli SRB sono stati arricchiti
da sedimenti marini e gli scambi di carbonio tra i microrganismi arricchiti sono stati studiati
mediante ibridazione fluorescente in situ e spettrometria di massa di ioni secondari in scala
nanometrica (FISH-NanoSIMS). | risultati preliminari hanno mostrato l'assorbimento di
metano da parte di un gruppo specifico di SRB.

ANME e SRB adattati a sedimenti profondi sono stati arricchiti in un LP a pressione e
temperatura ambiente. LP & un bioreattore adatto per l'arricchimento di microrganismi a
crescita lenta. Inoltre, il tiosolfato e il solfato possono essere utilizzati strategicamente come
accettori di elettroni per attivare il sedimento e arricchire pil rapidamente la popolazione di
SRB e ANME per applicazioni future.
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Abstract

Résumé

De grandes quantités de méthane sont générées dans les sédiments marins, mais I'émission dans
I'atmosphéere de cet important gaz a effet de serre est partiellement contrdlée par I'oxydation
anaérobie du méthane couplée a la réduction du sulfate (AOM-SR). AOM-SR est médiée par
les méthanotrophes anaérobies (ANME) et sulfate bactéries réductrices (SRB). AOM-SR ne
régule pas seulement le cycle du méthane, mais il peut également étre appliqué pour la
désulfuration des eaux usées industrielles en utilisant du méthane comme source de carbone.
Cependant, il est difficile de contrGler et de comprendre pleinement ce processus,
principalement en raison de la lente croissance de 'ANME. Cette recherche a étudié de
nouvelles approches pour controler AOM-SR et enrichir ANME et SRB afin de concevoir un
bioréacteur approprié pour AOM-SR a pression et température ambiantes. Ceci a été réalisé en
étudiant l'effet de (i) la pression et (ii) l'utilisation de différents composés de soufre comme
accepteurs d'électrons sur OAM, (iii) la caractérisation de la biomasse enrichie et (iv)
I'identification des facteurs contrdlant la croissance de ANME et SRB.

Théoriquement, des pressions partielles élevees de méthane favorisent AOM-SR, car plus de
méthane est dissous. La premiére approche impliquait I'incubation des cotiers d'un lac saumatre
(lac Grevelingen) a différents gradients de pression. L'activité la plus élevée de AOM-SR a été
obtenue a basse pression (0,45 MPa), démontrant que I'ANME active préferait la la faible
disponibilité du méthane a la haute pression (10, 20, 40 MPa). Il est intéressant de noter que la
pression a également influencé l'abondance et la structure des différents types d ANME et de
SRB.

De plus, les micro-organismes provenant des sédiments anaerobies, capables d'oxyder le
méthane, ont été enrichis avec du méthane comme substrat dans filtres de percolateur (BTF)
dans les conditions ambiantes. Differents composés de soufre (sulfate, thiosulfate et soufre
élémentaire) ont été utilisés comme accepteurs d'électrons. Lorsque le thiosulfate était utilisé
comme accepteur d'électrons, sa dismutation aux sulfates et aux sulfures était la conversion
dominante du soufre, mais aussi les taux les plus élevés d’AOM-SR étaient enregistrés dans ce
LB. Par conséquent, I'AOM peut étre directement couplé a la réduction du thiosulfate, ou a la
réduction du sulfate produit par la dismutation du thiosulfate. De plus, l'utilisation de
thiosulfate a conduit a I'enrichissement des SRB. Differemment, lI'enrichissement le plus élevé
d’ANME a été obtenu lorsque seul le sulfate était utilisé comme accepteur d'électrons.

Dans le BTF avec sulfate comme accepteur d'électrons, ANME et SRB ont été enrichis a partir
de sediments marins et les flux de carbone dans les microorganismes enrichis ont été étudiés
par hybridation in situ en fluorescence et spectrométrie de masse a ionisation secondaire a
I'échelle nanométrique (FISH-NanoSIMS). Les résultats préliminaires ont montré I'absorption
de méthane par un groupe spécifique de SRB.

ANME et SRB adaptés aux sédiments profonds ont été enrichis en BTF a pression et
température ambiantes. Le LB est un bioréacteur approprié pour l'enrichissement de micro-
organismes a croissance lente. De plus, le thiosulfate et le sulfate peuvent étre utilisés
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stratégiqguement comme accepteurs d'électrons pour activer le sédiment et enrichir plus
rapidement la population de SRB et ANME pour des applications futures.
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1.1  General introduction and problem statement

Methane (CHs) is the most abundant hydrocarbon in the atmosphere and an important
greenhouse gas, which has so far contributed to an estimated 20% of post-industrial global
warming. The concentration of CH4 in the atmosphere has been increasing at alarming rates
and reducing CH4 emission is thus important (Conrad, 2009; Kirschke et al., 2013). Ocean
sediments produce large quantities of CH4 by the methanogenic degradation of organic matter
buried under the anoxic sea floor and an annual methanogenesis rate of 85-300 Tg CH. year™
has been estimated (Reeburgh, 2007). However, the ocean is also a major sink of CHa, since
most of the CH4 produced is mainly oxidized before it reaches the hydrosphere and the
atmosphere, of which more than 90% is consumed by anaerobic oxidation of CHs (AOM)
(Hinrichs & Boetius, 2002; Reeburgh, 2007). AOM is restricted to anaerobic habitats such as,
deep ocean, lake sediments and peats, mainly correlated to the reduction of sulfate, which is
present in large quantities in the water column (~29 mM in seawater). AOM covers a wide
range of rates, ranging from a few pmol cm day™ in the subsurface sulfate methane transition
zone (SMTZ) of deep marine margins, to a few pmol cm day™? in surface sediments above gas
hydrates. Moreover, AOM is evaluated to consume between 5 and 20% of the net atmospheric
CHjy flux (20-100 x 10*2 g year™) (Valentine et al., 2000).

AOM coupled to the reduction of sulfate (AOM-SR) is a process mediated by a consortium of
anaerobic methanotrophic archaea (ANME) and sulfate reducing bacteria (SRB). So far, three
types of ANME have been identified for AOM depending on the use of sulfate as the terminal
electron acceptor (ANME-1, ANME-2, ANME-3) (Boetius et al., 2000; Knittel et al., 2005).
Sulfate reducing AOM is a well-established phenomenon amongst deep marine environments;
nevertheless, till to date the mechanism has not been fully understood and the
cooperative/synergistic interaction between ANME and SRB is still under debate. Milucka et
al. (2012) stated that a syntrophic partner might not be needed for ANME-2, while recent
studies have shown the interactions between the two partners by direct electron transfer
(McGlynn et al., 2015; Wegener et al., 2016) and that they can be decoupled by using external
electron acceptors (Scheller et al., 2016). Moreover, recent studies have proved that AOM
coupled to nitrite (Ettwig et al., 2010) and nitrate (Haroon et al., 2013) reduction, but also to
iron and manganese reduction (Beal et al., 2009; Raghoebarsing et al., 2006) can occur, which
are more favorable electron acceptors than sulfate. Besides, other sulfur compounds could also
be used as electron acceptors for AOM: thiosulfate and sulfite are more thermodynamically
favorable than sulfate (Meulepas et al., 2009b) and elemental sulfur can presumably be used
directly by ANME (Milucka et al. 2012).

Most of the previous literature reports focused on the investigation of the microbial community
involved in the AOM-SR process to understand the mechanism and to isolate the archaea
involved. In all those studies, the main purpose was to define and understand the natural and
biochemical cycle of CHs. AOM investigation has another research direction, i.e. the
desulfurization of industrial wastewater by using CH4 as the sole electron donor. Sulfate and
other sulfur oxyanions, such as thiosulfate, sulfite or dithionite, are contaminants discharged in
fresh water due to industrial activities such as food processing, fermentation, coal mining,
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tannery and paper processing. Biological desulfurization under anaerobic conditions is a well-
known biological treatment, in which these sulfur oxyanions are anaerobically reduced to
sulfide (Liamleam & Annachhatre, 2007; Sievert et al., 2007, Weijma et al., 2006). The
produced sulfide can immobilize toxic metals and decrease their bioavailability. In the process
of wastewater desulfurization, electron donors for sulfate reduction are essential. Electron
donors such as ethanol, hydrogen, methanol, acetate, lactate and propionate (Liamleam &
Annachhatre, 2007) are usually supplied, but these increase the operational and investment
costs (Meulepas et al., 2010). Therefore, the use of easily accessible and low-priced electron
donors such as CHa is appealing for field-scale applications (Gonzalez-Gil et al., 2011).

So far, only a few researchers have attempted to study the process of AOM in bioreactors
(Meulepas et al., 2009a; Zhang et al., 2010), with the main purpose of using CH4 as the sole
electron donor for sulfate removal from wastewater. In these bioreactors, marine sediment was
used as the inoculum and they succeeded to achieve considerable higher AOM rates (0.6 mmol
I* day?) than those found in natural environments (3 umol I day™). However, these studies
have shown some constraints for practical application: (i) the slow growing nature of ANME
in bioreactors, with least doubling time of 1.5-7.0 months and (ii) the low solubility of methane
at ambient pressure (1.3 mM in seawater at 15°C). These problems can be minimized by
different strategies; by the enrichment of microorganisms in a bioreactor with a high biomass
retention capability, by using high-pressure reactors for high methane solubility, by using
alternative electron acceptors (elemental sulfur, thiosulfate) and electron donors for
methanotrophs (acetate, ethanol) or by using microbial mats obtained from marine sediments
where an active AOM is observed. Gulf of Cadiz sediment from mud volcanoes and mounds
(e. g. Alpha Mound) are well known habitats for ANME and SRB (Niemann et al., 2006;
Templer et al., 2011) and can be used as inoculum for their enrichment. Moreover, recent
studies showed that marine Lake Grevelingen in the Netherlands with a water depth of just 45
m has a methane rich sediment (Egger et al., 2016), which hosts both ANME and SRB
(Bhattarai et al., 2017) and therefore can be potentially used as inoculum for AOM-SR
bioreactor.

The origin of the marine sediment, the methane availability, the substrates available and the
type of bioreactor were considered in the approaches proposed in this research with the
objective of controlling this natural phenomenon in a bioreactor in order to get more insight on
the mechanism of AOM-SR and develop suitable strategy for the enrichment of the AOM
community at ambient conditions for future applications.

1.2 Objectives and scope of the study

This research investigated new approaches to control AOM-SR and enrich ANME and SRB
with the final purpose of designing a suitable bioreactor for AOM-SR at ambient pressure and
temperature. The specific objectives of this research are:

1. Assess the factors controlling the distribution of ANME and the available tools for their
enrichment in vitro
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Investigate the effect of different sulfur compounds as electron acceptors and alternative
electron donors on the AOM-SR activity by sediment from the marine Lake Grevelingen

Investigate the effect of different pressure gradients on AOM-SR activity and AOM
community by sediment from the marine Lake Grevelingen

Investigate the use of thiosulfate as electron acceptor for AOM

Evaluate a biotrickling filter at ambient conditions for the enrichment of the microbial
community mediating AOM and the reduction of different sulfur compounds as electron
acceptors

Present a new process mediated strategy to investigate the mechanism of AOM-SR for
future industrial applications

1.3 Thesis outline

This PhD thesis is divided into seven chapters. The first chapter (Chapter 1) provides a brief
overview of this research and the thesis as depicted in Figure 1.1.

Introduction - overview of the
thesis
(Chapter1)

v

Literature review - AOM:
current status and challenges
(Chapter2)

Effect of substrates and AOM in biotrickling filter
pressure on AOM

{ ' ] J l

AOM with different sulfur Effect of methane partial AOM coupled to thiosulfate Enrichment of ANME and
compounds as electron pressure on AOM reduction in biotrickling SRB in biotrickling filter
acceptors filter
(Chapter3) (Chapter 4) (Chapter5) (Chapter6)
T I I T
)

General discussion - understanding,
controlling the growth of ANME
and a new strategy for their
enrichment
(Chapter 7)

Figure 1.1 Overview of the structure of this PhD thesis

Chapter 2 describes the current knowledge about AOM and the microorganisms involved,
recent findings, the development of new study tools and their constraints. The recent findings
about the cooperative interaction between ANME and SRB are summarized and discussed.
Moreover, the distribution of ANME and the environmental factors responsible for this
distribution are discussed in this chapter.
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Chapter 3 discusses the effect of different substrates on AOM-SR by marine Lake Grevelingen
sediment. The activity assays were performed in batches using different sulfur compounds as
electron acceptors and different carbon sources as electron donors.

In Chapter 4, the microbes adapted to the shallow marine Lake Grevelingen sediment were
subjected to different methane partial pressures. The effect of methane bioavailability and
pressure on the ANME and SRB community was evaluated.

Chapter 5 focuses on the AOM coupled to thiosulfate reduction. Alpha Mound (Gulf of Cadiz)
sediment was used as inoculum in a biotrickling filter. The reactions of the sulfur compounds
involved were studied and the enriched microorganisms were visualized and quantified.

Chapter 6 gives the synthesis of the effect of different sulfur compounds as electron acceptors
on the AOM-SR rates and on the ANME and SRB community adapted to the Alpha Mound
sediment. A biotrickling filter was used for the enrichment of ANME and SRB at ambient
temperature and pressure and the operational advantages of using this bioreactor for AOM-SR
was discussed in this chapter. Moreover, the AOM activities were established and the enriched
microorganisms were visualized and identified.

Chapter 7 provides a general discussion and outlook based on the specific research objectives
of this thesis and it suggests new strategies for the enrichment of the AOM community in
bioreactors. This chapter presents an overview on the practical application of this research and
future research directions for investigating the AOM-SR mechanism has been presented in this
chapter.
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Abstract

Methane is oxidized in marine anaerobic environments, where sulfate rich sea water meets
biogenic or thermogenic methane. In those niches, few phylogenetically distinct microbial
types, i.e. anaerobic methanotrophs (ANME), are able to grow through anaerobic oxidation of
methane (AOM). Due to the relevance of methane in the global carbon cycle, ANME draw the
attention of a broad scientific community since five decades. This review presents and
discusses the microbiology and physiology of ANME up to the recent discoveries, revealing
novel physiological types of anaerobic methane oxidizers which challenge the view of obligate
syntrophy for AOM. The drivers shaping the distribution of ANME in different marine habitats,
from cold seep sediments to hydrothermal vents, are overviewed. Multivariate analyses of the
abundance of ANME in various habitats identify a distribution of distinct ANME types driven
by the mode of methane transport. Intriguingly, ANME have not yet been cultivated in pure
culture, despite of intense attempts. Further, advances in understanding this microbial process
are hampered by insufficient amounts of enriched cultures. This review discusses the
advantages, limitations and potential improvements for ANME cultivation systems and AOM
study approaches.

2.1 Introduction

Methane (CHa) is the most abundant and completely reduced form of hydrocarbon. It is the
most stable hydrocarbon, which demands +439 kJ mol™ energy to dissociate the hydrocarbon
bond (Thauer & Shima, 2008). CH4 is a widely used energy source, but it is also the second
largest contributor to human induced global warming, after CO2. CH4 concentrations in the
atmosphere have increased from about 0.7 to 1.8 ppmv (i.e. an increase of 150%) in last 200
years, and experts estimate that this increase is responsible for approximately 20% of the
Earth’s warming since pre-industrial times (Kirschke et al., 2013). On a per mol basis and over
a 100-year horizon, the global warming potential of CH4 is about 25 times more than that of
CO2 (IPCC, 2007). Therefore, large scientific efforts are being made to resolve detailed maps
of CH4 sources and sinks, and how these are affected by the increased levels of this gas in the
atmosphere (Kirschke et al., 2013).

The global CH4 cycle is largely driven by microbial processes of CHa production (i.e.
methanogenesis) and CH4 oxidation (i.e. methanotrophy). CH4 is microbially produced by the
anaerobic degradation of organic compounds or through CO: bioreduction (Nazaries et al.,
2013). These CH4 production processes occur in diverse anoxic subsurface environments like
rice paddies, wetlands, landfills, contaminated aquifers as well as freshwater and ocean
sediments (Reeburgh, 2007). CH4 can also be formed physio-chemically at specific
temperatures of about 150°C to 220°C (thermogenesis). It is estimated that more than half of
the CH4 produced globally is oxidized microbially to CO2 before it reaches the atmosphere
(Reeburgh, 2007). Both aerobic and anaerobic methanotrophy are the responsible processes.
The first involves the oxidation of CH4 to methanol in the presence of molecular oxygen (and
subsequently to COz) by methanotrophic bacteria (Chistoserdova et al., 2005; Hanson &
Hanson, 1996), whereas the second includes the oxidation of CH4 to CO: in the absence of
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oxygen by a clade of archaea, called anaerobic methanotrophs (ANME) and the process is
known as the anaerobic oxidation of CHs (AOM).

Large CHa reservoirs on Earth, from 450 to 10,000 Gt carbon (Gt C) (Archer et al., 2009;
Wallmann et al., 2012) are found as CH4 hydrates beneath marine sediments, mostly formed
by biogenic processes (Pinero et al., 2013). CH4 hydrates, or CHa clathrates, are crystalline
solids, consisting of large amounts of CH4 trapped by interlocking water molecules (ice). They
are stable at high pressure (> 60 bar) and low temperature (< 4°C) (Boetius & Wenzhofer, 2013;
Buffett & Archer, 2004), and are typically found along continental margins at depths of 600 to
3000 m below sea level (Archer et al., 2009; Boetius & Wenzhofer, 2013; Reeburgh, 2007).
By gravitational and tectonic forces, CH4 stored in hydrate seeps into the ocean sediment under
the form of mud volcanoes, gas chimneys, hydrate mounds and pock marks (Boetius &
Wenzhofer, 2013). These CH4 seepage manifestations are environments where AOM has been
documented (Table 2.1) (e.g. Black Sea carbonate chimney (Treude et al., 2007), Gulf of Cadiz
mud volcanoes (Niemann et al., 2006a), Gulf of Mexico gas hydrates (Joye et al., 2004).
Besides, AOM also occurs in the sulfate-CHs transition zones (SMTZ) of sediments. The
SMTZ are quiescent sediment environments, where the upwards diffusing (thermogenic and
biogenic) CHy4 is oxidized when it meets sulfate (S042), which is transported downwards from
the overlaying seawater (Figure 2.1). Considering that SO.?" is abundant in seawater and that
oxygen in sea bed sediments is almost absent, AOM coupled to the reduction of SO4 is likely
the dominant biological sink of CH4 in these environments.

It is estimated that CH4 seeps, which are generally laying above CH4 hydrates (Suess, 2014),
annually emit 0.01 to 0.05 Gt C, contributing to 1 to 5 % of the global CH4 emissions to the
atmosphere (Boetius & Wenzhofer, 2013). These emissions would be higher if CHs was not
scavenged by aerobic or anaerobic oxidation of CH4. While aerobic CH4 oxidation is dominant
in shallow oxic seawaters (Tavormina et al., 2010), AOM is found in the anoxic zones of the
sea floor (Knittel & Boetius, 2009; Reeburgh, 2007; Wankel et al., 2010). Due to limited data,
it has not been possible to determine the exact global values of CH4 consumption by AOM.
But, the AOM in the SMTZ and CHs seep environments has been tentatively estimated at 0.05
Gt C and 0.01 Gt C per year, respectively (Boetius & Wenzhofer, 2013).

Besides the biogeochemical implications of AOM, this microbial process can have
biotechnological applications for the treatment of waste streams rich in SO4% or nitrate/nitrite
but low in electron donor. Recently, a few studies have highlighted the prospective of AOM
and ANME in environmental biotechnology, where CHg is used as the sole electron donor to
achieve SO4* reduction (SR) in bioreactors (Gonzalez-Gil et al., 2011; Meulepas et al., 2009a;
Meulepas et al., 2010c). Biological SR is a well-known technique to remove sulfur and metals
from wastewaters, metals can be recovered by metal sulfide precipitation (Lens et al., 2002).
Many industrial wastewaters are deficient in dissolved organic carbon. Hence, supplementation
of external carbon sources and electron donors is essential for microbial SR. Frequently used
electron donors for SO42 reducing treatment plants are hydrogen/ CO, and ethanol (Widdel &
Hansen, 1992), which are costly and can be replaced by low-priced electron donors (Gonzalez-
Gil et al., 2011). It is estimated that the overall treatment costs would be reduced by a factor of
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2 to 4 if CH4 from natural gas or biogas would be used in SO+ reducing bioreactors as an
electron donor instead of hydrogen or ethanol (Meulepas et al., 2010c). The major limitation
identified for the biotechnological application of AOM is the extremely low growth rates of
the ANME, currently with doubling times as high as 2-7 months (Meulepas et al., 2010c).

A recent innovative idea is the use of key AOM enzymes for the biotechnological conversion
of CHa to liquid fuels at high carbon conservation efficiencies (Haynes & Gonzalez, 2014).
CHa could be transformed into butanol efficiently, if enzymes responsible for AOM activate
CHa and assist in C-C bond formation (Haynes & Gonzalez, 2014). This concept is of interest
because logistics and infrastructure for handling liquid fuels are more cost effective than those
for utilizing compressed natural gas. A detailed elucidation of the ANME metabolism is a
prerequisite to the development of such biotechnological applications of AOM.
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Figure 2.1 Timeline of relevant research and discoveries on the AOM-SR. The major milestones
achieved are depicted in their respective year along with some future possibility in the AOM studies.
Note for references: 1-(Reeburgh, 1976), 2-(Martens & Berner, 1974), 3-(Zehnder & Brock, 1980),4-
(Iversen & Jagrgensen, 1985), 5-(Reeburgh, 1980), 6-(Hoehler et al., 1994), 7-(Hinrichs et al., 1999),
8-(Boetius et al., 2000), 9-(Hallam et al., 2004), 10-(Girguis et al., 2005), 11-(Nauhaus et al., 2007),

12-(Alperin & Hoehler, 2009), 13-(Meulepas et al., 2009a), 14-(Scheller et al., 2010), 15-
(Meyerdierks et al., 2010), 16-(Milucka et al., 2012) , 17-(McGlynn et al., 2015), 18-(Wegener et al.,
2016), 19-(Scheller et al., 2016)

2.2 Microbiology of AOM
2.2.1 Discovery of AOM

AOM coupled to SO4> reduction (AOM-SR) takes place where SO4> meets either biogenic or
thermogenic CHa. This unique microbiological phenomenon, AOM, was recognized since four
decades as a key to close the balance of oceanic carbon (Martens & Berner, 1974; Reeburgh,
1976). Since then, various key discoveries have elucidated the AOM process to some extent,
but its exact biochemical mechanism is still unclear (Figure 2.1). The AOM was first deduced
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from CH4 and SO.? profile measurements in marine sediments (lversen & Jargensen, 1985;
Reeburgh, 1980; Zehnder & Brock, 1980). Occurrence of AOM yields typical concave-up CH4
profiles in sediment columns with high CH4 concentrations in the deep sediment layers and
very low CH4 concentrations at the sediment water interface (Figure 2.1).

Quasi in situ and in vitro studies using radiotracers confirmed AOM as a biological process
(Iversen & Jargensen, 1985; Reeburgh, 1980; Zehnder & Brock, 1980). Additional in vitro
studies suggested that the AOM process was performed by a unique microbial community
(Boetius et al., 2000; Hoehler et al., 1994): the anaerobic methanotrophs (ANME), mostly in
association with SO reducing bacteria (SRB) (Figure 2.2). The identification of the
microorganisms involved in AOM is crucial to explain how CH4 can be efficiently oxidized
with such a low energy yield. By fluorescence in situ hybridization (FISH) based visualizations
with specifically designed probes, the in situ occurrence of such archaea-bacteria associations
was recorded, showing that the ANME-groups are widely distributed throughout marine
sediments (Boetius et al., 2000; Hinrichs et al., 1999; Knittel et al., 2005; Orphan et al., 2002;
Schreiber et al., 2010). The physico-chemical drivers shaping the global distribution of ANME
consortia are not fully resolved to date (section 2.4). Instead, AOM activity tests and in vitro
studies allowed the estimation of their doubling time in the order of 2-7 months, realizing the
extremely slow growth of ANME on CH4 (Nauhaus et al., 2007).

2.2.2 ANME phylogeny

Based on the phylogenetic analysis of 16S rRNA genes (Figure 2.3A), ANME have been
grouped into three distinct clades, i.e. ANME-1, ANME-2 and ANME-3 (Boetius et al., 2000;
Hinrichs et al.,, 1999; Knittel et al., 2005; Niemann et al., 2006b). All ANME are
phylogenetically related to various groups of methanogenic Archaea (Figure 2.3). ANME-2
and ANME-3 are clustered within the order Methanosarcinales, while ANME-1 belongs to a
new order which is distantly related to the orders Methanosarcinales and Methanomicrobiales
(Figure 2.3). Specifically, ANME-3 is closely related to the genus Methanococcoides. FISH
analysis showed that microorganisms belonging to the ANME-2 and ANME-3 groups are
cocci-shaped, similar to Methanosarcina and Methanococcus methanogens (Figures 2.2B and
2.2D). On the contrary to ANME-2 and ANME-3, ANME-1 mostly exhibits a rod-shape
morphology (Figure 2.2A).

Upon phylogenetic analysis based on 16S rRNA (Figure 2.3A) and mcrA (Figure 2.3B) genes,
the three major groups of ANME were identified. ANME-1 is further subgrouped into ANME-
la and ANME-1b. ANME-2 is divided into four subgroups, i.e. ANME-2a, ANME-2b,
ANME-2c and ANME-2d, whereas, so far no subgroups of ANME-3 have been defined (Figure
2.3). The mcrA genes phylogeny of the various archaeal orders closely parallels that of the 16S
rRNA genes (Figure 2.3).

Besides their close phylogenetic relationships, ANME exhibit other similarities with
methanogenic archaea. For example, sequenced genomes of ANME-1 and ANME-2 from
environmental samples indicate that, except for the N° N -methylene-
tetrahydromethanopterin (HsMPT) reductase in the ANME-1 metagenome (Meyerdierks et al.,

12



Chapter 2

2010), these ANME contain homologous genes for the enzymes involved in all the seven steps
of methanogenesis from CO2 (Haroon et al., 2013; Meyerdierks et al., 2010; Wang et al., 2014).
Furthermore, with the exception of coenzyme M-S-S-coenzyme B heterodisulfide reductase,
all those enzymes catalyzing the CH4 formation were confirmed to catalyze reversible reactions
(Rudolf, 2011; Scheller et al., 2010). Thus, it is hypothesized that ANME oxidize CH4 via
methanogenic enzymatic machinery functioning in reverse, i.e., reversal of CO> reduction to
CH4 (Hallam et al., 2004; Meyerdierks et al., 2010).

Figure 2.2 Fluorescence in situ hybridization images from different ANME types. A) Single ANME-
1 in elongated rectangular shape (red color) inhabiting as mono specific clade in the Guaymas Basin
hydrothermal vent (Holler et al., 2011a), B) Aggregate of cocci shaped ANME-2 (red color) and DSS
(green color), enrichment sample after 8 years from the Isis mud volcano in the Mediterranean Sea.
The image was taken from the web: http://www.mpg.de/6619070/marine-CHa-oxidation, C)
Aggregate of large densely clustered ANME-2d (green) and other bacteria (blue color) obtained from
a bioreactor enrichment (Haroon et al., 2013) and D) Aggregate of cocci shaped ANME-3 (red color)
and DBB (green color) inhabiting Haakon Mosby mud volcano (Niemann et al., 2006b).

2.2.3 AOM coupled to sulfate reduction

The ocean is one of the main reservoirs of sulfur, where it mainly occurs as dissolved SO42 in
seawater or as mineral in the form of pyrite (FeSz) and gypsum (CaSQs) in sediments (Sievert
et al., 2007). Sulfur exists in different oxidation states, with sulfide (S*), elemental sulfur (S°)
and SO4? as the most abundant and stable species in nature. With an amount of 29 mM, SO4*
is the most dominant anion in ocean water, next to chloride. The sedimentary sulfur cycle
involves two main microbial processes: (i) bacterial dissimilatory reduction of SOs* to
hydrogen sulfide, which can subsequently precipitate with metal ions (mainly iron), and (ii)
assimilatory reduction of SO4* to form organic sulfur compounds incorporated in microbial
biomass (Jgrgensen & Kasten, 2006). Dissimilatory SR by SRB occurs in anoxic marine
sediments or in freshwater environments, where SRB use several electron donors, such as
hydrogen, various organic compounds (e.g. ethanol, formate, lactate, pyruvate, fatty acids,
methanol, and methanethiol) as well as CH4 (Muyzer & Stams, 2008).

AOM was considered impossible in the past, due to the non polar C-H bond of CH4 (Thauer &
Shima, 2008). From a thermodynamic point of view, AOM-SR yields minimal energy: only
16.6 kJ mol? of energy is released during AOM-SR (Eqg. 2.1 in Figure 2.4). In comparison,
more energy is released by the hydrolysis of one ATP (31.8 kJ mol™?). Other electron acceptors
in the anaerobic environment, such as nitrate, iron and manganese provide higher energy yields
than SO4%, as deducted by the AG? of the different redox reactions (Figure 2.4). However, their

13



Chapter 2

combined concentration at the marine sediment-water interface is far lower than the SO4*
concentration (D'Hondt et al., 2002). Therefore, AOM-SR usually dominates in marine
sediments.

16S rRNA mcrA

Methanomicrobiales
Methanobacterlales group a-b (ANME 1)

Methanococcales
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Figure 2.3 Phylogenetic affiliation of anaerobic methanotrophs (ANME) based on the 16S rRNA and
mcrA genes. The 16S rRNA and mcrA sequences, retrieved from NCBI databases (Pruesse et al.,
2012), were respectively aligned with the SINA aligner and the Clustal method as previously
described (Hallam et al., 2003). Both trees were inferred using the Neighbor-Joining method (Saitou
& Nei, 1987). Bars refer to 10% estimated distance.

AOM-SR was suggested to be a cooperative metabolic process of the AOM coupled to
dissimilatory SO.? reduction, thereby gaining energy by a syntrophic consortium of ANME
and SRB (Boetius et al., 2000; Hoehler et al., 1994) (Eq. 2.1 in Figure 2.4). Especially the
Desulfosarcina / Desulfococcus (DSS) and Desulfobulbaceae (DBB) clades of SRB are
common associates of ANME for SR. However, the three ANME phylotypes have been
visualized without any attached SRB in different marine environments as well (Losekann et
al., 2007; Maignien et al., 2013; Treude et al., 2005a; Wankel et al., 2012a), suggesting that
AOM-SR can potentially be performed independently by the ANME themselves (Eq. 2.1
Figure 2.4, performed solely by ANME). Theoretically, slightly more energy can be released
(18 kJ mol™) if SO4% is reduced to disulfide instead of sulfide (Eq. 2.2 in Figure 2.4) (Milucka
et al., 2012).

2.2.4 AOM coupled to different sulfur compounds as electron acceptors

Microorganisms that mediate AOM-SR can also use S° or thiosulfate (S;0s:%) as terminal
electron acceptor for AOM (Figure 2.4, Eqg. 2.7 and Eq. 2.8). The reduction of one mole of
S203% to one mole sulfide requires fewer electrons (4 electrons) than the reduction of SO4% to
sulfide (8 electrons). The reduction of S;0s* coupled to CHas oxidation is also more
energetically favorable (Eq. 2.8 in Figure 2.4) than AOM-SR (Eq. 2.1 in Figure 2.4). However,
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researches investigating AOM coupled to S,0s% reduction (Suarez-Zuluaga et al., 2015;
Suarez-Zuluaga et al., 2014), showed that S;Os> disproportionation prevailed over its
reduction, even if it is theoretically less thermodynamically favorable (AG® = -22 kJ mol™?).
The presence of known SRB able to metabolize inorganic sulfur compounds by
disproportionation, such as Desulfocapsa and Desulfovibrio (Finster, 2008), in the studied
sediment (Suarez-Zuluaga et al., 2015) might favor S;03? over its reduction with CH4 as sole
electron donor. However, the DSS and DBB commonly associated to ANME were never proved
to metabolize S203? disproportion, even though DSS were once described as putative disulfide
disproportionating bacteria (Milucka et al., 2012).

Differently, the theoretical Gibbs free energy for AOM coupled to S is positive (+24 kJ mol-
! Eq. 2.7 in Figure 2.4) however, in vitro tests showed that this reaction may well proceed and
the calculated free energy of reaction at in situ conditions is negative (-84.1 kJ mol™) (Milucka
et al., 2012). Contrarily than for S;0s%, S° disproportionation requires energy (+41 kJ mol™?)
unless an oxidant, as Fe (I11), renders the reaction more energetically favorable (Finster, 2008)
or in alkaline environments, such as soda lakes (Poser et al., 2013). Therefore, other reactions
and mechanisms might be taken into consideration when investigating AOM coupled to the
reduction of other sulfur compounds asuch as S,03%and S°.

2.2.5 AOM coupled to nitrite and nitrate reduction

Methanotrophs that utilize nitrite (Ettwig et al., 2010) or nitrate (Haroon et al., 2013) have been
identified in anaerobic fresh water sediments. Thermodynamically, the AOM coupled to nitrite
and nitrate yields more energy than AOM-SR, with a AG® of -990 kJ mol™* and -785 kJ mol?,
respectively (Eg. 2.5 and Eq. 2.6 in Figure 2.4). Two specific groups of microbes are involved
in the process of AOM coupled with nitrate and nitrite reduction: ‘“Candidatus
Methanoperedens nitroreducens” (archaca) and “Candidatus Methylomirabilis oxyfera”
(bacteria), respectively.

AOM coupled to denitrification was first hypothesized to occur in a similar syntrophic manner
as AOM coupled to SR (Raghoebarsing et al., 2006). However, Ettwig et al. (Ettwig et al.,
2010) showed that CH4 oxidation coupled to nitrite reduction occurs in the absence of archaea.
The bacterium “Candidatus Methylomirabilis oxyfera” couples AOM to denitrification, with
nitrite being reduced to nitric oxide which is then converted to nitrogen (N2) and oxygen (O2).
The thus generated intracellular byproduct oxygen is subsequently used to oxidize CH4 to CO>
(Ettwig et al., 2010). Moreover, recent studies reveal that a distinct ANME, affiliated to the
ANME-2d subgroup and named “Candidatus Methanoperedens nitroreducens” (Figures 2.2C
and 2.3), can carry out AOM using nitrate as the terminal electron acceptor through reversed
methanogenesis (Haroon et al., 2013). In the presence of ammonium, the nitrite released by
this ANME-2d is then reduced to N. by the anaerobic ammonium-oxidizing bacterium
(anammox) “Candidatus Kuenenia spp.”; while in the absence of ammonium, nitrate is reduced
to N2 by “Candidatus Methylomirabilis oxyfera”. Therefore, different co-cultures are
dominated in a biological system depending on the availability of the nitrogen species (nitrate,
nitrite or ammonium) (Haroon et al., 2013).
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2.2.6 Other electron acceptors for AOM

Besides SO42 and nitrate, iron and manganese are other electron acceptors studied for AOM.
In marine sediments, AOM was found to be coupled to the reduction of manganese or iron
(Beal et al., 2009; Ettwig et al., 2016), but whether manganese and iron are directly used for
the process or not, is yet to be elucidated. An in vitro study from Beal et al. (2009) showed that
oxide minerals of manganese, birnessite (simplified as MnOz in Eq. 2.4 of Figure 2.4) and iron,
ferrihydrite (simplified as Fe(OH)s in Eq. 2.3 of Figure 2.4), can be used as electron acceptors
for AOM. The rates of AOM coupled to MnO. or Fe(OH)s reduction are lower than AOM-SR,
but the energy yields (AG® of -774 kJ mol™ and -556 kJ mol respectively, Eq. 2.3 and Eq. 2.4
in Figure 2.4) are higher. Thus, the potential energy gain of Mn- and Fe-dependent AOM is,
respectively, 10 and 2 times higher than that of AOM-SR, inspiring researchers to further
investigate these potential processes (Beal et al., 2009).

Several researchers have investigated on the identity of the bacteria present in putative Fe- and
Mn- dependent AOM sites and hypothesized their involvement along with ANME (Beal et al.,
2009; Wankel et al., 2012a). In parallel to AOM-SR, this process is also assumed to be
mediated by two cooperative groups of microorganisms. The bacterial 16S rRNA phylotypes
found in Fe- and Mn-dependent AOM sites are putative metal reducers, belonging to the phyla
Verrucomicrobia phylotypes (Wankel et al., 2012a), Bacteriodetes, Proteobacteria and
Acidobacteria and are mostly present in heavy-metal polluted sites and hydrothermal vent
systems (Beal et al., 2009). The latter bacteria are mostly present. The ANME-1 clade was
identified as the most abundant in metalliferous hydrothermal sediments and in Eel River Basin
CHjs-seep sediment. However, the sole identification of specific bacteria and archaea in these
marine sediments does not provide evidence for their metal reducing capacity.

Recent studies assumed the direct coupling of AOM to iron reduction. Wankel et al. (2012a)
investigated AOM in hydrothermal sediments from the Middle Valley vent field, where AOM
occurred in the absence of SR and SRB. Fe-dependent AOM was hypothesized as the process
in these sediments, due to the abundance of Fe (I11)-bearing minerals, specifically green rust
and a mixed ferrous-ferric hydroxide. A higher AOM rate than with SR was observed in in
vitro incubations with Mn and Fe based electron acceptors like birnessite and ferrihydrite
(Segarra et al., 2013). Moreover, Scheller et al. (2016) showed that marine samples containing
ANME-2 could couple the reduction of chelated oxidized iron and recently Ettwig et al. (2016)
demonstrates that iron and manganese dependent CHs oxidation occurred in a freshwater
enrichment culture of “Candidatus Methanoperedens nitroreducens”.

There is also a hypothesis on possible indirect coupling of AOM with metal reduction (Beal et
al., 2009). Namely, sulfide, present in the sediment, is oxidized to elemental sulfur and
disulfide in the presence of metal oxides. The produced sulfur compounds can be
disproportionated by bacteria producing transient SO4%, which can be used to oxidize CHa.

These sulfur transformations are referred to as cryptic sulfur cycling (Aller & Rude, 1988;
Canfield et al., 1993) and its extent can increase if the sediment is rich in microorganisms able
to metabolize elemental sulfur and disulfide (Straub & Schink, 2004; Wan et al., 2014). A
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recent study with the Bothnian Sea sediment speculated two separate anaerobic regions where
AOM occurs: AOM-SR (in the upper anaerobic layer) and Fe-dependent AOM (in the lower
anaerobic layer). It was hypothesized that the majority of AOM was coupled directly to iron
reduction in the iron reducing region and only about 0.1% of AOM-SR was due to cryptic
sulfur cycling (Egger et al., 2015). However, in marine and brackish sediments probably only
a few percent of the CH4 is oxidized by a Fe-dependent process.
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Figure 2.4 Described and possible AOM processes with different terminal acceptors. The AOM with
SO.%, nitrate and nitrite as electron acceptors is well described along with the microbes involved,
which is indicated by green blocks, whereas the AOM with manganese and iron was shown but the
microbes involved need to be characterized which is indicated by the blue block. Other possible
electron acceptors are mentioned according to the thermodynamic calculation of the chemical
reactions, which is indicated by the orange block.

Theoretically, based on thermodynamics, anaerobic CH4 oxidizing microorganisms could
utilize other electron acceptors including arsenic and selenium. It should be noted that the
chemistry of selenium oxyanions is similar to that of sulfur oxyanions, since both belong to the
same group in the periodic table, the so called chalcogens. Oxidized selenium species i.e.

selenate or selenite, might thus also be used as electron acceptor for AOM (Eq. 2.9 and Eq.
2.10 in Figure 2.4).

2.3 Physiology of ANME
2.3.1 Carbon and nitrogen metabolism

The difficulty in obtaining enrichment cultures of ANME hampers getting insights into the
physiological traits of these microorganisms. Nonetheless, in situ and in vitro activity tests
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using 3C- or “C-labelled CH4 unequivocally revealed that ANME oxidize CH4 (Nauhaus et
al., 2007). But the physiology of these microorganisms seems to be more intriguing. Recently,
it was found that the carbon in ANME biomass is not totally derived from CHa, i.e. ANME are
not obligate heterotrophs. ANME-2 and their bacterial partners (Wegener et al., 2016) have
been defined as autotrophic, whereas carbon within the biomass of ANME-1 is derived from
CO: fixation (Kellermann et al., 2012; Treude et al., 2007). Furthermore, genetic studies
showed that ANME-1 contains genes encoding the CO; fixation pathway characteristic for
methanogens (Meyerdierks et al., 2010).

There is evidence that some ANME-1 and/or ANME-2 from the Black Sea and from the Gulf
of Mexico CH4 seeps can produce CHs (Orcutt et al., 2005; Treude et al., 2007) from CO: or
from methanol (Bertram et al., 2013). This methanogenic capacity exhibited by these ANME
seems in turn to mirror the CH4 oxidation capacity displayed by pure cultures of methanogens
(Harder, 1997; Zehnder & Brock, 1979) and by methanogens present in anaerobic sludge
(Meulepas et al., 2010b), which can oxidize about 1 to 10% of the CH4 they produce. However,
the reported CH4 oxidation capacity of cultured methanogens is so low that they are not
considered to contribute to CH4 oxidation in marine settings. On the contrary, the detection of
important numbers of active ANME-1 cells in both the CH4 oxidation and the CH4 production
zones of estuary sediments has led to the proposition that this ANME type is not an obligate
CHa oxidizer, but rather a flexible type which can switch and function as methanogen as well
(Lloyd et al., 2011).

Another intriguing physiological trait is the N2 fixing capacity (i.e., diazotrophy) by ANME-
2d. Using N, as nitrogen source, it was found that ANME-2d cells assimilated °N in batch
incubations of marine mud volcano or CH4 seep sediments (Dekas et al., 2014; Dekas et al.,
2009). While fixing N2, ANME maintained their CH4 oxidation rate, but their growth rate was
severely reduced. The energetic cost to fix nitrogen is one of the highest amongst all anabolic
processes and requires about 16 ATP molecules, which translates into 800 kJ mol™ of nitrogen
reduced. Therefore, considering the meager energy gain of AOM (about 30 or 18 kJ mol™ of
CHa oxidized), it is consistent that the growth rate of ANME can be 20 times lower using N2
than using ammonium (NH4") as nitrogen source (Dekas et al., 2009). Yet, it is not resolved
under which in situ conditions these microorganism would be diazotrophic. Also, whether other
ANME types are diazotrophs has not yet been shown. Although the metagenome of ANME-1
reveals the presence of various candidate proteins having similarity to proteins known to be
involved in N2 fixation (Meyerdierks et al., 2010), this trait has not yet been tested
experimentally.

2.3.2 Syntrophy and potential electron transfer modes between ANME and SRB

Several theories have been proposed to understand the mechanism between ANME archaea
and their association with SRB, with the most common hypothesis of syntrophy between
ANME and SRB (Figure 2.5A). The syntrophy between ANME and SRB is hypothesized on
the basis of the tight co-occurrence of ANME and SRB in AOM active sites, as revealed by
FISH images (Figures 2.2B and 2.2D) (Blumenberg et al., 2004; Boetius et al., 2000; Knittel
et al., 2005), but also phylogenetic analysis showed the co-occurrence of SRB and ANME in
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samples from AOM sites (Alain et al., 2006; Losekann et al., 2007; Stadnitskaia et al., 2005).
Obligate syntrophs usually share the substrate degradation process resulting in one partner
converting the substrate into an intermediate, which is consumed by the syntrophic partner
(Stams & Plugge, 2009). Unlike other known forms of syntrophy, the intermediate shared by
ANME and SRB has not yet been identified. Isotopic signatures in archaeal and bacterial lipid
biomarker based analysis strengthened this hypothesis, assuming transfer of an intermediate
substrate between the two microorganisms (Boetius et al., 2000; Hinrichs & Boetius, 2003;
Hinrichs et al., 2000).

Hydrogen and other methanogenic substrates, such as acetate, formate, methanol and
methanethiol were hypothesized as the intermediates between ANME and SRB (Figure 2.5A)
(Hoehler et al., 1994; Sgrensen et al., 2001; Valentine et al., 2000). Formate is the only possible
intermediate which would result in free energy gain, so thermodynamic models support formate
as an electron shuttle (e-shuttle) of AOM (Serensen et al., 2001). However, acetate was
assumed to be the favorable e-shuttle in high CH4 pressure environments (Valentine, 2002).
Genomic studies suggested that the putative intermediates for AOM could be acetate, formate
or hydrogen (Hallam et al., 2004; Meyerdierks et al., 2010). The formate dehydrogenase gene
is highly expressed in the ANME-1 genome, thus formate can be formed by ANME-1 and
function as intermediate (Meyerdierks et al., 2010). Likewise, the ADP-forming acetyl-CoA
synthetase which converts acetyl-CoA to acetate was retrieved in the ANME-2a genome
(Wang et al., 2014). Therefore, acetate could be formed by ANME-2a and be a possible
intermediate. Considering AOM as a reversed methanogenesis, the first step is the conversion
of CH4 to methyl-CoM and the pathway involves the production of either acetate or hydrogen
as an intermediate (Hallam et al., 2004; Wang et al., 2014). Nevertheless, the addition of
hydrogen in an AOM experiment does not illustrate any change in AOM rate, in contrast to the
typical methanogenesis process (Moran et al., 2008). Similarly, CH4 based SR rates were the
same even if these potential intermediates (acetate/formate) were supplied, whereas the
reaction should be shifted to lower AOM rates upon the addition of intermediates (Meulepas
et al., 2010a; Moran et al., 2008). Moreover, the addition of these potential intermediates
induces the growth of different SRB than the DSS and DBB groups, which are the assumed
syntrophic partner of ANME (Nauhaus et al., 2005). Therefore, the hypothesis of these
compounds being possible AOM e-shuttles is unconfirmed. Instead, methyl sulfide was
proposed to be an intermediate for both methanogenesis and methanotrophy (Moran et al.,
2008). Methyl sulfide is then assumed to be produced by the ANME and can be utilized by the
SRB partner (Moran et al., 2008).

However, few species are known to cooperate by direct electron transfer through conductive
structures on the cell surfaces (Rotaru et al., 2014; Summers et al., 2010) Several mechanisms
have been proposed for electron transfer: via microbial nanowires (Reguera et al., 2005), direct
electron transfer via c-type cytochromes on the cell surfaces (Summers et al., 2010) or via
conductive minerals (Kato et al., 2012) (Figure 5.2A). Multiheme c-type cytochromes were
identified in the ANME-1 archaea genome (Meyerdierks et al., 2010) and the c-type
cytochrome specific gene was also well expressed in the ANME-2a according to a
metatranscriptome study (Wang et al., 2014). The importance of multiheme c-type
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cytochromes has been extensively discussed in Geobacter species, where the cytochrome can
act as an electron storage in the cell membrane and subsequent extracellular e-transfer occurs
(Lovley, 2008). These organisms use cell membrane cytochromes and pili as biological
nanowires to connect between cell and mineral (Reguera et al., 2005). Recent studies gave
some other evidence of the direct interspecies electron transfer between ANME and SRB
showing a similar mechanism as for Geobacter (McGlynn et al., 2015; Wegener et al., 2015).
Thermophilic ANME-1 and bacterial partners showed pili-like structures and they highly
express genes for outer membrane c-type cytochromes (Wegener et al., 2015) and ANME-2
genome encodes large c-type cytochrome proteins (McGlynn et al., 2015).
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Figure 2.5 Syntrophic and non-syntrophic ANME using sulfate as electron acceptor. A. In a
syntrophic association ANME can transfer electron to SRB via different mechanisms: 1) electron
transfer via possible intermediate compounds such as, formate, acetate or hydrogen; 1) electron
transfer through cytochromes either via cell to cell contact between ANME and SRB or through

biological nanowires such as pili (Scheller et al., 2016; Wegener et al., 2015). B. In a hon-syntrophic
association: I) ANME can possibly perform the complete AOM process alone without SRB or I1)
ANME can perform AOM by producing CO; and disulfide (HS;) with S° as intermediate (Milucka et
al., 2012); or 111) ANME can be decoupled by SRB using an external electron acceptor (Scheller et al.,
2016).

2.3.3 Non-syntrophic growth of ANME

Despite the recent discoveries about the cooperation between ANME and SRB the topic is still
under debate. Visualization of ANME and its bacterial partners by FISH showed that for all
three clades of ANME, the association with SRB is not obligatory. In some cases, the AOM
process could occur by only the ANME without any SO4> reducing partner, especially for
ANME-1 (Wankel et al., 2012a) and ANME-2 (Milucka et al., 2012) (Figure 2.5B). The
possibility of non-syntrophic growth of ANME is further supported by the presence of nickel
containing methyl-coenzyme M reductase (MCR) in ANME-1 and ANME-2, like other
methanogens (Hallam et al., 2004; Wang et al., 2014). Scheller et al. (2010) discussed the MCR
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is able to break the stable C-H bond of CH4 without any involvement of highly reactive
oxidative intermediates.

Milucka et al. (2012) proposed a new AOM mechanism, in which ANME were responsible for
both CH4 oxidation and SR (Figure 2.5B). CH4 was oxidized to bicarbonate and then the SO4*
was reduced to zero-valent sulfur, as an intracellular intermediate in ANME-2 cells. The
resulting sulfur was then released outside the cell as disulfide, which is converted to sulfide by
the SRB. Figure 2.5B shows some ANME can sustain the overall AOM reaction without
bacterial partner, even though the DSS type Deltaproteobacteria render the AOM-SR more
thermodynamically favorable by scavenging the disulfide by disproportionation or
dissimilatory reduction. The disulfide produced by ANME is disproportionated into SO4% and
sulfide. The thus produced SO42 can be used again by the ANME, while sulfide can undergo
several conversions, for instance precipitate as FeS> or partially oxidize (to S°) or completely
oxidize (to SO4%) aerobically or anaerobically (in the presence of light by e.g. purple sulfur
bacteria) (Dahl & Prange, 2006). As described earlier, in the presence of iron oxides, sulfide
can react abiotically forming more substrates (disulfide and elemental sulfur) for the
Deltaproteobacteria. The reaction of sulfide with iron oxides can thus strongly enhance the
sulfur cycle, similarly to the study conducted with Sulfurospirillum deleyianum (Straub &
Schink, 2004).

The cooperative/synergistic interaction between ANME and SRB is still unclear, as Milucka
et al. (2012) stated that a syntrophic partner might not be needed for ANME-2, while recent
studies have showed the interactions between the two partners by direct electron transfer
(McGlynn et al., 2015; Wegener et al., 2016). However, Scheller et al. (2016) showed that
ANME and SRB can be decoupled by using insoluble iron oxides as external electron acceptors
and ANME is capable of respiratory metabolism (Figure 2.5B). Scheller et al. (2016) showed
that ANME can live without the bacterial partner and thus with the possibility of growing
ANME separately and fully understand the AOM mechanism may be possible in the future.

2.4 Drivers for the distribution of ANME in natural habitats
2.4.1 Major habitats of ANME

ANME are widely distributed in marine habitats including cold seep systems (gas leakage from
CH4 hydrates), hydrothermal vents (fissures releasing hot liquid and gas in the seafloor) and
organic rich sediments with diffusive CH4 formed by methanogenesis (Figures 2.6 and 2.7).
The cold seep systems include mud volcanoes, hydrate mounds, carbonate deposits and
gaseous carbonate chimneys (Boetius & Wenzhdfer, 2013), which are all frequently studied
ANME habitats. The major controlling factors for the ANME distribution are the availability
of CH4 and SO4? or other terminal electron acceptors which can possibly support the anaerobic
oxidation of CHa, whilst other environmental parameters such as temperature, salinity, and
alkalinity also play a decisive role in ANME occurrence. Among the three clades, ANME-2
and ANME-3 apparently inhabit cold seeps, whereas ANME-1 is cosmopolitan, residing in a
wide temperature and salinity range (Table 2.1 and Figure 2.7). Recently, AOM has been
reported in non-saline and terrestrial environments as well, for instance in the Apennine
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terrestrial mud volcanoes (Wrede et al., 2012) and in the Boreal peat soils of Alaska (Blazewicz
et al., 2012) (Table 2.2).

The Black Sea, a distinct ANME habitat, consists of thick microbial mats of ANME-1 and
ANME-2 (2-10 cm thick) adhered with carbonate deposits (chimney-like structure) in various
water depths of 35-2000 m (Blumenberg et al., 2004; Michaelis et al., 2002; Novikova et al.,
2015; Reitner et al., 2005; Thiel et al., 2001; Treude et al., 2005a). CHys is distributed by vein
like capillaries throughout these carbonate chimneys and finally emanated to the water column
(Kruger et al., 2008; Michaelis et al., 2002; Treude et al., 2005a). These microbial habitats are
of different size and nature, such as small preliminary microbial nodules (Treude et al., 2005a),
floating microbial mats (Kriger et al., 2008) and large chimneys (Michaelis et al., 2002). The
immense carbonate chimney from the Black Sea (Figure 2.6A), with up to 4 m height and 1 m
width, was found to harbor an ANME-1 dominant pink-colored microbial mat with the highest
known AOM rates in natural systems (Blumenberg et al., 2004; Michaelis et al., 2002). Deep-
sea carbonate deposits from cold seeps and hydrates are active and massive sites for AOM and
ANME habitats (Marlow et al., 2014b). Likewise, CH4 based authigenic carbonate nodules and
CHa hydrates which host ANME-1 and ANME-2 (Marlow et al., 2014b; Mason et al., 2015;
Orphan et al., 2001a; Orphan et al., 2001b; Orphan et al., 2002) prevail in the Eel River Basin
(off shore California), a cold seep with an average temperature of 6°C and known for its gas
hydrates (Brooks et al., 1991; Hinrichs et al., 1999). Both ANME-1 and ANME-2 are
commonly associated with DSS in the sediments of Eel river, however ANME-1 appeared to
exist as single filaments or monospecific aggregates in some sites as well (Hinrichs et al., 1999;
Orphan et al., 2001b; Orphan et al., 2002).

Other cold seep sediments were also extensively studied as ANME habitats. The Gulf of
Mexico, a cold seep with bottom water temperature of 6°C to 8°C, is known for its gas seepage
and associated hydrates. These CH4 hydrates located at around 500 m seawater depth in the
Gulf of Mexico are inhabited by diverse microbial communities: Beggiatoa mats with active
AOM are common bottom microbial biota in the sulfidic sediments (Joye et al., 2004; Lloyd
et al., 2006; Orcultt et al., 2005; Orcutt et al., 2008). ANME-1 dominates the sediment of the
Gulf of Mexico, particularly in the hypersaline part as a monospecific clade, whereas ANME-
2 (aand b) are present together with DSS groups in the less saline hydrates (Lloyd et al., 2006;
Orcutt et al., 2005). Similarly, different mud volcanoes of the Gulf of Cadiz cold seep harbor
ANME-2 with the majority being ANME-2a (Niemann et al., 2006a), whereas the hypersaline
Mercator Mud Volcano of the Gulf of Cadiz hosts ANME-1 (Maignien et al., 2013). Retrieval
of ANME-1 in the hypersaline environment suggests the ANME-1 adaptability to wider
salinity ranges compared to other ANME phylotypes. Mud volcanoes from the Eastern
Mediterranean (Kazan and Anaximander mountains) are inhabited by all three ANME
phylotypes, whereas Kazan Mud Volcano hosts the distinct ANME-2c clade (Heijs et al., 2007;
Kormas et al., 2008; Pachiadaki et al., 2010; Pachiadaki et al., 2011). Likewise, Haakon Mosby
Mud Volcano (HMMV) in the Barents Sea is the firstly described habitat for ANME-3 with
almost 80 % of the microbial cells being ANME-3 and DBB (Figures 2.6B and 2.2D)
(Losekann et al., 2007; Niemann et al., 2006b).
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Some of the hydrothermal vents are well studied ANME habitats for distinct ANME clades
and thermophilic AOM. The Guaymas Basin in the California Bay, an active hydrothermal
vent with a wide temperature range, is known for the occurrence of different ANME-1
phylotypes, along with unique thermophilic ANME-1 (Biddle et al., 2012; Larowe et al., 2008;
Vigneron et al., 2013). ANME-1 is predominant throughout the Guaymas Basin, yet the colder
CHy seeps of the Sonara Margin host all three ANME phylotypes (ANME-1, ANME-2 and
ANME-3) with peculiar ANME-2 (ANME-2c Sonara) (Vigneron et al., 2013). Likewise,
mesophilic to thermophilic AOM carried out by the ANME-1 clade was detected in the Middle
Valley vent field on the Juan de Fuca Ridge (Lever et al., 2013; Wankel et al., 2012a). Another
vent site, the Lost City hydrothermal vent with massive fluid circulation and ejecting
hydrothermal fluid of >80°C predominantly hosts ANME-1 within the calcium carbonate
chimneys (Figure 2.6C), which are very likely deposited due to bicarbonate formation from
AOM (Bradley et al., 2009; Brazelton et al., 2006).

Figure 2.6 In situ pictures of some of the well studied ANME habitas. A) Giant microbial mat in
carbonate chimney in the Blak Sea (Blumenberg et al., 2004), B) CH. bubble seeping from Haakon
Mosby mud volcano and C) carbonate chimney from the Lost City hydrothermal vent (Brazelton et

al., 2006).

2.4.2 ANME types distribution by temperature

The ANME clades exhibit a distinct pattern of distribution according to the temperature.
ANME-2 and ANME-3 seem more abundant in cold seep environments, including hydrates
and mud volcanoes, with an average temperature of 2 to 15°C. In contrast, ANME- 1 is more
adapted to a wide temperature range from thermophilic conditions (50-70°C) to cold seep
microbial mats and sediments (4-10°C) (Holler et al., 2011b; Orphan et al., 2004). Temperature
appears to control the abundance of the ANME clades. However, some of the ANME types
(ANME-1ab) exhibit adaptability to a wide range of temperatures. Other geochemical
parameters as salinity, CH4 concentration and pressure can act together with temperature as
selection parameters for the distribution of ANME in natural environments.

ANME-1 was extensively retrieved across the temperature gradient between 2°C to 100°C in
the Guaymas Basin from the surface to deep sediments (Teske et al., 2002). A phylogenetically
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distinct and deeply branched group of the ANME-1 (ANME-1GBa) was found in the high
temperature Guaymas Basin hydrothermal vent (Biddle et al., 2012) and other geologically
diverse marine hydrothermal vents such as the diffuse hydrothermal vents in Juan de Fuca
Ridge in the Pacific Ocean (10-25 °C) (Merkel et al., 2013). The thermophilic trait of ANME-
1GBa is supported by its GC (guanine and cytosine) content in its 16S rRNA genes, as it holds
a higher GC percentage (>60 mol %) compared to other ANME types. The GC content is
positively correlated with the optimum temperature of microbial growth, the elevated GC
content of ANME-1GBa suggests ANME-1 GBa being a thermophilic microbial cluster, with
on optimum growth temperature of 70°C or above (Merkel et al., 2013). Moreover, when the
Guaymas ANME community was enriched in vitro, the highest AOM rate was obtained in the
range of 45-60°C, indicating that the major community consists of thermophilic ANME-1
(Holler et al., 2011b).

Other ANME-1 phylotypes (ANME-1a and ANME-1b) were observed in wide temperature
ranges (3°C to > 60°C) (Biddle et al., 2012). ANME-1a and ANME-1b were retrieved from
different hydrothermal vent areas and cold seeps, for example the Guaymas Basin
hydrothermal vent at >60°C (Biddle et al., 2012), Lost City hydrothermal vent (Brazelton et
al., 2006), the Sonora Margin cold seep of the Guaymas Basin (3°C) (Vigneron et al., 2013),
mud volcanoes in the Eastern Mediterranean cold seep (14-20°C) (Lazar et al., 2012), the Gulf
of Mexico (6°C) (Lanoil et al., 2001; Lloyd et al., 2006), Black Sea microbial mat and water
column (8°C) (Knittel et al., 2005; Schubert et al., 2006) and Eel River Basin (6°C) (Hinrichs
et al., 1999; Orphan et al., 2001b). The occurrence of ANME-1a and ANME-1b in cold seep
environments suggests ANME-1a and ANME-1b to be putative mesophiles to psychrophiles.
The GC percentage of 16S rRNA genes of ANME-1a and ANME-1b is around 55 mol %,
which is common for mesophiles (Merkel et al., 2013).

In contrast, ANME-2 and ANME-3 have a narrow temperature range. ANME-2 clades (2a, 2b
and 2c) appear predominant in marine cold seeps and in some SMTZs where the temperature
is about 4-20°C. The major cold seep environments inhabited by ANME-2 are described in the
previous section (section 2.4.1). The adaptability of ANME-2 in the cold temperature range is
also substantiated by bioreactor enrichments with Eckernférde Bay sediment, where the
maximum AOM rate was obtained when the bioreactor was operated at 15°C rather than at
30°C, for ANME-2a (Meulepas et al., 2009a). Similarly, Eckernforde Bay in vitro AOM rate
measurements showed a steady increment in AOM rates from 4°C to 20°C and subsequently
decreased afterwards (Treude et al., 2005b). Conversely, the recently described clade ANME-
2d affiliated "Candidatus Methanoperedens nitroreducens™ (Figure 2.3C), which was enriched
from a mixture of freshwater sediment and wastewater sludge (Haroon et al., 2013), grows
optimally at mesophilic temperatures (22-35°C) (Hu et al., 2009).

ANME-3 is also known to be thriving in cold temperature environments including cold seeps
and mud volcanoes. The ANME-3 clade was firstly retrieved from the Haakon Mosby Mud
Volcano with a temperature of about -1.5 °C (Niemann et al., 2006b). Later, ANME-3 was
found in other cold seep areas as well, such as the Eastern Mediterranean seepages at about
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14°C (Heijs et al., 2007; Pachiadaki et al., 2010) and the Skagerrak seep (Denmark, North Sea)
at around 6-10°C (Parkes et al., 2007).

Shallow ¢
bay

Water column, SMTZ

Cold seep Sediment Mud Car_bonate
Hydrothermal vent volcano chimney
§ ANME-1 @ bss C?Advection
4 o8B °
@ AnNME2
Diffusion
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Figure 2.7 Major habitats of ANME in marine environments and ANME distribution along the
different major habitats. ANME-1 is mainly inhabited in diverse environments including
hydrothermal vents, cold seeps and carbonates chimneys, whereas ANME-2 was retrieved from
diverse cold seeps, CH4 hydrates and mud volcanoes and ANME-3 was mainly retrieved from a
specific mud volcano. ANME types: (1) ANME-1, (®) ANME-2 and (¥®) ANME-3. SRB types: DSS

(.) and DBB ( 9). CH, transport regime: advection (©) and diffusion (5).
2.4.3 CHgs supply mode as driver for distribution of ANME

In some seafloor ecosystems, CHa is transported by diffusion due to concentration gradients.
Diffusion dominated ecosystems are typically quiescent sediments. In contrast, in seafloor
ecosystems with CH4 seeps, CHa is transported by advection of CHa-rich fluids. Due to the
complex dynamics of CHj4 transport in advection dominated environments, estimations of in
situ CH4 oxidation rates by geochemical mass balances is rather difficult (Alperin & Hoehler,
2010). Based on ex situ tests, the AOM rates are higher in ecosystems where high CH4 fluxes
are sustained by advective transport than in diffusion dominated ecosystems (Boetius &
Wenzhofer, 2013). The velocity of the CHas-rich fluid may result in an order of magnitude
difference in AOM rates. Higher AOM rates were observed at sites with higher flow velocity
(Krause et al., 2014), probably high flows of CHa-rich fluid support dense ANME populations.

The extent of CH4 flux and the mode of CH4 transport (advection vs diffusion) are certainly
important drivers for ANME population dynamics. Mathematical simulations illustrate that the
transport regime can control the activity and abundance of AOM communities (Dale et al.,
2008). We performed multivariate and cluster analysis with data from the literature showing
the mode of CHj4 transport can possibly control AOM communities (Figure 2.8).
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Table 2.1 Rates of AOM and SR in different natural marine habitats along with dominant ANME types. Here the depth refers to water depth. The
different methods of AOM and SR measurements are indicated by the superscript letters next to the references as follows: 2= in vitro measurement,
b= ex situ radiotracer measurement, °= model calculation, = pore water chemistry measurement

Location

Depth

(m)

CHa
(mM)

SO
(mM)

ANME types

AOM rates

SR rates

References

Cold seeps (temperature ranging from 1.5 to 20°C)

Black Sea (giant

7800 to 21000 4300 to 19000

(Michaelis et al., 2002;

carbonate chimney) 230 2.8 17 ANME-1 nmoltggwtd? mol gaw?d? Treude et al., 2007)?
Black Sea (other ANME-1, 2000 to 15000 4000 to 20000 " a
microbial mats) 180 3.7 15 ANME-2 nmol gawd?  nmol ggwtd? (Kriger etal., 2008)
Haakon Mosby mud 0.0003 to ANME-2, 1233 to 2000 2250 . b
volcano, Barents Sea 1250 0.0057 ) ANME-3 nmolem?d?  nmolcm2z gt (Niemann etal,, 2006b)
. 550 to ANME-1, 280 = 460 5400 = 9400 (Joye et al., 2004; Orcutt
Gulf of Mexico, hydrate ¢, 2106 20 ANME-2 nmolcm?d?  nmolcm?d? etal., 2005)
CEaer'bE:]‘;‘ig Eqasl;rr‘] dsand 5000 4 20 ANME-1, 200 ] (Marlow et al., 2014b;
850 ANME-2 nmol cm™ d*! Orphan et al., 2004)°
hydrates
Gulf of Cadiz, mud 810 to 0.001to ANME-2, 10 to 104 158 to 189 . b
volcanoes 3090 1.3 101040 " ANME-1 nmolcm?d?  nmolcm?d (Niemann et al., 2006a)
(Durisch-Kaiser et al.,
Black Sea water 12850 0.011 - ANME-, g'rggltg_f 1 - 2005; Schubert et al.,
ANME-2 2006)°
Tommeliten seepage area, 30 to ANME-1, 14103 3t0 4.6 . b
North Sea sediment 7 141025 5 ANME-2 nmolem?d?  nmolcm® gt (Niemann etal, 2005)
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CHas rich sediments (temperature from 4 to 20°C)

Bothnian Sea sediment 200 2 55 - 40-90 2 41 (Slomp et al., 2013)°
nmolcm~d
Baltic Sea/ Eckernforde 0.001 to 1to 14 20 to 465 b
Bay sediment 25 0.8 16t0 21 ANME-2 Nmolem?®d?  nmol em= d- (Treude et al., 2005b)
. ANME-2 and 3 41 d
Skagerrak sediment 308 1.3 25 ANME-3 3nmolcm™d~ - (Parkes et al., 2007)
West African margin 400 to 0.0027 : c
sediment 2900 1to 19 26 - nmol cm- - (Sivan et al., 2007)
Hydrothermal vents (temperature from 10 to 100°C)
Guaymas Basin i i i i 1200 250 a
hydrothermal vent ANME-1 nmol gaw?d?  nmol gaw*d™ (Holler etal., 2011b)
Juan de Fuca Ridge 2400 3 - ANME-1 111t0512 (Wankel et al., 2012a)°

hydrothermal vent nmol cm d*




Chapter 2

CHs-rich upward fluid flow at active seep systems restricts AOM to a narrow subsurface
reaction zone and sustains high CH4 oxidation rates. In contrast, pore-water CH4 transport
dominated by molecular diffusion leads to deeper and broader AOM zones, which are
characterized by much lower rates and biomass concentrations (Dale et al., 2008). In this
context, Roalkvam et al. (2012) found that the CH4 flux largely influenced the specific density
of ANME populations. However, whether distinct ANME types preferentially inhabit
environments dominated by advective or diffusive CH4 transport is not yet clear. At sites with
high seepage activity like the Hydrate Ridge in Oregon, ANME-2 was dominant, whereas
ANME-1 apparently was more abundant in the low seepage locations (Marlow et al., 2014a).
A rough estimate of the abundance of the ANME type populations, reported in various marine
environments, shows that ANME-2 dominate sites where CHs is transported by advection,
while ANME-1 may dominate sites where CHg is transported by diffusion or advection (Figure
2.8). It is advisable that future studies regarding ANME type’s distribution explicitly indicates
the dominant mode of in situ CHs4 transport.

Table 2.2 Rates of AOM and SR in different natural terrestrial habitats. The different methods
of AOM and SR measurements are indicated by the superscript letter next to the reference as
follows: 2= in vitro measurement, °= ex situ radiotracer measurement

Soil

2-
Location depth CHi S04 AoM rates SR Fates References
(mM) (mM)
(cm)
Wetland and peat i i 265+ 9 300 (Segarra et
soil 0-40 051 011 olem®d®  nmol cm?d al., 2015)°
Tropical forest 10-15 1 3-21 (Blallzewwz
soil of Alaska i ) < nmol gaw?d? etal,
2012)2
Paclele Mici Mud
Volcano in 2-4 (Alain et al.,
Carpathian i i 152 hmol Jow 'd? ANME-2 2006)?
mountains
Peat Ia_nd soil 0.03-3 (Gauthier et
from diverse 30-50 - 441 - a
nmol gaw ™ d al., 2015)
places

2.5 Exsitu enrichment of ANME

2.5.1 Need for enrichment of ANME

Molecular based methods allow the recognition of the phylogenetic diversity of ANME
microorganisms in a wide range of marine sediments and natural environments. Determination
of their detailed physiological and kinetic capabilities requires, until now, the cultivation and
isolation of the microorganisms. The culturability of microorganisms inhabiting seawater
(0.001-0.1%), seafloor (0.00001-0.6%) and deep subsea (0.1%) sediments is among the lowest
compared to other ecosystems (Amann et al., 1995; D'Hondt et al., 2004; Parkes et al., 2000).
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This also holds for ANME from all thus far known environments, which so far have not yet
been cultivated in pure culture for various reasons, not all known.

Specifically for the enrichment of ANME, the following aspects limit their cultivation: (i) from
all known microbial processes, the AOM reaction with SO4? is among those which yield the
lowest energy, (ii) the growth rate of these microorganisms is thus very low with a yield of 0.6
geeiaw Per mol of CH4 oxidized (Nauhaus et al., 2007), (iii) the dissolved concentrations of their
substrate CH4 (1.4 mM) at atmospheric pressures is limited to values far much lower than the
estimated apparent half affinity constant for CHs (37 mM) during the AOM process and (iv)
sulfide, which is a product of the reaction, can be inhibitory. All these aspects set a great
challenge for the cultivation and isolation of ANME.

It is recognized that culturability can be enhanced when the conditions used for cultivation
mimic well those of the natural environment. Cultivation efforts have been focused mainly on
increasing dissolved CH4 concentrations. To enrich AOM ex situ, batch and continuous
reactors operated at moderate and high pressures have been tested. To avoid potential sulfide
toxicity, attention has been paid to exchange the medium so that the sulfide concentrations do
not exceed 10 to 14 mM (Nauhaus et al., 2007; Nauhaus et al., 2002).

2.5.2 Conventional in vitro ANME enrichment techniques

The conventional in vitro incubation in gas tight serum bottles provides an opportunity to test
the microbial activities, kinetics of the metabolic reactions and the enrichment of the microbes,
more specifically for the large number of uncultured anaerobes like ANME. Conventional
serum-bottles are widely used when the incubation pressures do not exceed 0.25 MPa (Beal et
al., 2009; Blumenberg et al., 2005; Holler et al., 2011a; Meulepas et al., 2009b).

A batch bottle experiment provides the flexibility to operate many different experiments in
parallel (large numbers of experimental bottles can be handled at the same time) by controlling
different environmental conditions such as temperature, salinity or alkalinity. The batch
incubation based experiments are relatively easy to control and manipulate, especially with
very slow growing microbes like ANME, which require strictly anaerobic conditions. AOM
activity is negligible in the presence of oxygen (Treude et al., 2005b). The commonly used
batch serum bottles or culture tubes with thick butyl rubber septa facilitate the sampling while
maintaining the redox inside, although there are several other factors which can be key for
ANME enrichment, such as the low solubility of CH4 and the possible accumulation of sulfide
toxicity in the stationary batches.

As shown in Table 2.1 and Table 2.3, several studies estimated the AOM rate by in vitro batch
incubations (Holler et al., 2011b; Kruger et al., 2008; Wegener et al., 2008). Kruger et al.
(Kriiger et al., 2008) determined AOM rates from 4000 to 20000 nmol gaw™ day™ by incubating
microbial mats from the Black Sea. Holler et al. (2011a) estimated AOM at a rate of 250 nmol
gaw® day? by ANME-1 from the Black Sea (Table 2.1). ANME-2 dominated communities
from the Hydrate Ridge of northeast Pacific exhibit 20 times higher specific AOM rates (20
mmol day™ gew™?) compared to ANME-1 from the Black Sea pink microbial mat (Nauhaus et
al., 2005). During the in vitro incubations with different environmental conditions, unlike the
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S04 concentration, pH and salinity variations, temperature was found to be a major influential
parameter for AOM rates in ANME-1 and ANME-2 communities (Nauhaus et al., 2005). Both
ANME communities showed the increment in AOM rate with elevated CH4 partial pressure.
However, when the microbial mat from the Black Sea with both ANME-1 and ANME-2 was
incubated in batch at low CH4 concentrations, ANME-1 growth was favored over the growth
of ANME-2 (Blumenberg et al., 2005).

Optimum pH, temperature, salinity and sulfide toxicity were determined as 7.5, 20°C, 30 %o
and 2.5 mM, respectively, for the ANME-2 enrichment from Eckernférde Bay when incubated
in 35 ml serum bottles (Meulepas et al., 2009b). The highest in vitro AOM activity was
obtained at 15°C compared to other temperature incubations (Treude et al., 2005b) and sulfide
toxicity was reported beyond 2.5 mM for Eckernforde Bay sediments (Meulepas et al., 2009b).
Likewise, possible electron donors and acceptors involved in the AOM process were studied
in the batch incubations. The sediment from Eckernférde Bay was incubated with different
methanogenic substrates for the study of possible intermediates between the ANME and SRB
(Meulepas et al., 2010a). The AOM activity with other electron acceptors than SO4%, i.e. Fe
(111) and Mn (I1V), by Eel river sediment was estimated by batch incubations for the detection
of iron/manganese dependent AOM (Beal et al., 2009). Moreover, thermophilic AOM was
studied in batch assays within different temperature ranges (up to 100°C) with Guaymas Basin
hydrothermal vent sediment, AOM was observed up to 75°C with the highest AOM rate at
50°C (Holler et al., 2011b).

2.5.3 Modified in vitro ANME enrichment approaches

The growth of ANME-2 was documented (Nauhaus et al., 2007) in batch incubations using a
glass tube connected via a needle to a syringe and placed inside a pressure-proof steel cylinder
(Nauhaus et al., 2002). The syringe, which is filled with medium, transmits the pressure of the
cylinder to the medium inside the tube. Using this design, CH4 hydrate sediment was incubated
at 1.4 MPa for 2 years with intermittent replenishment of the supernatant by fresh medium and
CHs (21 mM at 12°C). During the incubation period, the volume of the ANME-2 and SRB
consortia, which was tracked using FISH, increased exponentially (Nauhaus et al., 2007).

A batch incubation with intermittent replacement of supernatant by fresh medium (i.e., fed
batch system) once a month was used to successfully enrich ANME-2d at abundances of about
78% (Haroon et al., 2013). The inoculum was a mixture of sediment from a local freshwater
lake, anaerobic digester sludge and activated sludge from a wastewater treatment plant in
Brisbane, Australia (Table 2.3) (Hu et al., 2009).

The retention of biomass in the fed-batch system was achieved via a 20 min settling period
prior to the replacement of the supernatant by fresh medium. The cultivation of this freshwater
ANME-2d can have the advantage of higher solubility of CH4 in freshwater than in seawater
(Yamamoto et al., 1976), however, this microorganism was enriched at 35 °C and CH4
solubility decreases at increased temperatures (Hu et al., 2009). As previously specified
(section 2.2.5), this ANME-2d, named “Candidatus Methanoperedens nitroreducens”, utilizes
nitrate instead of SO4% as electron acceptor for AOM. This physiological trait likely contributed
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to the successful enrichment of this novel ANME clade at high abundance in a relatively short
time period (about 2 years), because AOM coupled to nitrate yields about 45-fold more energy
than its SO4% dependent counterpart (Figure 2.4).
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Figure 2.8 The mode of CH4 transport is apparently one of the drivers for the distribution of ANME
types in the environment. A) Multivariate and B) cluster analyses show that ANME-2 is dominant
mostly in CHs-advective sites.

2.5.4 Continuous bioreactor based ANME enrichment

The design rationale of continuous flow incubation columns is to provide nutrients and to
remove end products at environmentally relevant rates (Table 2.3) (Girguis et al., 2003). In
such systems, 0.2 um filtered seawater, reduced with hydrogen sulfide (510 uM) and saturated
with CH4 (1.5 mM) in a conditioning column (4 h at 0.5 MPa), was used to feed cold seep and
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non-seep sediment cores maintained in PVC tubes at 0.2 MPa and 5°C (Girguis et al., 2003).
The CH4 oxidation rates before and after incubations of the seep sediments were the same,
probably because the incubation time was only 2 weeks. However, increase in AOM rate and
ANME-2c population size were detected in the non-seep sediment incubations. In a second
experimental run, the same continuous flow reactor was used, but the incubations were
conducted at 1 MPa. The incubation time was 7.5 months (30 weeks) and a preferential
proliferation of ANME-1 against ANME-2 was observed in the non-seep sediments at the
highest pore water velocity tested (90 m year?) (Girguis et al., 2005). In addition, an increase
in the AOM activity was reported as measured using batch incubations in serum bottles
inoculated by the sediment (seep and non seep sediments used in the continuous enrichment
experiment) without headspace, using 0.2 um filter-sterilized anoxic seawater containing 2.0
mM CHs and 1 mM hydrogen sulfide (Girguis et al., 2005).

In efforts to attain CH4 concentrations close to in situ values, continuous reactors that can
handle hydrostatic pressures up to 44.5 MPa with CH4 enriched medium and without free gas
in the incubation chamber have been used (Deusner et al., 2009). This reactor configuration is
flexible to operate in batch, fed-batch or continuous mode. Incubation of sediments from the
Black Sea showed a six-fold increase in the volumetric AOM rate when the CH4 partial
pressure increased from 0.2 to 6 MPa. In all operation modes, AOM rates were estimated based
on sulfide production. However, when in otherwise similar operation conditions CHs-saturated
medium was replaced by CH4-free medium, sulfide levels decreased rapidly and stabilized at
input levels. This indicated that the sulfide production was indeed coupled to CH4 oxidation.
During continuous operation of such high pressure reactors, a CH4 concentration of 60-65 mM
can be readily attained. Noticeably, during continuous operation, the influent SO4*
concentration used was 8 mM, which is lower than seawater concentrations (Deusner et al.,
2009). The hydraulic retention time was set at 14 h which corresponded to a dilution rate of 1.7
day?. Assuming a completely mixed reactor, this means that microorganisms growing at rates
< 1.7 day* would be washed-out from the reactor, which is the case of ANME having much
lower growth rates (0.006 to 0.03 day* (Girguis et al., 2005; Meulepas et al., 2009a; Meulepas
et al., 2009b). Additionally, these tests of continuous operation with CH4 addition lasted only
16 days and whether and how biomass was retained in the system was not reported (Deusner
et al., 2009).

Similar high pressure systems have been operated at up to 60 MPa hydrostatic pressure and
120°C (Sauer et al., 2012). The flexibility of this system allows the sub-sampling of medium
without loss of pressure and it can be operated in batch or continuous mode (Sauer et al., 2012).
The system was tested incubating sediments from the Isis Mud volcano from the Egyptian
continental margin (~ 991 m below sea level) using artificial seawater pre-conditioned with 4
MPa of CH4 resulting in dissolved concentrations of ~ 96 mM CHa. Following CH, saturation,
the hydrostatic pressure was increased to 10 MPa using artificial seawater and incubations were
conducted for 9 days at 23°C. No measurements of biomass concentration and yield were
conducted, but an increase in sulfide was detected upon addition of CH4 to the reactor (Sauer
et al., 2012).
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A continuous high pressure reactor capable to withstand up to 8 MPa was used in fed-batch
and continuous mode at pressures from 1 to 8 MPa and a hydraulic retention time of 100 h
during a 286 days incubation of sediments from a mud volcano located in the Gulf of Cadiz
(Zhang et al., 2010). Under such conditions, the ANME-2 biovolume (count of cells and
aggregates) increased about 12-fold (Zhang et al., 2011). There was no indication about the
biomass retention time and AOM rate in the system.

ANME can also be enriched at moderate pressures or even ambient pressure provided biomass
retention is applied. The latter can be achieved by introducing a submerged membrane (pore
size 0.2 um and effective surface of 0.03 m?) within the reactor (Meulepas et al., 2009a). CHa
was sparged continuously at 190 mmol I day™?, thus providing mixing, stripping-off of the
sulfide and restricting fouling of the membrane. This bioreactor was operated at 15°C and at a
slight over pressure (0.25 MPa) to avoid O intrusion. The SO.* loading rate was 3 mmol I
day? and the hydraulic retention time 7 days. Sediment retrieved from the Eckernforde Bay in
the Baltic Sea was used as inoculum and the reactor was operated for about 3 years. Growth of
ANME was inferred by the increase in sulfide production in the membrane reactor, and the
increase in AOM rates was monitored by carrying out batch experiment with reactor biomass
amended with $3C-labelled CH, at regular time intervals (Meulepas et al., 2009a). The ANMESs
in the reactor could be affiliated to ANME-2a and their doubling time was estimated at 3.8
month (i.e., growth rate 0.006 day™?).

Although high pressure reactors operate at high dissolved CHs concentrations, their
maintenance and operation is cumbersome and requires meeting various safety criteria for their
implementation. When successful enrichment has been reported at moderate pressures in fed-
batch reactors, a key feature was a good biomass retention via settling (ANME-2d) (Haroon et
al., 2013) or membranes (ANME-2c) (Meulepas et al., 2009a).

2.5.5 Future development in ex situ enrichment approaches

Mimicking the natural conditions in bioreactors can be a fruitful strategy for enrichment of
ANME. Reproducing in situ conditions in the laboratory is quite challenging, but artificial
material and equipment can be used to mimic the natural environment (Figure 2.9). Mimicking
natural conditions is possible by using suitable reactors capable of achieving extreme
environmental conditions such as high pressure or temperature and with suitable or similar
natural packing material. The carbonate-minerals, where ANME have been found to form
microbial reefs, are very porous. This porous natural matrix can harbor aggregates of AOM
performing consortia (Marlow et al., 2014b). Similarly, polyurethane sponges are a porous
material and can be used as packing material in a packed bed bioreactor configuration to
promote the adhesion, aggregation and retention of biomass. The collected marine sediment
can be entrapped in the porous sponges so that CH can effectively diffuse through them, while
the medium containing necessary nutrients and electron acceptor flows through the material
(Imachi et al., 2011). In a recent study, fresh bituminous coal and sandstone collected from a
coal mine were used in a flow through type reactor system at high pressure to simulate and
study geological CO> sequestration and transformation (Ohtomo et al., 2013). Similarly, the
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naturally occurring materials can be used as packing materials in bioreactors which assist in
biomass retention in the ANME enrichment bioreactor.

Considering the importance of substrate availability, especially for ANME which are oxidizing
a poorly soluble compound like CH4, membrane reactors can be used to facilitate the contact
between substrate and biomass. A hollow-fiber membrane reactor was successfully applied for
CHa-dependent denitrification (Shi et al., 2013). CH4 passes internally the hollow-fiber
membranes and diffuses to the outside layer where a biofilm of ANME can be retained and
grown (Figure 2.9). A silicone membrane can also be used as a hollow-fiber membrane, which
allows bubbleless addition of gas to the bioreactor compartment. These gas diffusive
membranes are also applicable for AOM coupled to SO4? reduction, where the diffused CHa
can be immediately taken up by ANME consortia which are suspended in the SO42 containing
medium.

This mode of CH4 supply produces minimum bubbles and the gas supply can be controlled by
maintaining the gas pressure inside the membrane. As the microbial metabolism of AOM is
slow, the slow diffusion of CH4 can reduce the large amounts of unused CH. released from a
bioreactor system, thus reducing the operational costs. Another benefit of the membrane is the
biomass retention, as the biomass usually develops as biofilm or flocs (Jagersma et al., 2009).
Moreover, the sulfide and pH can be continuously monitored by using pH and pS (sulfide
sensor) electrodes and the sulfide can be removed before reaching the toxic threshold. A
process control algorithm has been developed for the SR process, which is also applicable for
AOM studies (Cassidy et al., 2015).

Several studies hypothesized an electron transfer between ANME and SRB (section 2.3). Based
on this assumption, bio-electrochemical systems (BES) could also be used to study electron
transfer mechanisms. The CH4 oxidation process by the ANME takes place at the anode and
SR takes place at the cathode (Figure 2.9). Using BES, compounds, which can act as e-shuttles
(e.g. electron mediators or conductive nanominerals such as iron oxides) between the
electrodes and ANME, can be added to facilitate the electron transfer from the ANME to the
electrode and study the mechanism of electronic communication (Rabaey & Rozendal, 2010).
The electron exchange between the electrodes and the ANME can be determined by applying
different electrode potentials (Lovley, 2012). Another advantage of AOM studies using BES is
to isolate or enrich the ANME. Assuming that the bacterial partner is required, a conductive
membrane or electrode as electron sink can be used, which can act as bacterial partner and
overcome its requirement. In addition, the electrode can be poised at a desired potential to serve
as e-acceptor, then ANME growth can possibly be maximized by fine-tunig the electrode
potential. Thus, the electrodes in BES facilitate experiments with electron transfer of CH4 to
the conducting surface and also serve as e-acceptor by which the ANME growth is possibly
accelerated.
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Table 2.3 Enrichment condition and AOM rate for the in vitro studies of AOM. Here, incubation temperature, pressure, ANME growth rate and
apparent affinity is represented by T, p, 4 and Km, respectively. DHS refers to downflow hanging sponge bioreactor. Different mineral medium
used for incubation are indicated by the superscript letters next to each reference. 2 =the incubation in artificial salt water mineral medium prepared
according to Widdel and Bak (1992), ® = the incubation with filter sterilized sea water and ¢ = incubation in fresh water medium with nitrate and
ammonium. SR represents for SO4% reduction.

Inocula ANME Km
Enrichment mode and incubation ;I;C) ?M Pa) ?NZE '(A\(r)n'\éll rat(_el d) doubling time  p (d?) (mM) References
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35 0.1 2d 2013)
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. <0.5 mM
. Baltic Sea/ i o»  (Meulepas et al.,
Membrane bioreactor, - £ o ntsrde Bay, 15 01 ANME- g6 3.8 0.006 (for SO4°)  5409a; Meulepas
continuous well mixed 2a 0.075 MPa a
884d for CHa et al., 2009b)
Hydrate Ridge,
Fed-batch North- east 15 14 ANME-2 230 7 0.003 >10mM gg'g%‘f“s etal.,
Pacific, 700 d (CHa)
Gulf of Mexico, i i (Kruger et al.,
Batch 150 d 12 1.5 ANME-1 135 2 ] 2008)?
. 37 mM (Zhang et al.,
Fed-batch %gf d°f Cadiz, 45 go ANME-2 9.22 (SR) 25 - (CHa) 2010; Zhang et al.,
2011)2
Guaymas Basin 42 - (Holler et al.,
Batch sediment, 250d 65 0.25 ANME-1 1.2 2.3 - ) 2011b)*
. Nankai Trough, ANME- . a
DHS bioreactor 2013 d 10 0.1 1-2-3 0.375 - - ) (Aoki et al., 2014)
- 3 _ - -
Anaerobic CH Monterey Bay, ANME-1 PA0°(ANME- 4 AnmE-p) 003 (ANME (Girguis et al.,
incubator system 400 d 5 0.1 ANME-2 1), 0.138 1.4 (ANME-1) 1) 0.024 2005)°
(continuous) (ANME-2) ' (ANME-2)
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2.6 Approaches for AOM and ANME studies
2.6.1 Measurement of AOM rates in activity tests

Various geochemical and microbial analyses are carried out for ANME and AOM studies. The
common approach used to identify the occurrence of AOM is by direct CHa4, CO,, SO4% and S*
profile measurements in marine environments and batch incubations (Reeburgh, 2007) and
reference therein). However, measurement of the chemical profiles could not ensure whether the
COzand S* production is due to AOM or not. Therefore, other complementary methods such as
in vitro incubation with stable isotopes or radioisotopes (e.g. *CHs and 2CH,) and profile
measurement of labeled carbon are used for the estimation of AOM rate (by monitoring the **CHa
and 3CO; production in a batch) (Knittel & Boetius, 2009; Reeburgh, 2007). In addition,
identification of the microbial community ensures the presence of ANME and establishes the link
between the identity of the microorganisms and the AOM activity. A wide range of AOM rates
have been observed in the different ANME habitats and bioreactors enrichments (Tables 2.1, 2.2
and 2.3).

2.6.2 ANME identification

Specific lipid biomarkers and stable carbon isotopes are often measured at potential AOM sites
since the discovery of AOM (Blumenberg et al., 2005; Blumenberg et al., 2004; Hinrichs &
Boetius, 2003; Hinrichs et al., 2000; Pancost et al., 2001; Rossel et al., 2008). Biomarkers are used
to differentiate between archaeal and bacterial cells. Phospholipids fatty acids with an ether linkage
are usually common for bacteria and eukarya (Niemann & Elvert, 2008). Distinction between
ANME-1, ANME-2 and ANME-3 was explored by analysis of non-polar lipids and intact polar
lipids as biomarkers (Rossel et al., 2008). ANME-1 contains a majority of isoprenoidal glycerol
dialkyl glycerol tetraethers on its lipid profile, whereas ANME-2 and ANME-3 mostly contain
phosphate-based polar derivatives of archaeol and hydroxyarchaeol (Niemann & Elvert, 2008;
Rossel et al.,, 2008). While detection of lipid biomarkers provide information on the
microorganism'’s identity, the carbon isotopic composition of the biomarkers provides information
on the carbon source and/or metabolic fixation pathway of microbes (Hinrichs & Boetius, 2003).

CHya in marine environments is generally depleted in $3C (carbon stable isotope composition, §**C,
of -50 to -110%o), while COz is usually isotopically heavier than CHa. Therefore, CH4 oxidation
would result in products which are depleted in **C. The finding of highly *C depleted lipids in
archaeal biomass (§13C < -60%o) has been used as indicator of CH4 oxidation (AOM) with
concomitant assimilation of carbon derived from the light CH4 (*C) by the ANME (Emerson &
Hedges, 2008; Hinrichs & Boetius, 2003; Hinrichs et al., 1999; Hinrichs et al., 2000; Martens et
al., 1999; Thomsen et al., 2001).

However, the carbon isotopic composition in many AOM habitats is complex. For instance, in cold
seeps and vent sediments both CH4 and CO: are isotopically light. The isotopically light CO: is
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produced by chemoautotrophic microbes (Alperin & Hoehler, 2009), while the light CH4 could be
due to both methanogenesis and AOM (Pohlman et al., 2008). On the basis of these recent findings,
the light isotope composition of the lipids in archaeal biomass indicated that the light carbon
content can be assimilated via several processes (Figure 2.10): i) the assimilation from isotopically
light CO, (**C depleted CH4 production rather than oxidation) by ANME, i.e. involvement of
ANME-1 and ANME-2 in methanogenesis (Bertram et al., 2013; House et al., 2009), ii) the
oxidation of CH4 and utilization of inorganic carbon by ANME, i.e. autotrophic AOM by ANME-
1 and ANME-2 (Kellermann et al., 2012), iii) AOM by the assimilation of 3C depleted CHa in
ANME, i.e. a common AOM process (Emerson & Hedges, 2008; Hinrichs & Boetius, 2003;
Hinrichs et al., 1999; Hinrichs et al., 2000; Martens et al., 1999; Thomsen et al., 2001) and iv) 13C
depleted CO, assimilation by methanogens (Vigneron et al., 2015). Therefore, the conventional
assumption of 3C depleted archaeal biomarkers as a proxy for AOM has to be considered
carefully. Moreover, the approach is not always straightforward for the depiction of AOM as light
carbon in lipids can also originate from archaeal CHa4 production and not only from CH4 oxidation
(Alperin & Hoehler, 2009; Londry et al., 2008). Thus, the application of multiple approaches is
advantageous for explicit understanding of AOM and ANME.

The confusion due to light lipid biomarkers from multiple carbon metabolisms can be partly
overcome if stable isotope probing (SIP) is performed. *C enriched CH4 and CO> can be used as
substrates for in vitro incubations with the desired inoculum. Isotopic probing followed by lipids
biomarker analysis (lipid-SIP) can be used to identify the carbon assimilation pathways for the
microbes under investigation (Kellermann et al., 2012). Autotrophic and heterotrophic carbon
assimilation together with lipid formation rates can be determined by dual lipid-SIP, which
consists of simultaneous addition of deuterated water and *C-labeled inorganic carbon (Wegener
et al., 2012). Moreover, the visualization of ANME cells or other molecular detection of ANME
can be performed for clear elucidation on ANME occurrence.

Phylogenic analysis of 16s rRNA and mcrA genes from marine environments is generally
performed for assigning identity to ANME types (Alain et al., 2006; Boetius et al., 2000; Harrison
et al., 2009; Knittel et al., 2005; Losekann et al., 2007) (details described in section 2.2.2). ANME
cells are quantified by Q-PCR to assess ANME growth in enrichments and DNA finger print for
comparison of ANME types among AOM sites (Girguis et al., 2005; Lloyd et al., 2011; Timmers
et al., 2015; Wankel et al., 2012a). In the recent past, ANME specific primers were designed to
enhance the quantification of particular ANME types (Miyashita et al., 2009; Zhou et al., 2014).
Q-PCR can be performed to quantify the RNA fraction of ANME genes, thus basically quantifying
the active cells (Lloyd et al., 2010). Moreover, quantification of key functional genes such as mcrA
(methanogenesis related) genes in ANME (Lee et al., 2013; Yanagawa et al., 2011) and dsrA (SR
related) genes in SRB (Lee et al., 2013) were performed in recent studies. The analysis and
quantification of specific functional genes allows the quantification of the microbes expressing the
specific function only, so it will be easier to interpret the quantification results. The gene based
analysis can nevertheless sometimes leads to a false conclusion. For example, the findings of
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specific DNA/RNA in a certain location may not always indicate the active cells in that location
because cells might be transported from nearby active AOM areas. Hence, activity measurements
of the biomass in those locations over time remain essential.
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Figure 2.9 Different bioreactor configurations and their mechanisms mimicking the growth mode of
ANME in natural habitats to enhance ex situ growth of ANME.

Recent studies on AOM pursued high throughput shot gun sequencing for the analysis of archaeal
and bacterial communities in different sites including high temperature AOM (Mason et al., 2015;
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Wankel et al., 2012a). Small subunit ribosomal RNA (SSU rRNA) genes containing highly
conserved and variable regions (V1-V9) were used as a marker for the high through put sequencing
(Lynch & Neufeld, 2015). Among 23 distinct CH4 seep sediments studied via pyrotag library
analysis, ANME archaea and Seep-SRB bacteria appeared as major communities in the cold
anaerobic CH4 seep, whereas aerobic methanotrophs and sulfide oxidizing Thiotricales groups
were found mostly in the oxic part of CHas seeps (Ruff et al., 2015).

High throughput sequencing of specific gene amplicons provides information about the microbial
community composition, whereas whole genomics analysis explores the functional profiles from
gene to family level. Thus, the community metabolic pathways can be constructed on the basis of
these genes (Franzosa et al., 2015). Chistoserdova et al. (Chistoserdova, 2015) reviewed the
aerobic and anaerobic methanotrophy on the basis of metagenomic studies. Metagenomics of
ANME-1 and ANME-2a have been performed so far, supporting the reverse methanogenesis
pathway for SO+ dependent AOM (Hallam et al., 2004; Meyerdierks et al., 2010). Moreover, the
nitrate dependent AOM pathway was depicted by the ANME-2d genome in which the nitrate
reductase specific gene was highly expressed (Haroon et al., 2013). Yet, more details on the omics
based analysis of other ANME-phylotypes should be explored. Nevertheless, complete genomic
studies are relevant for highly enriched ANME communities rather than the genomic analysis with
sediment containing a few ANME cells for the explicit interpretation of genomic data and
metabolic pathways. It should be noted that the genomic data provide mostly the information of
the dominant community, so it is difficult to extract the information from the ANME genome if
the amount of ANME genes is low in the sample analyzed.

2.6.3 ANME visualization and their functions studies

FISH images provide insights regarding the morphology and the spatial arrangement of ANME
and their bacterial associates within aggregates (Blumenberg et al., 2004; Boetius et al., 2000;
Knittel et al., 2005; Roalkvam et al., 2011). The FISH method has been widely discussed and
applied in the past 25 years (Amann & Fuchs, 2008). Catalyzed reported deposition—fluorescence
in situ hybridization (CARD-FISH) with horseradish peroxidase (HRP) labeled probes are
commonly used to visualize the ANME cells and SRBs in marine sediments (Holler et al., 2011b;
Lloyd et al., 2011). The signal is amplified in CARD-FISH by using these probes together with
fluorescently labeled tyramides, therefore copious fluorescent molecules can be introduced and
the sensitivity increases compared to normal FISH (Pernthaler Annelie 2002). Detection of a few
ANME cells by FISH does not always means that the studied site is an ANME habitat. For explicit
AOM illustration, it is essential to combine FISH with other approaches such as activity
measurements, quantification of ANME cells (by cell count, Q-PCR or quantification FISH),
isotope probing or spectroscopic detection of metabolites.

In order to link the identity of microorganism to their functions, other methods that investigate the
physiology and activities have to be combined with FISH. FISH in combination with SIMS
(secondary ion mass spectroscopy) was used in AOM and ANME studies (Orphan et al., 2001b),
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which provides the linkage of ANME to its function by the visualization of ANME and analysis
of compounds assimilated in the cells. The SIMS can analyze the isotopic composition of the cells
so that it can be used to understand the mechanisms of AOM along with the syntrophy and
intermediates (Orphan & House, 2009).
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Figure 2.10 Detection of *C depleted lipids in Archaea as proxy of CHs4 oxidation: Basic assumption of
AOM occurrence and other possible mechanisms that induce a change in the 53C value in archaeal lipids.

NanoSIMS (Nanometer-scale secondary ion mass spectrometry) miniaturized SIMS
instrumentation with a sub micrometer spatial resolution has been used for ANME studies. It
allows observation of single cell morphology in combination with FISH and quantitative analysis
of the elemental and isotopic composition of cells with high sensitivity and precision (Behrens et
al., 2008; Musat et al., 2008; Polerecky et al., 2012). FISH-NanoSIMS has been used in ANME
studies detailing nitrogen fixation by ANME-2d archaea (Dekas et al., 2009) and sulfur
metabolism in ANME-2 cells (Milucka et al., 2012). Normally highly enriched microbial
communities are incubated with isotopic labeled substrates and the fate of the substrates is detected
by specifically designed NanoSIMS equipment. FISH-NanoSIMS is often complemented by
advanced microscopic observations such as scanning (SEM) or transmission (TEM) electron
microscopy or atomic force microscopy (AFM) (Polerecky et al., 2012). Recently it was described
how combining FISH-NanoSIMS with SIP can be used to link identity, function and metabolic
activity at cellular level and therefore showing the metabolic interactions within consortia (Musat
et al., 2016).

Microautoradiography-FISH (MAR-FISH) is a promising approach to study ANME physiology
by monitoring the assimilation of radio-labeled substrates by individual cells. The radio-labeled
substrates (e.g. different carbon sources) are added to the samples containing active microbes and
the fate of radioisotopes can be detected by MAR with simultaneous microbial identification by
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FISH (Lee et al., 1999; Nielsen & Nielsen, 2010). The handling of radioisotopes can limit the
applications of this powerful technique.

Another appealing method for AOM studies is Raman-FISH (Wagner, 2009), which analyzes the
stable isotope at a micrometer level to provide the ecophysiology of a single cell. Raman
microspectroscopy detects and quantifies the stable or radio isotope labeled substrate assimilation
in the cell under study. The Raman spectra wavelength can provide distinction between the uptake
of different substrates among cells exhibiting different metabolic pathways (Wagner, 2009).
Raman spectroscopy can detect the molecular composition of a cell and thus can provide
information on the molecules which are assimilated in the cells. The technique is thus useful for
the study of assimilation of carbon and sulfur compounds in ANME. ANME cells can be visualized
by FISH, and then examined with Raman spectroscopy for the substrate assimilation up to single
cell level. It is highly applicable for the study of ANME cells as single cells from a complex
microbial consortium can be analyzed and the assimilated compounds by these cells can be
monitored.

2.6.4 New study approaches to AOM

ANME studies have immensely benefited from the advancement of microscopic and molecular
tools. In recent years, several complementary approaches were applied for depicting AOM
mechanisms, such as FISH-NanoSIMS together with Raman-FISH in a highly enriched ANME
community (Milucka et al., 2012; Musat et al., 2016) and metagenomics together with FISH and
continuous enrichment activity assays (Haroon et al., 2013). There are still several open questions
to be addressed in ANME studies such as identification of intermediates, alternative substrates,
tolerance limit for various environmental stresses and exploration of several ANME habitats. Also
details of the carbon and sulfur metabolism by ANME and SRB are not elucidated till date.

Despite of advancement in genomic sequencing, the genome of only some phylotypes of ANME
(ANME-2a,-2d and ANME-1) has been studied and the metabolic pathways were predicted. The
predicted metabolic pathways by genomics can be verified by ecophysiological studies in
combination with SIMS based spectroscopy. Further, many prospective approaches could be used
for ANME studies to explore the ANME mechanism and ecophysiology, for example, an in situ
SIP based survey for the study of AOM occurrence and carbon assimilation, single cell genomics
for predicting metabolic pathways and genes from single cell isolates (Rinke et al., 2014), imaging
and mass spectroscopy of single cells or aggregates for understanding the metabolisms (Watrous
& Dorrestein, 2011), and atomic force microscopy for the study of ANME cellular structure and
detection of the effect of different stresses on the cell membrane (Dufréne, 2014). Note that all
these studies are only possible if the ANME microbial mats are appropriately handled from the
seafloor to the laboratory or enriched in bioreactors.

In view of the complexity and lengthiness to cultivate a sufficient amount of ANME biomass, in
situ investigations with sophisticated in situ laboratory might overcome the current biomass
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handling and enrichment limitations. Taking advantage on the latest advances in deep-sea
instrumentation, which include various on-line data acquisition instruments, it should be possible
for example to conduct in situ gas push-pull tests (i.e., tracer tests) (Urmann et al., 2004) which
combined with in situ stable isotope probing approaches (Wankel et al., 2012b) and in situ
molecular analysis can yield detailed microbial activity and function measurements in tandem with
microbial identity. A deep-sea environmental sample processor can be stationed from near surface
ocean water to 1000 m depth. It is capable to detect in situ and in real time molecular signals
indicative of certain microorganisms or genes (Paul et al., 2007; Scholin et al., 2009). As proof-
of-concept, an environmental sample processor has been used for the quantitative detection of 16S
rRNA and particulate CH4 monooxygenase (pmoA) genes of aerobic methanotrophs near a CHs-
rich mound at a water depth of about 800 m (Ussler et al., 2013). In principle, the environmental
sample processor can be configured to detect and quantify genes and gene products from a wide
range of microbial types (Preston et al., 2011). Additionally, the environmental sample processor
is able to store samples for later ex situ validation analysis. The long term deployment capacity of
the environmental sample processor is under development and this capability should allow
temporal profiling of microorganisms which in tandem with on line characterization of physico-
chemical parameters may help to understand which drivers are most important for the proliferation
of active ANME communities in deep-sea.

2.7 Conclusion and outlook

Undoubtedly much was learned about AOM in the last four decades, yet key knowledge gaps still
exist. One of the most remarkable aspects requiring investigation relates to the proposed syntrophic
association between ANME and SRB. Overall whether, when and how AOM occurs in obligatory
syntrophic association with SRB remains unclear. If such syntrophy occurs through direct electron
transfer as proposed by McGlynn et al. (2015) and Wegener et al. (2015), it is necessary to
understand the role of the cytochromes in ANME metabolism and the function of the pili-like
structures observed. It has been shown that AOM does not necessarily occur in a syntrophic
association, ANME can be decoupled from the bacterial partner in the laboratory (Scheller et al.,
2016), showing the possibility to grow ANME seperately and understand its metabolism.

The marine habitats hosting ANME have been widely explored in the past, details on niche
differentiation among the various ANME clades need to be further assessed. The presence and
relevance of SO,* dependent AOM in freshwater environments requires further exploration.
Although a few investigations on freshwater habitats have been conducted, unambiguous links
between the presence and activity of AOM are still required. Sediments from eutrophic lakes and
freshwater tidal creeks might be suitable locations to explore (Sivan et al., 2011). Yet, another
aspect to resolve is the existence and identity of ANME directly utilizing iron or manganese oxides
as electron acceptors. Ettwig et al. (2016) demonstrates that iron and manganese dependent CHa
oxidation occurred in freshwater ecosystems. Scheller et al. (2016) showed that marine samples
containing ANME-2 could couple the reduction of chelated oxidized iron, but whether ANME can
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use also metal oxides found in marine sediment, it still need to be proved. Some marine and
brackish coastal locations having abundant iron oxides within CH4 rich sediments have been
identified. Sediments from those locations appear suitable for harboring ANME (Egger et al.,
2015; Riedinger et al., 2014; Wankel et al., 2012a). Moreover, other naturally occurring electron
acceptors such as selenate can be investigated in future AOM studies.

After a long effort, the most incommoding drawback is not being able to readily obtain enrichments
of SO4> dependent ANME. With the exception of a few studies in which ANME-2a enrichments
were obtained after eight (Milucka et al., 2012) and three years (Meulepas et al., 2009a) in
bioreactors, most biochemical studies have been conducted using naturally ANME enriched
sediments of which the retrieved small quantities often limit experimental tests. In such context,
proper handling of ANME biomass from the seafloor to the laboratory as well as the enrichment
in bioreactor configurations mimicking in situ conditions are in priority. Alternatively, single cell
microscopy and genomics as well as the development of an advanced of in situ deep-sea laboratory
can help in unrevealing some of the remaining unknowns of the ANME metabolisms and
ecophysiology.
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Abstract

Sulfate-reducing bacteria in marine sediments mainly utilize sulfate as a terminal electron acceptor
with different organic compounds as electron donor. This study investigated microbial sulfate
reducing activity of coastal sediment from the marine Lake Grevelingen (MLG), the Netherlands
using different electron donors and electron acceptors. All four electron donors (ethanol, lactate,
acetate and methane) showed sulfate reducing activity with sulfate as electron acceptor, suggesting
the presence of an active sulfate reducing bacterial population in the sediment, even at dissolved
sulfide concentrations exceeding 12 mM. Ethanol showed the highest sulfate reduction rate of 55
umol gvss™ day™ compared to lactate (32 umol gvss™ day™), acetate (26 pmol gvss? day?) and
methane (4.7 umol gvss™ day?). Sulfide production using thiosulfate and elemental sulfur as
electron acceptors and methane as the electron donor was observed, however, mainly by
disproportionation rather than by anaerobic oxidation of methane coupled to sulfate reduction.
This study showed that the MLG sediment is capable to perform sulfate reduction by using diverse
electron donors, including the gaseous and cheap electron donor methane.

3.1 Introduction

Microbial sulfate reduction (SR) to sulfide is a ubiquitous process in marine sediments, where it
is mainly fueled by the microbial degradation of organic matter (Arndt et al. 2013) and the
anaerobic oxidation of methane (AOM) (Knittel and Boetius 2009). This redox reaction is
mediated by sulfate reducing bacteria (SRB) (Muyzer and Stams 2008). SRB are widely
distributed and play an active role in the sulfur cycle. However, in marine sediments, they are
mostly unculturable and their physiology is thus poorly described (D'Hondt et al., 2004; Xiong et
al., 2013).

The microbial SR process has been successfully applied in the industry for the biological treatment
of wastewater containing sulfate (SO4%) or other sulfur oxyanions such as thiosulfate, sulfite or
dithionite, wherein the end product sulfide can be precipitated as elemental sulfur (S°) after an
aerobic post-treatment or as metal sulfides in case of metal containing wastewaters (Liamleam and
Annachhatre 2007; Weijma et al. 2006). Often the necessity of additional electron donors, such as
ethanol or hydrogen, for the SR is expensive; therefore, it is appealing to study the activity and SR
rates of SRB from diverse habitats and their performance using easily accessible and low-priced
electron donors, such as methane (CH4) (Gonzalez-Gil et al. 2011; Meulepas et al. 2010). The
main challenge of using AOM coupled to SR (AOM-SR) as a process for the desulfurization of
wastewater is the slow growth rate of the microorganisms involved (Deusner et al. 2009; Krlger
et al. 2008; Meulepas et al. 2009a; Nauhaus et al. 2007; Zhang et al. 2010), which could possibly
be increased by using more thermodynamically favorable sulfur compounds other than SO4%, such
as thiosulfate (Table 3.1) or S° which was reported to be an intermediate in the AOM induced SR
(Milucka et al. 2012).
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The coastal marine sediment from the marine Lake Grevelingen (MLG), the Netherlands, has a
special microbial ecology as it harbors both cable bacteria (Hagens et al. 2015; VVasquez-Cardenas
et al. 2015; Sulu-Gambari et al. 2016) and anaerobic methanotrophs (ANME) (Bhattarai et al.
2017). A recent study on geochemical data modeling has predicted that SR and methanogenesis
might be prominent microbial processes in the MLG sediment, while a large amount of CH4 could
be diffused out yielding minimum AOM (Egger et al. 2016). Nevertheless, AOM-SR was observed
in the sediment in the presence of anaerobic methane oxidizing communities (Bhattarai et al.
2017). Based on these findings, high rate of SR with commonly used electron donors, such as
acetate and ethanol, can be expected, while there could be possible involvement of other sulfur
compounds for AOM, besides SO4%, e.g. S° (Milucka et al. 2012). Therefore, the main objective
of this study was to determine the sulfate reducing activities with different electron donors, i.e.
ethanol, acetate and lactate in order to compare which one was preferred by the sulfate reducing
communities inhabiting the sediment investigated. Further, potential involvement of alternative
sulfur compounds (S°and S;0s%) as electron acceptors for AOM-SR activities were investigated
and compared with the AOM-SR rate achieved by SO4? as an electron acceptor.

Table 3.1 Reactions and standard Gibb's free energy changes at pH 7.0 (AG”) for methane,
thiosulfate, elemental sulfur, ethanol, lactate and acetate during anaerobic sulfate reduction

AGO’ a
Electron ) kJ mol*
Reaction
donor electron
donor
CH, + SO%~ - HCO3 + HS™ + H,0 -17
Methane CH, +S,0% - HCO3 + 2HS™ + H* -39
CH, + 4S50 4+ 3H,0 - HCO3 + 4HS™ + SH* +24
Thiosulfate S,05+ H,0 - S04~ + HS™ + H* -22
SEJlefo”ta' 4S°+ 4H,0 - SOZ~ + 3HS™ + SH* +40
Ethanol 2CH;CH,O0H 4 SO2~ — 2CH,C00~ + HS™ + H* + 2H,0 -32
2CH;CHOHCOO™ + SO?{ -38
Lactate — 2CH;CO00™ + 2HCO3 + HS™ + H*
3CH;CHOHCOO™ -169
— CH;C00~ + 2C,HsCO0~ 4+ HCO3 + H*
Acetate CH;CO00™ + SO?{ — HS™ + 2HCO3 - 47
Note:

®The AG" values were calculated from Gibbs free energies of formation from the elements at standard
temperature and pressure, as obtained from Thauer et al. (1977)
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3.2 Material and methods
3.2.1 Study site

MLG is a former estuary which partly interacts with seawater from the North Sea by dams (Hagens
et al. 2015). It receives a high input of organic matter from the North Sea during spring and summer
periods. High rates of deposition and degradation of organic matter have resulted in CH4 rich
anoxic sediments, which, when combined with SO from seawater renders the site a potential
niche for SR, including AOM-SR (Egger et al. 2016). The lake inhabits unique microbiota,
including Beggiatoa mats and a novel type of Desulfobulbus clade "cable bacteria”, in its sediment
due to its seasonal hypoxia in the shallow depth and anaerobic organic rich sediment in the deeper
part of the lake (Hagens et al. 2015; Sulu-Gambari et al. 2016).

3.2.2 Sampling

Sediment was obtained from the MLG at a water depth of 45 m from the Scharendijke Basin (51°
44.541' N; 3° 50.969' E). The sampling site has the following characteristics: salinity - 31.7 %o,
sulfate - 25 mM at the surface of the sediment which reduced up to 5 mM at deeper sediment
depths (35 cm), sedimentation rate - ~3 cm yr™ and average temperature - 11°C (Egger et al. 2016).
The sediment was anaerobic, dark colored with prominent sulfidic odor. On the vessel R/V Luctor
in November 2013, coring was done by the Royal Netherlands Institute for Sea Research (Yerseke,
the Netherlands). A gravity corer (UWITEC, Mondsee, Austria) was used to collect the sediments,
having a core liner internal diameter of 6 cm and a length of 60 cm. The sediment core was sliced
every 5 cm and the sediment layer of 10-20 cm depth (dark colored sulfidic sediment) was used
for the activity tests.

3.2.3 Experimental Design

The wet sediment was homogenized separately in a N2-purged anaerobic chamber from PLAS
LABS INC™ and diluted with artificial seawater medium in a ratio of 1:3, and then aliquoted in
250 ml sterile serum bottles with 40 % headspace. The artificial seawater medium composed of
(per liter of demineralized water): NaCl (26 g), KCI (0.5 g) MgCl>6H20 (5 g), NH4Cl (0.3 g),
CaCl22H20 (1.4 g), KH2PO4 (0.1 g), trace element solution (1 ml), 1 M NaHCOs3 (30 ml), vitamin
solution (1 ml), thiamin solution (1 ml), vitamin B, solution (1 ml), 0.5 g L™ resazurin solution
(2 ml) and 0.5 M Na.S solution (1 ml) (Zhang et al. 2010). The vitamins and trace element mixture
was prepared according to Widdel and Bak (1992). pH was adjusted to 7.0 with sterile 1 M
Na2COz or 1 M H2S04 solution, which was stored under nitrogen atmosphere. The medium was
kept anoxic through N2 purging until the incubation with the sediment. The prepared serum bottles
were incubated in the dark with gentle shaking at room temperature (~ 20 £ 2°C).

Activity tests were performed with different electron donors (ethanol, lactate, acetate or methane)
and different electron acceptors (SO4%, S;0s%* or S% along with their respective controls in
duplicate. The SR activity tests were performed in triplicates, while the AOM activity tests were
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performed in quadruplets. The biotic and abiotic controls were prepared in duplicates for each set
of experiment. The experiments for acetate (5 mM) and lactate (5 mM) were conducted for 30
days and the experiment for ethanol (5 mM) was conducted for 40 days with intermittent addition
of 5 mM ethanol around 25 days. In the case of AOM-SR experiments, the incubations with CHa
(2 bar) and SO4* was carried out for 225 days. Moreover, the experiments with CH4 and S03% or
SYwere conducted for 350 days. During the experiments with CH4 and S,0s% or S°, the mineral
medium and headspace CHs was refreshed on day 250. Almost 10 mM of electron acceptors were
used in each experiment. SO4* and S;03> were added in the artificial seawater media as Na,SOa
(1.43 g) and NaxS03 (1.58 g) as anhydrous form, both bought from Fisher Scientific
(Sheepshouwersweg, the Netherlands). S° was purchased as precipitated sulfur as powder from
Fisher Scientific (Sheepsbouwersweg, the Netherlands) and homogenized in the artificial seawater
medium by continuous stirring.

Wet sediment (2 ml) was withdrawn from each bottle, once every three days, for SO4> and total
sulfide (TS) for all cumulative dissolved sulfide species (H2S, HS and S%) analysis, while the same
amount of slurry was also obtained in an interval of 15 days from the batch incubations for AOM
activity test with different sulfur compounds. The analysis of total dry weight and volatile
suspended solids (VSS) was performed in the beginning and at the end of each sets of the
experiment. In order to ascertain the quality assurance of different measurements, chemical
parameters were measured in each test batch bottle. Thereafter, the average and standard deviations
were estimated among the respective batch replicates.

3.2.4 Chemical analysis

The VSS was estimated on the basis of the difference between the dry weight total suspended
solids (TSS) and the ash weight of the sediment according to the procedure outlined in Standard
Methods (APHA 1995). Dissolved TS was analyzed using the methylene blue method immediately
after sampling (Siegel 1965). One volume of sample (0.5 ml) was diluted to one volume of 1 M
NaOH to raise the pH to prevent the volatilization of sulfide. SO4> was analyzed using an lon
Chromatograph system (Dionex-1CS-1000 with AS-DV sampler), as described previously (Villa-
Gomez et al. 2011). The pH was measured using a pH indicator paper.

3.2.5 Rate calculations

The volumetric SR and TS production rates were calculated as described in Eq. 3.1 to Eq. 3.4
(Meulepas et al. 2009a):

[S03 1) 1-[SOF ¢ t4a)]
At

Volumetric sulfate reduction rate = Eqg. 3.1

[TS¢ty 1-[TS(t+at)]
At

Volumetric sulfide production rate = Eg. 3.2
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Where, SO, is the concentration of SO,* at time (t) during the batch incubation, SOF7 ;) is
the concentration of SO42 at time (t+At). Similarly, TS is the concentration of TS at time (t) and
TS(t+at) is the TS concentration at time (t+At). SO4%/TS concentration of maximum gradient in
the slope of activity test was considered for the maximum volumetric rate calculation.

Volumetric sulfate reduction rate
VSS (g)

Specific sulfate reduction rate = Eqg. 3.3

Volumetric sulfide production rate
VSS (g)

Specific sulfide production rate = Eq. 3.4
Where, VSS is the total amount of initial VSS measured in the incubated sediment from MLG, i.e.
16.9g.

3.3 Results
3.3.1 Sulfate reduction (SR) with ethanol, lactate and acetate as electron donor

The pH at the beginning of the experiments was ~7.5 which increased up to 8.8 towards the end
of the experiments in the incubations with ethanol, lactate and acetate as electron donors. A similar
trend of SR in SO concentration profiles was observed for the incubations with acetate and
ethanol, whereas with lactate the reduction of the SO4* occurred within the first 13 days of
incubation, after which the SO.> concentration remained nearly constant (Figure 3.1).
Concomitant with the SO+ reduction, all incubations showed an increasing trend of dissolved TS
production at the beginning and stable trend towards the end of the incubation period (Figure 3.1).
Among the electron donors studied, the highest SR and TS production rates were observed in the
incubation with ethanol, 55 and 78 umol gvss™ day™, respectively (Table 3.2 and Figure 3.1b). In
order to test the SR activity on the availability of electron donor and potential sulfide toxicity, 5
mM of ethanol was added to the batch incubation around day 25, after which a SR of 12 mM of
SO4> was observed (Figure 3.2). Therefore, the progress of the experiment shows showed that
actually ethanol was a limiting factor at that point and sulfate reduction and TS production was
increased again by the addition of ethanol.

3.3.2 SR with CHys as the sole electron donor

In the batch incubations with CHa as the sole electron donor with different sulfur compounds, the
starting pH was 7.5 and increased up to 8.5 towards the end of the activity test. Dissolved TS in
the incubation with CHs and SO4%* was around 6 mM at the end of the experiment, whilst almost
7.5 mM SO4% was consumed (Figure 3.3a). The SR rate for the incubation with CH4 was much
higher compared to the SR rate obtained in control incubations, i.e. without methane and without
biomass (Figure 3.4). Similarly, the TS concentration for the incubations without the biomass and
with CH4 and SOs* was almost zero during the incubation period and for the incubation without
CHa it was almost three times less than the cumulative TS concentration for the incubation with
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CHg4 and SO42. Trace organic matter utilization by the SRB might have contributed to the dissolved
TS production during the initial periods (100 days) of incubation.
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Figure 3.1 Microbial SR activity by marine Lake Grevelingen (MLG) sediment: a) sulfate consumption
with ethanol, b) total sulfide production with ethanol, c) sulfate consumption with lactate, d) total sulfide
production with lactate, e) sulfate consumption with acetate and f) total sulfide production with acetate.
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In the incubations with S,03% (Figure 3.3b) both SO+* and dissolved TS concentrations reached
up to 7.8 mM and 4.2 mM, respectively during the first 50 days. After 150 days of incubations,
dissolved TS increased to 6.4 mM, while SO4> was reduced from 7.8 to 1.8 mM (Figure 3.3d).
After day 250, the batches were refreshed by 10 mM S,0s? containing saline mineral medium and
pressurized with 2 bar of CHa4. Then, both dissolved TS and SO+ increased exponentially to 7 mM
and 6 mM, respectively, until the end of the experiment. Dissolved TS production and SO4*
consumption was not observed in control incubations in abiotic incubations. The results from
control incubation without CH4 with S;03% showed that the SR and dissolved TS production rates
were 3 times lower than those observed in the incubation with CH4 (Figure 3.4). However, the SR
rate (2.3 umol gvss® day™?) for the control without CH4 with S,03? was much higher than the SR
rate (0.1 pmol gvss™ day™) for control incubation with SO4?- and the absence of CH4 (Figure 3.4).

In the incubations with S°, consumption of SO4% and dissolved TS production was observed only
during the first 50 days, however less in amount compared to the incubations with SO42/S,03*
(Figure 3.3c). Upon replacement of the mineral medium after 250 days of incubation, both SO4*
and dissolved TS levels increased abruptly and reached 2.7 mM and 4.2 mM, respectively, at
around day 320. After 350 days of incubation, SO4> was almost completely consumed and the
dissolved TS levels increased to 6 mM. TS production and SO4% consumption was not observed
in the abiotic control incubations with S°. The control incubation without CH4 showed a similar
SR rate as in the incubation with CH4and S° (Figure 3.4).

In the incubations with S°, consumption of SO4> and dissolved TS production was observed only
during the first 50 days, however less in amount compared to the incubations with SO427/S;03%
(Figure 3.3c). Upon replacement of the mineral medium after 250 days of incubation, both SO4>
and dissolved TS levels increased abruptly and reached 2.7 mM and 4.2 mM, respectively, at
around day 320. After 350 days of incubation, SO4* was almost completely consumed and the
dissolved TS levels increased to 6 mM. TS production and SO consumption was not observed
in the abiotic control incubations with S°. The control incubation without CH4 showed a similar
SR rate as in the incubation with CHsand S° (Figure 3.4).

In this study with S0 and S° incubations, methane consumption was not observed; nevertheless,
CO2 production was almost similar for the activity test incubations with CHs and control
incubation without CHa. Therefore, net AOM could not be estimated when S,03% or S° were used
as electron acceptor.

3.4 Discussion
3.4.1 SR by MLG sediment with different electron donors

SR by the microbiota present in MLG sediment was faster with ethanol as the substrate compared
to the other electron donors tested. The SR rates with different electron donors obtained in this
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study were almost 100 to 200 times lower than those obtained by anaerobic granular sludge
originating from bioreactors (Hao et al. 2014; Liamleam and Annachhatre 2007).

Table 3.2 Rates of sulfate reduction (SR) and total sulfide (TS) production for Grevelingen
(MLG) sediment incubations using different electron donors and different electron acceptors

Incubation SR rate TS production rate SO % SO4*
type removed removed
Volumetric Specific Volumetric Specific (mM)
(umol SO (umol SO.>  (umol TS It (umol TS It
Itday?) It gvsstday?) day™?) gvss tday™?)
Ethanol +
920 55 1320 78 6.22 90
SO4*
Lactate +
540 32 580 345 52 88
SO4*
Acetate +
440 26 560 33 52 78
5042'
CHs + SO4* 80 4.7 50 3 5.8° 50
CHs +
120 7.3 110 7 3.3° 33
S,03%
CH4+ S° 18 1 130 7.4 1.6° 12
Note:

& The result obtained within 30 days of incubation.
® The result obtained within 160 days of incubation.
9% sulfate removed was calculated on the basis of 100 % mineralization of the added electron donor.

However, VSS from the sediment might overestimate the microbial biomass in the sediment, since
it can include both cell biomass and organic matter present in the sediment. Therefore, SR rates
determined in this study might be lower than those obtained by anaerobic granular sludge
originating from bioreactors. The SR rates with ethanol, lactate and acetate (Table 3.2) were,
nevertheless, higher compared to the SR rates in the in vitro measurements from marine coastal
sediments from other shallow coastal sediments, such as Eckernforde Bay sediment with a water
depth of 20 m, ranging between 0.020 and 0.465 mmol I day? (Treude et al. 2005) or organic-
rich shallow sediment of Limfjorden with a water depth of 10 m (eutrophic sound in Denmark
connecting to the North Sea), ranging between 0.001 and 0.1 mmol I day (Jargensen and Parkes
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2010). Nevertheless, these measurements were performed in short term incubations for around five
days at the in situ temperature ranging from 9°C to 13°C. In this study the rate was measured over
a period of 20 days (for ethanol, lactate and acetate) and more than 200 days (for CHa) at 20 (x2)
°C.
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Figure 3.2 Microbial sulfate reduction (SR) activity by marine Lake Grevelingen (MLG) sediment with
ethanol showing the complete reduction of SO4* by the addition of 10 mM of total ethanol in two phases.
In the starting 5 mM ethanol and 10 mM of SO.* was added to the artificial seawater medium and the
incubation was spiked again with 5 mM ethanol around day 25 of incubation.

All incubations with different electron donors (ethanol, lactate and acetate) and SO4> showed
simultaneous dissolved TS production and SR. Consumption of ethanol, acetate and lactate were
almost instantaneous in the different incubations and the maximum dissolved TS concentration
was obtained within ~10 days of incubation (Figure 3.1). Thereafter, the maximum dissolved TS
concentration remained stable which was due to the lack of electron donor as the SR activity
resumed after another ethanol addition (Figure 3.2).

The microbial community in the MLG sediment was active at dissolved TS concentrations
exceeding 10 mM. SRB have a wide range of TS tolerance, up to ~16 mM of dissolved TS present
in the incubation medium (Reis et al. 1992). A detailed study of dissolved TS toxicity onto marine
anaerobic AOM-SR consortia is still lacking. Nevertheless, with sediment from the Gulf of Mexico
in the active seepage area, a dissolved TS concentration up to 12 mM was observed (Joye et al.
2004) and accumulation of 14 mM dissolved TS was observed in the incubation of sediment
hosting AOM from hydrate ridge (Nauhaus et al. 2005). In contrast, dissolved TS toxicity was
observed already at 2 mM with coastal estuarine sediment from Eckernférde bay (Meulepas et al.
2009b).
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Figure 3.3 Microbial SR activity by marine Lake Grevelingen (MLG) sediment with CH, as electron
donor and a) 10 mM of SO.? (the error bar indicates standard deviation, n=4), b) 10 mM S0 (the error
bar indicates standard deviation, n=4) and c) 10 mM S°as electron acceptor (the error bar indicates
standard deviation, n=3). Dashed line indicates the replacement of the medium with fresh artificial
seawater medium, flush of headspace with CH, and addition of b) 10 mM S,03* and c) 10 mM S°.
Except methane, three common sulfate reducing electron donors used in this study were known to

be utilized by a wide range of SRB (Muyzer and Stams 2008). Suarez

Lactate and ethanol can be fermented to short chain volatile fatty acids (VFA), such as acetate, in
the presence of SO+ and then only oxidized to bicarbonate (Zellner et al. 1994). Typically, ethanol
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and lactate are metabolized by Desulfovibrio, Desulfomonas, Desulfotomaculum, Desulfobulbus
(DBB) and Desulfotomaculum species of SRB to VFA or hydrogen (Muyzer and Stams 2008).
Acetate is mainly utilized by Desulfobacter, Desulfococcus, Desulfosarcina / Desulfococcus
(DSS), and Desulfonema clades of the SRB (Brock and Smith 1988). Thermodynamically, SR
coupled to acetate oxidation releases the highest energy and SR in the presence of ethanol or lactate
has less negative Gibb's free energy values (Table 3.1). Further, acetate is considered as major
substrate for SR in marine and estuarine sediments (Parkes et al. 1989). However, the result from
this study showed the lowest SR rate with acetate (Table 3.2), which suggests that acetate could
have been used for other processes, such as methanogenic activity. A detailed analysis of the
microbial communities along with SRB diversity could be performed in future studies to link the
microbiome with their carbon source and electron donor utilization as well as their metabolic
pathways.

3.4.2 AOM with different sulfur compounds

MLG sediment is able to utilize all three electron acceptors, i.e. SO4%, S,03% and S°, with CH, as
the electron donor (Figure 3.3). While assessing the SR with S,032/S° the active sulfur
disproportionated TS production was observed with these sulfur compounds instead of AOM
induced TS production. CO2 measurements for the incubations with S° and S,0s% did not clearly
show the oxidation of CH4 to CO», as CH4 remained constant and CO, was produced in both
incubations with and without CHa in the headspace. Nevertheless, it was observed that the CHa
consumption was ~ 5.5 mM with the simultaneous production of 1.5 mM CO: in the batch
incubations with CH4 and SO4? (Bhattarai et al. 2017).

Similar to this study, SR rate (50 to 80 umol SO.* I day™) was observed with Eckernforde Bay
sediment in the beginning of an enrichment experiment in a bioreactor (Meulepas et al. 2009a).
The observed dissolved TS production rate in this study with all electron acceptor were higher
compared to the rate obtained after incubation at 2 bar of the cold seep sediment from Captain
Aryutinov Mud Volcano (Gulf of Cadiz; 0.18 pmol TS gaw™ day™) using CH, as electron donor
and SO4* as an electron acceptor (Zhang et al. 2010). Similarly, a mixture of coastal sediments
from the Aarhus bay and Eckernforde bay using CH4 and other alkanes as electron donors with
S04% (1.5t0 2.5 umol TS I* day™) had lower dissolved TS production rates than those observed
in this study (Suarez-Zuluaga et al. 2014).

The SR rate obtained in the incubation with CH. and S,03* was comparatively higher to the SR
rate obtained from the parallel incubation with CHs and SOs*. Moreover, the dissolved TS
production rates with CH4 and S,03% or S° were higher (110 and 130 umol TS It day™ respectively)
compared to the TS production rates (80 umol TS It day?* for S,0s* and 1.2 umol TS I* day™ for
S% of the mixture of Aarhus bay and Eckernforde bay sediment (Suarez-Zuluaga et al. 2014). The
SR process with S,03% was indirectly activated by disproportionation rather than AOM induced
SR. Previous studies indicated that the alkane degradation by marine sediments might be facilitated
by the enrichment of alkane degraders with the addition of S;032" (Meulepas et al. 2009a; Suarez-
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Zuluaga et al. 2014). Further, the comparatively higher rate of SR in the control incubation without
methane for the case of S,03% or S® might be caused by the rapid enrichment of sulfate reducing
bacteria and degradation of residual organic matter. Benthic organic matter contains various
fractions among which a small portion can be degraded quickly and a major portion is more
recalcitrant (Arndt et al. 2013). The latter might, nevertheless, have been degraded during the long
term incubation of the control without methane fueling SR in these incubations.

The highest SR rate was observed in the batch tests with CH4 and S;0s% after the first 50 days of
incubations (7.3 pmol gvss™ day™?), suggesting that SO42 was produced due to disproportionation
and then reduced to sulfide concomitant to CH4 oxidation and organic matter degradation (Figure
3.4). Theoretically more energy can be released using different oxidized forms of sulfur than SO4*
, such as S;03% (Table 3.1), which might lead to higher AOM rates (Suarez-Zuluaga et al. 2014).
The fast SO+ production by S,0s? might trigger high SRB activity and consequent high SR rate.

S° and S,04% are important intermediates during sulfide oxidation in marine sediments (Fossing
and Jorgensen 1990). The disproportionation of S;0s:% is energetically favorable and the
disproportionation of S requires energy unless an oxidant, as Fe (I11), renders the reaction more
energetically favorable (Finster 2008) or in alkaline environments, such as soda lakes (Poser et al.
2013). Similarly, high rates of S,03> disproportionation were reported in a study with coastal
marine sediment and CHa as the sole carbon source (Suarez-Zuluaga et al. 2015). In that study, a
high number of Desulfocapsa was observed, which are specialized in disproportionation of sulfur
compounds (Finster et al. 1998). Further, pH of the sediment from MLG ranged between 7.6 and
8.4 (Hagens et al. 2015), while the amount of Fe oxides in the sediment ranged between 20 and 50
umol gt (Egger et al. 2016). Therefore, microbial S disproportionation might have been possible
due to Fe (1) acting as sulfide scavenger, e.g. by bacteria such as Desulfocapsa (Finster 2008) as
majority of these disproportionating bacteria need Fe (111) or Mn (1V) as sulfide scavenger.
Alternatively, S° disproportionation could have been via the metabolism of haloalkaliphilic
bacteria, which can disproportionate S° without Fe(l11) or Mn(IV). However, these bacteria are
commonly found in soda lakes (Poser et al. 2013) and likely do not occur in the MLG sediment.
In order to decipher among these mechanisms, the archaeal and bacterial community inhabiting
the MLG sediment should be further studied by e.g. genome analysis and fluorescence in situ
Hhbridization (FISH) techniques as catalyzed reporter deposition-FISH (CARD-FISH) and FISH
with micro radiography (FISH-MAR).

CHjs could be utilized by the microbial community present in the MLG sediment (Bhattarai et al.
2017). The MLG sediment is capable to perform SR by using diverse electron donors, including
the gaseous and cheap electron donor methane. S° and S,03?" as electron acceptors showed sulfur
disproportionation possibly by SRB, however, S;0s* could be used as a trigger for faster SR.
Further, the SO+ reducing microbial community in the studied sediment is active at high TS
concentrations (Figure 3.2) and they are comparable to previously studied methane seep sediments
(Zhang et al. 2010). Therefore, the MLG sediment can be used for further enrichment in
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bioreactors. Moreover, investigations of the SRB and ANME species responsible for AOM-SR
and of sulfur disproportionation are required to exploit their potential application in the field of
environmental biotechnology.
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Figure 3.4 Maximum specific a) sulfate reduction and b) total sulfide production rates (umol I gyss™
day™) for the anaerobic methane oxidation (AOM) activity test of marine Lake Grevelingen (MLG)
sediment with different electron acceptors (SO4*, S:0s* and S°) and CHj, as electron donor and control
incubations without CH,4 and without biomass. The error bars indicate standard deviation (n=4 for SO,*
and S,0:%) and (n=3 for S°). For controls, the duplicates showed least variation so the error could not be
visualized in the figure.
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3.5 Conclusion

This study aimed to explore microbial sulfate reducing activity of coastal sediment from the MLG
using different electron donors and electron acceptors, including gaseous electron donor i.e. CHa.
The SO4? reducing microbial community in the sediment was capable to utilize all four different
tested electron donors namely, ethanol, lactate, acetate and CHa. Moreover, when S;0s% and S°
were supplied along with CH4 to incubations instead of SO42, SR activity was observed in all the
cases, mainly by disproportionation of sulfur compound, rather than AOM. Among the three tested
sulfur compounds used as an electron acceptor with methane, the higher SR rate was observed
with S,0s%, though via disproportionation. Therefore, the use S;0s% in the initial phase of
bioreactor operation may activate the faster rate of SR. Thus, this study widens our understanding
on potential use of marine sediments with diverse microbial clade in SO4* reducing waste water
treating bioreactors which can be supplied with cheaper gaseous electron donor such as methane.
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Abstract

Anaerobic oxidation of methane (AOM) coupled to sulfate reduction is mediated by,
respectively, anaerobic methanotrophic archaea (ANME) and sulfate reducing bacteria (SRB).
When a microbial community, obtained from the coastal marine Lake Grevelingen sediment
and containing ANME-3 as the most abundant type of ANME, was incubated under a pressure
gradient (0.1-40 MPa) for 77 days, ANME-3 appeared to be more pressure sensitive than the
SRB. ANME-3 activity was higher at lower (0.1, 0.45 MPa) over higher (10, 20 and 40 MPa)
CHjs total pressures. Moreover, the sulfur metabolism was shifted upon changing the incubation
pressure: SRB of the Desulfobacterales were more enriched at elevated pressures than the
Desulfubulbaceae. This study provides evidence that ANME-3 can be constrained at shallow
environments, despite the scarce bioavailable energy, because of its pressure sensitivity.
Besides, the association between ANME-3 and SRB can be steered by changing solely the
incubation pressure.

4.1 Introduction

Anaerobic oxidation of methane (AOM) coupled to sulfate reduction (SR) is a major sink in
the oceanic methane (CH4) budget. The net stoichiometry of this reaction is shown in Eq. 4.1
(Reeburgh, 2007):

CH, +SOF — HCO; +HS +H,0  AG®=-16.6 kJ mol" CH, (Eq. 4.1)

The thermodynamics of this reaction depend on the concentration of dissolved CH4. CHs is
poorly soluble: 1.3 mM is its concentration in sea water at ambient pressure at 15°C
(Yamamoto et al., 1976). Theoretically, elevated CH4 partial pressures favor the AOM coupled
to SR (AOM-SR) bioconversion since the Gibbs free energy becomes more negative at higher
CHy partial pressures (Table 4.1), probably also stimulating the growth of the microorganisms
mediating the process, namely anaerobic methanotrophs (ANME) and sulfate reducing bacteria
(SRB).

ANME are grouped into three distinct clades, i.e. ANME-1, ANME-2 and ANME-3 based on
the phylogenetic analysis of their 16S rRNA genes (Boetius et al., 2000a; Hinrichs et al., 1999;
Knittel et al., 2005; Niemann et al., 2006). In vitro incubations of ANME-1 and ANME-2
dominated microbial communities from deep sea sediments in high-pressure reactors showed
a strong positive relation of the activity of the microorganisms capable of the AOM-SR process
with the CHs partial pressure, up to 12 MPa (Deusner et al., 2009; Kriiger et al., 2005; Nauhaus
et al., 2002; Zhang et al., 2010). In the ANME-2 dominated shallow marine sediment of
Eckernférde Bay, the AOM-SR rate increased linearly with the CH4 pressure from 0.00 to 0.15
MPa when incubated in batch, determining an affinity constant (Kn) for sulfate lower than 0.5
mM and a Kn, for CHj4 at least higher than 0.075 MPa (1.1 mM) (Meulepas et al., 2009b). The
affinity constant (Km) for CHs of ANME-2 from the Gulf of Cadiz sediment is about 37 mM
(Zhang et al., 2010), which is equivalent to 3 MPa CHj partial pressure. A recent study showed
that this ANME-2 dominated sediment had its optimum pressure at the in situ pressure
(Bhattarai et al., 2018, submitted). In contrast, the CH4 partial pressure influenced the growth
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of different subtypes of ANME-2 and SRB from the Eckernforde Bay marine sediment
incubated for 240 days in batch (Timmers et al., 2015a). Thus, studying the effect of pressure
on ANME and SRB will help understand the growth of the different ANME clades.

Table 4.1 Gibbs free energy of AOM coupled to SR (A/G) at different CH, partial pressures
and assuming the following in vitro conditions: temperature 15°C, pH 7.0, HCO3 30 mM, SO4*
10 mM and HS 0.01 mM. The maximum dissolved CHs concentration at a salinity of 32%o
and 15°C at different CH4 partial pressure was determined by the Duan model (Duan et al.
2006).

Pressure (MPa)  Concentration (mM)  A/G (KJ mol %)

0.1 1.4 -25.8 kJ mol™ CHa
0.45 6.4 -29.4 k] mol* CH4
10 101.9 -36.1 kJ mol* CH4
20 149.8 -37.0 kI mol* CH4
40 198 -37.7 kJ mol™ CHa

Finding ANME-SRB consortia that can grow fast at ambient pressure would be of great
importance for the application of AOM-SR in the desulfurization of industrial wastewater.
Sulfate and other sulfur oxyanions, such as thiosulfate, sulfite or dithionite, are contaminants
discharged in fresh water by industrial activities such as food processing, fermentation, coal
mining, tannery and paper processing. Biological desulfurization under anaerobic conditions is
a well-known biological treatment, in which these sulfur oxyanions are anaerobically reduced
to sulfide (Liamleam & Annachhatre, 2007; Sievert et al., 2007; Weijma et al., 2006). The
produced sulfide precipitates with the metals, thus enabling their recovery (Meulepas et al.,
2010a). In the process of groundwater, mining or inorganic wastewater desulfurization,
electron donor for the sulfate reduction needs to be supplied externally. Electron donors such
as ethanol, hydrogen, methanol, acetate, lactate and propionate (Liamleam & Annachhatre,
2007) are usually supplied, but these increase the operational and investment costs (Meulepas
et al., 2010a). The use of easily accessible and low-priced electron donors such as CHa is
therefore appealing for field-scale applications (Gonzalez-Gil et al., 2011). Moreover, from a
logistic, economical and safety view point, bioreactors operating at ambient conditions are
preferred over those operated at high pressures.

Coastal marine sediment from Lake Grevelingen (the Netherlands) hosts both ANME and SRB
(Bhattarai et al., 2017). Among the ANME types, ANME-3 is predominant, which makes this
sediment a beneficial inoculum to investigate the effect of pressure on ANME-3. ANME-3 is
often found in cold seep areas and mud volcanoes with high CH4 partial pressures and relatively
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low temperatures (Losekann et al., 2007; Niemann et al., 2006; Vigneron et al., 2013).
Therefore, the shallow marine sediment from Lake Grevelingen was incubated at different CHs
total pressures (0.1, 0.45, 10, 20, and 40 MPa) to study the influence of pressure on the AOM-
SR activity, but also on the methanogenic activity and the potential formation of carbon (e.g.
acetate, methanethiol, Valentine et al., 2000) and sulfur (e.g. elemental sulfur or polysulfides,
Milucka et al., 2012) intermediates compounds. Moreover, phylogenetic analysis and
microorganisms visualization by fluorescence in-situ hybridization (FISH) were used to study
the community shifts in cell morphology and aggregates due to different CH4 partial pressures
in batch incubations of 77 days.

4.2 Material and methods
4.2.1 Site description and sampling procedure

The sediment was obtained from the Scharendijke Basin in the marine Lake Grevelingen (water
depth of 45; position 51° 44.541' N; 3° 50.969' E), which is a former estuary in the southwestern
part of the Netherlands. The sampling site characteristics, biochemical processes and the
microbial community composition have been previously (Bahttarai et al., 2017; Egger et al.,
2016; Hagens et al., 2015; Sulu-Gambari et al., 2016). Coring was done in November 2013 on
the vessel R/V Luctor by the Royal Netherlands Institute for Sea Research (Yerseke, the
Netherlands). The sampling procedure has been described in Chapter 3 (section 3.2.2), the
sediment was kept at 4 °C in the dark in serum bottles with the headspace of CH4 before until
use.

4.2.2 Experimental design

The effect of the pressure on the CH4 oxidation, SR and CH4 production rate of the marine
Lake Grevelingen sediment was assessed with 0.07 (x 0.01) g volatile suspended solids (gvss)
in 200 ml pressure vessels incubated in triplicates at 0.1 MPa, 0.45 MPa (mimicking the in situ
conditions), 10 MPa, 20 MPa and 40 MPa. The marine Lake Grevelingen sediment used as
inoculum was incubated with artificial saline mineral medium with sulfate (10 mM). The
vessels were flushed and pressurized with 100 % CHa, from which about 20% was **C-labeled
CH4 (**CHa). The incubation was performed at 15°C for 77 days. Two different control
incubations were prepared in triplicates at 0.45 MPa: without biomass and without CHa, but
with nitrogen in the headspace.

Slurry samples were taken every week for chemical analysis. Approximately 1 mL sample was
taken by attaching a connector and a vacuum tube to the exit port while gently opening the tap.
Weight and pressure were measured in the vacuum tube before and after sampling. Pressure in
each vessel was restored by adding fresh basal medium using a high performance liquid
chromatography (HPLC) pump (SSI, USA).

4.2.3 Chemical analysis

The gas composition was measured on a gas chromatograph-mass spectrometer (GC-MS
Agilent 7890A-5975C). The GC-MS system was composed of a Trace GC equipped with a
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GC-GasPro column (30 m x 0.32 mm; J & W Scientific, Folsom, CA) and an lon-Trap MS.
Helium was the carrier gas at a flow rate of 1.7 ml min. The column temperature was 30°C.
The fractions of CH4 and CO: in the headspace were derived from the peak areas in the gas
chromatograph, while the fractions of **CHa, 2CH., 2CO; and **CO, were derived from the
mass spectrum as done by Shigematsu et al. (2004).

Total dissolved sulfide was measured by using the methylene blue method (Hach Lange
method 8131) and a DR5000 spectrophotometer (Hach Lange GMBH, Diisseldorf, Germany).
Samples for sulfate and thiosulfate analysis were first diluted in a solution of zinc acetate (5g/L)
and centrifuged at 13,2009 for 3 min to remove insoluble zinc sulfide, and filtrated through
0.45 um membrane filters. Sulfate and thiosulfate concentrations were then determined by ion
chromatography (Metrohm 732 1C detector) with a METROSEP A SUPP 5 - 250 column. The
pH was checked by means of pH paper.

Polysulfides were methylated using the protocol by Kamyshny et al. (2006) and analyzed by
reversed-phase HPLC. Elemental sulfur from the slurry sample was extracted using methanol
following the method described by Kamyshny et al. (2009), but modified for small volumes.
Dimethylpolysulfanes and extracted elemental sulfur were analyzed by an HPLC (HPLC 1200
Series, Agilent Technologies, USA) with diode array and multiple wavelength detector. A
mixture of 90% MeOH and 10% water was used as eluent. A reversed phase C-18 column
(Hypersil ODS, 125 x 4.0mm, 5 um, Agilent Technologies, USA) was used for separation.
Concentrations of dimethylpolysulfanes from Me>Ss to Me2S7 were calculated from calibration
curves of polysulfides standards prepared following the protocol of Milucka et al. (2012). UV
detector response to Me,Sg was calculated by the algorithm discussed in Kamyshny et al.
(2004).

The VSS was estimated at the beginning of the experiment on the basis of the difference
between the dry weight total suspended solids and the ash weight of the sediment according to
the procedure outlined in Standard Method (APHA 1995).

4.2.4 Rate calculations

Both AOM and SR rates were expressed as pumol of sulfide or dissolved inorganic carbon (DIC)
production per gram of VSS per day (umol gvss™ d™). For the AOM rate calculation, the total
production of *C-carbonate species (**C-DIC), i.e. ¥CO; in both liquid and gas phases,
H3CO3 and 3COs* in liquid phase, were first calculated. Considering that only 20% of CH4
was 3CHy, the total 3C-DIC was divided by the fractional abundance of **C in the CH4
measured and used for each batch to determine the total amount of DIC produced from CH4
oxidation (Zhang et al., 2014). For methanogenesis and for the formation of carbonate species
from other carbon sources than CHa, **CHa4 and H?CO3™ were taken respectively, and divided
by the *2C fractional abundance. A line was plotted over the period where the decrease or
increase of the different compounds (**CHa, *CHa4, H2CO3", H®*COj5;, total dissolved sulfide
and sulfate) was linear (at least four consecutive points) to estimate the rates (Meulepas et al.,
2010b), which were divided by the biomass content in the vessels (0.07 £ 0.01 gvss in each
vessel).
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The amount of 3C-DIC, *2C-DIC, **CH4 and >CH4 were calculated in umol per pressurized
vessel for each time as follows:

\'4 as Ka,
13C — DIC = f13C02 X P X <ﬁ + VliquidkCOZ X (1 + ﬁ)) (Eq 42)
V as Ka,
12C _ DIC = 12C0, X p X (Ri = + Viiquiakco, X (1 + ﬁ)) (Eq. 4.3)
13CH, = f13CH Veas |y -k Eq. 4.4
4 — 4 XPpX R><T+ liquid *CH,4 ( q. 4. )
12cH, = f12CH Veas Ly Eq. 45
4 — 4pr R><T+ liquid *CH,4 ( q . )

Nomenclature:

f = fraction from GC-MS

Viiquid = liquid volume in each vessel in |

Vgas = gas volume in each vessel in |

Kcoz = Henry's law constant for CO, at sampling temperature (20°C): 0.39 mmol I* kPa
Kcra = Henry's law constant for CHa at sampling temperature (20°C): 0.0153 mmol It kPa™
Ka, coz = dissociation constant for dissolved CO>: 4.7 10”7

R = gas constant: 8.314 J* mol! K

p = pressure in kPa

T=temperature in K

4.2.5 DNA extraction

DNA was extracted by using a FastDNA® SPIN Kit for soil (MP Biomedicals, Solon, OH,
USA) by following the manufacturer’s protocol. Approximately 0.5 g of the sediment was used
for DNA extraction from the initial inoculum and ~0.5 ml of liquid obtained by washing the
polyurethane foam packing with nuclease free water was used for extracting DNA from the
enriched slurry. The extracted DNA was quantified and quality was checked as described
previously (Bhattarai et al., 2017).

4.2.6 PCR amplification for 16S rRNA genes

The DNA was amplified by using the bar coded archaea specific primer pair arch-16s-V4
forward Arc516F and reverse Arc855R. The PCR reaction mixture (50 pl) contained 2 pl of
DNA template (~70 ng) and other standard PCR reagents mentioned as mentioned in Bhattarai
et al. (2017). PCR amplification was performed with an applied biosystem thermal cycler with
a touch-down temperature program. PCR conditions consisted of a pre-denaturing step of 5
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min at 95°C, followed by 10 touch-down cycles of 95°C for 30 sec, annealing at 68°C for 30
sec with a decrement per cycle to reach the optimized annealing temperature (63°C) and
extension at 72°C. This was followed by 25 cycles of denaturing at 95°C for 30 sec and 30 sec
of annealing and extension at 72°C. The final elongated step was extendedgfor 10 min.

The primer pairs used for bacteria were bac-16s-V4 forward bac520F 5-3' AYT GGG YDT
AAA GNG and reverse Bac802R 5'-3' TAC NNG GGT ATC TAA TCC (Song et al., 2013).
The following temperature programme was used: initial denaturation step at 94°C for 5 min,
followed by denaturation at 94°C for 40 sec, annealing at 42°C for 55 sec and elongation at
72°C for 40 sec (30 cycles). The final elongation step was extended to 10 min. 5 pl of the
amplicons were visualized by standard agarose gel electrophoresis (1% agarose gel, a running
voltage of 120 V for 30 minutes, stained by gel red) and documented using a GelDoc UV
transilluminator.

After checking the correct band size, 150 pl of PCR amplicons were loaded in a 1% agarose
gel and electrophoresis was performed for 120 min at 120 V. The gel bands were excised under
UV light and the PCR amplicons were cleaned using E.Z.N.A.® gel extraction kit by following
the manufacturer's protocol (Omega Biotek, USA).

4.2.7 Illumina Miseq data processing

The purified DNA amplicons were sequenced by an Illumina HiSeq 2000 (Illumina, San Diego,
USA) and analyzed as detailed in Bhattarai et al. (2017). A total of 40,000 (£ 20,000) sequences
were assigned to archaea and bacteria each by examining the tags assigned to the amplicons.
After eliminating the chimeras, sequences for archaea and bacteria, respectively, were analyzed
and classified in MOTHUR (Schloss & Westcott, 2011). In short, the faulty sequences with
mismatch tags or primers and with a size less than 200 bp were removed by using the
shhh.flows command. Then, the putative chimeric sequences were identified and removed by
the chimera.uchime command using the most abundant reads in the respective sequence data
sets as references. The sequence reads were classified according to the Silva taxonomy (Pruesse
et al., 2007) using the classify.seqs command and the relative abundance of each phylotype
was estimated.

4.2.8 Quantitative real-time PCR (Q-PCR)

Archaeal and bacterial clones were used to prepare Q-PCR standard. Plasmids were isolated
using the plasmid kit (Omega Biotek, USA). The plasmid was digested with the EcoR |
enzyme. After digestion purification was done by gel extraction (Gel extraction Kit, Omega
Biotek, USA). The copy number was calculated from the total mass and the nucleic acid
concentration. Extracted DNA from the sediment at the start and at the end of the incubation
period (11 weeks) was used for gPCR analysis to quantify archaea and bacteria. Amplifications
were done in triplicates in a 7500 Real-Time PCR System (Applied Biosystem). Each reaction
(20ul) contained 1x Power SYBR-Green PCR MasterMix (Applied Biosystems), 0.4 uM of
each primer, and 5 ng template DNA. The 16S rRNA genes of bacterial origin were amplified
using the primers Bac331f (5-TCCTACGGGAGGCAGCAGT3) and Bac797r (5-
GGACTACCAGGGTCTAATCCTGTT-3") (Nadkarni et al., 2002). Cycling conditions were
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95°C for 10 min; and 40 cycles at 95°C for 30 sec and 60°C for 30 sec and 72°C for 30 sec.
Archaea were quantified using the primer set Arch349f (5'-GYGCASCAGKCGMGAAW-3')
and Arch806r (5-GGACTACVSGGGTATCTAAT-3') (Takai & Horikoshi, 2000). Cycling
conditions were 95°C for 10 min; and 40 cycles at 95°C for 30 sec and 50°C for 30 sec and
72°C for 30 sec. Triplicate standard curves were obtained with 10-fold serial dilutions ranged
between 107 and 102 copies per pl of plasmids. The efficiency of the reactions was up to 100%
and the R? of the standard curves were up to 0.999.

4.2.9 Cell visualization and counting by FISH

At the start and at the end of the incubation period (11 weeks), 200 puL of sample from each
vessel was fixed in a final 2% paraformaldehyde solution for 4 h on ice. The samples were
washed twice with 1x phosphate buffer saline solution (PBS). Then it was stored in a mixture
of PBS and ethanol (EtOH), with a PBS/EtOH ratio of 1:1 at -20°C as previously described by
(Boetius et al., 2000a). This sample was used for cell counting and FISH analysis.

100 pL of stored sample was diluted with nuclease free water and sonicated for 40 sec then
filtered on 0.2 um membrane filters. For cell counting, 200-300 uL of 20x SYBR green
solution (Takara, Japan) was added on top of the filter and incubated in the dark at room
temperature for 30 min. The filters were dried and mounted in a glass slide with 100 pL
glycerol 10%. For FISH analysis, the filtrated sample was hybridized with archaeal probe,
ARCH915 (Stahl, 1991) and bacterial probe, EUB I-1ll (Daims et al., 1999), with different
CY3-labeled ANME probes; ANME-1 350 (Boetius et al., 2000b), ANME-2 538 (Treude et
al., 2005), ANME-3 1249 (Niemann et al., 2006) and Cy5-labelled SRB specific probes;
Desulfosarcina / Desulfococcus (DSS) DSS658 (Boetius et al., 2000a) and Desulfobulbus
(DBB) DBB660 (Daly et al., 2000). Cells were counterstained with 4', 6-diamidino-2-
phenylindole (DAPI) (Wagner et al., 1993). The hybridization of the samples and microscopic
visualization of the hybridized cells were performed as described previously (Snaidr et al.,
1997).

4.3 Results
4.3.1 Conversion rates of sulfur compounds

The highest sulfide production rates of the coastal marine Lake Grevelingen sediment was in
the incubations at the in situ pressure (0.45 MPa) and 10 MPa: 270 and 258 pumol gyvsstd?,
respectively (Figure 4.1a). The sulfide production rate at 40 MPa was 109 pmol gvss™ d?,
comparable to the rate with no CHg in the headspace, 99 umol gvss™* d* (Figure 4.1a). Similarly,
high SR rates were recorded for the incubations at 0.45 MPa and 10 MPa (Figure 4.2a): 297
and 278 umol gvss™ d*, respectively. In contrast, the SR rate at 0.1 MPa was 257 pmol gvss™
d, while the sulfide production was only 157 umol gvss™ d* (Figures 4.1a and 4.2a).
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Figure 4.1 (a) Sulfide production rate and (b) sulfide concentration profiles for incubations at
different pressure and controls without CHa, but with N in the headspace and without biomass. Error
bars indicate the standard deviation (n=3).

Sulfide was produced in almost all the incubations, with the exception of the incubation without
biomass (Figure 4.1b). The sulfate concentration profiles varied with pressure: after 40 days of
incubation at 40 MPa, sulfate was not reduced anymore (Figure 4.2b). Differently, at 0.45 MPa
sulfate was reduced to sulfide in a 1:1 ratio (Figure 4.3b). At 0.45 MPa, 0.98 mmol of sulfate
was consumed and exactly 0.98 mmol of total dissolved sulfide was produced, closing the
sulfur balance. In the incubation at 0.1 MPa, 0.37 mmol of elemental sulfur was produced along
with 0.54 mmol of sulfide (Figure 4.3a). In the other incubations at different pressures, hardly
any elemental sulfur was formed (Figures 4.3c-4.3f). Instead, long chain polysulfides were
formed along the incubation depending on the pressure, but in small amounts (< 2 pumol per
vessel2 umol Sg2 per vessel was determined at 0.45 MPa CHa pressure (Figure 3b) and 1.2 and
1.4 umol Se* per vessel at 10 MPa and 20 MPa, respectively (Appendix 1, Figures S4.1c and
S4.1d).
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Figure 4.2 (a) SR rate and (b) sulfate concentration profiles for incubations at different
pressure and controls without CHa, but with N2 in the headspace and without biomass. Error
bars indicate the standard deviation (n=3).

4.3.2 AOM rates

The AOM rates were calculated from the DIC produced from *CHa. The Km for CH4 of the
marine Lake Grevelingen sediment was determined to be around 1.7 mM. The DIC production
rates followed a similar trend as the sulfide production rates: the highest rate was found at 0.45
MPa and the lowest rate at 40 MPa: 320 and 38 umol gvss™ d*, respectively (Figure 4.4a). In
the incubation at 0.45 MPa, the total DIC produced from CHa was similar to the sulfide
produced (Figures 4.1b and 4.4b): ~0.9 pumol per vessel. Similar trends were found for all the
other incubations at different pressure, except for the vessel without CHa4, where only sulfide
production (0.3 mmol/vessel) was recorded. However, sulfide was produced from the start for
all the incubation, while the total DIC from CH4 was mainly produced only after 40 days of
incubation (Figures 4.1b and 4.4b). Similar trends were found for all the other incubations at
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different pressure, except for the vessel without CHa, where only sulfide production (0.3 mmol/

vessel) was recorded.
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Figure 4.3 (a) Concentration profiles of total dissolved sulfide (#), sulfate () and elemental
sulfur (4) for the incubation at (a) 0.1MPa, (b) 0.45 MPa, (c) 10 MPa, (d) 20 MPa, (e) 40
MPa, (f) without CH4, and (g) without biomass. Error bars indicate the standard deviation

(n=3).
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4.3.3 Methanogenesis

CHa4 was produced in all the incubations, with the exception of the batches without biomass
(Appendix 1, Figure S4.2). The highest amount of CH4 formed was recorded in the vessel at
0.1 MPa (Appendix 1, Figure S4.2b). The highest methanogenic rate was determined in the
control vessel without CH4 (N2 in the headspace) and at 0.1 MPa: 44 and 31 pmol gvss*d?,
respectively, while it was below 5 umol gvss™ dtin all the other batch incubations (Appendix
1, Figure S4.2a). Assuming that all the total *>C-DIC was produced from the oxidation of other
carbon sources than CHg, its production rate was low in almost all the incubations: lower than
3 pmol gvsst d, except for the incubation without CHs (64 umol gvss® d) (Appendix 1,
Figure S4.3).
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Figure 4.4 (a) AOM rate calculated from the linear regression over at least four successive
measurements in which the calculated DIC increase over time was linear. (b) The DIC produced from
CH, oxidation was calculated from the **C-DIC. The AOM rate and DIC produced during AOM were

determined for incubations at different pressures and controls without CH4, but with N2 in the
headspace and without biomass. Error bars indicate the standard deviation (n=4).
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4.3.4 Community shifts: total cell numbers

The total bacterial and archaeal cellular numbers were accessed from Q-PCR data performed
on samples after 77 days of incubations (Table 4.2). The highest increase in active cells, from
6 to 8x10’ cells mI?, was found in the incubation at the in situ pressure of 0.45 MPa. In the
incubation at 40 MPa, the amount of active total bacteria and archaea cells decreased from 6.5
to 5.8x107 cells mI? (Table 4.2). Based on Q-PCR results, archaea grew in all the incubations,
while copy numbers of bacteria decreased in the incubation without CH4 and at 20 MPa. The
total number of archaea increased the most in the incubation at 20 MPa (Table 4.2).

Table 4.2 Total number of active cells and number of copies of archaea and bacteria from Q-
PCR analysis per ml of wet sediment in each pressurized vessel at the start (t=0 days) and at
the end of the incubation (t=77 days).

CHa

partial Incubation Concentration of Bacteria Archaea

pressure  time (days) active cells (x10’copy (x10’copy
(MPa) (%107 cells mL™) number mL™?) number mL™?)

40 0 6.37 £ 0.56 3.67 £0.53 1.65 + 0.56

77 5.87 £0.13 3.95+0.90 0.56 £0.13

20 0 6.35+0.12 4.01+£0.76 1.07£0.12

77 6.82 £ 0.43 2.13+0.96 3.11+0.43

10 0 6.75 £ 0.47 2.21 +0.06 154 +£0.47

77 7.96 £ 0.46 2.45+0.78 1.97 £0.45

0.45 0 5.94 +0.17 3.78 £ 0.44 1.62+0.17

' 77 8.83+0.16 4.58 + 0.87 2.21+0.16

01 0 6.48 £ 0.37 4.06 £ 0.51 1.82 £0.37

' 77 7.18£0.72 4.12 £ 0.94 1.96 £0.72

Without 0 6.22 + 0.39 3.59 +0.30 1.20 +0.39

CHg4 77 6.02 +£0.35 2.92 +0.86 1.78 £0.35

Based on the 16s rRNA gene analysis, both archaeal and bacterial communities were shifted
along the 77 days incubation. The most abundant operational taxonomic unit (OTU) with
archaeal signature are shown in Figure 4.5. Specifically, the abundance of ANME-3 among all
the archaea increased the most at 0.45 and 0.1 MPa incubations, i.e. respectively three and two
times more than at the start of the incubation (Figure 4.5). ANME-2a/b reads increased the
most at 20 MPa, 27 times more than at the start of the incubation (Figure 4.5). Sequences of
methanogens specifically belonging to the Methanomicrobiales were more abundant after the
incubation at 0.1 MPa rather than at higher partial pressures, where Thaumarchaeota and
Woesearchaeaota were more abundant in incubations at 10, 20 and even 40 MPa (Figure 4.5).
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The bacterial communities were very diverse in all the incubations, the ones with the highest
percentage are shown in Figure 4.6. The absolute abundance of the Desulfobulbaceae (DBB)
as calculated from their 16s rRNA gene according to Q-PCR and Miseq results increased or
remained similar at the lower pressure incubations (0.1 and 0.45 MPa), but the percentage of
DBB in the total bacterial community decreased at more elevated pressures (10, 20 and 40
MPa). Differently, the absolute abundance of Desulfobacteraceae, as DSS, increased in all the
incubations at different pressures, with the highest percentage of reads retrieved in the
incubation at 20 MPa (Figure 4.6). The percentage of OTUs as assigned to Desulfovibrio,
Desulfuromonas, Halomonas and Sulfurovum genes decreased in all the batch incubations
(Figure 4.6).
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Figure 4.5 Heat map of top most abundant 16s rRNA sequences at the beginning (t=0) and at the end
of the incubations (t=77 days) of the marine Lake Grevelingen sediment at different CH4 pressures
and control without CH, in the headspace showing the phylogenetic affiliation up to family level as

derived by high throughput sequencing of archaea.

4.3.5 Community shifts: FISH analysis

ANME-3 and DBB were visualized in all the batch incubations (Figures 4.7 and 4.8). At the
beginning of the incubation (Figures 4.7a and 4.7b), the ANME-3 cells were preferentially
visualized in aggregates with other cells. FISH images after 77 days of incubation showed
variations in the aggregate morphology depending on the incubation pressure. At 0.1 and 0.45
MPa, ANME-3 was more abundant than at the beginning, while the DBB cells were not found
concomitant to the ANME-3 cells (Figures 4.7d, 4.7g and 4.7h) and, even if present, the
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ANME-3 outnumbered the DBB cells (Figures 4.7e, 4.7f and 4.7i). In the 10 MPa, ANME-3
was visualized more scattered and not in clusters as at the lower pressures, whereas the DBB
cells were even more rarely pictured (Figures 4.8a, 4.8b, 4.8c). At 20 MPa, the ANME-3 and
DBB cells were rare, however the stained cells formed tight ANME-3/DBB aggregates
(Figures 4.8d, 4.8e, 4.8f). At 40 MPa, ANME-3 and DBB were the least abundant and scattered,
and no aggregates could be found (Figures 4.8g, 4.8h and 4.8i).

Differently than ANME-3, more ANME-2 cells were visualized in the (77 days incubations) at
higher (10, 20 and 40 MPa) than at lower (0.1 and 0.45 MPa) incubation pressures (Figures 4.9
and 4.10). DSS, the most common SRB bacterial partner of ANME-2, were most abundant at
0.1 MPa, at lower pressure they were mainly visualized together with ANME-2 (Figure 4.9).
At 20 MPa only clusters of ANME-2 cells were visualized (Figures 4.10d, 4.10e and 4.10f)
without DSS.
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Figure 4.6 Heat map of top most abundant 16s rRNA sequences at the beginning (t=0) and at the
end of the incubations (t=77 days) of the marine Lake Grevelingen sediment at different CH,
pressures and control without CH, in the headspace showing the phylogenetic affiliation up to family
level as derived by high throughput sequencing of bacteria.
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4.4 Discussion
4.4.1 Pressure effect on AOM in Lake Grevelingen sediment

This study showed that AOM and SR processes in Lake Grevelingen sediment depend on the
the CHa partial pressure. According to Eq. 4.1, the reaction rate is expected to be stimulated by
the elevated CHa partial pressure when the other parameters remain the same (Table 4.1). This
expectation has been commonly accepted and has been shown in ANME-1 (Girguis et al.,
2005) or ANME-2 (Meulepas et al., 2010b; Timmers et al., 2015a; Bhattarai et al., 2018
submitted) dominant communities. Figures 4.2 and 4.4 clearly illustrate the AOM-SR process
of the ANME-3 dominated marine Lake Grevelingen sediment has, in contrast, an optimal
pressure at 0.45 MPa among all tested conditions. This contrasts the theoretical thermodynamic
calculation (Table 4.1), but is in accordance with their natural habitat, i.e. the in situ pressure
of marine Lake Grevelingen is 0.45 MPa.

Figure 4.7 FISH images from CY3-labeled ANME-3 in red color, CY5-labeled Desulfobulbus (DBB)
in green and all microbial cells stained with DAPI in blue color. FISH images (a-c) at the beginning,
and after 77 days of incubation at (d-f) 0.1 MPa and (g-i) 0.45 MPa. White scale bar representing 10

um.

The calculated Kn value on CH4 based on our inoculum of around 1.7 mM is much lower than
previously reported: 37 mM as calculated from an ANME-2 predominant enrichment
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originated from the Gulf of Cadiz (Zhang et al., 2010). Thus, the ANME cells from Grevelingen
marine sediment have higher affinity for CH4 than the ANME-2 from Gulf of Cadiz.

Figure 4.8 FISH images from CY 3-labeled ANME-3 in red color, CY5-labeled Desulfobulbus
(DBB) in green and all microbial cells stained with DAPI in blue color. FISH images after 77
days of incubation at (a-c) 10 MPa, (d-f) 20 MPa and (g-i) 40 MPa. White scale bar
representing 10 pm.

4.4.2 Pressure effect on ANME types

The ANME type that proliferated at lower pressure (0.1 and 0.45 MPa) was ANME-3, suggesting that
the ANME-3 cells of marine Lake Grevelingen are non-piezophilic, which are easily damaged by high
pressures and require extra energy to cope with the damage (Zhang et al., 2015). ANME-3 are found
in cold seep areas and mud volcanoes with high CH, partial pressures and relatively low temperatures
(Losekann et al., 2007; Niemann et al., 2006; Vigneron et al., 2013). However, Lake Grevelingen is a
shallow sediment with high abundance of ANME-3 (Bhattarai et al., 2017) and perhaps contains
different subtypes than the ones found in deep sea sediments that cannot cope with high CH, partial
pressure.

The ANME-3 type is usually visualized in association with DBB as sulfate reducing partner
(Losekann et al., 2007; Niemann et al., 2006). Figures 4.7 and 4.8 show that the DBB cells
were not as high in number as the ANME-3 cells in any of the incubations, but they increased
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the most at the 0.1 MPa incubation (Figures 4.7d-4.7f). ANME-3 and DBB cells were
visualized by FISH, and also through this technique the DBB cells were in general less
abundant than the ANME-3. In a recent study describing the microbial ecology of Lake
Grevelingen sediment (incubation pressure = 0.1 MPa), the two species could not be visualized
together and the DBB cells were much less abundant than ANME-3 (Bhattarai et al., 2017),
similarly to this study. At 0.1 and 0.45 MPa, ANME-3 cells were visualized in aggregates
mainly detached from DBB cells (Figure 4.7). ANME-3 cells have been visualized without
bacterial partner before (Omoregie et al., 2008; Vigneron et al., 2013), suggesting that this
ANME type is supporting a metabolism independent of an obligatory bacterial association. In
contrast, as ANME-3 and DBB decreased in number at higher pressures, most of the ANME-
3 and DBB visualized at 20 MPa were forming small ANME-3/DBB clusters, suggesting that
they possibly have mutual benefit at this pressure (Figure 4.8).

Figure 4.9. FISH images from CY3-labeled ANME-2 in red color, CY5-labeled
Desulforsarcina/Desulfococcus group (DSS) in green and all microbial cells stained with
DAPI in blue color. FISH images (a-c) at the beginning, after 77 days of incubation at (d-f)
0.1 MPa or (g-i) 0.45 MPa. White scale bar representing 10 pm.

Also sequences of ANME-2 were found by Miseq analysis (Figure 4.5) and visualized by FISH
(Figures 4.9 and 4.10) in all incubations. ANME-2a/b cells were higher in number in the
incubation at higher pressures (10 and 20 MPa). Also many DSS were found in all the batch
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incubations and as for ANME-2, they were more abundant at higher pressures (10 and 20 MPa).
ANME-2 and DSS were mainly visualized in aggregates, especially at lower pressures (0.1 and
0.45 MPa). The cooperative interaction between the ANME-2 and DSS is still under debate:
Milucka et al. (2012) stated that a synthrophic partner might not be required for ANME-2 and
that they can be decoupled by using external electron acceptors (Scheller et al., 2016), whereas
recent studies have shown direct electron transfer between the two partners (McGlynn et al.,
2015; Wegener et al., 2016). Besides, the DSS might have proliferated by growth on organic
carbon compound released by damaged or killed microorganisms.

Figure 4.10 FISH images from CY 3-labeled ANME-2 in red color, CY5-labeled
Desulforsarcina/Desulfococcus group (DSS) in green and all microbial cells stained with
DAPI in blue color. FISH images after 77 days of incubation at (a-c) 10 MPa, (d-f) 20 MPa
and (g-i) 40 MPa. White scale bar representing 10 pm.

4.4.3 Effect of pressure on sulfur cycle in marine Lake Grvelingen sediment

Figure 4.3 shows that the sulfur cycling in the marine Lake Grevelingen sediment community
is steered by the CH4 partial pressure. At 0.1 MPa CHa pressure, the reduced sulfate was
converted to both sulfide and zero-valent sulfur (Figure 4.3a). The production of elemental
sulfur was repressed at elevated CH4 pressure (Figure 4.3), at 0.45 MPa (the incubation with
the highest AOM-SR activity), the sulfur balance was closed by solely the sulfide production
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(Figure 4.3b). Elemental sulfur has been considered as intermediate in the SR-AOM process,
which is consumed by ANME to generate energy (Milucka et al. 2012). Milucka et al. (2012)
showed that ANME-2 cells could stand along without the metabolic support of the bacterial
partner, assuming that CH4 was oxidized to bicarbonate and sulfate was reduced to disulfide
(S2%) through zero-valent sulfur as an intracellular intermediate. The amount of disulfide or
other polysulfides formed during the incubations (Appendix 1, Figure S4.1) was very low, in
most cases below the detection limit (0.1 pmol). Further research with isotopic labeled sulfate
(%S) and nanometre scale secondary ion mass spectrometry (NanoSIMS) analysis is required
to elucidate the formation of these intermediate sulfur compounds.

A shift from sulfate reducers (e.g. Desulfobacterales) to sulfur reducers (e.g.
Desulforomonadales) were observed in the bacterial community from low to high CHa partial
pressure (Figure 4.6). Sulfur reducing bacteria, e.g. Desulfovibrio or Desulforomonas, are more
abundant at high CH4 partial pressure (10, 20, 40 MPa), sulfate reducing DBB are more
abundant in the incubations at lower CH4 total pressure (Figure 4.7) are more abundant in the
incubations at lower CHj partial pressure, where they were present in ANME-DBB aggregates
and had the highest AOM-SR rates (Figures 4.2 and 4.4).

4.4.4 In vitro demonstration of SR-AOM supported ecosystem in Lake Grevelingen

This study showed that CH4 and sulfate were an effective energy source supporting SR-AOM
in the microbial ecosystem from the marine Lake Grevelingen sediment. Apparent in vitro
biomass growth was observed, especially at 0.45 MPa which mimics the in situ pressure, with
CHs4 and sulfate supplied as the sole energy sources (Table 4.2). At incubation conditions
similar to in situ conditions (p = 0.45 MPa, T = 15°C, pH = 7), the AOM and SR rates reached
approximately 0.3 mmol gvss™ d. These rates are comparable or even higher than the in vitro
AOM rates of ANME-1 or ANME-2 dominated biomass, e.g. the rate obtained after the
enrichment of Eckernférde Bay sediment dominated by ANME-2 type cells for more than 800
days in a continuous membrane bioreactor (Meulepas et al., 2009a). Moreover, the AOM-SR
rate measured in this study at 0.45 MPa is even higher than the AOM rate coupled to
denitrification, which is thermodynamically more favorable (AG® = -924 kJ mol? CHa)
(Deutzmann & Schink, 2011) than AOM-SR (Eq. 4.1).

It should be noted that even after two months incubation, the abundance of the responsible
microorganisms, i.e. all detected types of ANME and SRB cells, is quite low: 17.8x10° and
11.4x10° number of copies per mL of wet sediment of ANME-3 and ANME-2, respectively in
the total community (Appendix 1 Tables S4.1 and S4.2). The ANME-3 cells present in the
marine Lake Grevelingen posses high specific AOM-SR rate and thus, can be of great potential
to be applied in the industry after enrichment. The SR rate with CH4 as electron donor should
be around 100 mmol gvss™ d to be competitive with the rates achieved with other electron
donors, such as hydrogen or ethanol (Suarez-Zuluaga et al., 2014; Meulepas et al., 2009a),
which is still much higher than what was obtained in this study.

Methanogenic activity in marine Lake Grevelingen sediment was previously described by
Egger et al. (2016) and confirmed in this study at low pressure (0.1 MPa) or when no CH4 was
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added (Appendix 1, Figure S4.2). At 0.1 MPa, the CH4 production rate was 31 pmol gvss™d*
and the AOM rate was 186 pumol gvss™ d?. Trace CH4 oxidation occurs during methanogenesis
and the archaea involved compete with SRB for carbon sources (Meulepas et al., 2010b;
Timmers et al., 2015b). Thus, the determined AOM at 0.1 MPa cannot account for the net
AOM-SR.

At high pressures (0.45, 10 MPa), AOM-SR was preferred (Figures 4.2a and 4.4a) over
methanogenesis (Appendix 1, Figure S4.2). Methanogenesis becomes less thermodynamically
favorable at high pressures, from 0.1 to 10 MPa, 12 kJ mol™* less of free energy is released
(Meulepas et al., 2010b). Timmers et al. (2015b) found that at 10 MPa net AOM-SR occurred,
while at 0.1 MPa methanogenesis and trace CH4 oxidation dominated. In this study, the optimal
AOM-SR was 0.45 MPa: the SR activity decreased at pressures higher than 10 MPa, while
AOM activity already decreased at pressures higher than 0.45 MPa (Figures 4.2a and 4.4a).

4.5 Conclusions

This is the first study showing that the highest AOM-SR activity of a marine sediment, sampled
from a shallow marine lake and predominantly containing ANME-3, occurs at low pressures
(0.1 and 0.45 MPa). The active ANME adapted to coastal marine Lake Grevlingen sediment
preferred a lower CH4 concentration over elevated pressures (10, 20, 40 MPa), in contrast to
previous studies that show strong positive correlations between the growth of ANME-1/2 and
the CH4 pressure. Pressure steered the abundance and structure of the different types of ANME
and SRB. The ANME-3 type was predominantly enriched in incubations at low pressures,
whereas high pressures enhanced ANME-2 proliferation. Similarly, a shift from sulfate
reducers to sulfur reducers was observed in the bacterial community from low (0.1 and 0.45
MPa) to high (10, 20, 40 MPa) CH4 partial pressure. This research highlights that ANME-3
from marine Lake Grevelingen can be enriched at low rather than high CH4 partial pressure,
which is important to further understand their metabolism and physiology.
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Chapter 5

Abstract

Microorganisms from an anaerobic methane oxidizing sediment were enriched with methane
gas as the substrate in a biotrickling filter (BTF) using thiosulfate as electron acceptor for 213
days. Thiosulfate disproportionation to sulfate and sulfide was the dominating sulfur
conversion process in the BTF, the sulfide production rate was 0.5 mmol It day™. A specific
group of sulfate reducing bacteria (SRB), belonging to the Desulforsarcina/Desulfococcus
group, was enriched in the BTF. The BTF biomass had a maximum sulfate reduction rate with
methane as sole electron donor of 0.38 mmol It day™, measured in the absence of thiosulfate
in the BTF. Therefore, a BTF fed with thiosulfate as electron acceptor can be used to enrich
SRB of the DSS group and activate the inoculum for anaerobic oxidation of methane coupled
to sulfate reduction.

5.1 Introduction

Sulfate and other sulfur oxyanions, such as thiosulfate, sulfite or dithionite, are contaminants
discharged in fresh water due to industrial activities such as food processing, fermentation, coal
mining, tannery and paper processing. Biological treatment of these wastewaters has been
successfully applied wherein the sulfur oxyanions are anaerobically reduced to sulfide, which
is then either oxidized to elemental sulfur or precipitated as metal sulfide (Liamleam and
Annachhatre, 2007; Weijma et al., 2006). Many sulfate rich wastewaters are deficient in
electron donor and the addition of an external carbon source is often required to achieve
complete sulfate reduction by sulfate reducing bacteria (SRB). Electron donors such as ethanol,
methanol, hydrogen, acetate, lactate and propionate are usually supplied, but these increase the
operational and investment costs (Meulepas et al., 2010). Therefore, the use of easily accessible
and low-priced electron donors such as methane is appealing (Gonzalez-Gil et al., 2011).
Moreover, methane is also a well known green house gas and its increase in atmospheric
concentration could have large implications for future climate change (Forster et al., 2007).
Besides, the surface layers of wetlands, sediments, paddy fields and several other terrestrial
and aquatic surfaces are known to produce methane and hence, reducing its concentration in
the atmosphere is thus important (Kirschke et al., 2013).

Anaerobic oxidation of methane (AOM) coupled to sulfate reduction is a naturally occurring
process in anaerobic environments, such as in marine sediments. This process is mediated by
a special group of slow growing and so far uncultured anaerobic methanotrophs (ANME) and
SRB that can thrive in harsh environments by using the abundance of methane and H»S present
in such habitats. ANME are grouped into three distinct clades, i.e. ANME-1, ANME-2 and
ANME-3. The common SRB associated with ANME are Desulfosarcina/Desulfococcus (DSS)
and Desulfobubaceae (Schreiber et al., 2010).

The main challenge of using AOM coupled to sulfate reduction (AOM-SR) as a process for
methane removal and desulfurization of wastewater is the slow growth rate of the
microorganisms involved (Meulepas et al., 2009; Zhang et al., 2010). The highest AOM-SR
rates reported so far in the literature (0.6 mmol I day (Meulepas et al., 2009) are too low
(~100 times lower) to economically compete with the electron donors hydrogen or ethanol
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(Meulepas et al., 2009; Suarez-Zuluaga et al., 2014). The AOM-SR rates could be increased
by using more thermodynamically favorable sulfur compounds, such as thiosulfate (Eqg. 5.1) or
by growing them in a bioreactor with high biomass retention capability, such as membrane
bioreactors (Meulepas et al., 2009).

CH, +S,0;” >HCO, +2HS  +H"*  AG”=-39 kJ mol™* CHy Eqg. 5.1

In this study, a commonly used wastegas treatment but so far not in AOM studies, the reactor
type biotrickling filter (BTF), was used to enrich the microorganisms involved in the AOM
coupled to thiosulfate reduction and to increase the rates of sulfide production and methane
oxidation. The inoculum used was collected from an active AOM site (Alpha Mound, Gulf of
Cadiz). However, the in situ or ex situ AOM-SR rate of the Alpha Mound sediment has not yet
been estimated and the specific group of microorganisms involved has not yet been
investigated.

The polyurethane foam was used as the packing material of the BTF because of its high
porosity, good biomass retention capacity and its ability to enhance gas to liquid mass transfer
of the poorly soluble methane by increasing gas-liquid mixing and retaining methane in the
pores (Aoki et al., 2014; Estrada et al., 2014). The carbon and sulfur bioconversions of the
consortia growing on the polyurethane foam and the possible abiotic processes were assessed
with the help of batch tests and the microorganisms enriched in the BTF after long term
operation (213 days) were visualized and identified.

5.2 Material and methods
5.2.1 Source of sediment biomass

Sediment samples were obtained from the Alpha Mound (35°17.48°N; 6°47.05°W, water depth
ca. 528 m), Gulf of Cadiz (Spain), during R/V Marion Dufresne Cruise MD 169
MICROSYSTEMS to the Gulf of Cadiz in July 2008. The Gulf of Cadiz is located in the eastern
Atlantic ocean, North West of the Strait of Gibraltar, along the Spanish and Portuguese
continental margin (Niemann et al., 2006). This is an area of mud volcanism and gas venting
through the seafloor. Moreover, cold-water coral carbonate mounds, such as the Alpha Mound,
have been discovered at the Pen Duick escarpment on the Moroccan margin (Maignien et al.,
2010). In previous studies, the Alpha Mound showed evidence for the presence of a shallow
sulfate-methane transition zone at ~300 cm sediment depth with increased sulfate reduction
rates indicating the presence of microbial mediated AOM (Templer et al., 2011).

Sediment samples were recovered by gravity coring from Alpha Mound, retrieving up to 4.3
m of sediment. Gravity cores were sectioned into 1 m sections and immediately stored at 4 °C.
The cores were then opened, subsampled (the sampling interval for all parameters was 10 to
20 cm) (Templer et al., 2011; Wehrmann et al., 2011), capped and stored at 4 °C in trilaminate
polyetherimide coated aluminum bags (KENOSHA C.V., Amstelveen, the Netherlands) under
nitrogen rich atmosphere (Zhang et al., 2010). The sediment used in this study was retrieved
from 250 to 270 cm below the sea floor and was stored at 4 °C with a headspace of methane
for five years before it was inoculated into the BTF.
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5.2.2 Composition of the artificial seawater medium

The artificial seawater based liquid medium used in the BTF had the following composition
per liter of demineralised water (Zhang et al., 2010): NaCl (26 g), KCI (0.5 g), MgCl2-6H20 (5
g), NH4CI (0.3 g), CaCl,-2H20 (1.4 g), Na2S203 (1.6 g), KH2PO4 (0.1 g), trace element solution
(1 ml), 1 M NaHCO3 (30 ml), vitamin solution (1 ml), thiamin solution (1 ml), vitamin B
solution (1 ml), 0.5 g L resazurin solution as a redox indicator (1 ml) and 0.5 M NaS solution
(2 ml). The vitamins and trace element solution were prepared according to the protocol
outlined by Widdel and Bak (1992). The pH was adjusted to 7.0 with sterile 1 M Na>COz or
H2S04 solutions, which was stored under nitrogen atmosphere. All chemicals were purchased
as lab grade in anhydrous form from Fisher Scientific (Sheepsbouwersweg, the Netherlands).
The medium was kept anoxic with the help of nitrogen purging until it was recirculated within
the BTF.

5.2.3 BTF setup and operation

The BTF (Figure 5.1) consisted of an acrylic pipe (height 32 cm and diameter 55 mm), sealed
air-tight to prevent leakage or air intrusion during its operation. The filter bed volume of the
reactor was 0.4 I, which was packed with polyurethane foam cubes of 1 cm® (98% porosity and
a density of 28 kg m™) and 20 ml of the sampled Alpha Mound sediment (0.03 + 0.01 g volatile
suspended solids). Two circular acrylic sieve plates (pore size of 3.5 mm) were placed at the
bottom and top of the BTF to hold the polyurethane foam pieces (Figure 5.1).

The BTF was operated in sequential fed-batch mode for the influent (artificial seawater), while
the methane gas (99.5% methane, Linde gas, Schiedam, the Netherlands) stored in Tedlar bags
was continuously supplied to the bioreactor using a peristaltic pump (Verder International BV,
Utrecht, the Netherlands) at a flow rate of 2 ml min™. The estimated empty bed residence time
of methane was 200 min. The BTF was operated in a counter-current mode: the gas was passed
from the bottom of the BTF to the top, while the seawater medium was recirculated from the
top to the bottom. The medium trickled uniformly over the entire cross sectional area of the
packing through a spray head having a pore size of 4.0 mm. The trickled medium flowed into
the nutrient holding tank (1.5 1), which was then continuously recirculated to the BTF with the
help of a Masterflex S/L peristaltic pump (Metronm Netherlands B.V., Schiedam, the
Netherlands) operating at a flow rate of 10 ml min! (Figure 5.1).

The BTF was operated for 213 days and it was maintained in the dark and at room temperature
(~ 20 £ 2 °C). During BTF operation, the seawater medium containing 10 mM thiosulfate was
replaced periodically (days 38, 104, 139, 189 and 206, Figure 5.2), on day 91 thiosulfate was
added to the not refreshed medium (Figure 5.2) and from days 46 to 88 the BTF was operated
in the absence of thiosulfate (Figure 5.2). Both gas (in and out) and BTF effluent were sampled
twice a week from the sampling ports (Figure 5.1). pH, sulfate, sulfide and thiosulfate
concentrations were measured in samples collected from the liquid medium, while methane
and carbon dioxide were analyzed from the gas samples collected at the inlet and outlet of the
BTF (Figure 5.1). Biomass samples for microbial visualization were obtained before
inoculation and at the end of the BTF operation (day 213).
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Figure 5.1 Schematic of a biotrickling filter (BTF) configuration for anaerobic methane oxidation
coupled to thiosulfate reduction.

5.2.4 Abiotic batch tests

Abiotic disproportionation, the effect of polyurethane foam and the possible formation of
polysulfides under abiotic conditions were assessed by performing batch tests. The original
Alpha Mound sediment was homogenized in an anaerobic chamber and diluted with the
artificial seawater medium in a 1:30 ratio, and it was aliquoted in 120 ml sterile serum bottles
(40 ml headspace with methane). Duplicates were prepared for each type of incubation as
follows: presence of polyurethane foam pieces and sediment, polyurethane foam pieces only,
sediment only, and absence of both polyurethane foam pieces and sediment. The bottles were
closed with butyl rubber stoppers, sealed with aluminum crimp and flushed with methane
(99.5%, Linde gas, Schiedam, the Netherlands) to 0.2 MPa of pressure. The bottles were
incubated in the dark at ~ 20 (£ 2) °C. The batch tests were performed for 63 days and sampling
was done eight times for sulfide, thiosulfate and sulfide by withdrawing 500 pl of liquid
sample. Headspace analysis for methane and carbon dioxide was done only twice by
withdrawing 500 ul of gas sample. The gas samples were measured in duplicate along with
controls for quality assurance.
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5.2.5 Chemical analysis

The pH was measured with a Metronm pH meter (Metrohm Applikon B.V., Schiedam, the
Netherlands) and a pH electrode (SenTix WTW, Amsterdam, the Netherlands). Sulfate and
thiosulfate were analyzed using an lon Chromatograph system (Dionex-1CS-1000 with AS-DV
sampler) as described previously (Villa-Gomez et al., 2011). Total dissolved sulfide
concentrations were analyzed spectrophotochemically using the methylene blue method (Acree
et al., 1971) and the amount of sulfide measured accounted for all cumulative dissolved sulfide
species (H2S, HS and S?) in the BTF. Duplicate measurements were done for the analysis of
pH, sulfate, thiosulfate and dissolved sulfide to evaluate the standard deviation.

Methane and carbon dioxide concentrations from the inlet and outlet of the BTF and from the
headspace of the batches were measured by injecting 0.5 ml sample in a gas chromatograph
(GC 3800, VARIAN, Middelburg, the Netherlands). The gas chromatograph was equipped
with a PORABOND Q column (25 m x 0.53 mm x 10 pm) and equipped with a thermal
conductivity detector. The carrier gas was helium (15 Psi) at a flow rate of 0.5 ml min*, while
the oven temperature was maintained at 25 °C. For each sampling, gas measurements were
performed in duplicates and the data used for the analysis had a standard deviation lower than
0.5%. Standard gas mixtures of methane and carbon dioxide were measured every time along
with sample measurements.

5.2.6 Biological analysis

Microbial analysis of biomass collected from the BTF was performed by catalyzed reporter
deposition-fluorescence in situ hybridization (CARD-FISH). Sediment samples were fixed in
1% paraformaldehyde/phosphate buffer saline (PBS) (v/v) overnight at 4 °C, then washed with
PBS and stored in 50% ethanol/PBS (v/v) at -20 °C until it was processed further. The fixed
samples were filtered on polycarbonate filters and embedded in low-gelling point agarose
(Pernthaler et al., 2002; Wendeberg, 2010). For bacterial cell wall permeabilization, samples
were treated with 10 mg ml? of lysozyme solution and subsequently with 60 U ml?
achromopeptidase solution (Sekar et al., 2003; Wendeberg, 2010). For archaeal cell wall
permeabilization, filters were incubated with a sodium dodecyl sulfate and proteinase K
solution as described by Holler et al. (2011). For all samples, endogenous peroxidases were
inactivated with 0.1% H-O; as described by Wendeberg (2010).

CARD-FISH with horseradish peroxidase (HRP)-labeled oligonucleotide probes and tyramide
signal amplification was done according to previously described protocols (Pernthaler et al.,
2002; Pernthaler et al., 2004), using the fluorochrome Oregon Green 488-X (Molecular Probes,
Eugene, OR). The microorganisms were visualized using archaeal and bacterial HRP-labeled
oligonucleotide probes ARCH915 (Stahl and Amann, 1991) and EUB338-I-111 (Daims et al.,
1999), respectively. The probes DSS658 (Manz et al., 1998) and ANME-2 538 (Schreiber et
al., 2010) were used for the detection of DSS and ANME-2, respectively. Oligonucleotide
probes were purchased from Biomers (Ulm, Germany). Finally, all the cells were stained with
4', 6'-diamidino-2-phenylindole (DAPI) and analyzed using an epifluorescence microscope
(Carl Zeiss, Germany).
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5.3 Results and discussion
5.3.1 Performance of the BTF

Methane was the sole electron donor available for the microorganisms present in the BTF.
Hypothetically, methane should be oxidized to bicarbonate, while one mole of thiosulfate
should be reduced to two moles of sulfide, following Eq. 5.1. However, during phase | of BTF
operation (Figure 5.2b), thiosulfate was consumed from the beginning while sulfate was
produced (Figure 5.2b), suggesting that microbial disproportionation of thiosulfate to sulfide
and sulfate occurred in the BTF (Eq. 5.2).

S,0; +H,0—>S0O]” +HS +H" Eq. 5.2

In phase I, the decrease of the thiosulfate concentration was in a ratio of -1:+0.96 to the increase
of the sulfate concentration, according to Eqg. 5.2. Thiosulfate consumption and sulfate
production rates were 0.39 and 0.31 mmol I day?, respectively. However, the amount of
sulfate produced was higher than the amount of total dissolved sulfide produced in the BTF.
At the end of phase I, the concentration of sulfur removed as thiosulfate was 19.5 mM, but only
9.4 mM (48%) was recovered as dissolved sulfide and sulfate. Chemical oxidation of sulfide
to elemental sulfur or sulfate might have occurred by iron oxides (Thamdrup et al., 1994),
already present in the sediment (300 mg I of total iron was measured in the sediment before
the incubation). Around 6 mM of reactive iron oxides were needed to oxidize the produced
sulfide to elemental sulfur. In the original Alpha Mound sediment, which was used as inoculum
for the BTF, reducible iron-(oxyhydr)oxides are present in the top layer of the sediment and
high concentrations of pyrite were detected concomitant to the sulfate reduction zone
(Wehrmann et al., 2011). Therefore, as previously described in other studies (Finster et al.,
1998; Wan et al., 2014), it is possible that the sediment inherently contained enough reactive
iron that could have oxidized the sulfide to elemental sulfur or precipitated it as pyrite (FeS>),
and was thus not detected by the method used to determine the sulfide concentration.

When the total dissolved sulfide concentration reached 4.4 mM, the medium in the nutrient
tank (Figure 5.1) changed color from transparent to yellow, after which the total dissolved

sulfide concentration decreased (phase I, Figure 5.2b). The yellow coloration suggests the
formation of soluble polysulfides (Kamyshny et al., 2007) according to Eqg. 5.3:

(n-1)S°+HS —»S> +H" Eq. 5.3

The produced elemental sulfur, although not quantified in this study, can form polysulfides
with different numbers of sulfur atoms in the presence of sulfide at alkaline pH (Kamyshny et
al., 2007; Poser et al., 2013). This hypothesis was confirmed by the change in pH (from 8.0 to
7.2) of the liquid medium before and after the color change of the medium (Figure 5.2a). In the
study of Cypionka et al. (1998), the pathway of thiosulfate disproportionation was investigated
and they proposed the formation of elemental sulfur and sulfite as intermediates followed by
their disproportionation to sulfide and sulfate. The latter pathway could explain the delayed
sulfide production in the BTF (Figure 5.2b); however, further studies on identifying the
thiosulfate metabolic pathway by the studied Alpha Mound sediment are necessary (Finster,
2008). In phase I, the methane consumption and carbon dioxide production were high (Figure
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Figure 5.2 Profiles of different process parameters monitored during the operation of the BTF with
methane as an electron donor and thiosulfate as electron acceptor: (a) pH; (b) thiosulfate, sulfate and
sulfide; and (c) methane and carbon dioxide. The vertical lines represent the different phases in

bioreactor operation; I: days 0-34, 11: days 34-46, Ill: days 46-88, IV: days 88-101, V: days 101-136
VI: days 136-185, VII: days 185-213. The black arrows indicate the days at which the mineral

medium was replaced, while the dashed arrows indicate the days at which yellow coloration of the
mineral medium was observed. Error bars represent the standard deviation of duplicate measurements.

In phase 11, the mineral medium was replenished and thiosulfate was depleted within 8 days
with hardly any sulfide production (less than 0.01 mmol I day?); however, sulfate was
produced at the highest rate (2 mmol It day) during this phase of BTF operation. In phase Ill,
no thiosulfate and sulfate were added to the influent to ascertain whether the newly formed
sulfate from the thiosulfate disproportionation in phase 111 could be reduced concomitant to the
oxidation of methane. The sulfate reduction rate during phase I1l was 0.38 mmol I day*
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(Figure 5.2b) and the profiles of methane and carbon dioxide suggested the oxidation of
methane (Figure 5.2c). Therefore, the produced sulfate from thiosulfate disproportionation in
phase 11 seemed to be readily available for the SRB to be reduced in phase Il (Figure 5.2b).
The sulfate reduction rate (0.38 mmol It day™?) achieved in phase 111 was lower than the highest
volumetric rate reported by Meulepas et al. (2009) in a membrane bioreactor (0.6 mmol I*day
1y inoculated with Eckernférde Bay sediment. This rate was obtained after 884 days of BTF
operation of the bioreactor and it required a long start-up period of up to 400 days. Long start-
up periods (~365 days) have also been reported in continuous-flow bioreactors with
polyurethane sponges, incubated with deep sea methane-seep sediments collected from the
Nankai Trough, Japan (Aoki et al., 2014). Differently, in this study the sulfate reduction
occurred immediately after thiosulfate was completely depleted (Phase IlI, Figure 5.2b).
However, hardly any total dissolved sulfide was detected until day 66, wherein the
concentration was only 1 mM (Phase 111, Figure 5.2b). This suggested that an unknown sulfur
compound might have been formed, even though no change of color of the medium was
observed. Presumably, in this case, solid elemental sulfur might have accumulated in the
packing material of the BTF column, as reported in the literature (Suarez-Zuluaga et al., 2015).

During phase 1V, the BTF was fed with thiosulfate (Figure 5.2b) and the formation of sulfate
was evidenced (0.61 mmol It day™), as seen previously during phases | and Il. This can be
attributed to disproportionation because total dissolved sulfide was not produced during this
phase. In Phase V, the liquid medium was replenished with fresh medium containing
thiosulfate. In this phase, the thiosulfate consumption and sulfate production rates were 0.45
and 0.49 mmol It day™, respectively, and sulfide was produced to a maximum concentration
of 5.4 mM (0.50 mmol I day?), showing that thiosulfate disproportionation occurred
following the stoichiometry of Eq. 5.2. In this phase, the liquid medium in the nutrient tank
turned yellow as in phase I. 5.4 mM of total dissolved sulfide might have been already toxic
for the microorganisms in the BTF, as 2.5 mM of dissolved sulfide was shown to be toxic for
the microorganisms from Eckernférde Bay enriched in a membrane reactor (Meulepas et al.,
2009) and 4 mM sulfide was shown to be toxic for high pressure incubation of sediment
collected from a Mud Volcano in the Gulf of Cadiz (Zhang et al., 2011). Moreover, at day 126,
before the liquid medium turned yellow, almost 70% of disproportionated sulfur from
thiosulfate was recovered as dissolved sulfide and sulfate. The dissolved sulfide which was not
detected could have been oxidized to elemental sulfur, as mentioned previously.

During the last three phases (phases VI, VII and VIII), the disproportionation occurred
according to Eq. 5.2, and sulfide and sulfate concentrations were nearly equal (Figure 5.2b).
During phases VII and VIII, 75 and 94% of thiosulfate consumed, respectively, was recovered
as dissolved sulfide and sulfate. This suggests that disproportionation occurred, while less
dissolved sulfide was reoxidized than in previous phases. In phases VII and VIII, the sulfate
production thiosulfate consumption rates varied between 0.4 and 0.6 mmol It day™? as in phase
V (Figure 5.2b). Differently, these values were lower in phase VI, which could be due to the
high amounts of dissolved sulfide produced during phase V. The high concentration of
dissolved sulfide (5.4 mM) might have been toxic for the microorganisms present in the BTF,
but no complete inhibition occurred. Nevertheless, disproportionation was the dominating
process in the last phases, probably without the occurrence of AOM. Thus, the SRB responsible
for thiosulfate disproportionation are probably more sulfide tolerant than the AOM community
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and they can continue to grow at sulfide concentration over 5 mM, as previously reported
(Finster et al., 1998; Poser et al., 2013).

From day 104 until the end of the BTF operation, the methane consumption and carbon dioxide
profiles were nearly similar. However, when polysulfide was formed in phase V, methane
consumption as well as carbon dioxide production decreased and thereafter they increased only
slightly towards the end of the BTF operation (Figure 5.2c). The methane and carbon dioxide
in the gas phase can indicate the possible consumption of methane, but it does not account for
the formation of methane due to possible methanogenic activity or carbon dioxide production
from sources other than methane. Moreover, the utilization of carbon dioxide by ANME and
its bacterial partners has been investigated in other sediments and in a few studies ANME-1
(Holler et al., 2011; Treude et al., 2007) and ANME-2 and their bacterial partners (Wegener et
al., 2016) have been defined as autotrophic.

In phase 111, 13 mM of sulfate was reduced with a rate of 0.38 mmol It day?, stoichiometrically,
the same amount of methane should have been oxidized. However, in the BTF operation
phases in which sulfate was not reduced, methane could have also been oxidized by reactive
iron oxides in the sediment. Previous studies have shown how AOM can be coupled either to
sulfate or iron reduction (Egger et al., 2015) and also how some metal reducing bacteria can
use either iron or sulfur as electron acceptors depending on the environmental conditions
(Flynn et al., 2014). In further studies, the use of isotopic labeled methane can be used to
determine the net AOM occurrence. Nevertheless, AOM likely occurred in the BTF since
methane was the only electron donor available for sulfate reduction.

5.3.2 Effect of polyurethane foam on sulfur and carbon compound profiles

The sulfide concentration during the BTF operation was always lower than expected probably
due to the precipitation with iron or the formation of elemental sulfur. Therefore, the effect of
polyurethane foam pieces on the concentrations of total dissolved sulfide, thiosulfate and
sulfate was tested, together with the possible occurrence of abiotic reactions. These batch tests
were performed with the Alpha Mound (Gulf of Cadiz) sediment inoculum.

The results from these batch incubations showed the disproportionation of thiosulfate to sulfate
and total dissolved sulfide as observed in the BTF (Figures 5.3a and 5.3c). Although sulfate
was produced immediately, sulfide production started only after 24 days of incubation with
and without the addition of polyurethane foam (control) (Figures 5.3a and 5.3c). Besides, the
production of sulfide was less than expected from the reaction stoichiometry (Eg. 5.2). The
formation of sulfate from thiosulfate was solely due to biological activity since the
concentration of thiosulfate, sulfate and sulfide hardly changed during the incubation period in
the batches without sediment (Figures 5.3b and 5.3d).

Dissolved sulfide concentrations reached values of 4.1 and 2.9 mM, with and without the
addition of polyurethane foam pieces, respectively (Figures 5.3a and 5.3c). However, no
change of color (from transparent to yellow) of the medium occurred, in contrast to the BTF
medium. It is noteworthy to mention that during batch incubations, the polyurethane foam
pieces were completely submerged in the seawater medium, whereas in the BTF, the medium
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was trickled through the foam, probably allowing the pieces to retain other products such as
non soluble elemental sulfur or precipitated metal sulfide
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Figure 5.3 Concentrations of sulfate, sulfide and thiosulfate in batch tests using methane as electron
donor and thiosulfate as electron acceptor: (a) batch test with polyurethane foam pieces and (b)
controls without sediment, (c) batch test without polyurethane foam pieces and (d) controls with killed
biomass.

Similar to the dissolved sulfide profiles in the batches, more sulfate was produced in the batches
with polyurethane foam pieces (4.1 mM, Figure 5.3a) than the incubations without foam pieces
(2.9 mM, Figure 5.3c). Thus, the sulfide and sulfate production rates were slightly higher in
the incubations with foam pieces (0.19 + 0.02 and 0.10 + 0.02 mmol It day?, respectively) than
without (0.14 + 0.02 and 0.07 + 0.01 mmol It day, respectively) foam pieces. The difference
in rates between the incubations with and without polyurethane foam pieces was not very high
(Figures 5.3a and 5.3c). Thiosulfate is a dissolved compound and thus readily available for the
microorganisms, thus it could be easily disproportionated by SRB in the absence of the porous
packing material. The polyurethane foam has the ability to enhance the methane to liquid mass
transfer, but methane is not used during thiosulfate disproportionation (Eg. 5.2), which was the
main process occurring in the batches.

The methane and carbon dioxide concentrations in the gas phase were measured only twice
during the batch tests and it was observed that the methane was consumed and carbon dioxide
was produced only in the incubations with the sediment (data not shown), suggesting biotic
methane consumption. After 41 days, in the incubations with polyurethane foam pieces, 1 mM
of methane was consumed and 1.1 mM of carbon dioxide was produced, while in the absence
of the polyurethane foam pieces, 0.5 mM of methane was consumed and 0.7 mM of carbon
dioxide was produced. This suggests the use of polyurethane foam could enhance the
bioconversion rates, probably by facilitating the gas-solid mass transfer.
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5.3.3 Visualization of the enriched microorganisms

In order to study the microbial communities enriched during 213 days of BTF operation,
CARD-FISH was performed using oligonucleotide probes targeting the groups of SRB and
ANME usually found in AOM-SR active sites. The cells retrieved at the end of the BTF
operation (213 days) were stained with the general probes for bacteria and archaea (EUB338-
I-111 and ARCH968, respectively). Generally, the bacteria (Figures 5.4a-5.4c) were more
abundant than the archaea (Figures 5.4d-5.4f) with a ratio of 9:1. The archaeal population was
estimated around 10% after the enrichment; however, to demonstrate the possible occurrence
of AOM, anaerobic methanotrophs were specifically targeted among the different microbial
community. Therefore, the HRP-labelled oligonucleotide probe that targets ANME-2 (ANME-
2-538) was used, which is the ANME type usually observed in other seep sediments (Vigneron
et al., 2013) and AOM enrichments in bioreactors (Meulepas et al., 2009; Timmers et al., 2015;
Zhang et al., 2011).

In the BTF biomass fed with methane for 213 days, only a few ANME-2 cells not larger than
1 um were observed under the microscope (Figures 5.4g-5.4i). The ANME-2 cells visualized
were surrounded by other microorganisms (DAPI staining in blue, Figure 5.4). ANME-2 are
usually associated with DSS (Knittel and Boetius, 2009; Schreiber et al., 2010) and thus, the
microorganisms surrounding the ANME-2 cells might be the DSS bacterial partner. The
cooperative interaction between the ANME-2 and DSS is still under debate: recent studies have
showed interactions by direct electron transfer (McGlynn et al., 2015; Wegener et al., 2016),
while another study showed that they can be decoupled by using external electron acceptors
(Scheller et al., 2016).

The DSS cells were visualized prior to inoculation and at the end of the BTF operation by using
the DSS658 HRP-labelled probe (Figure 5.5). More than 70% of the cells were stained with
the DSS probe. Most of the DSS cells had a vibrioid morphology and were 3-5 pum long. The
DSS cells found in association with ANME-2 are usually coccoid or rod-shaped (Knittel and
Boetius 2009), only few studies have indicated vibrio-shaped DSS associated with ANME-2
(Schreiber et al. 2010). The shape variations of the DSS reveal the genomic difference of the
microorganisms (Schreiber et al., 2010). It has to be noted that DSS embrace different
phylogenetic and metabolic subgroups of SRB and the DSS subgroup SEEP-SRB1 was
identified as the bacterial partner of ANME-2 (Schreiber et al 2010). However, even in the
SEEP-SRBL1 cluster, microorganisms with different shape and genome can be easily noticed.

The DSS found at the end of the BTF operation were higher in number (~70%, Figures 5.5a-
5.5f) when compared to the original sediment (~40%, Figures 5.5g and 5.51), which clearly
suggests that they have been enriched during BTF operation by feeding thiosulfate.
Specifically, mainly the vibrio-shaped DSS were enriched in the BTF (Figures 5.5a-5.5f).
Before the BTF inoculation, the DSS cells were smaller in size (1 to 3 um) and more
morphologically diverse: coccoid (Figures 5.5h, 5.5i, 5.5j, 5.5l), rod-shaped (Figures 5.5g,
5.5h, 5.5i, 5.5k) and vibrio-shaped (Figures 5.5¢g and 5.5h). Coccoid cells were mostly found
in aggregates with other microorganisms (Figures 5.5h and 5.51), while the vibrio-shaped were
preferentially alone (Figures 5.5g and 5.5h). After the enrichment in the thiosulfate fed BTF
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only the vibrioid cells were visualized, either in aggregates with other cells (Figures 5.5a and
5.5b), but mainly distant from other microbes (Figures 5.5c-5.5f). Probably, these vibrio-
shaped DSS cells are the ones responsible for the disproportionation of thiosulfate to sulfide
and sulfate and they probably did not require any partner. Nonetheless, it is unclear if they are
also able to reduce sulfate and function as partner for ANME.

Figure 5.4 CARD-FISH images of micrabial cells enriched in the BTF at the end of the BTF
operation (213 days). All panels show confocal laser scanning micrographs: (a-c) DAPI stained cells
in blue and EUB338-I-111 stained cells in light blue, (d-f) ARCH968 stained cells in orange and (g-i)

ANME-2-538 stained cells in red. Scale bars represent 10 pum.

DSS were only once described as disproportionating bacteria in the literature (Milucka et al.,
2012). In this study, it was hypothesized that methane was oxidized to bicarbonate and sulfate
was reduced to zero-valent sulfur (as an intracellular intermediate) by ANME-2 cells. The
resulting sulfur was then released outside the cell as disulfide, which was supposedly
disproportionated into sulfide and sulfate by the bacterial partner DSS. Moreover, in the same
study vibrio-shaped DSS, similar to our study, were visualized by CARD-FISH after 70 days
incubation with colloidal sulfur, showing disproportionation of zero-valent sulfur to sulfide
and sulfate, respectively (Milucka et al., 2012).
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Jagersma et al. (2012) showed that ANME-1 cells were enriched in incubations with marine
Eckernforde Bay sediment in the presence of methane and thiosulfate, but no other ANME
types or DSS were enriched. In contrast, ANME-2 cells were detected in this study using Alpha
Mound sediment as inoculum, but we cannot exclude the presence of other ANME types (i. e.
ANME-1 or ANME-3) since only the probe targeting ANME-2 was used in this study.

Figure 5.5 CARD-FISH images of micrabial cells stained with DAPI in blue and stained with
DSS658 probe in green. All panels show confocal laser scanning micrographs of cells (a-f) enriched
in the BTF after 213 days operation and (g-1) before inoculation in the BTF. Scale bars represent 10

um.

To our knowledge, no DSS have been described to disproportionate thiosulfate as it occurred
in the BTF operated in this study. Recently, high rates of thiosulfate disproportionation have
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been reported in a study with marine sediment and methane as the sole carbon source (Suarez-
Zuluaga et al., 2014). In that study, a high number of Desulfocapsa was observed, a bacterium
specialized in the disproportionation of sulfur compounds (Finster, 2008). Many SRB can
metabolize inorganic sulfur compounds by disproportionation: Desulfocapsa sulfoexigens is
specialized, and also other SRB such as Desulfovibrio desulfodismutans and Desulfocapsa
thiozymogenes can disproportionate thiosulfate (Finster, 2008). These microorganisms belong
to the families of, respectively, the Desulvovibrionaceae and Desulfobulbaceae, which were
found to be absent in the BTF sludge, and not to the Desulfobacteraceae to which DSS belong.

The BTF was suitable for the enrichment of slow growing microorganisms: the reactor did not
clog and the biomass was easily kept active during the long term reactor operation. The sulfate
reducing bacteria community was enriched and maintained with the use of thiosulfate even if
only methane was supplied as electron donor. For the application of this process for the
desulfurization of wastewaters, such as mining and metallurgical waste streams, it is necessary
to quantify and establish the mode of sulfide reoxidation and other concomitant side reactions.
Moreover, it is necessary to quantify the removal of the greenhouse gas methane through
anaerobic methane oxidation.

Further research is needed to identify the specific group of DSS able to perform the
disproportionation of thiosulfate and to further explore the possibility of this type of bacteria
to function as partner for ANME-2. Moreover, the occurrence of net AOM concomitant to
thiosulfate disproportionation and upon the formation of sulfate by the latter process could be
studied in more detail by using isotopic labeled methane (Timmers et al., 2015) or by FISH
coupled to microautoradiography (Lee et al., 1999). For possible future applications, the
enriched DSS biomass could be used as inoculum for AOM-SR in bioreactors.

5.4 Conclusions

Long-term operation of a BTF fed with thiosulfate and methane showed that thiosulfate
disproportionation to sulfate and sulfide prevailed over its reduction with methane as sole
electron donor. In the absence of thiosulfate, the formed sulfate was readily reduced coupled to
the oxidation of methane. The use of polyurethane foam as a packing material for the BTF and
the addition of thiosulfate decreased the start-up time required for sulfate reduction, with the
highest sulfide production rate being 0.5 mmol I* day*. ANME-2 cells were hardly present in
the enrichment, while DSS were highly enriched and probably responsible for thiosulfate
disproportionation.
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Abstract

A biotrickling filter (BTF) operating at ambient pressure and temperature was used to enrich
microorganisms from a deep sea anaerobic methane oxidizing sediment (Alpha Mound, Gulf
of Cadiz). Different sulfur compounds namely, sulfate, elemental sulfur and thiosulfate were
used as electron acceptors to understand their effects on the anaerobic oxidation of methane
(AOM), sulfate reduction rates and the microbial community distribution. The highest AOM
and sulfate reduction rates were obtained in the BTF fed with thiosulfate as the electron
acceptor (~0.4 mmol I'* day?). The use of thiosulfate triggered the enrichment of sulfate
reducing bacteria (SRB) in the BTF, while the highest number of anaerobic methanotrophs
(ANME) was visualized in the sulfate fed BTF (ANME-2 43% of the total visualized archaea),
where sulfate was reduced at a maximum rate of 0.3 mmol I* day. This study shows that
ANME and SRB obtained from deep sea conditions (528 m below sea level) can be enriched
in a BTF at ambient pressure and temperature with a relatively short start-up time (42 days).

6.1 Introduction

Anaerobic oxidation of methane (AOM) coupled to sulfate reduction (SR) is a biological
process occurring in anoxic environments, especially in marine sediments (Reeburgh, 2007,
Knittel and Boetius, 2009; Scheller et al., 2016). AOM contributes to the removal of methane,
thereby controlling its emission to the atmosphere (Hinrichs and Boetius, 2002; Raghoebarsing
et al., 2006; Reeburgh, 2007). Methane is a well-known greenhouse gas and its presence in the
atmosphere at high concentrations has large implications for future climate change (Forster et
al., 2007). Many terrestrial and aquatic surfaces are possible methane sources, thus, it is
important to understand the processes and mechanisms involved in its consumption (Kirschke
et al., 2013).

AOM coupled to SR (AOM-SR) is a process mediated by anaerobic methanotrophs (ANME)
and sulfate reducing bacteria (SRB). ANME are grouped into three distinct clades, i.e. ANME-
1, ANME-2 and ANME-3, respectively (Hinrichs et al., 1999; Orphan et al., 2001; Knittel and
Boetius, 2009; Bhattarai et al. 2017a). The common SRB associated with ANME are
Desulfosarcina/Desulfococcus (DSS) and Desulfobubaceae (DBB) (Schreiber et al., 2010).
Understanding the mechanism of this process has always been a challenge due to the difficulty
in enriching the ANME under laboratory conditions. These archaea have not yet been isolated
in pure culture and they are extremely slow growing organisms, having a doubling time of ~2
to 7 months (Girguis et al., 2005; Nauhaus et al., 2007; Krtger et al., 2008; Deusner et al.,
2009; Meulepas et al., 2009a; Zhang et al., 2011; Wegener et al. 2016). In addition, ANME
require strict anaerobic conditions and high methane availability, which is rather difficult to
achieve at laboratory conditions due to the low solubility of methane in water at standard
atmospheric pressure and temperature (1.3 mM in seawater at 20°C). Theoretically, elevated
methane partial pressure favors AOM-SR, as more methane will be dissolved. ANME are
usually found in deep sea sediments, where the pressure and temperature range significantly
from these observed at ambient conditions, e.g. Gulf of Cadiz sediment is subjected to pressures
higher than 10 MPa and temperatures lower than 10°C (Niemann et al., 2006). Such
environmental conditions are difficult to simulate in the laboratory.
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The enrichment of ANME can be enhanced by the use of different types of bioreactor
configurations such as a high pressure reactor (Deusner et al., 2009; Zhang et al., 2011), a
membrane reactor (Meulepas et al., 2009a; Timmers et al., 2015a) or a biotrickling filter
(Cassarini et al. 2017). However, the SR rates reported so far (~0.6 mmol I"*day*) with methane
as the electron donor are more than 100 times lower than the rates achieved with other electron
donors, such as hydrogen or ethanol (Suarez-Zuluaga et al., 2014; Bhattarai et al., 2017b). The
highest specific AOM rate (370 umol g dry weight™ day?) has been obtained with sediment
from the Black Sea microbial mat as inoculum in a high pressure bioreactor incubated at a
methane partial pressure of 6 MPa and at 20°C (Deusner et al., 2009). At ambient pressure, the
highest volumetric SR rate (0.6 mmol I* day™) was reported by Meulepas et al. (2009a) in a 2
I membrane bioreactor operated for 884 days. However, that bioreactor required a long start-
up period of ~400 days.

In a recent study, Cassarini et al. (2017) operated a biotrickling filter (BTF) for 213 days with
the sediment collected from the Alpha Mound (Gulf of Cadiz, Spain) as inoculum and showed
AOM coupled to thiosulfate reduction. The BTF was operated at ambient conditions, using
porous polyurethane foam as the packing material. The DSS population was enriched in the
BTF, while the sulfide production rates increased (from 0.01 to 0.5 mmol I* day™?) and the SR
(0.4 mmol I* day?) was immediately activated after complete consumption of thiosulfate with
methane as the sole electron donor. Besides, other advantages of using a BTF compared to high
pressure bioreactors are the enhanced gas-liquid mass transfer in the filter bed, better gas-liquid
mixing characteristics, flexibility in reactor operation (up-flow or down-flow modes), ease of
reactor maintenance, and low operational and maintenance costs. The polyurethane foam
cubes, used as packing material of the BTF, are highly porous and the methane is partly retained
in the pores increasing the gas-liquid mass transfer (Aoki et al., 2014; Estrada et al., 2014a),
while the biomass attaches onto the packing material facilitating its growth. However, the
ANME were scarcely present and the AOM rates could not be determined since the methane
consumed and carbon dioxide produced solely by AOM could not be determined by the
methods previously used (Cassarini et al., 2017).

AOM coupled to thiosulfate reduction is thermodynamically more favorable than AOM
coupled to SR (Table 6.1, Egs. 6.1 and 6.2), but also elemental sulfur could be used as electron
acceptor for methane oxidation since it can presumably be used directly by some ANME clades
(Milucka et al., 2012). The aim of this study was, therefore, to investigate the effect of different
sulfur compounds used as substrates for ANME and SRB at ambient pressure and temperature
in a BTF. In this study, sulfate and elemental sulfur were used as electron acceptors in two
identical BTF, similar to the reactor described in Cassarini et al. (2017), which operated with
thiosulfate as electron acceptor. The biomass enriched after 230 and 147 days of operation in
the two BTF operating in parallel as well as the biomass from the thiosulfate fed BTF after 213
days (Cassarini et al., 2017) was used in batch activity assays using 3C-labelled methane
(13CH.) to investigate AOM and determine the AOM rate in the presence of different sulfur
compounds as electron acceptors.
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Table 6.1 Sulfate, thiosulfate and elemental sulfur reduction and thiosulfate and elemental

sulfur disproportionation reactions.

Eq. Reactions AG® AG'
6.1 CH,4+S05 »HCO3+HS +H,0 -16.6 kI mol*  -25.7 kJ mol*
CH4 CH4
6.2 CH4+S,05 >HCO3+2HS +H* -38.5kImol*  -64.5 k] mol*
CHs CHa
6.3 CH4+4$0+3H20—>HCO'3+4HS'+5HJr +24.3 kJ mol*? Not
SY determined
6.4 S,0%+H,0-HS +S0% +H™* -21.9kImol*  -41.3 kJ mol*
S203% S,05%
6.5 4S9+4H,0-3HS +S05 +5H* +40.9 kJ mol* Not
Sk determined
Note:

Gibbs free energy of reactions at standard conditions (A;G°) were obtained from Thauer et al. 1977 and
under the following operational conditions of the BTF (A/G): pH 7.0, CH, 1.27 mM, HCOs 30 mM,
S04 10 mM, S;03* 10 mM and HS™ 0.01 mM.

6.2 Material and methods
6.2.1 Source of biomass and composition of artificial seawater medium

Sediment samples were obtained from the Alpha Mound (35°17.48°N; 6°47.05°W, water depth
ca. 525 m), Gulf of Cadiz (Spain), during the R/V Marion Dufresne Cruise MD 169
MiCROSYSTEMS to the Gulf of Cadiz in July 2008. The characteristics of the sediment have
been described in Cassarini et al. (2017), while the preparation procedure and the composition
of the artificial seawater medium have been described in Bhattarai et al. (2017a). The vitamins
and trace element mixtures were prepared according to Widdel and Bak (1992). 0.5 g I
resazurin solution was added as the redox indicator and 0.01 mM of sodium sulfide was added
as the reducing agent to the seawater medium. The pH of the seawater medium was adjusted
to 7.0 with sterile 1 M Na2COs or 1 M H2SO4 solution. The medium was maintained under
anoxic conditions with the help of nitrogen purging until it was recirculated to the three BTF.

All the chemicals were purchased as lab grade from Fisher Scientific (Sheepsbouwersweg, the
Netherlands). Na.SO4and Na»S>03 were used in their anhydrous form, while elemental sulfur
was used as precipitated sulfur powder (Fisher Scientific, Sheepsbouwersweg, the
Netherlands). In the S° BTF, 50 g of elemental sulfur was added together with the sediment. In
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the SO4> BTF, SO4* was added to the artificial seawater medium as Na,SOs (1.4 g per liter of
demineralised water), while Na>S.03 (1.6 g per liter of demineralised water) was added in the
S,03* BTF, as described previously (Cassarini et al., 2017).

6.2.2 BTF setup and operation

The three BTF were operated in parallel to investigate AOM with different electron acceptors,
namely sulfate, elemental sulfur or thiosulfate. They were maintained in the dark and at room
temperature (~20 + 2 °C). The three BTFs were identical, constructed using acrylic cylinders
and sealed air-tight to prevent leakage or air intrusion during its operation. The filter bed
volume of each BTF was 0.4 | and polyurethane foam cubes (BVB Sublime, the Netherlands)
of 1 cm? (void fraction of 0.98 and density of 28 kg m) were used as the packing material.

The three BTF were operated in sequential fed-batch mode for the artificial seawater medium,
while the gas-phase methane (99.5% methane, Linde gas, Schiedam, the Netherlands) was
stored in air tight Tedlar bags (Sigma-Aldrich, USA) and supplied to the BTF. During BTF
start-up, 20 ml of Alpha Mound Sediment (0.03 + 0.01 g volatile suspended solids) was
inoculated to each BTF.

The BTF with sulfate as electron acceptor (SO4>° BTF) was operated for 230 days and the
seawater medium containing 10 mM sulfate was replaced periodically on days 49, 142, 178,
197 and 217, respectively. The operation of the SO4* BTF was arbitrarily divided in different
phases, each one ending before medium replacement: days 0-41 (l), days 42-139 (1), days 140-
174 (I11), days 175-190 (1V), days 191-217 (V), days 218-230 (V1) (Figure 6.1). For each phase,
the volumetric SR and the total dissolved sulfide production rates were determined. Biomass
samples for microbial visualization by catalyzed reporter deposition-fluorescence in situ
hybridization (CARD-FISH) were obtained before inoculation, and on days 84, 155 and at the
end of the BTF operation (day 230).

The BTF for the investigation of elemental sulfur as electron acceptor (S° BTF) was operated
for 147 days and the pH was adjusted to 7.0 with sterile 1 M Na,COs on days 80, 105, 126 and
137, whenever the pH dropped below 5.0. The operation of the S° BTF was arbitrarily divided
in two phases (Phase | ending before any pH adjustment): days 0-74 (I), days 75-147 (1)
(Figure 6.1). For each phase, the volumetric SR and the total dissolved sulfide production rates
were determined.

The BTF for the investigation of thiosulfate as electron acceptor (S:0s> BTF) has been
described in Cassarini et al. (2017) and after 213 days of operation, the biomass was transferred
in 118 ml serum bottles for performing activity assays and determining the AOM rates. For
each BTF, both gas (inlet and outlet) and liquid effluent samples were collected twice a week
from the sampling ports (Cassarini et al., 2017). pH, sulfate, sulfide and thiosulfate
concentrations were measured in samples collected from the liquid medium, while methane
and carbon dioxide were analyzed from the gas samples collected at the inlet and outlet of the
BTF (Cassarini et al., 2017).
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Figure 6.1 Profiles of different process parameters monitored during the operation of the SO,> BTF (a, b, ¢) and the S°BTF (d, e, f) with methane as the
electron donor and sulfate as the electron acceptor: pH (a, d), sulfate and sulfide (b, €), and methane and carbon dioxide concentration measured as [methane
inlet- methane outlet] and [carbon dioxide outlet - carbon dioxide inlet] (c, f). The vertical lines represent the different phases of the BTF operation. The black
arrows indicate the days at which the mineral medium was replaced, while the dashed arrows indicate the days at which yellow coloration of the mineral
medium was observed.
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6.2.3 Activity assays

The occurrence of AOM and the estimation of the methane oxidation rates were investigated
from the 3C-labeled carbon dioxide produced during batch tests with 3 CHa. The polyurethane
foam cubes containing the enriched inoculum were collected from each BTF at the end of their
operation. The tests were performed in triplicate to evaluate the standard deviation. Control
batch were prepared under nitrogen (without methane), in the absence of the electron acceptor
and without the biomass (fresh polyurethane foam cubes were added). Ten polyurethane foam
cubes containing the BTF biomass were added to each batch incubation done in previously
weighted 118 ml serum bottles, which were then immediately closed with gas-tight butyl
rubber stoppers and capped. To ensure strict anaerobic conditions in the bottles and avoid any
oxygen intrusion, the gas phase was replaced several times with nitrogen gas and made vacuum
thereafter. 52 ml of anaerobic artificial seawater was added to the bottles and the headspace
was flushed with methane for 8 min. An estimated equivalent amount of 5% of headspace was
taken out and once again filled with the same amount of **CHa.

The bottles were placed on an orbital shaker (Cole-Parmer, Germany) at 100 rpm in the dark
at the operation temperature of the BTF (22 + 3°C) for 35 days and sampling was performed
once a week for both gas and liquid phase analysis. Biomass samples for microbial
visualization by CARD-FISH were withdrawn at the end of the activity assays, i.e. on day 35.

6.2.4 Chemical analysis

The analysis of pH, sulfate, thiosulfate and dissolved sulfide concentrations were performed in
duplicate. The pH, sulfate, thiosulfate, methane and carbon dioxide concentrations were
analyzed according to the procedure described in Cassarini et al. (2017). The total dissolved
sulfide concentrations (H.S, HS and S%) in the three BTF were analyzed
spectrophotometrically using the methylene blue method (Acree et al., 1971).

The volatile suspended solids were estimated before inoculation on the basis of the difference
between the dry weight total suspended solids and the ash weight of the sediment according to
the procedure outlined in Standard Methods (APHA 1995).

The stable carbon isotope composition of methane and carbon dioxide was determined using a
gas chromatography - isotope ratio mass spectrometer (GC-IRMS, Agilent 7890A) and the
carbon isotopic fraction (*3C/*2C) was estimated as described previously (Dorer et al., 2016).
Measurements of the stable isotope composition of CH4 and CO2 were performed in triplicate
and the standard deviation was observed to be less than 0.5 3-units. For quality assurance,
standard gas mixtures of methane and carbon dioxide were measured periodically during the
entire isotope analysis.

6.2.5 Calculations

The volumetric SR and the total dissolved sulfide production rates from the BTF and the
activity assays were calculated according to Eqgs. 6.6 and 6.7 (Meulepas et al., 2009a):
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[SOF (1) SOF (tap ]
At

Volumetric SR rate (mmol 1'd™) = (Eq. 6.6)
S(z{mt)-stz'

Volumetric sulfide production rate (mmol I d'l) =

(Eq. 6.7)

where, SO (v Is the concentration (mmol I1) of sulfate at time (t) during the batch incubation,
SO3 7 t+an is the concentration (mmol I'') of sulfate at time (t+At), and S§; and S{7; ar) are the
total dissolved sulfide concentrations at time (t) and at time (t+At), respectively.

The methane oxidation rate was estimated on the basis of the total dissolved inorganic carbon
(DIC) produced during the activity assays as described by Dorer et al. (2016). The amount of
13C-DIC formed at time (t) was indicated as *C-DIC(t) and calculated from the measured 5'3C
of CO2 (Eq. 6.8).

[DIC(stan)]
1+ Ryppp * (143(s¢arr))

BC-DIC(t) in mmol I'' = x (RVPDBx(zs”ct-a”c(staﬁ))) (Eqg. 6.8)
where, §*3Ctis the isotopic carbon composition relative to the international reference Vienna
PeeDeeBelmnite (VPDB) at time (t) of CO,: §3C = R;Rﬂ where R=C/*?C and Rvppe =

VPDB

0.0112372 (Craig, 1957). 8 *Csary is the initial isotopic carbon composition of CO2 and
[DICstarp) ] is the initial concentration of DIC in the incubations i.e. 30 mM. The total amount
of DIC formed at time (t) was indicated as DIC(t) and it was calculated as '*C-DIC(t)/Fcy J(start)-
Fen,stary 19 the fractional abundance of **CHa at the start of the incubation defined from §°C
of CHg at the beginning (8**CHastart), Eq. 6.9):

13
Ryppp*(8 " CHy (star) T1)
3
1+Ryppp*(8"~ CHy (start) *1)

FCH4(start): (Eq 69)
The volumetric AOM rate (umol It day™) was obtained from the ADIC(t)/At values observed
during the batch activity tests in which the increase was linear and at least four successive data
points were used for its calculation.

6.2.6 Cell visualization and counting by CARD-FISH

Microbial analysis of biomass samples collected from the three BTF and from the activity
assays was performed by CARD-FISH, as described by Cassarini et al. (2017). For dual-
CARD-FISH, peroxidases of initial hybridizations were inactivated according to the procedure
described in Holler et al. (2011). Tyramide amplification was performed using the
fluorochromes Oregon Green 488-X and Alexa Fluor 594, which were prepared according to
the procedure outlined in Pernthaler et al. (2004).

The microorganisms were visualized using archaeal and bacterial HRP-labeled oligonucleotide
probes ARCH915 (Stahl and Amann, 1991) and EUB338-I-1l1 (Daims et al., 1999),
respectively. The probes DSS658 (Manz et al., 1998) and ANME-2 538 (Schreiber et al., 2010)
were used for the detection of DSS and ANME-2 cells, respectively. Oligonucleotide probes
were purchased from Biomers (Ulm, Germany).
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All the cells were counterstained with 4', 6'-diamidino-2-phenylindole (DAPI) and visualized
using an epifluorescence microscope (Carl Zeiss, Germany). 700-1,000 DAPI-stained cells and
their corresponding probe fluorescent signals for each probe were considered for cell counting
as described previously in the literature (Musat et al., 2008; Siegert et al., 2011; Kleindienst et
al., 2012).

6.2.7 DNA extraction

DNA was extracted using a FastDNA® SPIN Kit for soil (MP Biomedicals, Solon, OH, USA)
following the manufacturer’s protocol. Approximately 0.5 g of the sediment was used for DNA
extraction from the initial inoculum and ~0.5 ml of liquid obtained by washing the polyurethane
foam packing with nuclease free water was used for extracting the DNA from the BTF biomass.
The extracted DNA was quantified and its quality was checked according to the procedure
outlined by Bhattarai et al. (2017a).

6.2.8 Polymerase chain reaction (PCR) amplification for 16S rRNA genes and Illumina
Miseq data processing

The DNA was amplified using bar coded archaea specific primer pair Arc516F and reverse
Arc855R. The PCR reaction mixture was prepared as described by Bhattarai et al. (2017a),
however, the PCR amplification was performed using a touch-down temperature program. PCR
conditions consisted of a pre-denaturation step of 5 min at 95°C, followed by 10 touch-down
cycles of 95°C for 30 sec, annealing at 68°C for 30 sec with a decrement per cycle to reach the
optimized annealing temperature of 63°C and extension at 72°C. This was followed by 25
cycles of denaturation at 95°C for 30 sec and 30 sec of annealing and extension at 72°C. The
final elongation step was extended for 10 min.

The primer pairs used for bacteria were forward bac520F 5'-3' AYT GGG YDT AAA GNG
and reverse Bac802R 5'-3' TAC NNG GGT ATC TAA TCC (Song et al., 2013). The following
program was used: initial denaturation step at 94°C for 5 min, followed by denaturation at 94°C
for 40 sec, annealing at 42 °C for 55 sec and elongation at 72°C for 40 sec (30 cycles). The final
elongation step was extended to 10 min. 5 pl of the amplicons were visualized by standard
agarose gel electrophoresis at the following conditions: 1% agarose gel, a running voltage of
120 V for 30 min, stained by gel red, and documented using a UV transilluminator fitted with
a Gel Doc XR System (Bio-Rad, USA).

After checking the correct band size, 150 pl of PCR amplicons were loaded in 1% agarose gel
and electrophoresis was performed for 120 min at 120 V. The gel bands were excited under
UV light and the PCR amplicons were cleaned using E.Z.N.A.® Gel Extraction Kit by
following the manufacturer's protocol (Omega Biotek, USA). The purified DNA amplicons
were sequenced by an Illumina HiSeq 2000 (Illumina, San Diego, USA) and analyzed
according to the detailed analytical procedure described in Bhattarai et al. (2017a). A total of
40,000 (+ 20,000) sequences were assigned to archaea and bacteria by examining the tags
assigned to the amplicons. These sequence data have been submitted to the NCBI GenBank
database  under  BioProject accession number PRJINA415004  (direct link:
http://www.ncbi.nlm.nih.gov/bioproject/415004).
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6.3 Results
6.3.1 SO~ BTF

The pH of the SO4* BTF increased from 7.0 to 8.1 during the first 100 days of operation and
then the pH remained nearly constant until the end of the experiment (Figure 6.1a). In phase
I, sulfate was consumed while sulfide was scarcely produced (0.6 mM, Figure 6.1b). The
sulfate consumption and total dissolved sulfide production rates were 0.25 and 0.03 mmol |1
day?, respectively. At the end of phase I, 5.5 mM of sulfur as sulfate was reduced, but only
9.8% was recovered as total dissolved sulfide, which probably precipitated as metal sulfide.

In phase Il, the sulfate consumption rate was 0.13 mmol I* day™, however, similar to phase |,
the total dissolved sulfide concentration was low and it started to increase only after 100 days
of reactor operation. On day 125, 7.4 mM of sulfate was consumed and 23% of the reduced
sulfate was recovered as total dissolved sulfide. On day 130, the color of the mineral medium
changed from transparent to greenish-yellow until the seawater medium was replaced on day
142 and the sulfide concentration decreased from 1.8 to 0.04 mM.

In phase 111, the total dissolved sulfide concentrations varied between 0.03 and 1.8 mM, while
the sulfate concentration decreased at the same rate as observed previously in phase II. In
phases 1V, V and VI, the total dissolved sulfide concentration increased to values as high as 6
mM. The SR rate ranged between 0.29 and 0.32 mmol I day™ during the last three phases of
S04> BTF operation. The sulfide production rate was 0.11 mmol I day™ in phases IV and VI,
while in phase V, the sulfide production rate was the highest at 0.2 mmol I day™. In phase V,
74% of sulfur from SO4* was recovered as total dissolved sulfide.

The concentration of methane consumed, i.e. the difference between the concentration of
methane in the inlet and outlet of the BTF, and carbon dioxide produced, i.e. the difference
between the concentration of carbon dioxide in the outlet and inlet, were the highest in the last
four phases (Figure 6.1c) when the sulfide production was also the highest (6 mM). However,
this amount corresponds to the net methane concentration and does not account for the
formation of methane due to possible methanogenic activity or carbon dioxide production from
sources other than methane.

Sediment samples were collected and fixed for CARD-FISH analysis three times during the
BTF operation of 230 days. On day 84, neither ANME nor DSS were detected with the probes
used (Figure 6.2a). On day 155, ANME-2 were detected in low amounts in the fixed samples
(Figure 6.2b); however, at the end of the experiment (day 230), ANME-2 cells in the analyzed
sediment were distinguishably abundant and cocci-shaped (Figure 6.2c).

6.3.2 S'BTF

The pH of the S° BTF varied from 4.5 to 8.4, and it was only adjusted whenever the pH dropped
below 5.0 (Figure 6.1d), primarily due to sulfate production. Figure 6.1e shows the sulfate and
sulfide concentration profiles in the S° BTF. It was assumed that methane is oxidized to
bicarbonate, while four moles of elemental sulfur were reduced to four moles of sulfide
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according to the stoichiometry shown in Eq. 6.3 (Table 6.1). In phase I, sulfate was produced
at a rate of 0.25 mmol I* day?, while hardly any total dissolved sulfide was formed (0.1 mM).
In phase Il (49-139 days), after replacing the seawater medium, the sulfate concentration
increased again as in phase | at a rate of 0.30 mmol I'* day™, while the maximum total dissolved
sulfide formed was only 0.34 mM. The carbon dioxide production was very low and nearly
constant during the entire S® BTF operation (Figure 6.1f).

Figure 6.2 CARD-FISH images of the BTF with sulfate (a) after 84 days of incubation in the reactor

showing all living cells stained with DAPI; (b) after 155 days of incubation and (c) after 230 days of

incubation showing all living cells stained with DAPI in green and ANME in red (mixture of probes:
ANME 1, 2 and 3).

6.3.3 Archaeal and bacterial 16S rRNA genes relative abundance

Microbial community profiling was done for the SO4> BTF, the S° BTF and for the BTF with
thiosulfate as electron acceptor (S,03%" BTF previously reported by Cassarini et al., 2017).
Figure 6.3 shows the results obtained before the inoculation of the three BTFs and at the end
of each BTF operation. The highest percentage of archaeal 16S rRNA reads are shown in Figure
6.3a. Among the ANME clades, ANME-2a/b comprised 37% of the archaeal reads in the SO4>
BTF, while only 3% and 1% of the archaeal reads were retrieved as ANME-2a/b from the
S,0s* BTF and S° BTF, respectively. Other ANME clades, i.e. ANME-1, were also retrieved
from the enriched biomass of the three BTF. However, the relative abundance was very low in
the case of the S,03> BTF and S° BTF. Most of the archaeal reads for the clade ANME-1,
specifically the ANME-1b type, were found in the S;03% BTF (1%).

At the end of each BTF operation, a high percentage of bacterial 16S rRNA reads belonging to
the order of Desulfobacterales was noticed (Figure 6.3b). In the SO4> BTF, a high percentage
of Desulfosarcina (36%) and SEEP-SRB1 (10%) were retrieved. In the S;0s* BTF, the
Desulfubacterium (9%) and Desulfosarcina sequences were the highest in abundance (5%)
within the Desulfobacterales order. However, the percentage of the Sulfurimonas reads was
the highest at 38%. In the S° BTF, the highest percentage of reads was represented by
Desulfosarcina (31%) and Sulfurimonas (50%) genes, respectively.

6.3.4 AOM activity and cell visualization in the SO BTF

During the activity assays with 3CH, using the biomass from the SO.% BTF, 99.5% of the
reduced sulfate was recovered as total dissolved sulfide (Figure 6.4a). In the control incubation
without biomass (Figure 6.4a, dashed lines), sulfide was not produced, while in the batch
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incubations without methane (Figure 6.4a, dotted lines), sulfide was produced (1 mM). The
DIC produced from methane was calculated and it increased only in the incubations with the
biomass from the SO4% BTF, in the presence of methane in the headspace (Figure 6.4d). The
AOM rate was calculated in the activity assays from the DIC produced from 3CHj (8.4 pmol
I* day™), which was found to be more than 7 times lower than the SR observed in the batch
incubations (67.4 mmol It day?) (Table 6.2).

The cells retrieved from the SO4> BTF after 230 days of operation and from the batch activity
assays (35 days) were stained with the general probes for archaea and bacteria (Figure 6.5).
The results showed that the bacterial population was more abundant (83%) than the archaeal
population (17%). Considering all the stained cells, the ANME-2 cells were less abundant than
the DSS cells (7% and 46%, respectively). However, the stained ANME-2 cells constituted
43% of the total amount of stained archaea, while the DSS were 55% of the total amount of
stained bacteria.

At the end of the batch activity assays (day 35), the cocci-shaped ANME-2 cells were always
visualized in the form of aggregates (Figures 6.5a-6.5c). The DSS cells were present in
different shapes, either as cocci (Figures 6.5d and 6.5e) or vibrio-shaped (Figures 6.5e and
6.5f). However, the vibrio-shaped DSS cells were more than three times less abundant than the
cocci-shaped DSS cells (23% and 77%, respectively). The aggregates were composed of cocci-
shaped DSS and ANME-2 cells (Figures 6.5g and 6.5h). The cocci-shaped DSS cells were
more abundant than the ANME-2 cells (Figure 6.5]) and were also visualized without their
archaeal partner (Figures 6.5k and 6.5l). Vibrio-shaped DSS cells were always visualized
alone, distant from ANME-2 cells (Figure 6.5i).

6.3.5 AOM activity and cell visualization in the S° BTF

During the activity assays with *CHa, the total dissolved sulfide concentration in the
incubations with S°® BTF biomass increased from 0 to 2.0 (+ 0.4) mM, while the sulfate
concentration remained nearly constant (0.9 = 0.1 mM, Figure 6.4b). In control experiments
without the biomass or without methane, sulfide and sulfate were not produced. The DIC
produced from 2*CH,4was calculated and it increased only in the incubations with the biomass
from the S° BTF with methane in the headspace during the first 27 days, but thereafter it
decreased (Figure 6.4e). The AOM rate was 6.8 umol It day*. This rate was the lowest among
the three BTF (Table 6.2), even more than 7 times lower than the sulfide production rate
observed in the batch incubations with S° BTF biomass (60.7 mmol It day?, Table 6.2). Vibrio-
shaped DSS cells were abundant in the S° BTF after 147 days of operation (Figure 6.6a and
6.6b). Few cocci-shaped ANME-2 cells were also visualized in aggregates, either alone or with
other unidentified cells stained with DAPI (Figures 6.6¢ and 6.6d).

6.3.6 AOM activity in the S;0:* BTF

During the previously reported S,0s> BTF operation (Cassarini et al., 2017), the
disproportionation of S,03% to SO4* and sulfide was the dominant process, with a sulfide
production rate of 0.5 mmol I* day™. Moreover, in the absence of thiosulfate, the sulfate
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produced was consumed in the presence of methane as the sole electron acceptor (0.38 mmol

of sulfate I* day™?).
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Figure 6.3 Top most abundant 16S rRNA sequences showing the phylogenetic affiliation up to gene
level as derived by high throughput sequencing of archaea (a) and bacteria (b) for the initial inoculum
and the inoculum enriched in the SO, BTF (230 days), S:0s* BTF (213 days) and S° BTF (147
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During the batch activity assays with **CHa and thiosulfate as electron acceptor, 99% of the
thiosulfate reduced was recovered as total dissolved sulfide and sulfate, respectively (Figure
6.4c). In the control incubations without the biomass, sulfide and sulfate were not produced,
while in the incubations without methane, both sulfide and SO42 were produced (4 and 3.6
mM, respectively). The DIC produced increased only in the samples with the biomass from the
S,03* BTF and in the presence of methane in the headspace (Figure 6.4f). The AOM rate was
11.5 umol I'* day?, which was found to be higher than the AOM rate obtained in the SO4> BTF
(8.4 pmol I day™). However, this value was ~10 times lower than the thiosulfate reduction
rate (112.6 pmol I day?, Table 6.2) determined from the batch activity assays.
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Figure 6.4 Batch activity assay profiles for the SO.* BTF (a, d), S°BTF (b, ) and S,0s* BTF (c, f).
Sulfide and sulfate profiles (a, b, ¢) and DIC production (d, e, f) during the activity test for the batches
incubated with **CHj (triplicates) and controls. Dotted lines show the controls without methane but
nitrogen in the headspace and dashed lines show the controls without biomass. Error bars represent
the standard deviation of triplicate measurements.

6.4  Discussion
6.4.1 Performance of CHs oxidizing BTF using different electron acceptors

This study shows that different SR and AOM rates are achieved in identical BTFs when
providing the same biomass with different sulfur compounds as electron acceptors for AOM.

140



Chapter 6

In the SO4> BTF (Figure 6.1b) and S;0s* BTF (Cassarini et al., 2017), the retardation of the
sulfide production compared to the sulfate and thiosulfate reduction might be due to the
presence of iron oxides in the inoculum sediment (Wehrmann et al., 2011), favoring the
chemical oxidation of sulfide to elemental sulfur and sulfate, respectively, or the precipitation
of sulfide as pyrite (FeS;) (Finster et al., 1998; Wan et al., 2014; Cassarini et al., 2017).
Moreover, the formation of other sulfur compounds, such as polysulfides or elemental sulfur
is also possible, supported by the observed change of color of the mineral medium (Finster et
al., 1998) on day 130 in the SO4?>" BTF and on day 18 in the S,03% BTF (Cassarini et al., 2017).

Table 6.2 Cumulative rates of SR, sulfide production and anaerobic methane oxidation in batch
activity assays with the biomass withdrawn from the three BTF incubated with sulfate,
elemental sulfur and thiosulfate.

Reactor Sulfate/thiosulfate Sulfide production  Anaerobic methane
consumption oxidation
umol I day™
SO.Z BTF 67.4 (SO4%) 65.1 8.4
S°BTF Not determined 60.7 6.8
S.0:* BTF 112.6 (S203%) 185.1 115

At the end of the BTF operation, the SO4> BTF followed the stoichiometry of the reaction for
AOM-SR (Eq. 6.1, Table 6.1), while the S,0s* BTF followed the stoichiometry for thiosulfate
disproportionation (Eq. 6.4, Table 6.1). The sulfide production rate was higher in the S;03*
BTF (0.5 mmol I* day?) than in the SO BTF (0.2 mmol I* day?) due to thiosulfate
disproportionation, which is more energetically favorable at the standard operating conditions
of the BTF (Egs. 6.1 and 6.4, Table 6.1). The highest SR rate in the SO4> BTF (0.3 mmol I
day?) was achieved after 142 days of reactor operation. A slightly higher SR rate (0.38 mmol
I* day?) was obtained in the S,0s* BTF only after 46 days of operation. This confirms the
hypothesis suggested in our previous study (Cassarini et al., 2017) that the initial addition of
thiosulfate decreases the start-up time required for SR in anaerobic methane oxidizing BTF.
Sulfide produced by thiosulfate disproportionation is a reducing agent for the seawater
medium, which could have possibly accelerated the AOM activity. Thus, addition of a strong
reducing agent may also speed up the start-up of SR in anaerobic methane oxidizing reactors.
However, the start-up time is a critical step for any bioreactor operation and the long start-up
time of the AOM process has been one of the major hindrances for its biotechnological
application in in the treatment of groundwater, mine wastewater and wastewaters rich in
inorganics (Meulepas et al., 2009a).

The SR rate achieved in the SO4% BTF (0.3 mmol I* day?) was almost half of the highest
volumetric rate (0.6 mmol I’ day™) obtained in a membrane bioreactor operated at atmospheric
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pressure after 884 days of operation (Meulepas et al., 2009a). Long start-up periods, i.e. ~400
days (Meulepas et al., 2009a) and ~365 days (Aoki et al., 2014), have been reported in previous
studies where high SR rates were reported. In comparison, in this study, sulfate was reduced
almost instantaneously after reactor start-up and the highest SR rate was achieved after 140
days, which shows that the BTF is a good reactor configuration for AOM-SR and the
enrichment of microorganisms mediating AOM-SR.

Figure 6.5 CARD-FISH images for the batch activity assays with sulfate with ANME2-538 probe in
red (a, b, ¢) and with DSS658 probe in green (d, e, ). All cells were counterstained with DAPI in
blue. Dual-CARD-FISH with ANME2-538 probe in red and DSS658 probe in green (g-1). The images
were taken from the biomass collected and chemically fixed at the end of the batch incubation with
13CH, (35 days).
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The BTF reactor configuration is widely used for the treatment of volatile organic and inorganic
compounds in waste gases (Santos et al., 2015; Pérez et al., 2016). The BTF reactors used to
treat methane emissions under aerobic conditions usually have a short start-up period of ~1-2
weeks (Avalos Ramirez et al., 2012; Estrada et al., 2014a; Estrada et al., 2014b), much lower
compared to the observed 42 days (S.0s* BTF, Cassarini et al., 2017) and 140 days (SO4*
BTF, Figure 6.1b) necessary to obtain the highest SR under anaerobic conditions. The efficient
gas-liquid mass transfer and high biomass retention capacity of the BTF technology provide an
efficient solution for the enrichment of the slow growing AOM-SR consortia. According to Li
et al. (2014), packing materials that offer high porosity, large specific surface area, high
robustness, high surface roughness, and moderate grain size should be the preferred choice for
microbial attachment and enhanced gas to liquid mass transfer. Besides, the BTF has several
advantages over other bioreactor configurations, for instance it is more effective than a
submerged (Meulepas et al., 2009a) and external ultrafiltration (Bhattarai et al., 2017
submitted) membrane reactor because it accelerates microbial growth during the start-up
period. Moreover, the high investment and operational costs of high pressure bioreactors can
be avoided by selecting a BTF operating at ambient temperature and pressure conditions.

Figure 6.6 CARD-FISH images for the activity assays with elemental sulfur (a-b) with DSS658 probe
(green); and (c-d) with ANME2-538 probe (red). All cells were stained with DAPI (blue). The images
were taken from the biomass collected and fixed at the end of the batch incubation with *CH, (35
days).

In the S° BTF, no SR occurred; however, on the contrary, sulfate was produced at a maximum
rate of 0.3 mmol I'* day probably due to elemental sulfur disproportionation (Eg. 6.5, Table
6.1), similar to the observations made in the S,03*> BTF (Cassarini et al., 2017). The
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disproportionation of S° requires energy if sulfide accumulates, unless an oxidant such as Fe
(111) renders the reaction more energetically favorable by trapping the sulfide (Finster, 2008).
Sulfur disproportionation becomes energetically more favorable under alkaline conditions.
Therefore, in alkaline environments, such as soda lakes, sulfur disproportionation by
haloalkaliphilic bacteria can proceed in the absence of sulfide trapping substances (Poser et al.,
2013). The pH and salinity of the S° BTF was not suitable for the growth of haloalkaliphilic
bacteria, but the iron oxides present in the sediment could have acted as sulfide scavenger
thereby rendering the microbial disproportionation more favorable. In a recent study, \Wegener
et al. (2016) showed that neutrophilic sulfur disproportionating bacteria, i.e. Desulfocapsa
sulfoxigens, are even able to disproportionate sulfur without the addition of iron.

According to the stoichiometry (Eq. 6.5, Table 6.1), sulfate and dissolved sulfide should be
produced in a ratio of 1:3, while hardly any dissolved sulfide was produced during the entire
S° BTF operation. Thus, in the S° BTF, the chemical oxidation of dissolved sulfide by iron
oxides does not completely explain the sulfide loss. The S° BTF was always maintained under
anaerobic conditions, thus aerobic oxidation of sulfur and sulfide was highly unlikely.
However, the pH decreased during its operation and this pH drop can be explained by the
reaction stoichiometry of either elemental sulfur disproportionation (Eq. 6.5, Table 6.1) or
elemental sulfur reduction (Eqg. 6.3, Table 6.1). Besides, the decrease in pH as well as the
increase in sulfide concentration renders both reactions thermodynamically less favorable. The
pH should have been maintained at values > 7.0 to facilitate the occurrence of elemental sulfur
disproportionation and/or reduction.

6.4.2 Rates of AOM and sulfur reduction

The AOM rates were much lower than the sulfate and thiosulfate reduction rates and the sulfide
production rates (Table 6.2). In previous studies, it was shown that trace amounts of methane
oxidation occurs while net methane production is observed (Meulepas et al., 2010; Timmers et
al., 2015b). Therefore, part of the **C-DIC could be due to trace methane oxidation during
methanogenesis. However, no net SR occurred in the batch incubations with sulfate, in the
absence of methane (Figure 6.4a) and methane was never detected in any of the incubations
without methane (either with sulfate, thiosulfate or elemental sulfur as electron acceptors),
excluding the occurrence of methanogenesis and concomitant trace methane oxidation.

The maximum dissolved methane concentration at a salinity of 32%o and 20°C is 1.27 mM
(Yamamoto et al., 1976). This value was used for the estimation of the A;G (Table 6.2). 31%
of the methane was converted to carbon dioxide in the batch incubations containing thiosulfate
as the electron acceptor, while with sulfate and elemental sulfur only 25% and 10% of methane
was consumed. Therefore, the use of thiosulfate as the electron acceptor not only reduces the
start-up time required for SR, but it also triggers higher AOM rates (within 213 days of
operation) than the sulfate fed BTF that was operated for 230 days.

The volumetric rates of sulfate and thiosulfate consumption and sulfide production obtained in
the three BTF were approximately three times higher than the rates obtained during the batch
activity assays (Table 6.2). This is probably due to the activity of the inoculum used and the
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BTF hydrodynamics wherein the artificial sea water medium was trickled from the top through
the packed polyurethane foam cubes that host the inoculum, while the methane was supplied
in up-flow mode that enables good gas to liquid contact. This advantageous mode of reactor
operation might have facilitated better thiosulfate and sulfate consumption and supported the
growth of the slow growing ANME and SRB in the BTF (Figure 6.1). The sulfide production
rates obtained in similar studies (Meulepas et al., 2009b; Suarez-Zuluaga et al., 2014) with
thiosulfate as the electron acceptor and methane as the sole electron donor were lower (0.086
and 0.11 mmol It day?, respectively) than the maximum sulfide production rates obtained
during the BTF operation with thiosulfate (0.5 mmol I* day™) and also the batch activity assays
(Table 6.2).

The biomass transferred from the S,03% BTF after 213 days of enrichment to perform batch
activity assays showed a thiosulfate transformation mainly to sulfide and concomitant AOM,
suggesting that AOM was directly coupled to thiosulfate reduction. Alternatively, as suggested
in previous studies (Meulepas et al., 2009b; Cassarini et al., 2017) a two step process mediated
by two different groups of bacteria might have occurred: thiosulfate disproportionating bacteria
and sulfate reducing bacteria, the latter scavenging the sulfate produced by the first group. This
two-step process could also explain the differences noticed between the thiosulfate
consumption and AOM rates (Table 6.2).

6.4.3 Microorganisms enriched in the three BTF

The highest AOM rate is expected to occur where anaerobic methanotrophs, i.e. ANME, are
more abundant. However, CARD-FISH analysis (Cassarini et al., 2017) showed that in the
S,03% BTF, a high number of vibrio-shaped DSS stained cells were found and they increased
from 40% to 70% of the total number of counted cells, but very few cells were stained with the
ANME-2 probe (less than 1%). In contrast, in the SO4* BTF, 43% of the total archaea cells
were stained with the ANME-2 probe, which is also in accordance with the relative abundance
of the 16S rRNA sequences (Figure 6.3a). Whereas in the case of the S;03% BTF, 1% of
archaeal sequences were retrieved as ANME-1. This clade not considered in the previously
performed CARD-FISH analysis (Cassarini et al., 2017), might have been responsible for
AOM in the S;0s* BTF, even if its relative abundance is low.

The DSS probe stained a high number of bacterial cells in the three BTF at the end of the
reactors operation, i.e. 55% (SO+* BTF), 70% (S:0s* BTF) and 60% (S° BTF) of the total
amount of stained bacteria. The stained DSS cells had a different morphology (vibrio-shaped
or coccoid morphology), which suggests a genomic difference of the microorganisms
(Schreiber et al., 2010). The DSS658 horseradish peroxidase (HRP)-labeled probe not only
targets the Desulfosarcina/Desulfococcus group, but also targets groups from the
Desulfobacteraceae family and other groups of SRB. 16S rRNA sequences from the
Desulfobacteraceae family were retrieved from the three BTF (Figure 6.3b) and therefore the
stained DSS cells could also belong to other genera of that family.

A high abundance of vibrio-shaped DSS cells was visualized in the S;0s* BTF and S° BTF,
respectively, while cocci-shaped DSS cells were more abundant in the SO42 BTF. Members of
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the SEEP-SRB1 (a clade of SRB), the Desulfobacterium and Desulfosarcina groups, were
reported to have a vibrio- or rod-shaped morphology (Castro et al., 2000; Schreiber et al., 2010;
Kuever et al., 2015). Species from these groups capable of reducing sulfate and other oxidized
sulfur compounds to sulfide might be the microorganisms enriched in the S,0s%> BTF and S°
BTF, respectively. However, in these two BTF, sulfur disproportionation prevailed, but none
of the sequences was related to the most commonly reported thiosulfate and elemental sulfur
disproportionating bacteria, the vibrio-shaped Desulfovibrio group (Castro et al., 2000) or the
Desulfocapsa group (Finster, 2008; Suarez-Zuluaga et al., 2014).

The only bacterial sequences found in this study that have been previously reported as
thiosulfate or elemental sulfur disproportionating bacteria are the Desulfobulbus relatives
(Finster, 2008; Pjevac et al., 2014). However, they were relatively low in abundance (Figure
6.3b). A high percentage of bacterial reads related to the Epsilonproteobacteria class, i.e.
Sulfurimonas and Arcobacter, was found in the original sediment and in similar percentage in
the S° and S;0s% enriched BTF, while they were less abundant in the SOs* BTF. These
microorganisms have vibrio-shaped and filamentous morphology (Schauer et al., 2011), but
are not be stained with the DSS658 probe. These sulfide oxidizers are usually found in
anaerobic environments as nitrate or nitrite reducers (Grote et al., 2012; Pjevac et al., 2014;
Han and Perner, 2015). They could have been responsible for some sulfide oxidation,
especially during the start of the three BTF, when the total dissolved sulfide was hardly
detectable. It is noteworthy to mention that nitrate or nitrite was not added to the initial seawater
medium. Alternatively, Sulfurimonas might have been involved in the disproportionation of
S,03% and S°.

This study showed that the BTF is a suitable reactor configuration for the enrichment of slow
growing microorganisms using either sulfate or thiosulfate as the electron acceptor. The use of
thiosulfate triggered the highest AOM rate, but it is still unclear which microorganisms are the
key players involved in methane oxidation and further investigation on the role and the
metabolic activity of the microorganisms involved in AOM coupled to thiosulfate is required,
e.g. using labeled substrates and nanometre scale secondary ion mass spectrometry
(NanoSIMS) (Musat et al., 2016).

The microbial analysis from the enriched biomass in the S,0s* BTF confirmed that thiosulfate
as electron acceptor triggered the growth of DSS. Nevertheless, in order to enhance the growth
of ANME and avoid sulfate production by disproportionation, sulfate should be used as the
electron acceptor. Sulfate was the preferred electron acceptor for the growth of ANME-2 cells
under ambient conditions and by the sediment used as inoculum in this study (Figure 6.5).
From a practical viewpoint, thiosulfate and sulfate can be used as electron acceptors to
accelerate the growth of SRB and ANME ina BTF when AOM-SR is used for the simultaneous
removal of methane and oxidized sulfur compounds from waste streams.
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7.1 Introduction

Anaerobic methane oxidation (AOM) coupled to sulfate reduction (SR) is a known biological
process mediated by anaerobic methanotrophic arachea (ANME) and sulfate reducing bacteria
(SRB). It occurs in anaerobic environments and it is responsible for the attenuation of the
emission of the green-house gas methane (CHa) to the atmosphere. AOM coupled to sulfate
reduction (AOM-SR) has potential application in environmental biotechnology as a process for
CH4 removal and desulfurization of industrial wastewater. Both in situ and in vitro studies have
been conducted to understand this microbial mediated bioprocess and the
cooperative/synergistic mechanisms involved. Despite several detailed researches on this topic,
it is still difficult to enrich these slow growing microorganisms and the highest AOM-SR rates
reported so far in the literature are ~100 times lower than what is required to apply AOM-SR
for biological wastewater treatment. This research investigated new approaches to control
AOM-SR and enrich ANME and SRB in a bioreactor. The current knowledge on AOM-SR
and the different AOM communities involved have been overviewed in Chapter 2. Evidently,
there are several factors affecting the AOM-SR mechanism and rates: the origin of the marine
sediment and the type of ANME and SRB involved, the CH4 availability, the substrates
available and used by the microorganisms and the way the microorganisms were enriched in
vitro (e.g. in batch incubation, membrane bioreactor or high-pressure bioreactor). All these
factors were taken into account in this PhD research for designing a suitable bioreactor for
AOM-SR that was able to operate at ambient pressure and temperature. The major findings
from individual chapters of this PhD are shown in Figure 7.1.

7.2 AOM community steered by pressure and substrates used

Marine sediments from two different locations were used in this research: sediment from the
marine Lake Grevelingen, the Netherlands, collected at a water depth of 45 m (Chapter 3 and
4) and marine sediment from the Alpha Mound in Gulf of Cadiz in Spain, collected at a water
depth of 528 m (Chapters 5 and 6). The microorganisms populating these sediments are
different (e.g. ANME-2 type more abundant in Alpha Mound sediment, ANME-3 type more
abundant in Grevelingen sediment) and they are subjected to different pressures (~0.45 and
~5.3 MPa, respectively) due to the water depth difference.

Several previous research studies have attempted to mimic the environmental in situ conditions
to enrich the slow growing ANME and SRB (doubling time of 2-7 months). These
microorganisms have been frequently found in deep sediments, where the pressure and
temperature are far from ambient conditions (e.g. Gulf of Cadiz sediment subjected to pressure
higher than 10 MPa and temperature lower than 10°C) and therefore, such environmental
conditions are difficult to simulate in the laboratory. The occurrence of AOM-SR in shallow
coastal sediments, such as the marine Lake Grevelingen, where pressure and temperature are
closer to ambient conditions (0.45 MPa and 15 °C), is therefore appealing. The marine Lake
Grevelingen sediment showed capability of both AOM and SR (Chapter 3). The SR was found
to be stimulated by the use of a more favorable electron donor, as ethanol; however, SR coupled
to CH4 oxidation occurred as well. In contrast, AOM coupled to thiosulfate and elemental
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sulfur reduction could not be proven and the disproportionation of these two sulfur compounds
prevailed in these experiments.

AOM process: current
knowledge, ANME
distribution, new study tools
(Chapters 1 and 2)

v Y
Effect of substrates and AOM in BTF
pressure on AOM (Chapters5 and 6)
(Chapters 3 and 4)
' | L
4 v v )

AOM with different AOM with different AOM coupled to thiosulfate Enrichment of ANME and
substrates pressure (Chapter5) SRB in BTF
(Chapter3) (Chapter4) (Chapter6)

1. Ethanol most favorable 1. Highest AOM-SR rates at 1. Thiosulfate 1. AOM occurrence with
electron donor for SR by low pressures (0.1 and disproportionation both thiosulfate and
sedimentinocula 0.45 Mpa) dominant process sulfate as electron

2. AOM occurrence with 2. ANME and SRB types 2. Enrichment of vibrio- acceptors
sulfate as electron shifted by pressure shaped DSS 2. Enrichment of ANME-2
acceptor +*ANME-3 preferred 3. Thiosulfate reduced the only with sulfate as

3. Sulfur compounds scarce methane reactor start-up time and electron acceptor
disproportionation as availability over high increased the sulfate 3. BTF suitable bioreactor for
dominant process with pressure reduction rate enrichment of ANME and
thiosulfate and elemental *ANME-2 and DSS SRB at ambient conditions
sulfur as electron enriched at high
acceptors pressures (10, 20 Mpa)

Figure 7.1 Summary of the major findings of this PhD research

Note: AOM - anaerobic oxidation of CH4, SR - sulfate reduction, BTF - biotrickling filter, ANME -
anaerobic methanotrophs, SRB - sulfate reducing bacteria and DSS -
Desulfosarcinales/Desulfococcus group.

The marine Lake Grevelingen hosts both ANME and SRB and among the classic ANME types,
ANME-3 was reported to be predominant (Bhattarai et al., 2017). ANME-3 were often found
in cold seep areas and mud volcanoes with high CH4 partial pressures and relatively low
temperatures (< 20°C) (Losekann et al., 2007; Niemann et al., 2006b; Vigneron et al., 2013).
This shallow sediment was a beneficial inoculum to ascertain the pressure effects on ANME-
3. Theoretically, elevated CH4 partial pressure favors AOM-SR (Figure 7.2b), as more CHs
will be dissolved and hence it is also bioavailable for the microorganisms. Moreover, previous
studies showed strong positive correlation between the growth of ANME and the CH4 partial
pressure (up to 12 MPa) (Deusner et al., 2009; Kriger et al., 2005; Nauhaus et al., 2002; Zhang
et al., 2010).

Therefore, in this study, the marine Lake Grevelingen sediment was subjected to different CHs
partial pressures (Chapter 4). Surprisingly, the highest AOM-SR activity was obtained at low
pressure (0.45 MPa, Figure 7.2d), showing that the active ANME preferred scarce CHa
availability over high pressures (10, 20, 40 Mpa). Interestingly, the abundance and structure of
the different type of ANME and SRB were steered by pressure and the ANME-3 type was
predominantly enriched at low pressure (Figure 7.2d). Therefore, enriching the ANME and
SRB at ambient or close to ambient conditions is feasible by choosing an active AOM inoculum
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from a shallow sediment or from a sediment rich in ANME and SRB preferring low methane
partial pressure, i.e. ANME-3. However, the sediment from Gulf of Cadiz was chosen as
inoculum for the enrichment of ANME and SRB in biotrickling filter (BTF) in this research
(Chapter 5 and 6), since it is a well known habitat for ANME and SRB (Niemann et al., 2006a;
Templer et al., 2011).

AOM coupled to different sulfur compounds as electron acceptor was investigated using
sediments from the marine Lake Grevelingen (Chapter 3) and Gulf of Cadiz (Chapters 4 and
5). Sulfate, thiosulfate and elemental sulfur were used as alternative sulfur compounds and
electron acceptors. As depicted in Figure 7.2c, thiosulfate as electron acceptor for AOM is
theoretically more favorable (AG°= -38.5 k] mol* CH4) than sulfate (AG®= -16.6 kJ mol™ CHa).
On the other hand, even though elemental sulfur is less favorable (AG°= +24.3 kJ mol™ CHa)
than sulfate, it was shown to be directly taken up by ANME (Milucka et al., 2012).

In Chapter 3, it was shown that elemental sulfur and thiosulfate disproportionation to sulfate
and sulfide prevailed over their reduction, presumably because disproportionating SRB such
as Desulfocapsa were enriched (Suarez-Zuluaga et al., 2014). In Chapters 5 and 6, further
investigations on the effect of thiosulfate and elemental sulfur on the AOM process were
conducted in BTFs. When thiosulfate was used as the electron acceptor, its disproportionation
to sulfate and sulfide was the dominating process for sulfur conversion (Chapter 5). However,
AOM  occurred (Chapter 6) and the enriched SRB belong to the
Desulfosarcinales/Desulfococcus group (DSS) (Chapter 5 and 6). The biomass enriched in the
three BTF with different electron acceptors was used for activity assay incubations to determine
the AOM rates. The highest AOM rate was registered using thiosulfate as the electron acceptor
(11.5 pmol It day?), showing that AOM can be either directly coupled to the reduction of
thiosulfate (112.6 umol I day™), or it is a two step process in which AOM is coupled to the
reduction of sulfate produced by thiosulfate disproportionation (Figure 7.2e). Moreover, the
use of thiosulfate triggered the enrichment of DSS (Figure 7.2e), which are frequently found
in association with ANME-2 (Schreiber et al., 2010), while sequences from known
disproportionating SRB, such as Desulfocapsa or Desulfovibrio (Finster, 2008) were not found.
Interestingly, hardly any ANME cells could be visualized when thiosulfate was used as electron
acceptor and the highest enrichment of ANME-2 was obtained when sulfate was used as the
sole electron acceptor (Chapter 6). Further investigation is needed to identify the carbon
sources and to quantify the carbon and sulfur fluxes within these enriched microorganisms
obtained from the three BTF with different sulfur compounds as electron acceptors.

7.3  FISH-NanoSIMS analysis: investigation on AOM-SR and the microorganisms
involved

In order to better understand the mechanism of AOM-SR and quantify the metabolic activities
at the single-cell level, several approaches have been described in the literature. Among them,
microautoradiography, Raman microspectroscopy and nanometre scale secondary ion mass
spectrometry (NanoSIMS) are the most widely used analytical techniques (Musat et al., 2012).
Combining these analysis to other techniques such as stable isotope probing (SIP) and/or FISH
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can be used to link the identity, function and metabolic activity at the cellular level to show the
metabolic interactions within the consortia (Musat et al., 2016).

(a)

Enrichment and control AOM in a bioreactor

(b) (c)
AOM and different pressure gradients AOM and different electron acceptors
-40 .
3 L. . mc:ar ® o, co, s AOM-sulfate reduction —> AG?=-16.6 kJ/mol
= -35 s
3 d AOM-thiosulfate reduction —> AG° = -38.5 kJ/mol
- -30
= r CH, S0 -
<25 B [
20 L AOM-elemental sulfur ANME @ ':. B
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high CH, pressure Elemental sulfur: putative intermediate
Major findings
(d) ‘ (e)

200 W 40 Mpa
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202 »
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Time (days)
Scarce CH, availability favored *Thiosulfate disproportionation
over pressure for dominant process
microorganisms adapted to *AOM possibly coupled to the
shallow marine sediment reduction of the produced S0,

Figure 7.2 AOM community distribution as a function of different pressure and substrate conditions:
hypothesis (b - ¢) and major findings in this thesis (d - €). (a) The purpose of the study is to control a
natural phenomenon (AOM-SR) in a bioreactor; (b) the theoretical influence of the CH4 partial
pressure on the Gibbs free energy (A:G in kJ mol™) of AOM-SR; (c) the standard Gibbs free energy
(AG® in kJ mol ™) of the reactions of AOM coupled to different sulfur compounds as electron
acceptors and the mechanism proposed by Milucka et al. (2012); (d) major findings from Chapter 4
showing the effect of pressure on AOM rates and CARD-FISH image depicting enriched
microorganisms at ambient pressure (0.1 MPa); and (e) major findings of Chapters 5 and 6 showing
the putative mechanism and the AOM occurrence with thiosulfate as electron acceptor, confirmed by
the production of dissolved inorganic carbon (DIC) from CH,

Note: AOM - anaerobic oxidation of CH,4, DIC-dissolved inorganic carbon, ANME - anaerobic
methanotrophs, SRB - sulfate reducing bacteria and DBB - Desulfobulbus group.
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In this thesis, FISH-NanoSIMS was used to identify the carbon sources and to quantify the
carbon and sulfur fluxes within the microorganisms in the biomass enriched using sulfate as
the electron acceptor in a BTF (Chapter 6). In the following paragraphs, the methodology
involved in sample preparation for NanoSIMS together with data acquisition and analysis is
briefly introduced and the preliminary results obtained will be discussed.

The biomass and the polyurethane foam cubes were transferred from the BTF using sulfate as
electron acceptor (Chapter 6) to a 5 | BTF made of glass, which was operated for 180 day.
Polyurethane foam cubes containing the inoculum from the 5 | BTF were added to 118 ml
serum bottles (following the protocol described in Chapter 6 section 6.2.3). The batches were
incubated for 42 days with 5 or 100% *3C-labeled CH4 (*3CH4). The AOM occurrence was
assessed by analyzing the gas stable isotope composition of CHs and CO2 by gas
chromatography-isotope ratio mass spectrometry (GC-IRMS), as explained in Chapter 6
(section 6.2.4). The stable isotope composition (§33C, Chapter 6) of CO, during the incubation
increased, showing that CH4 was converted to CO> (Figure 7.3b). However, the AOM activity
was ~10 times lower for the incubation with 100% “*CH, than with 5% *3CH, (Figure 7.3b),
showing that the microorganisms involved in AOM (probably ANME) had difficulties
metabolizing heavy CH4 (100% '*CHa), as was shown previously (Milucka et al., 2012;
Scheller et al., 2016).

Five samples for each type of incubation were withdrawn at different time intervals (0, 21, 28,
35 and 42 days) and fixed in 1% paraformaldehyde (fixation described in Chapter 6, section
6.2.6). The samples were placed on conductive surface polycarbonate filters after embedding
and sectioning. The cells were hybridized by CARD-FISH with specific targeting probes for
the identification and quantification of ANME-2 and DSS (following the CARD-FISH protocol
in Chapter 6, section 6.2.6). The target cells were visualized with an epifluorescence
microscope and marked with a laser microdissection system (LMD) (Figure 7.3c). The samples
were successfully hybridized with the DSS probe (DSS658) and ANME-2 probe (ANME-2
538), separately. The cells hybridized with the DSS probe were abundant (~80%) (Figure 7.3c).
Only few cells were hybridized with the ANME-2 probe (< 5%) and therefore only the results
on the DSS cells are shown here.

Four samples hybridized with the DSS probe were chosen for NanoSIMS analysis: unlabelled,
5% CH, withdrawn on days 0 and 42 and 100% 3*CH, on day 42 (Figure 7.3b). Mainly C, S
and N isotopes in single cells were detected and localized in 1 or 2 LMD-marked spots.
Secondary ion images of 2C, 3C, 2C¥N, 13CN, 325, 3Ip, %F were recorded simultaneously
by the secondary mass serial quantitative secondary ion mass spectrometer. Figure 7.3d shows
the micrograph of a target spot taken by epifluorescence microscopy after CARD-FISH
compared to the micrograph acquired by NanoSIMS. The Look@NanoSIMS programme
(Polerecky et al., 2012) was used to analyze the NanoSIMS data and individual isotopic ratios
for each single cell were determined. The regions of interests (ROIs) were defined by
comparing a CARD-FISH image with the respective NanoSIMS acquired image. The CARD-
FISH images were used to identify the single DSS cells and the elemental and isotopic
compositions of each ROI were exported as graphical and text-based formats.
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Figure 7.3 Preliminary results obtained by fluorescence in-situ hybridization-nanometer scale secondary ion mass spectrometry (FISH-NanoSIMS). (a) Image
of batches incubatated with polyurethane foam cubes and biomass from the BTF and **CH.. (b) CO; stable isotope composition (§**CO,) along the labeling
incubation experiment (42 days) for samples incubated with 5 or 100% **CH, and controls with nitrogen and without biomass. The black circles indicate the

time points from which the NanoSIMS analysis was done, while the dashed circles show the time points to be analyzed. (¢) CARD-FISH images of microbial

cells enriched at the end of the BTF operation. DAPI stained cells (blue) and DSS (green). (d) CARD-FISH image with DSS of the spot targeted with

NanoSIMS and image showing the 100 x (*C*N/(**C*N + C¥N)) in a 50 x 50 um field of analysis for sample at day 0 incubated with 5% *3CH.. () 100 x

(BCMN/(**C¥N + 3CN)) for each DSS cell at day 0 and 42 for sample incubated with 5% “*CH,. Each DSS cell is colored upon the abundance of *S.
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Mainly, two different ratios were calculated for each ROl and class: *CN ratio, as
BCUN/*2CMN+1BCN) and 32S/*2CN to determine the enrichment in $3C and the abundance
of 32S (Milucka et al., 2012; Polerecky et al., 2012). Using 5% CHys, the DSS cells had a mean
13CN ratio of 1.12 and 1.18 on days 0 and 42, respectively (Figure 7.3¢). The BCYN
enrichment in the DSS cells between days 0 and 42 was measurable, but it only increased by
0.06 % (Figure 7.3e). The 32S/*2C'*N calculated for each ROI defined also the abundance of
sulfur within the cells. After 42 days of incubation with 5% **CHa, the cells contained more
sulfur than those observed on day 0 (Figure 7.3e).

The increase in *C*N within the DSS, despite being small, shows the possible uptake of CH4
by the targeted DSS. However, considering these results and the bulk isotope measurements
obtained by GC-IRMS (Figure 7.3b), more hybridized and marked samples need to be analyzed
by NanoSIMS for cellular level investigation of DSS. As the AOM activity slowed down in
the last period of incubation (between days 38 and 40, Figure 7.3e), it is necessary to analyze
the samples incubated with 5% *CH. on day 28 and 35. Moreover, the ANME-2 cells should
also be analyzed to fully understand and quantify the carbon fluxes within the microorganisms
fed by CH4 and sulfate.

In Chapters 5 and 6, ANME and SRB acclimated to deep sediment conditions were enriched
in BTFs at ambient pressure and temperature. The BTF, operated for 230 days and using sulfate
as electron acceptor for AOM, had a SR rate of 0.3 mmol It day?, which is half of the highest
volumetric rate (0.6 mmol I day™?) obtained in a membrane bioreactor operated at atmospheric
pressure for 884 days (Meulepas et al., 2009a). However, in our study, sulfate was immediately
consumed and the highest rate was achieved after 140 days (Chapter 6), which shows that the
BTF reduced the usually long start-up time of AOM-SR. Moreover, in the BTF using
thiosulfate as electron acceptor, the sulfide production (0.5 mmol I'* day*) and SR (0.4 mmol
It day?) rates were higher than using sulfate (0.2 mmol I day? and 0.3 mmol I* day?,
respectively). Therefore, the initial addition of thiosulfate in the BTF enhanced the SR activity.

The high porosity of the polyurethane foam used as the packing material in the BTF, offered
good biomass retention capacity and enhanced the gas to liquid mass transfer of the poorly
soluble CHs by increasing gas-liquid mixing and retaining CHs within the pores of the
polyurethane foam (Aoki et al., 2014; Cassarini et al., 2017; Estrada et al., 2014b) (Figure 7.4).
Therefore, the BTF commonly used for aerobic/anoxic waste gas treatment is also a suitable
bioreactor configuration for the enrichment of slow growing microorganisms, such as ANME
and SRB, at ambient pressure and temperature using deep marine sediments as the inoculum.
Moreover, the BTF may be more effective than membrane reactors for accelerating microbial
growth in the start-up period and it reduces the operational costs of high pressure reactors
operating at ambient conditions and enhancing methane bioavailability by good methane
retention within the polyurethane foam.

7.4 Future perspectives

Based on the good results obtained in this study, it is noteworthy to mention that a BTF is a
suitable bioreactor configuration for the enrichment of ANME and SRB using marine
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sediments as the inoculum. Moreover, the sediment from the marine Lake Grevelingen is a
suitable inoculum, as it showed the highest AOM rates at low pressure conditions (0.1 and 0.45
MPa), despite the scarce CH4 availability. As depicted in Figure 7.4, thiosulfate as the electron
acceptor for AOM can be used to activate the sediment for AOM-SR and enrich the SRB
community. In full-scale operations, in order to obtain high AOM-SR rates and enrich both
ANME and SRB in a BTF, sulfate should be used as the sole electron acceptor, as ANME were
not enriched with thiosulfate as electron acceptor. This research, thus, highlights the possibility
of applying a new strategy for environmental bioremediation applications brings the attention
into further investigation on the role of the microbes involved and their metabolic activities.

One of the most significant aspect that requires further investigation relates to the proposed
syntrophic association between ANME and SRB, which is still under debate. If such syntrophy
occurs through direct electron transfer as proposed by McGlynn et al. (2015) and Wegener et
al. (2015), it is necessary to understand the role of the proteins responsible of the electron
transfer and the function of nanowires observed. Moreover, growing ANME separately,
without the bacterial partner, would be advantageous to fully understand their metabolism.
Recently, it has been shown that ANME can be decoupled from the bacterial partner using an
external electron acceptor (Scheller et al., 2016). These microorganisms are apperently capable
of exporting electron outside the cell and it would be interesting investigating if they can be
electronically conductive (McGlynn, 2017). In order to achieve this, bio-electrochemical
systems (BES, Chapter 2 section 2.5.5) could be used to study the electron transfer mechanisms
and enrich the ANME separately.

As reported in Chapter 2, there are different techniques that can be used to study metabolic
activities and functions of the microorganism (e.g. metagenomic analysis), however, such
analysis require highly enriched ANME communities which are very difficult to obtain. An
efficiently designed bioreactor for the enrichment of the AOM community can be a scientific
breakthrough for the further exploration of the ecophysiology of ANME and its potential
biotechnological application. Thus, enriching ANME is important and a BTF was suggested in
this study for their enrichment at ambient conditions.

However, different reactions took place in the BTFs showing difficulties to fully control the
AOM-SR process and optimizing the system for SR. The bioprocess could be controlled by a
combination of continuous monitoring of the products and mathematical modeling. For
instance, sulfide and pH can be continuously monitored by using pH and pS (sulfide sensor)
electrodes, so that the sulfide can be removed before reaching the toxic threshold. Besides,
different sulfur compounds (e.g. elemental sulfur and polysulfides) were formed in the BTFs,
which are difficult to quantify, limiting the understanding of the role sulfur and of the processes
involved in the BTFs. Therefore, new methods for quantitative analysis of elemental sulfur and
polysulfides in solid and liquid phases need to be further investigated.

Moreover, a process control algorithm can be developed for the SR process (Cassidy et al.,
2015). The use of such control systems will improve the long term performance of the BTF,
regulate the growth conditions of the different microorganisms and optimize the dosing levels
of different electron donors and acceptors.
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The BTF technology is widely used for the treatment of industrial waste gases containing
volatile organic and inorganic pollutants, showing high removal efficiencies of pollutants, at
low concentrations and high gas flow rates (Guerrero & Bevilaqua, 2015; Kennes & Veiga,
2013; Niu et al., 2014). Besides, the operating and capital costs of treating pollutants using a
BTF are usually low compared to other physico-chemical approaches (Mudlar et al. 2010).
However, accumulation of excess biomass and clogging has been often reported as the main
disadvantages of using this technology for waste gas treatment. Differently, the BTFs used in
this study for AOM-SR did not pose any operational problem such as clogging or channeling,
and the biomass was actively maintained during its long term operation (>200 days). In this
study, we proposed polyurethane foam as packing material and the BTF was operated in
sequential fed-batch mode for the trickling liquid-phase, while the gas-phase CHs was
continuously supplied to the BTF in up-flow mode. Nevertheless, the BTF design for a slow
metabolic process such as AOM-SR can be further optimized.

Strategy for the enrichment of ANME
and SRB at ambient conditions

’ CH, 5,05

Polyurethane foam
BTF Y cube Ml 5,0, as electron acceptor
CH,CO H,S , , to activate inoculumand
H_[ Soi /5:0s enrich SRB (green)

U /S o ©
[} IArtificial

Q

\ €
seawater o.‘? d
‘ /v o] o

HS + HCO;
h CH4
Hf @ ANME
cH SO,% as sole electron
! o CH, acceptor for the enrichment

of ANME (red)
Polyurethane foam cubes for biomass

retention and efficient gas-liquid mass
transfer

¥

Biomass enriched in ANME and SRB in a BTF can be used to
further investigate the AOM consortia

Application of AOM-SR for methane removal and desulfurization
of industrial wastewater

Figure 7.4 Strategy for the enrichment of ANME and SRB at ambient conditions in a biotrickling
filter and future applications.

Previous reports have shown that the BTF has also been used to treat CH4 emissions under
aerobic conditions (Estrada et al., 2014a; Estrada et al., 2014c). Estrada et al. (2014b) showed
that, using a gas-recycling strategy, the CHa4 to liquid-phase mass transfer can be enhanced
even at low concentrations of CHa. In the BTF for AOM-SR, recycling the non-oxidized CH4
to achieve complete removal might be a good approach. However, unwanted or toxic
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compounds need to be stripped out prior recirculation. For instance, the hydrogen sulfide
produced can be continuously removed by integrating other bioprocesses for achieving metal
precipitation (i.e. ZnCly) to avoid inhibition of the microbial growth.

Besides polyurethane foam, different packing materials have also been successfully used in
BTF for wastegas treatment. These materials are either organic or inorganic, such as, molecular
sieves, ceramic rings, compost, coconut fiber, activated carbon, stones and resins (Avalos et al.
2012; Chen et al. 2016; Mudlar et al. 2010). For the enrichment of ANME and SRB, inert
materials are preferred and polyurethane foam was chosen as it resembles the carbonate
chimneys, which are often present in natural ANME habitats such as carbonate nodules
(Marlow et al., 2014). For future applications, naturally occurring materials (e.g. sandstone,
lava rocks) or inert materials such as plastic rings or resins can be tested in a BTF for AOM-
SR.

Based on the knowledge gained from this work, ANME and SRB can be enriched in a BTF.
The enriched community can be further used to understand its mechanisms and the BTF design
can be further improved and controlled for future biotechnology applications of AOM-SR.
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Figure S4.1. Total dissolved sulfide (#) and polysulfides concentration, namely S, (@), S5%
(%), S4% (X), Ss>* (m). S6> (A), during the incubation of Grevelingen sediment at (a) 0.45
MPa, (b) 0.1MPa, (c) 10 MPa, (d) 20 MPa, and (e) 40 MPa. Error bars indicate the standard

deviation (n=3).
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Figure S4.2. (a) CH4 production rates were calculated from the linear regression over at least
four successive measurements in which the calculated ‘2CH, increase over time was linear.
(b) The CH4 produced was calculated from the *2?CH,. Methanogenic activity and CH4
produced during AOM were determined for incubations at different pressures and controls
without CHa, but with N2 in the headspace and without biomass. Error bars indicate the
standard deviation (n=4).
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Figure S4.4 Concentration profiles of methane oxidized (*3CHa, A) and dissolved inorganic
carbon (DIC, ) calculated from the produced 3CO) for the incubation of Grevelingen
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