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Zusammenfassung

Zusammenfassung

Die Aktivitat von Organismen in komplexen, mikrobiellen Gemeinschaften wurde in den
letzten Jahrzehnten vermehrt durch den Einbau stabiler Isotope in die Biomasse aktiver Spezies
untersucht. Der Isotopeneinbau kann in allen Biomolekulen, aber hauptséchlich in DNA, RNA,
Proteinen und Phospholipidfettsduren nachverfolgt werden. Hierbei nimmt die phylogenetische
Information, der Genotyp, ausgehend von der DNA uber die RNA hin zu den Proteinen ab,
wohingegen der Phanotyp malgeblich durch die Proteine gepragt wird. Folglich liefert die
Untersuchung von DNA und RNA prézisere phylogenetische Daten, wahrend Proteine
genauere Aussagen Uber den tatsachlichen Zustand im System erlauben. In dieser Arbeit wurde
die Markierung mit stabilen Isotopen (**C und *N) in Proteinen (Protein-SIP) fir zwei
grundsatzlich ~ verschiedene  mikrobielle  Gemeinschaften  angewandt: (a) Die
Benzolmineralisation einer sedimentdren Gemeinschaft, die aus einem anaeroben
Grundwasseraquifer angereicht wurde sowie (b) die kurzzeitige und aerobe Assimilation von

Pflanzenmaterial im Boden.

Markierung des  Sekundéarstoffwechsels  einer benzolmineralisierenden und
sulfatreduzierenden, mikrobiellen und in Zeitz angereicherten Gemeinschaft mittels 1*C,-Acetat
(Artikel 3.2)

Die seit 2007 untersuchte und aus Zeitz angereicherte, mikrobielle Gemeinschaft wurde mit
dem zuvor postulierten Hauptintermediat der syntrophen Benzolmineralisation, Acetat,
inkubiert. Das Substrat wurde vollstindig *3C-markiert téglich in geringen Mengen zugegeben,
um den sekundaren Abbau wéhrend verschiedener Stadien des Benzolabbaus aufzuschlisseln.
Es wurde demonstriert, dass zusatzlich zur Benzolmineralisation zugegebenes Acetat keinen
Einfluss auf das Ausmal3 der Sulfidbildung als Endprodukt der Sulfatreduktion hat. Stattdessen
wird Acetat in absteigender Reihenfolge von den Campylobacterales, den Syntrophobacterales,
den Archaeoglobales, den Clostridiales und den Desulfobacterales assimiliert. Die
epsilonproteobakteriellen Campylobacterales zeigten den schnellsten und hochsten Einbau,
wodurch zuvorige metagenombasierende Studien bestatigt und den Epsilonproteobakterien

dieser Gemeinschaft erstmals eine physiologische Rolle gegeben werden konnte.

Physiologie des primdren Acetatverwerters einer benzolmineralisierenden  und
sulfatreduzierenden, mikrobiellen und in Zeitz angereicherten Gemeinschaft (Artikel 3.1)
In dieser Studie wurde das Genom des priméren Acetatverwerters (Artikel 3.2) aus dem

vollstdndigen Metagenom der benzolmineralisierenden, mikrobiellen Gemeinschaft



Zusammenfassung

rekonstruiert. Die genomische DNA stammte aus einer Hungerkultur des gleichen Aquifers, die
zuvor auf m-Xylen wuchs und eine Anreicherung des epsilonproteobakteriellen Phylotyps
dieser Gemeinschaft aufzeigte. Die Présenz der Sulfidquinonoxidoreduktase (sqr) und der
Polysulfidreduktase (psr) suggeriert eine Schlusselrolle im Schwefelzyklus. Das
Epsilonproteobakterium ist in der Lage, das aus der Sulfatreduktion des Sekundarstoffwechsels
entstandene und toxische Sulfid mittels SQR zu Polysulfid zu oxidieren und anschlieRend
mittels PSR zu reduzieren. Die in der zuvorigen Studie demonstrierte direkte Acetatassimilation
wurde durch die Detektion eines Acetattransporters (actP) und der Acetyl-CoA Synthetase

(acsA) zur Acetataktivierung bestatigt.

Kurzzeitige Assimilation von °N-markiertem Pflanzenmaterial im Boden (Artikel 3.3)

In dieser Protein-SIP Studie wurde die Assimilation von Pflanzenmaterial im Boden erstmals
mittels *°N-markiertem Tabak gezeigt. Gegensétzlich zu der bisher vorherrschenden Annahme,
dass Pilze die aus den Pflanzen stammenden, komplexen Verbindungen wie Cellulose und
Lignin abbauen und niedermolekulare Verbindungen abgeben, die anschlieBend von Bakterien
metabolisiert werden, wurde gezeigt, dass Bakterien die dominanten Organismen wéhrend der
kurzzeitigen Assimilation von Pflanzenmaterial sind. Die in den Pflanzen enthaltenen,
niedermolekularen Verbindungen werden zundchst von den Bakterien genutzt bis die
komplexen Verbindungen angereichert und von den langsam wachsenden Pilzen umgesetzt
werden. Die Verwendung von multiOMIK-Techniken resultierte in einem multidimensionalen
Schema, dass die Gruppierung und Kategorisierung unterschiedlicher Verhaltensweisen von

Mikroorganismen ermdglicht.



Summary

Summary

The activity of microorganisms was heavily investigated using the incorporation of stabile
isotopes in the last decade. Here, all biomolecules but predominantly DNA, RNA, proteins and
phospholipid derived fatty acids are used to trace the label in the biomass of active microbes.
Thereby, the phylogenetic information decreases from DNA and RNA to proteins whereas the
latter allow to describe the actual phenotype. In this work, protein stable isotope probing
(protein-SIP) was applied to two different microbial systems: (a) the anaerobic mineralization

of benzene and (b) the assimilation of plant-derived organic matter in soil.

Labeling of the secondary metabolism of the benzene-mineralizing and sulfate-reducing
community using *Co-acetate (article 3.2)

The well-described microbial community enriched from the Zeitz aquifer was fed daily with
the postulated and fully $3C-labeled intermediate of syntrophic benzene fermentation, acetate,
to unveil detailed secondary utilization processes. Additional acetate amended to the ongoing
benzene mineralization showed no influence on sulfide produced by sulfate reduction. Instead,
labeled acetate was incorporated by Campylobacterales, Syntrophobacterales,
Archaeoglobales, Clostridiales and Desulfobacterales in descending order. The
epsilonproteobacterial Campylobacterales featured the fastest and the highest *3C-incorporation
to confirm previous metagenome-based studies and to assign a physiological role to this

phylotype of the community for the first time.

Metagenome based labeling of the secondary metabolism of the benzene-mineralizing and
sulfate-reducing community (article 3.1)

In this study, the population genome of the primary acetate utilizer (article 3.2) was
reconstructed from the metagenome of the benzene mineralizing community obtained by
whole-genome shotgun sequencing. Genomic DNA originated from a starvation enrichment
culture previously metabolizing m-xylen and enriched in the identical epsilonproteobacterial
phylotype of this community. The presence of the sulfide quinone oxidoreductase (sqr) and the
polysulfide reductase (psr) suggested a key role in sulfur cycling. Hence, the
epsilonproteobacterial phylotype is able to oxidize otherwise toxic sulfide produced by sulfate
reduction to polysulfide via SQR and its subsequent reduction to sulfide via PSR. Further, the
detection of an acetate transporter (actP) and the acetyl-CoA synthetase (acsA) for acetate

activation approved direct assimilation as shown in the previous study.



Summary

Short-term assimilation of plant-derived organic matter in soil (article 3.3)

In this protein-SIP study, the short-term assimilation of plant-derived organic matter in soil was
demonstrated using °N-labeled tobacco for the first time. In contrast to the postulated model in
which fungi degrade plant-derived complex compounds and secrete low molecular weight
compounds which are then degraded by bacteria, our study demonstrated the dominance of
bacteria over fungi during the short-term assimilation of plant-derived organic matter. Bacteria
outcompete fungi for the easy available plant-derived compounds until complex compounds
such as cellulose and lignin are enriched and degraded by slow growing fungi. The use of
multiOMIC techniques resulted in a multidimensional scheme to easily group and categorize

different behaviours of microorganisms.
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Abkirzungsverzeichnis

BTEX Benzol, Toluol, Ethylbenzol und ortho-, meta- und para-Xylol
C Kohlenstoff

CO2 Kohlenstoffdioxid

CUE Kohlenstoffaufnahmeaktivitat
DNA Desoxyribonukleinséure

DOl Digitale Objektidentifikation
GW Grundwasser

H Wasserstoff

LR Markierungsverhaltnis

MW Mittelwert

N Stickstoff

NUE Nahrstoffaufnahmeaktivitat
@) Sauerstoff

PB Proteobakterien

PLFA Phospholipidfettsauren

PSD Polysulfiddisproportionierung
PSR Polysulfidreduktase

RIA Relatives Isotopenverhaltnis
RNA Ribonukleinséure

rITCA Reduktiver Citratzyklus

S Schwefel

SA Standardabweichung

SIP Markierung mit stabilen Isotopen
SQR Sulfidquinonoxidoreduktase
AE Standardpotenzial

AG Gibbs-Energie
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Abbildung 1: Die Kohlenstoff- (C) und Stickstoffkreislaufe (N) ausgehend von nattrlichen
und xenobiotischen Verbindungen im Boden und im Grundwasser (GW). Dieeinfachen
Energie- und Nahrstoffquellen werden von aerob lebendenMikroorganismen im Boden
verwendet, wahrend die energiereichen komplexen von anaerob lebenden Mikroorganismen im

Grundwasser genutzt werden.

Abbildung 2: Das  Modell der  Stoffflisse  der  benzolmineralisierenden  und
sulfatreduzierenden, mikrobiellen und in Zeitz angereicherten Gemeinschaft nach Taubert,
2012. Benzol wird von den Clostridiales zu Metaboliten fermentiert, welche dann von Delta-
und Epsilonproteobakterien unter sulfatreduzierenden Bedingungen oxidiert werden. Die tote

Biomass wird letztlich von Bacteroidetes und Chlorobi metabolisiert.

Abbildung 3: Der Pflanzenabbau unterteilt in mechanische und biochemische Prozesse nach
Schmidt, 1989. Im mechanischen Abbau wird die Pflanze von der Mikro-, Meso- und
Makrofauna zerkleinert, wahrend im biochemischen Abbau die freigesetzten Chemikalien
metabolisiert werden. Dabei werden die komplexen Stoffe wie Cellulose und Lignin von den
Pilzen abgebaut und die entstehenden einfachen Verbindungen wie Proteine und Zucker von

den Bakterien genutzt.

Abbildung 4: Die vier zentralen Bausteine der bioanalytischen Methodik. In der DNA liegt die
phylogenetische Information wéhrend die RNA, die Proteine und die Metabolite den Phanotyp

von einem Organismus beschreiben.

Abbildung 5: Die Isotopenabundanz verschiedener Atome im Durchschnittsmodell eines
Proteins nach Jehmlich, 2016. Die atomare Zusammensetzung des Tripeptids Glu-Cys-GlIn wird
gezeigt. In der Tabelle ist die Abundanz der verschiedenen Atome in einer durchschnittlichen
Aminosaure. Die Anwendbarkeit der Atome fir Kklassische SIP-Experimente, fir
Mikroschadstoff-SIPs und fir generelle Aktivitét sind als hoch (***), mittel (**) und niedrig
(*) eingestuft.

Abbildung 6: Schematische Darstellung eines Spektrums, wobei m flir Masse und z fiir Ladung
steht, mit den spezifischen Protein-SIP-Werten, relative Isotopenabundanz (RIA) und

Markierungsverhaltnis (LR) ausgehend von der monoisotopischen Spitze (Pfeil).
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Abbildung 7: Das Potenzial der aus Zeitz angereicherten, mikrobiellen Gemeinschaft
verschiedene terminale Elektronenakzeptoren zu verwenden. Dabei steht PB fir
Proteobakterien. Sulfat wird als Elektronenakzeptor des sekundaren Metabolismus verwendet,
um Acetat und Wasserstoff resuliertend aus der Benzolfermentation zu oxidieren. Bei Zugabe
von elementaren Schwefel kollabiert die Benzolfermentation und Schwefel wird von (anderen)

Deltaproteobakterien zu Sulfat und Sulfid disproportioniert.

Abbildung 8: Formiatkonzentration im Uberstand der anaeroben und benzolmineralisierenden
Grundwassergemeinschaft. Andere kurzkettige freie Fettsduren wie Acetat, Butyrat und

Propionat konnten nicht quantifiziert werden.

Abbildung 9: Uberarbeitetes Modell der Dekomposition von Pflanzen durch Boden-
mikroorganismen nach Schmidt, 1989. Die Pflanze wird von der Mikro-, Meso- und
Makrofauna zerkleinert. AnschlieBend werden die pflanzenabgeleiteten einfachen
Verbindungen von Bakterien metabolisiert. Gleichzeitig bauen die Pilze die
pflanzenabgeleiteten komplexen Verbindungen wie Cellulose und Lignin zu einfachen

Verbindungen ab, die letztlich von den Bakterien genutzt werden.

Abbildung 10: Der Zusammenhang von Energie- (C) und Nahrstoffstoffwechsel (N) nach
Mooshammer, 2014. NUE steht fur die Nahrstoffaufnahmeeffektivitat und CUE flr die
Kohlenstoffaufnahmeeffektivitat. Bei einer Kohlenstofflimitation, wird der komplette
Kohlenstoff in die Biomasse eingebaut wihrend Stickstoff im Uberfluss vorhanden ist und auch
oxidiert werden kann. Vice versa wird bei einer Stickstofflimitation der komplette Stickstoff in

die Biomasse eingebaut, wahrend der Kohlenstoff im Uberfluss auch oxidiert werden kann.

Tabelle 1: Atmungstypen mit Redoxpotential nach Ottow. Der bei der anaeroben Atmung
verwendete Sauerstoff bringt durch das hohe Redoxpotential einen hoheren Energiegewinn als
bei der anaeroben Atmung.
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Einleitung

1. Einleitung

Mikroorganismen sind in der Lage, sowohl naturlich vorkommende als auch anthropogen in die
Umwelt eingebrachte, xenobiotische Verbindungen vollstdndig abzubauen. Die
stoffumwandelnden Prozesse kdénnen unter vielfaltigen Rahmenbedingungen stattfinden. Ein
Beispiel dafur ist das Zusammenspiel von Boden und Grundwasser. Der im Boden
vorkommende Sauerstoff wird von aerob lebenden Mikroorganismen genutzt, um
hauptséchlich die einfachen Energie- (C) und Nahrstoffquellen (N) zu verstoffwechseln.
Energiereiche und damit persistente Verbindungen werden haufig in den Grundwasserleiter
translokalisiert und anschlieRend von anaerob lebenden Mikroorganismen, denen anstelle von
Sauerstoff andere terminale Elektronenakzeptoren wie Nitrat und Sulfat zur Verfligung stehen,
als Energie- und Nahrstoffquelle genutzt (Abbildung 1).

natiurlicher Abbau Abbau von Xenobiotika
/177 \ N
Prazipitation R =
171/ b
O i - i
[ | ] L J

aerobe
" mikrobielle
ersickerung e

Permeabilitat = Aktivitat

Boden

GW

Komplexitat

Abbildung 1: Die Kohlenstoff- (C) und Stickstoffkreislaufe (N) ausgehend von natirlichen und xenobiotischen
Verbindungen im Boden und im Grundwasser (GW). Die einfachen Energie- und Nahrstoffquellen werden von
aerob lebenden Mikroorganismen im Boden verwendet, wéhrend die energiereichen komplexen Verbindungen von

anaerob lebenden Mikroorganismen im Grundwasser genutzt werden.
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Einleitung

1.1.  Mikrobielle Aktivitat

Mikroorganismen stellen die alteste Form von Leben auf der Erde dar und sind damit der
Ursprung komplexer Organismen (1-3). Zudem trugen préhistorische Mikroorganismen
malgeblich zur Formation der oxischen Atmosphare (4) und der geologischen Beschaffenheit
der Erde bei (5, 6). Mikroorganismen umfassen den groRten Teil der globalen Biomasse und
sind damit entscheidend fiir die genetische Diversitat (7). AulRerdem sind Mikroorganismen
bedeutsam fir die atomaren Kreisldufe von Kohlenstoff, Sauerstoff, Stickstoff und Schwefel,
aber auch fiir den Zyklus von Metallen und Halogenen wie Chlor (8, 9). lhre Fahigkeit,
einzigartige, biochemische Reaktionen durchzufiihren, wird oftmals auch von hdheren
Organismen  genutzt.  Beispielsweise ~ wurden  symbiotische  Lebensweisen  fir
stickstofffixierende Bakterien in Pflanzenwurzeln (10, 11) und fur lignocelluloseabbauende
Mikroorganismen im Termitendarm beschrieben (12). Weiterhin kdnnen Mikroorganismen
nicht nur energiereiche Verbindungen vollstdndig abbauen, sondern auch komplexe
Stoffgemische als Energie- und Nahrstoffquelle  nutzen. Diese vielféltigen
Stoffwechselpotentiale tragen unter anderem zur Sanierung kontaminierter Habitate bei. Im
Vergleich zur abiotischen, physikochemischen Sanierung wie der Hochdruckextraktion und der
thermischen Bodensanierung weist der biotische, mikrobielle Abbau wesentliche Vorteile wie
beispielsweise  den volistandigen Abbau der Kontaminationen, die geringen
Behandlungskosten, die hohere Sicherheit sowie die geringe Belastung der Umwelt auf (13).
Im Gegensatz zum Abbau anthropogen eingebrachter, organischer Energie- und
Néhrstoffquellen steht der natlrliche Abbau. Dabei werden natirlich vorkommende
Verbindungen aus beispielsweise Pflanzen, Streu oder Holz von Mikroorganismen vollstandig
metabolisiert (14). In den vergangenen Jahrzehnten hat sich die mikrobielle Forschung insofern
weiterentwickelt, dass nicht mehr nur der Abbau einer Verbindung durch einen einzelnen
Mikroorganismus untersucht wird, sondern vielmehr der Abbau von mehreren Verbindungen
oder Stoffgemischen durch mikrobielle Gemeinschaften. Tatséchlich sind diese
Gemeinschaften die naturliche Organisationsform mikrobiellen Lebens, die durch ihre hohe
Diversitat in der Lage sind, eine Vielzahl extremer, 6kologischer Habitate wie Gletscher (15),
submarine, hydrothermale Offnungen (16), Seebodensedimente (17), Schlammvulkane (18)
oder Geysire (19) zu besiedeln. Dabei wird grundsétzlich zwischen einem Stoffwechsel mit
Sauerstoff, der aeroben Atmung und einem ohne Sauerstoff, der anaeroben Atmung,
unterschieden. Innerhalb der anaeroben Atmung kdnnen verschiedene Elektronenakzeptoren

wie Nitrat, Sulfat oder Schwefel verwendet werden, wobei das Redoxpotential der anaeroben

12



Einleitung

Atmung typischerweise geringer als das der aeroben Atmung ist (Tabelle 1). Daraus
resultierend folgt, dass aerobe Mikroorganismen den Energiegewinn aufgrund des hohen
Redoxpotentials des Sauerstoffs in den Aufbau von Biomasse investieren koénnen. Im
Gegensatz dazu mussen anaerobe Mikroorganismen die gewonnene Energie hauptsachlich fur
die Aufrechterhaltung des Stoffwechsels aufbringen und sind damit generell durch eine geringe
Biomasseproduktion gekennzeichnet. Daher stellen anaerobe Mikroorganismen aufgrund ihrer
geringen Umweltbelastung vor allem bei der biologischen Sanierung kontaminierter Gebiete
eine zukunftsweisende Alternative zur abiotischen Sanierung dar, wéhrend meistens aerob

lebende Mikroorganismen fiir den nattirlichen Abbau verantwortlich sind.

Tabelle 1: Atmungstypen mit Redoxpotential nach Ottow (20). Der bei der anaeroben Atmung verwendete

Sauerstoff bringt durch das hohe Redoxpotential einen héheren Energiegewinn als bei der anaeroben Atmung.

Atmungstyp Elektronenakzeptor Reaktionsprodukt(e) EY (V)
Aerobe Atmung Sauerstoff Wasser + CO2 +0,82
Denitrifikation Nitrat Nitrit +0,75
Manganreduktion Mangan(1V) Mangan(ll) +0,41
Eisenatmung Eisen(l11) Eisen(1) +0,15
Fumaratatmung Fumarat Succinat +0,03
Desulfurikation Sulfat Sulfid -0,22
Methanogenese CO2 Methan -0,25
Schwefelreduktion Schwefel Sulfid - 0,27
Acetogenese CO: Acetat -0,30

In der vorliegenden Dissertation wurden eine gut verstandene mikrobielle
Grundwassergemeinschaft sowie eine Bodengemeinschaft getrennt voneinander untersucht. Im

Folgenden werden beide Habitate beschrieben.

1.1.1. Habitat 1: Anaerober Benzolabbau einer sedimentdren mikrobiellen

Grundwassergemeinschaft

Die Kontamination mit Petroleumkohlenwasserstoffen wie den BTEX-Verbindungen zu denen
Benzol, Toluol, Ethylbenzol sowie ortho-, meta- und para-Xylol zéhlen, wird hauptsachlich
durch versehentliches Verschiitten und undichte Lagertanks verursacht (21). Die Sanierung von

Benzolkontaminationen ist aufgrund der Persistenz in der Umwelt und der Toxizitat bedeutsam

13
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(22, 23). In kontaminierten, unterirdischen Habitaten wird der Sauerstoff durch die Aktivitét
aerober Mikroorganismen und chemischer Oxidationsprozesse rasch verbraucht, wodurch sich
eine anaerobe Zone bildet. Der Grofiteil stark hydrophober Kohlenwasserstoffe wird in dieser
Zone von anaerob lebenden Mikroorganismen abgebaut (24, 25), wobei Benzol die renitenteste
der BTEX-Verbindungen ist. Der anaerobe Abbau von Benzol wurde seit den 1990er Jahren
untersucht (26-28) und postuliert, dass die initiale, oxidative Aktivierung tiber Carboxylierung,
Hydroxylierung oder Methylierung zu Benzoat, Phenol oder Toluol als erstes Intermediat im
Abbau flihrt (29, 30). Die in dieser Arbeit behandelte, benzolmineralisierende und
sulfatreduzierende, mikrobielle Gemeinschaft wurde in einem BTEX-kontaminierten,
sulfidischen Grundwasserleiter angereichert und intensiv untersucht (31-35). Vorherige Studien
mittels der Analyse der terminalen Restriktionsfragementlangen-polymorphismen (TRFLP),
der Sequenzierung von 16S rRNA Genen sowie DNA-SIP mit 3Cg-markiertem Benzol
offenbarten  die  benzolabbauende  Aktivitdt von einen  Phylotyp, der zur
Cryptanaerobacter/Pelotomaculum-Gruppe innerhalb der Clostridiales gehort (32, 33). Der
entsprechende Protein-SIP Versuch mit vollstandig **C-markiertem Benzol sowie mit 3C-
markiertem Carbonat bestétigte, dass ein Pelotomaculum-&hnlicher Organismus Kohlenstoff
aus Benzol und CO: assimiliert (35). Mit Hilfe dieser Studien wurde die mikrobielle
Gemeinschaft beziiglich ihrer *C-Einbaucharakteristiken in drei Gruppen geteilt: (1)
Clostridiales fermentieren Benzol und fixieren Kohlenstoff aus CO2 wahrend (1)
Deltaproteobakterien sich von den Fermentationsprodukten, CO.-Fixierung und
Sulfatreduktion erndhren sowie (I1l) die vermeintlichen Aasfresser toter Biomasse oder
Metaboliten, die zur  Bacteroidetes/Chlorobi-Gruppe  gehdren.  Basierend  auf
thermodynamischen Berechnungen wurden Acetat und Wasserstoff als Schllsselmetabolite der
Benzolfermentation beschrieben, was eine syntrophe Beziehung mit den Sulfatreduzierern
suggeriert (33). Tatsachlich wurde kirzlich demonstriert, dass die Zugabe von Acetat und
Wasserstoff in hohen Konzentrationen die Benzolfermentation reversibel inhibiert (34).
AuBRerdem zeigten DNA-SIP Experimente den Einbau von *Cs-markiertem Benzol von einem
Mitglied der Epsilonproteobakterien, das entfernt verwandt mit dem Genus Sulfurovum ist, aber

nicht in den entsprechenden Protein-SIP Versuchen gefunden wurde (32, 35) (Abbildung 2).
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Abbildung 2: Das Modell der Stofffliisse der benzolmineralisierenden und sulfatreduzierenden, mikrobiellen und
in Zeitz angereicherten Gemeinschaft nach Taubert, 2012 (35). Benzol wird von den Clostridiales zu Metaboliten
fermentiert, welche dann von Delta- und Epsilonproteobakterien unter sulfatreduzierenden Bedingungen oxidiert

werden. Die tote Biomass wird letztlich von Bacteroidetes und Chlorobi metabolisiert.

Daher war die 6kophysiologische Rolle dieses epsilonproteobakteriellen Phylotyps in der
mikrobiellen Gemeinschaft bisher unklar. Aktuelle Studien zeigten, dass chemolithoautotrophe
Epsilonproteobakterien, die verwandt mit dem Genus Sulfurovum sind, vorherrschend in
sulfidischen Umgebungen wie hydrothermalen Tiefsee6ffnungen (36-38) oder sulfidischen
Hohlen und Quellen sind (39-41). Trotzallem wurde auch mixotrophes Wachstum diskutiert,
da Epsilonproteobakterien durch Acetatzugabe in einem sulfidischen
Grundwasserleitersediment stimuliert wurden (42). Daher wird vermutet, dass die
Epsilonproteobakterien in der hier untersuchten, mikrobiellen Gemeinschaft sich von
Produkten der Benzolfermentation und der Sulfatreduktion erndhren. Ferner wurde das

Netzwerk der sekundéren Kohlenstoffverwertung aus Acetat noch nicht aufgeklart.
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1.1.2. Habitat 2: Pflanzenabbau durch Bodenmikroorganismen

Boden ist ein lebender natirlicher Rohstoff, der die Fruchtbarkeit und die Nachhaltigkeit der
Erde durch die Aktivitét einer grof3en Diversitat an Mikroorganismen bestimmt (43). Die hohe
Komplexitit mikrobiellen Lebens im Boden, wobei in 1 cm? 107 bis 10 prokaryotische Zellen
und 350 bis 8000 verschiedene, genomische Spezies vorhanden sein kdnnen, resultiert aus den
Interaktionen mit den vier Sphédren des Lebens — der Atmosphére, der Biosphare, der
Hydrosphére und der Lithosphare (43). Dabei héngt die Viabilitadt der Bodenmikroorganismen
stark von verfiigbaren Energie- und Nahrstoffquellen ab. Unter den Nahrstoffen zahlt Stickstoff
zu den bedeutsamsten, welcher hauptsachlich von Pflanzen in den Boden eingebracht wird (44).
Der pflanzliche Stickstoff ist vor allem in Proteinen enthalten, die 2-5% des Trockengewichts
ausmachen, da die Konzentrationen von frei verfugbaren Aminoséuren normalerweise 100-fach
geringer ist (45). Andererseits konnen diese Aminosauren direkt Uber mehrere
Membrantransportsysteme aufgenommen werden (46), wéhrend Proteine vor der Aufnahme
zunachst von extrazellularen Proteasen depolymerisiert werden muissen, was den
geschwindigkeitsbestimmenden Schritt im Abbau organischer Materie aus Pflanzen darstellt
(47-49). Die daraus resultierenden, einfachen, organischen Stickstoffverbindungen kodnnen
durch Mikroorganismen ziigig als Energie- und Nahrstoffquelle genutzt werden (50). Der
Zyklus von anorganischem Stickstoff, wie beispielsweise Nitrifikation und Denitrifikation,
wurde detailliert erforscht und beschrieben (51, 52), wohingegen der Zyklus von organischem
Stickstoff im Boden noch nicht komplett verstanden ist (47). Im Gegensatz dazu wurde der
Abbau und die Assimiliation von organischem Kohlenstoff durch Bodenmikroorganismen
bereits mehrfach gezeigt (53-55). Dabei wurde die Dominanz der Pilze im Abbau und der
Assimilation von polymerem, organischem Kohlenstoff aus Pflanzen demonstriert (56).
Weiterhin wurden sowohl synergistisches als auch antagonistisches Verhalten zwischen Pilzen
und Bakterien beschrieben (57-61). Bisher wurde angenommen, dass Bakterien die
niedermolekularen Verbindungen wie Proteine und Zucker, die beim Abbau wvon
Pflanzenpolymeren wie Cellulose oder Lignin durch Pilze entstehen, wéhrend der
biochemischen Pflanzendekomposition metabolisieren (Abbildung 3).
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Biochemische Dekomposition
(Bakterien und Pilze)

Mechanische Dekomposition
(Mikro-, Meso- und Makrofauna)

O Proteine
O Zucker

Q Cellulose k\
Q Lignin

Abbildung 3: Der Pflanzenabbau unterteilt in mechanische und biochemische Prozesse nach Schmidt, 1989. Im

mechanischen Abbau wird die Pflanze von der Mikro-, Meso- und Makrofauna zerkleinert wéhrend im
biochemischen Abbau die freigesetzten Chemikalien metabolisiert werden. Dabei werden die komplexen Stoffe
wie Cellulose und Lignin von den Pilzen abgebaut und die entstehenden, einfachen Verbindungen wie Proteine

und Zucker von den Bakterien genutzt.

Dieses Verhalten wurde als ,,cheating” bezeichnet, da Bakterien ohne eigenen Aufwand
Wachstumsvorteile auf Kosten der Pilze erlangen (62). Trotz allem ist bisher unklar, wie
anorganischer und organischer Stickstoff aus Pflanzen in die mikrobielle Bodengemeinschaft

eingespeist wird und welche Mikroorganismen daran beteiligt sind (63, 64).

1.2. OMIK-Techniken

Die bioanalytische Methodik beschéftigt sich mit vier zentralen Bausteinen: der Genomik, der
Transkriptomik, der Proteomik und der Metabolomik. Wéhrend die DNA die phylogenetische
Information beschreibt, wird der Phénotyp von einem Organismus mal3geblich durch die RNA,
die Proteine und die Metabolite definiert. Es wurde beschrieben, dass die genetische
Information der DNA uber die Transkription zur mRNA hin zur Translation zu den Proteinen,
die abschlielend Verbindungen umsetzen und damit fiir Stoffwechselaktivitat sorgen,
weitergetragen wird (65) (Abbildung 4). Folglich wurde angenommen, dass die genetische und
funktionale Abundanz von DNA, mRNA und Proteinen vergleichbar ist. Jedoch wurde bisher
in vielen Studien gezeigt, dass nur eine sehr schlechte, beziehungsweise keine direkte
Korrelation besteht (66-68). Es ist ratsam, eine Kombination von OMIK-Techniken bestehend
aus Genomik, Transkriptomik, Proteomik und Metabolomik zu nutzen, um ein umfassendes

Verstandnis fur ein mikrobielles System aufzustellen.
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Metabolomik
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Abbildung 4: Die vier zentralen Bausteine der bioanalytischen Methodik. In der DNA liegt die phylogenetische

Information wahrend die RNA, die Proteine und die Metabolite den Phénotyp von einem Organismus beschreiben.

Jedoch bieten diese OMIK-Techniken noch keine Aussage Uber die Funktionalitat einzelner
Organismen in einer mikrobiellen Gemeinschaft. Erst die Verbindung von
molekularbiologischen Methoden, beispielsweise mit stabilen Isotopen, ermdoglicht die
Verknipfung der Identitdt mit der Funktion in der Umwelt (69). Die Markierung mit stabilen
Isotopen wurde bereits fur Phospholipidfettsauren (PLFA) (70), Nukleinsauren (RNA und
DNA) (71), Aminosauren (72) und Proteinen (73) durchgeftihrt. Ublicherweise dienen *C- oder
>N-markierte Verbindungen oder komplexe Gemische als Marker fiir biologische Aktivitat, die
den Mikroorganismen entweder direkt im geschlossenen System oder auf Tragermaterialien
wie Aktivkohle zur Verfligung gestellt werden (74). Hierbei bietet der PLFA-SIP trotz einer
hohen Sensitivitat fur Einbau (<0.01%) nur eine schlechte phylogenetische Auflésung und es
ist keine funktionale Analyse mdglich (69). Im Gegensatz dazu versprechen Nukleinséure-SIPs
eine hohe phylogenetische Auflésung und potentielle, funktionale Informationen, wenn
mehrere Primer genutzt werden (75), wobei eine Einbaurate von mindestens 40% vorhanden
sein muss (76). Weiterhin beweist und quantifiziert das Aminosdure-SIP Verfahren lediglich
den zugrundeliegenden Abbau und erméglicht damit keine Aussage Uber die Struktur und die
Funktion in der mikrobiellen Gemeinschaft (72). Dagegen zeichnet sich die Verwendung von
Proteinen einerseits durch die hohe Sensitivitdt, wodurch auch geringe Einbauaktivitaten
detektiert werden konnen (77, 78), und andererseits durch die Verknupfung funktionaler und
phylogenetischer Analyse der mikrobiellen Gemeinschaft aus (79).
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1.2.1. Stabile Isotope

Bei der funktionalen Metaproteomik werden die verfugbaren Energie- und Nahrstoffquellen
mit stabilen Isotope markiert und von aktiven Mikroorganismen in die Biomasse eingebaut.
Dabei sind die in den Aminosauren vorkommenden Elemente Kohlenstoff (C), Wasserstoff (H),
Stickstoff (N), Sauerstoff (O) und Schwefel (S) bedeutsam. Aus der durchschnittlichen
Héaufigkeit der einzelnen Aminosauren in Proteinen (80) ergeben sich die relativen Haufigkeiten
der Atome in den jeweiligen Proteinen. Der bisher am h&ufigsten untersuchte Kohlenstoff tritt
durchschnittlich zu 31,56% in Proteinen auf, wahrend Stickstoff nur 8,79% ausmacht
(Abbildung 5).

S

Heavy # of atoms per Substrate Potential General

Element stable "average" amino for classic application for activity

isotopes acids SIP-experiments micropollutant-SIP  marker
@® Carbon 13C 4.93 o x *
O Hydrogen 2H 7.75 * * ok
@ Nitrogen 15N 1.35 EE * o
® Oxygen 180 1.47 * * o
Sulfur 34/36S 0.04 * * *

Abbildung 5: Die Isotopenabundanz verschiedener Atome im Durchschnittsmodell eines Proteins nach Jehmlich,
2016 (81). Die atomare Zusammensetzung des Tripeptids Glu-Cys-GIn wird gezeigt. In der Tabelle ist die
Abundanz der verschiedenen Atome in einer durchschnittlichen Aminosaure. Die Anwendbarkeit der Atome fiir
klassische SIP-Experimente, fiir Mikroschadstoff-SIPs und flr generelle Aktivitat sind als hoch (***), mittel (**)
und niedrig (*) eingestuft.

Elemente werden durch die Anzahl an Protonen und Neutronen im Atomkern sowie der Anzahl
an Elektronen in der Atomhulle beschrieben (82). Dabei setzt sich die Atommasse aus der
Protonen- und der Neutronenanzahl zusammen. Ein Element kann durch die unterschiedliche

Neutronenanzahl im Atomkern eine unterschiedliche Atommasse haben. Die daraus
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resultierenden Atome werden Nuklide genannt. Nuklide mit gleicher Protonenanzahl aber
unterschiedlicher Atommasse werden Isotope genannt. Es wurden bisher ungefahr 270 stabile
Isotope und 2.000 Radionuklide identifiziert (83). Radionuklide sind nicht stabil und durch eine
geringe Halbwertszeit gekennzeichnet, wohingegen stabile Isotope sehr groRe Halbwertszeiten
aufweisen und dadurch keinen sichtbaren Zerfall zeigen. *3C ist das bisher am haufigsten
verwendete stabile Isotop in Aminosdure-SIPs (72), PLFA-SIPs (84), Nukleinsaure-SIPs (85)
und Protein-SIPs (35, 86, 87), um den Abbau von einzelnen Chemikalien, aber auch von
kompleten Stoffgemischen wie dem Pflanzenabbau im Boden durch mikrobielle
Gemeinschaften zu untersuchen.Bisher wurden nur wenige SIP-Versuche mit anderen stabilen
Isotopen verdffentlicht. Dies kommt dadurch, dass viele Kohlenwasserstoffe ohne
Heteroatome, wie beispielsweise Benzol oder Naphthalin, als Modellverbindungen genutzt
werden. Bei der Untersuchung des Abbaus komplexer Stoffgemische werden andere Isotope
wie N und 0 zunehmend beriicksichtigt. Derartig wurden Nukleinsaure-SIPs mit °N-
markierten Pflanzen (63, 64) und H2'80 (88) durchgefiihrt, um die aktiven Schliisselorganismen
und die jeweiligen atomaren Flisse in den mikrobiellen Gemeinschaften zu identifizieren. Das
umfassende Verstandnis von atomaren Zyklen ist von Bedeutung, denn in allen terrestrischen
Organismen zéhlen Kohlenstoff, Wasserstoff, Sauerstoff und Stickstoff zum Hauptbestandteil
der Biomasse, die beispielsweise im Menschen 96,3% des Gewichts ausmachen und einen
ahnlich hohen Anteil in allen anderen terrestrischen Organismen haben (89). Dabei bestehen
diese Organismen mit knapp 90% aller Atome beziehungsweise 75% des Gewichts zum groRten
Teil aus Wasser. Der Kreislauf des Kohlenstoffs steht stellvertretend fur den Energiekreislauf,
wahrend Stickstoff den Nahrstofffluss beschreibt (50). In einer Studie von Mooshammer und
Kollegen wurde gezeigt, dass sich der Kohlenstoff- und Stickstoffkreislauf beziehungsweise
der Energie- und Né&hrstofffluss in Mikroorganismen kontrar verhalten. Bei der Limitation von
Kohlenstoff ist Stickstoff im Uberfluss vorhanden und kann demnach sowohl mineralisiert als
auch zum Aufbau von Biomasse assimiliert werden. Bei Stickstofflimitation herrscht
Kohlenstoffuiberfluss, wodurch der gesamte aufgenomme Stickstoff assimiliert wird, um
Verluste zu vermeiden. Dieser Zyklus sollte vice versa fur Kohlenstoff interpretiert werden
koénnen. Abgesehen davon wurde erst kiirzlich die Markierung von Aminosduren mit 33
publiziert, die aufgrund der geringen Abundanz von Schwefel in Proteinen (0,29%) jedoch nur
eine geringe Auflésung des Einbaus ermdglicht (90). Andererseits konnte die Verwendung von
H (D) und 80 Uber die Zugabe von H,0 eine gewinnbringende Losung darstellen, um eine
systemunabhéangige, mikrobielle Aktivitat zu ermitteln. Dabei ist jedoch zu beachten, dass trotz
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hoher Abundanz von H- (49,68%) und O-Atomen (9,68%) in Proteinen kein Abbau von H20
im eigentlichen Sinne erfolgt. Demnach ist keine Sortierung der Einbaumuster beztglich der
Abbauwege mdoglich, aber es konnte der flexible Einbau in die Biomasse aktiver Spezies gezeigt
werden. Dabei unterscheiden sich der Stoffwechsel von Wasserstoff und Sauerstoff aus Wasser
grundsitzlich. Sauerstoff wird ausgehend vom Citratzyklus iiber Oxalacetat und iiber a-
Ketoglutarat in alle Aminoséuren eingebaut, wahrend der abiotische Austausch von Deuterium
mit azidischen Wasserstoffen bereits beschrieben ist (91). Fraglich ist, ob der Einbau durch
Enzyme bei Sauerstoff und der abiotische HD-Austausch mit der Aktivitdt von
Mikroorganismen korreliert und welches Isotop eine genauere Auflésung bietet. Bekannt ist,
dass die Kosten fiir H,'®0 durch die aufwéndigere Herstellung um ein Vielfaches groRer sind
als bei D2O. Besonders fur Experimente im groen Malistab kénnte das den limitierenden
Faktor darstellen. Bereits etabliert wurde der Einbau von D:O fir die Bestimmung der
mikrobiellen Aktivitat mittels RAMAN-Spektroskopie (92), die in Kombination mit Protein-
SIP eine funktional und phylogenetisch detaillierte Identifizierung mikrobieller

Gemeinschaften ermdoglichen konnte.

1.2.2. Funktionale Metaproteomik (Protein-SIP)

Die Proteomik wurde als Studie der exprimierten Proteine in einer Zelle, einem Gewebe oder
einem Organismus zu einem bestimmten Zeitpunkt definiert (93). Die Forschung untersucht
dabei nicht nur die Abundanz, sondern auch die méglichen Modifikationen wie Acetylierung,
Phosphorylierung, und die Interaktionen von Proteinen, um ihre Rolle und die
zugrundeliegenden Funktionen in zelluldren Prozessen zu verstehen (94-97). Von
Metaproteomik wird gesprochen, wenn eine Umweltprobe mit n Spezies (n > 1) untersucht
wird. Derartig wurde die Identifikation von Proteinen in Bodenmikroorganismen zuvor als
Bodenmetaproteomik beschrieben (98). Die Proteinabundanz in proteomischen Experimenten
erlaubt detaillierte Aussagen tber den Phénotyp von einem Organismus, kann diese aber nicht
direkt mit Aktivitdt verbinden. Die von Jehmlich und Kollegen eingefiihrte funktionale
Metaproteomik, der sogenannten stabilen Isotopenmarkierung von Proteinen (engl.: protein
stable isotope probing, Protein-SIP), stellt eine etablierte Methode dar, um eine direkte
Verbindung zur metabolischen Aktivitdt von einem Organismus in einer mikrobiellen
Gemeinschaft zu kniipfen (86, 99, 100). Im Vergleich zu Nukleinsdure-SIPs, die einen Einbau
von mindestens 25-30 Atom% erfordern (100), konnen im Protein-SIP mit weitaus genauerer

Aufldsung bis zu 0.1 Atom% detektiert werden, um metabolische Aktivitat zu identifizieren
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(77). Trotz der hohen Sensitivitéat bei der Einbaudetektion ist die funktionale Metaproteomik
durch eine niedrigere Auflésung der taxonomischen Affiliation als in den entsprechenden
Nukleinsdure-SIPs gekennzeichnet (79, 101). Im Detail wird die genaue taxonomische
Zuordnung von Proteinen aufgrund von Homologien erschwert, wodurch eine valide Aussage
uber die Phylogenie von Mikroorganismen in Gemeinschaften nur auf der Stufe von Ordnungen
und Familien getroffen werden kann. Dies trifft vor allem auf Proteine der Homdostase wie
beispielsweise dem Chaperonin GroEL oder der DNA-Polymerase Ill, die in allen
prokaryotischen Zellen abundant sind, zu. Andererseits ermdglicht die ldentifizierung von
spezifischen Proteinen wie der Benzoyl-CoA Reduktase, die eine Schlusselfunktion im
anaeroben Abbau von aromatischen Verbindungen tragt (102), eine genauere taxonomische
Affiliation als die Stufe von Ordnung und Familie, weil die Benzoyl-CoA Reduktase nur von
einem Teil der Rhodocyclales (Ordnung) beziehungsweise Rhodocyclaceae (Familie),
namentlich beispielsweise Thauera aromatica K172 (103), exprimiert wird. Dagegen sind
Nukleinsaure-SIPs in der Lage bis auf die Stufe des Genus zu identifizieren. Zusatzlich wird
der Einbau beim Protein-SIP hochaufgel6st und differenziert dargestellt, wohingegen bei den
restlichen SIP-Ansatzen lediglich zwischen leichter Phase ohne Einbau und schwerer Phase mit
Einbau unterschieden werden kann. Der Einbau stabiler Isotope in Proteine wird durch die
relative Isotopenabundanz (RIA) und dem Markierungsverhaltnis (engl.: labeling ratio, LR)
beschrieben (Abbildung 6).

Abbildung 6: Schematische Darstellung
eines Spektrums, wobei m fur Masse und
z fur Ladung steht, mit den spezifischen
Protein-SIP Werten, relative

Isotopenabundanz (RIA) und

Markierungsverhaltnis (LR) ausgehend

von der monoisotopischen Spitze (Pfeil).

Intensitat

RIA
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Aus dem mit Flissigkeitschromatographie gekoppelten massenspektrometrischen (MS)
Messung resultierenden Spektrum ist die natirliche Abundanz von Kohlenstoff anhand der
monoisotopischen 12C-Spitze bestimmbar (Abbildung 5, Pfeil). Es handelt sich dabei nicht nur
um eine Spitze, sondern um eine Verteilung, da die natlrliche Abundanz vom leichten Isotop
12C 98,9% und vom schweren Isotop *C 1,1% betragt, und damit ungefihr jedes hundertste
Kohlenstoffatom von Natur aus schwer ist. Das entscheidende Merkmal der
Isotopenmarkierung von Proteinen in einem Spektrum ist die Verteilung der schweren
Isotopologe in der Gesamtmenge eines Proteins. Dabei ist die zugrundeliegende
Wahrscheinlichkeitsdichte eine Normalverteilung, wodurch das resultierende Einbaumuster
typischerweise eine GaulBverteilung aufweist. Der RIA-Wert ist dabei die Abundanz von
schweren Isotopen eines Proteins und wird durch den Abstand zwischen monoisotopischer *2C-
Spitze und dem Hochstpunkt der 3C-GauRverteilung beschrieben. Andererseits beschreibt der
LR-Wert die Synthese von markierten Proteinen und ergibt sich aus der Hohe der *C-
GauBverteilung im Verhaltnis zur monoisotopischen *C-Spitze (100). Diese charakteristischen
Werte werden mittlerweile mit dem Programm MetaProSIP automatisiert berechnet (104).
Aufgrund der ermittelten Einbaumuster kann die primare, sekundére und tertidre Verwertung
bezliglich einer Energie- oder Nahrstoffquelle separiert werden, wodurch der atomare Fluss in

einer mikrobiellen Gemeinschaft aufgezeigt werden kann.

Zusammenfassend sollte in Zukunft die parallele Verwendung von verschiedenen Isotopen
angestrebt werden, um nicht nur die Aktivitdt bezuglich eines Atoms, aber vielmehr
multiatomare Aktivitatsmuster zu generieren. Auflerdem wird die Verbindung verschiedener
OMIK-Techniken immer haufiger genutzt, um umfassendere Aussagen (ber die
phylogenetischen und phanotypischen Informationen von Organismen in mikrobiellen
Gemeinschaften zu treffen (105-108). Dabei erlaubt die differentielle Isolierung von
Nukleinséuren und Proteinen aus einer Probe multidimensionale SIP-Ansdtze, die die
phylogenetische Genauigkeit der Nukleinsdure-SIPs mit der hohen funktionalen Auflésung des

Protein-SIPs verbindet.
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2. Zielsetzungen

Das Ziel der vorliegenden Dissertation war es, die Energie- und Nahrstoffflisse von zwei
mikrobiellen Gemeinschaften mittels funktionaler Metaproteomik zu untersuchen. Dabei
wurden zwei unterschiedliche, 6kologische Modelle verwendet: Einerseits die Energieflisse
(Kohlenstoff) im anaeroben Abbau von Benzol durch eine angereicherte, mikrobielle
Grundwassergemeinschaft und zum anderen die Né&hrstoffflisse (Stickstoff) wahrend des

Pflanzenabbaus durch Bodenmikroorganismen.
Genauer wurden folgende Fragen untersucht:

2.1. Welche Organismen sind an der sekunddren Kohlenstoffverwertung von Acetat
resultierend aus der Benzolfermentation in einer benzolmineralisierenden und
sulfatreduzierenden, mikrobiellen Gemeinschaft beteiligt? (Artikel 3.2)

2.2. Welche Physiologie des dominanten Acetatverwerters der benzolmineralisierenden und
sulfatreduzierenden, mikrobiellen Gemeinschaft kann basierend auf der Anreicherung
von diesem Organismus mit anschlieBender Metagenomanalyse abgeleitet werden?
(Artikel 3.1)

2.3. Welche Bodenmikroorganismen sind fur die schnelle Assimilation von Stickstoff aus

N-markiertem Pflanzenmaterial verantwortlich? (Artikel 3.3)
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Abstract

The population genome of an uncultured bacterium assigned to the Campylobacterales
(Epsilonproteobacteria) was reconstructed from a metagenome dataset obtained by whole-
genome shotgun pyrosequencing. Genomic DNA was extracted from a sulfate-reducing, m-
xylene-mineralizing enrichment culture isolated from groundwater of a benzene-contaminated
sulfidic aquifer. The identical epsilonproteobacterial phylotype has previously been detected in
toluene- or benzene-mineralizing, sulfate-reducing consortia enriched from the same site.
Previous stable isotope probing experiments with 13Ce-labeled benzene suggested that this
phylotype assimilates benzene-derived carbon in a syntrophic benzene-mineralizing consortium
that uses sulfate as terminal electron acceptor. However, the type of energy metabolism and the
ecophysiological function of this epsilonproteobacterium within aromatic hydrocarbon-

degrading consortia and in the sulfidic aquifer are poorly understood.

Annotation of the epsilonproteobacterial population genome suggests that the bacterium plays
a key role in sulfur cycling as indicated by the presence of a sqr gene encoding a sulfide quinone
oxidoreductase and psr genes encoding a polysulfide reductase. It may gain energy by using
sulfide or hydrogen/formate as electron donors. Polysulfide, fumarate, as well as oxygen are
potential electron acceptors. Auto- or mixotrophic carbon metabolism seems plausible since a
complete reductive citric acid cycle was detected. Thus the bacterium can thrive in pristine
groundwater as well as in hydrocarbon-contaminated aquifers. In hydrocarbon-contaminated
sulfidic habitats, the epsilonproteobacterium may generate energy by coupling the oxidation of
hydrogen or formate and highly abundant sulfide with the reduction of fumarate and/or
polysulfide, accompanied by efficient assimilation of acetate produced during fermentation or
incomplete oxidation of hydrocarbons. The highly efficient assimilation of acetate was recently
demonstrated by a pulsed $3C,-acetate protein stable isotope probing experiment. The capability
of nitrogen fixation as indicated by the presence of nif genes may provide a selective advantage
in nitrogen-depleted habitats. Based on this metabolic reconstruction, we propose acetate
capture and sulfur cycling as key functions of Epsilonproteobacteria within the intermediary

ecosystem metabolism of hydrocarbon-rich sulfidic sediments.
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Introduction

Representatives of the Epsilonproteobacteria inhabit a broad spectrum of environments like
mammalian digestive systems (109, 110), brackish Engberg et water (111), hydrothermal
sediments (112), or subsurface systems (113-116). Previously obtained isolates have been
described as chemolithoautotrophs (117, 118) fixing carbon via the reductive tricarboxylic acid
(rTCA) cycle (119). Notably, they are recognized as key players in sulfidic habitats (120)
capable of oxidizing sulfide, sulfur or thiosulfate, or using elemental sulfur/polysulfide as
terminal electron acceptors. Furthermore, oxygen, nitrate and fumarate can be electron
acceptors (120, 121). Besides reduced inorganic sulfur compounds, hydrogen or organic
substances such as malate and formate were shown to be electron donors (120). The broad
spectrum of habitats where Epsilonproteobacteria can be found is underlined by their capability
to grow under aerobic, microaerobic or anoxic conditions. A model organism representing the
metabolic versatility of this proteobacterial class is Wolinella succinogenes. It couples
anaerobic fumarate or nitrate respiration with hydrogen, sulfide or formate oxidation (122, 123)
but can also grow under limited oxic conditions (110). During the last decade, research focused
on Epsilonproteobacteria thriving in marine systems such as hydrothermal vents (124-127) or
pelagic oxic-anoxic interfaces (128) as well as in terrestrial sulfidic caves and springs (129-
133), or mud volcanos (134) where they are thought to be mainly involved in the oxidation or

reduction of sulfur compounds.

Recently, Epsilonproteobacteria were also found to be abundant in anoxic hydrocarbon-rich
habitats like oil reservoirs (115), phenol-degrading methanogenic sludge (135), petroleum-
contaminated soil (136), and hydrocarbon-degrading sulfate-reducing enrichment cultures
(137-142). The metabolism of Epsilonproteobacteria in anoxic hydrocarbon-contaminated
subsurface systems and especially in sulfate-reducing consortia is poorly understood as they are
neither known to perform dissimilatory sulfate reduction nor to degrade aromatic or aliphatic
hydrocarbons. However, they seem to be stimulated by acetate amendment in anaerobic
sediments (114) or even assimilate acetate as shown by DNA stable isotope probing (SIP) with
13C,-labeled acetate (143).

In this study, we investigated a member of the epsilonproteobacterial order Campylobacterales
originating from a sulfidic, hydrocarbon-contaminated aquifer at an industrial site near Zeitz,
Germany (144-146). It was originally enriched under sulfate-reducing conditions in a

syntrophic, benzene-mineralizing consortium and was shown to be distantly related to the genus
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Sulfurovum (139, 147). An identical phylotype (in the following named as Zeitz
epsilonproteobacterium) was consistently detected in various toluene-degrading (138, 140, 141)
and m-xylene-degrading (137) sulfate-reducing enrichment cultures from the same site and
remained abundant after prolonged incubation. The closest relatives of this phylotype based on
16S rRNA gene sequences were found in pristine sulfidic springs and caves (131, 132). A DNA-
SIP experiment with *Ce-benzene revealed significant labeling of the Zeitz
epsilonproteobacterium, besides the putative initial benzene degrader, a clostridial phylotype

assigned to the genus Pelotomaculum (147).

However, the respective protein-SIP experiment did not confirm labeling of the Zeitz
epsilonproteobacterium whereas benzene assimilation by the initial degrader Pelotomaculum
sp. was verified (35). Likewise, protein-SIP with methyl-labeled m-xylene (1,3-dimethyl-'3C,-
benzene) did not lead to a labeling of epsilonproteobacterial peptides within the m-xylene-
degrading enrichment culture (137, 148). Thus, the Zeitz epsilonproteobacterium seems to be
not primarily involved in hydrocarbon degradation, despite being consistently present in the
respective consortia in varying relative abundances. We hypothesize that it uses metabolites
from hydrocarbon degradation under sulfate-reducing conditions, but the type of energy
metabolism and its specific ecophysiological role in the consortia have remained unknown so
far. To shed light on the ecological niche and metabolic function of Epsilonproteobacteria in
hydrocarbon-rich sulfidic environments, we aimed at a metabolic reconstruction of the Zeitz

epsilonproteobacterium based on genome-centric metagenomics.
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Materials and methods

DNA isolation and whole genome amplification

Cells originated from a batch culture used as a control in a growth experiment with an m-xylene-
degrading, sulfate-reducing batch culture (137, 148, 149). The medium in the control culture
did not contain any organic carbon source. During the experiment, phylogenetic composition
was determined by terminal restriction fragment length polymorphism (T-RFLP) analysis using
the restriction enzymes BstUI and Rsal according to methods described previously (150). It
revealed an exceptionally high proportion of the epsilonproteobacterial terminal restriction
fragment (T-RF) in the control culture. Cells from 20 mL of this control culture were harvested
by centrifugation. DNA was extracted using the NucleoSpin Tissue Kit (Macherey-Nagel)
according to the manufacturer’s support protocol for bacteria. Multiple displacement
amplification (MDA) of the extracted DNA was performed with the illustra GenomiPhi V2
Amplification Kit (GE Healthcare Life Sciences). Five parallel MDA reactions were carried out
according to the manufacturer’s instructions, using a reaction time of 2 h. Phylogenetic
composition of each MDA product was determined by T-RFLP analysis as stated above. The
relative abundance of the epsilonproteobacterial T-RF was estimated to be 85.5 —87.6% (BstUI)
and 92.9 — 94.7% (Rsal), respectively. The reaction products were purified using the Amicon
Ultra-0.5 Centrifugal Filter Device (Millipore). DNA quantity and quality was checked
photometrically using a NanoDrop ND-1000 UV/Vis spectral photometer (PegLab, Germany)
and by agarose gel electrophoresis. The products of the five MDA reactions were then pooled

and used for whole genome sequencing.

Whole genome shotgun sequencing and sequence analysis

Amplified DNA was sequenced in two separate runs with 200 cycles on the Roche 454 FLX
platform using Titanium chemistry. The average read length of the first run (310 Mbp) was 391
bp. The second run (235 Mbp) was a mate-pair library with 3 kbp inserts and had an average
read length of 389 bp. All sequencing was performed at the SciLifeLab SNP/SEQ sequencing
facility at Uppsala University. Contigs from both runs were assembled with Newbler using a
minimal overlap of 40 bp and 90% identity.

Phylogenetic binning of the contigs >1 kb was performed with PhylopythiaS
(http://binning.bioinf.mpi-inf.mpg.de/; (151)) using the sample-specific model type.

Additionally, contigs containing rRNA genes were identified by RNAmmer 1.2
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(http://www.cbs.dtu.dk/servicessRNAmmer/; (152)). The detected rRNA genes were

phylogenetically assigned using the RDP Classifier (153). All contigs assigned to the
Epsilonproteobacteria were reordered with the Mauve Aligner (154) using the genome of
Sulfurovum sp. NBC37-1 (125) as scaffold (acc. no. NC_009663).

Genome annotation and pathway analysis

Reordered contigs were uploaded to the Micro Scope platform (v. 2.5.4, May 2014; (155)) and
automatically annotated. Automatic annotation was manually edited using the microbial
annotation system Magnifying Genome (MaGe) (156) that includes PsortB, SwissProt,
TrEMBL and COGnitor. Metabolic pathways were predicted using the integrated pathway tools
of MaGe that are based on the KEGG and MicroCyc databases. Genome completeness was
estimated based on the MaGe Minimal Gene Set comprising 205 essential genes (157) and using
the set of 139 conserved single copy genes (CSCG) which occur only once in at least 90% of
all bacterial genomes (158). The annotated contigs have been submitted to the European
Nucleotide  Archive (ENA) under the study accession no. PRJEB11632
(wwwe.ebi.ac.uk/ena/data/view/PRIEB11632).
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Results

Genome overview and phylogenetic assignment

Table 1.1: Number of coding DNA sequences (CDS) assigned to cluster of orthologous groups (COG).

Process Class ID Description CDS
Cellular processes D Cell cycle control, cell division, chromosome 28
and signaling partitioning
M Cell wall/membrane/envelope biogenesis 118
N Cell motility 23
@) Posttranslational modification, protein turnover, 88
chaperones
T Signal transduction mechanisms 51
U Intracellular trafficking, secretion, and vesicular 52
transport
\Y/ Defense mechanisms 18
Information storage  J Translation, ribosomal structure and biogenesis 144
and processing K Transcription 68
L Replication, recombination and repair 91
Metabolism C Energy production and conversion 129
E Amino acid transport and metabolism 131
F Nucleotide transport and metabolism 52
G Carbohydrate transport and metabolism 54
H Coenzyme transport and metabolism 82
I Lipid transport and metabolism 37
P Inorganic ion transport and metabolism 88
Secondary metabolites biosynthesis, transport 21
and catabolism
Poorly characterized R General function prediction only 221
S Function unknown 121

Overall, the reconstructed population genome has a sequence length of around 1.6 Mb with a

GC content of about 33%. Within 105 contigs, 1832 genomic objects with an average sequence

length of about 850 bp were identified, comprising 30 tRNA genes, two not further specified
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RNA genes, and 1797 protein coding sequences (CDS). A 16S rRNA gene was detected
showing 94% similarity to that of Sulfurovum sp. NCBI-37 and a 23S rRNA gene with 93%
similarity to the same next relative. Additionally, a 5S rRNA gene was detected on the contig
harboring the 23S rRNA gene. 1384 of the CDS belonged to at least one cluster of orthologous
groups (COG). Table 1.1 summarizes the COG assignment. The genome completeness based
on the Minimal Gene Set is 93% as 15 of the 205 genes are missing. Based on the CSCG set,
the completeness is 97% (four genes of the 139 CSCG are missing).

An overview of general genome characteristics is given in Table 2.1. The phylogenetic
assignment of the population genome was analyzed based on Maximum Likelihood trees
calculated from 16S rRNA gene sequences (only from cultured species) and DNA gyrase
subunit A (encoded by gyrA) sequences of representative members of the class
Epsilonproteobacteria (Supplementary Figure 1.1). Both trees show that the Zeitz
epsilonproteobacterium forms a clade with members of the genus Sulfurovum. Based on the
gyrA phylogeny, the next relative is Sulfurovum sp. ASO7-7 which represents a Sulfurovum-like

population genome retrieved from Acquasanta Terme (130).

Table 2.1: General features of the reconstructed population genome.

Feature

Genome length 1,625,596 bp
GC content 33%
Genome completeness 93-97%
No. of contigs 105
Average CDS length 850 bp
Protein coding density 89%
Genomic objects 1832
No. of CDS 1797
tRNA genes 30
rRNA genes 3

Other RNA genes 2
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Carbon metabolism

The genome contains all genes necessary for a complete rTCA cycle, indicating that the Zeitz

epsilonproteobacterium can fix COz to build up biomass (Figure 1.1).
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Figure 1.1: Predicted pathways of biomass buildup from CO, or from acetate. The reconstructed population
genome encodes two different mechanisms of carbon assimilation: Either by importing acetate from the
surrounding environment and activation via the acetyl-CoA synthetase AcsA (EC 6.2.1.1) or by CO; fixation via
the reductive citric acid (rTCA) cycle. Involved enzymes are: ATP-citrate lyase (EC 2.3.3.8), malate
dehydrogenase (EC 1.3.3.7), fumarate hydratase (EC 4.1.2.1), fumarate reductase (EC 1.3.5.1), succinyl-CoA
synthetase (EC 6.2.1.5), 2-oxoglutarate ferredoxin oxidoreductase (EC 1.2.7.3), NADP-dependent isocitrate
dehydrogenase (EC 1.1.1.42) and citrate lyase (EC 4.2.1.3). The corresponding genes are denoted below the EC
numbers. The two oxygen-sensitive ferredoxin-dependent CO,-fixation reactions are labeled in green boxes.
Unique enzymes either part of the rTCA or involved in acetate processing are labelled in blue boxes. Activated
acetyl-CoA is further processed to pyruvate and phosphoenolpyruvate (PEP) for the regeneration of rTCA
intermediates or for biomass buildup. The enzymes pyruvate ferredoxin oxidoreductase (EC 1.2.7.1) and
phosphoenolpyruvate carboxykinase (EC 4.1.1.49) are involved in this step. No enzyme catalyzing the reaction of

pyruvate to PEP was detected in the population genome.

All genes encoding the three key enzymes of the rTCA cycle were detected: alcBA encoding
the ATP citrate lyase (EC 2.3.3.8), korABC encoding the 2-oxoglutarate ferredoxin
oxidoreductase (EC 1.2.7.3), and porCDAB encoding the pyruvate ferredoxin oxidoreductase
(EC 1.2.7.1). In this process, two CO2 molecules are fixed to synthesize one molecule of acetyl-
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CoA. A second source for acetyl-CoA is potentially the direct uptake of acetate and further
processing to acetyl-CoA. The genes encoding the appropriate and unique enzyme acetyl-CoA
synthetase AcsA (EC 6.2.1.1) and the acetate permease ActP were found in the genome. In a
subsequent reaction, acetyl-CoA is converted to pyruvate by addition of a further CO2 molecule
via the third key enzyme of the rTCA cycle, pyruvate ferredoxin oxidoreductase. A gene for the
next step catalyzing the conversion of pyruvate to phosphoenolpyruvate (PEP) was not found.
The gene pckA encoding a phosphoenolpyruvate carboxykinase (EC 4.1.1.49) was detected.
PEP or pyruvate either regenerate the intermediates of the rTCA cycle or can be used for
gluconeogenesis. Enzymes involved in the rTCA cycle participate also in other cell processes,
such as the fumarate reductase/succinate dehydrogenase (EC 1.3.5.1) which can also function
in fumarate respiration. In the genome, two fumarate reductases/succinate dehydrogenases are

encoded on two different contigs (see next section).

Energy metabolism

An overview on the predicted pathways involved in energy metabolism and the corresponding
electron donors and acceptors is shown in Figure 2.1. Genome analysis showed that hydrogen
may function as electron donor. Two Ni-Fe containing hydrogenases are encoded in the
genome, namely the uptake hydrogenase HupSL (EC 1.12.99.6) and the quinone-reactive
hydrogenase HydABC (EC 1.12.5.1), both associated with the periplasmic membrane (159,
160). The former is expressed under nitrogen-fixing conditions when hydrogen is generated and
converted to minimize energy loss during fixation catalysis. Electrons released in this process
are transferred to the ubiquinone pool. The oxidation of hydrogen via HydABC is coupled to
the reduction of NAD" and ferredoxin, establishing a proton gradient for ATP generation (161).
In addition, the gene sqr encoding a sulfide quinone oxidoreductase (EC 1.8.5.4) was found.
This membrane-bound enzyme catalyzes the initial step in dissimilatory sulfide oxidation, the
conversion of hydrogen sulfide to polysulfides (162, 163). Genes for the complete oxidation of
reduced sulfur species to sulfate via the Sox system were not detected. Furthermore, formate
could serve to provide electrons. The gene fdhA encoding one of the three subunits of formate
dehydrogenase (FDH) was identified (164). FDH oxidizes formate to carbon dioxide coupled
with the reduction of NAD" to NADH.
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Figure 2.1: Schematic overview about the predicted metabolic pathways. The capability to fix nitrogen as
alternative to ammonium uptake and to fix CO, as alternative to acetate assimilation as well as the versatility
regarding electron donors and acceptors might provide a selective advantage of the Zeitz epsilonproteobacterium
in groundwater systems. Electron donors and acceptors are shown as redox couples as described in the literature.
It is supposed that specifically the high affinity to acetate generated as intermediate of hydrocarbon degradation
and a higher tolerance to sulfide accumulating due to sulfate reduction by Deltaproteobacteria define its ecological

niche in the Zeitz aquifer.

The Zeitz epsilonproteobacterium is a facultative anaerobe but has a strictly respiratory type of
energy metabolism. The genome contains all genes necessary for oxidative phosphorylation
with oxygen, including genes for an NADH-quinone oxidoreductase (EC 1.6.5.11), a succinate
dehydrogenase/fumarate reductase (EC 1.3.5.1), a ubiquinol-cytochrome c reductase (EC
1.10.2.2), a cytochrome c oxidase cbb3-type (EC 1.9.3.1), an F-type ATPase (EC 3.6.3.14), and
both ATPase-supporting enzymes polyphosphate kinase (ppk; EC 2.7.4.1) and inorganic
pyrophosphatase (ppa; EC 3.6.1.1). In organisms exposed to oxygen, a mechanism to cope with
oxygen-generated radicals would be expected. The sodB gene encoding a superoxide dismutase
subunit (EC 1.15.1.1) was annotated, but the gene for the second subunit sodA is missing. A
second oxygen protection mechanism is based on alkyl hydroperoxide reductase (EC
1.11.1.15). The respective gene ahpC was annotated. Under anoxic conditions, nitrate,
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polysulfide or fumarate can serve as terminal electron acceptor for oxidative phosphorylation.
For the reduction of nitrate to nitrite, narG and narH encoding a membrane-bound nitrate
reductase were found (165). The gene narl is putatively encoded in the CDS downstream of
narH. No gene narK for the nitrate/nitrite transporter was found. Three genes are necessary for
polysulfide reduction: psrA encoding the catalytic subunit PsrA, psrB encoding the electron-
transferring subunit PsrB, and psrC encoding the membrane anchor PsrC (166). Complete psrB
and psrC were found, but only a fragment of psrA was identified. In Epsilonproteobacteria, the
fumarate reductase involved in fumarate respiration consists of three subunits FrdABC. FrdA
is the catalytic subunit, FrdB contains iron-sulfur clusters, and FrdC the cytochrome transferring
the electrons to carriers and anchoring the enzyme in the membrane (123). As mentioned above,
two copies of succinate dehydrogenase/fumarate reductase are encoded in the genome of the
Zeitz epsilonproteobacterium. One copy comprises only the genes for FrdA and FrdB, whereas

the other copy contains the genes for all three subunits.

Sulfur and nitrogen assimilation

No sulfate uptake system was detected, except for yvdB encoding a subunit of a sulfate
transporter-like protein. Furthermore, the genome harbors the sat gene for sulfate
adenylyltransferase (EC 2.7.7.4) which is responsible for the activation of sulfate to adenylyl
sulfate (APS). Alternatively, sulfide rather than sulfate could be assimilated. Both enzymes
necessary for sulfur assimilation from sulfide, serine O-acetyltransferase (EC 2.3.1.30) and

cysteine synthase A (EC 2.5.1.47), are encoded in the population genome.

Genes encoding nitrogen fixation and ammonium uptake were identified. A dinitrogenase
responsible for nitrogen fixation is encoded by nifHDK (EC 1.18.6.1). The MoFe-protein
NifDK is the site for nitrogen reduction and the Fe-protein NifH transfers electrons (167). As a
result of this catalytic process, ammonia is synthesized and fed into metabolic pathways. For an
active dinitrogenase complex, further nif genes are required. Distributed over the genome,
eighteen genes were assigned as related to nitrogen fixation (Table 3.1). The nifEN gene
products act as scaffolding agents for cofactors, NifWZ is related to catalytic stability, and
NifVB, NifQ as well as NifT are involved in the biosynthesis of dinitrogenase subunits (168).
Regulators of gene expression are encoded by nifA, nifX, nifU (169-171). Furthermore, amtB
encoding an ammonia importer was detected. Ammonia, imported or produced via nitrogen

fixation, is subsequently funneled into the amino acid metabolism via glutamine synthetase (EC
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6.3.1.2) and glutamate synthase (EC 1.4.1.13), or glutamate dehydrogenase (EC 1.4.1.4). All of

the respective genes are present in the genome.

Table 3.1: Genes involved in nitrogen assimilation.

Gene  Function Reference

nifT Maturation Simon et al. (1996)

nifH Fe dinitrogenase reductase Steenhoudt and Vanderleyden (2000)
nifD FeMo dinitrogenase Steenhoudt and Vanderleyden (2000)
nifk FeMo dinitrogenase Steenhoudt and Vanderleyden (2000)
nifE Scaffold for FeMo-cofactor Raymond et al. (2004)

nifN Scaffold for FeMo-cofactor Raymond et al. (2004)

nifB Biosynthesis of FeMo-cofactor Temme et al. (2012)

ginB N-signal transmitter protein PII Steenhoudt and Vanderleyden (2000)
nifu Biosynthesis FeMo-cofactor Bdhme (1998)

nifxX Negative regulator Gosink et al. (1990)

nifA Transcriptional activator Steenhoudt and Vanderleyden (2000)
nifW  Catalytic stability Bdhme (1998)

nifZ Catalytic stability Bohme (1998)

nifQ Biosynthesis of FeMo-cofactor Temme et al. (2012)

nifv FeMo-cofactor Bdhme (1998)

Transport systems

Over 30 genes were assigned as related to ABC transporters. The specificity in annotation of
these genes varied making it difficult to assign a (clear) function to all encoded transporters
specifically. Those with definite assignment comprise the molybdenum transporter encoded by
modABCDE, the energy-consuming TonB transport system consisting of tonB, exbB and exbD,
the specific phosphate transporter Pst encoded by pstSCAB and the corresponding regulators
phoU and phoB. Furthermore, uptake complexes for potassium (ktrAB), ferrous iron (feoAB
with the corresponding regulator gene fur), and zinc (znuBCA) were detected. The export of
large organic molecules from the cell may be accomplished using the type 1l secretion system
together with the translocation pathways Tat and Sec-SRP. Almost all genes for both

translocation pathways are present in the genome. The secM gene of the Sec SRP pathway and
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some subunits of the membrane crossing type Il transporter are missing. Additionally, ffh

encoding a signal recognition particle and targeting proteins for relocation was identified.
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Discussion

Genome size and completeness

The typical genome sizes of Epsilonproteobacteria from comparable habitats range from 2.1 to
3.0 Mb (117, 121, 128, 172, 173). The G+C content of epsilonproteobacterial genomes varies
between 32 and 48% (124, 172). With 33% G+C content and a size of 1.6 Mb, the Zeitz
epsilonproteobacterial population genome seems to be within the lower range within this group.
However, the reconstructed population genome is incomplete as shown by the completeness
estimation based on the Minimal Gene Set and the CSCG set. Moreover, only 30 tRNA genes
were detected compared to up to 47 tRNA genes in Sulfurimonas gotlandica str. GD1 (128) and
just one copy of 16S rRNA and 23S+5S rRNA genes was identified, whereas typically around
three copies of rRNA operons are found in epsilonproteobacterial genomes (117).
Consequently, the present annotation likely does not cover the complete metabolic capabilities,
resulting potentially in pathway gaps and missing essential metabolic functions. Thus, the
annotation results need to be interpreted with caution, at least regarding the absence of
metabolic functions. Nevertheless, the present annotated genes provide important insights into

the metabolic versatility of the Zeitz epsilonproteobacterium as discussed below.

Metabolic versatility in carbon source and energy supply

Epsilonproteobacteria are known to possess the capability of carbon fixation establishing them
as important primary producers in oligotrophic environments and underscoring their ability to
adapt to carbon-limited habitats (119, 127, 128). Overall, six pathways for autotrophic carbon
fixation have been described: the Calvin-Benson reductive pentose phosphate cycle, the rTCA
cycle, the reductive acetyl coenzyme A (Wood-Ljungdahl) pathway, the 3-hydroxypropionate
bi-cycle, the 3-hydroxypropionate/4-hydroxybutyrate cycle, and the dicarboxylate/4-
hydroxybutyrate cycle (174). The rTCA cycle has been described only for a few bacterial
groups such as green sulfur bacteria and Deltaproteobacteria, but it seems to be widely
distributed among Epsilonproteobacteria (117, 119, 120, 173). Correspondingly, the Zeitz
epsilonproteobacterium genome encodes a complete rTCA cycle, including the genes for the
key enzymes ATP citrate lyase, pyruvate ferredoxin oxidoreductase and 2-oxoglutarate
ferredoxin oxidoreductase (175). The fumarate reductase/succinate dehydrogenase is also part
of the rTCA cycle and two copies of this enzyme are present in the genome with three and two
subunits, respectively. A similar observation was reported by Sievert et al. (2008) (117). They
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suggested the two-subunit fumarate reductase/succinate dehydrogenase to be cytoplasmic and

involved in the rTCA cycle.

As an alternative to an inorganic carbon source, the potential for direct acetate assimilation is
given which requires the expression of actP acting as acetate import system and the acetyl-CoA
synthetase gene acsA responsible for acetate activation (176, 177). Considering the presence of
a complete rTCA cycle and the alternative of direct acetate import and assimilation, the
organism is equipped for a mixotrophic lifestyle, which was proposed for other
Epsilonproteobacteria as well (120). Recently, a time-resolved protein-SIP experiment with
13C, acetate, daily spiked at a concentration of 10 uM to the benzene-degrading consortium,
revealed that the Zeitz epsilonproteobacterium exhibited the fastest and highest incorporation
of labeled carbon from acetate compared to other acetate utilizers, indicating its role as a
primary and highly efficient acetate scavenger within the syntrophic consortium (178).
Mixotrophy which can be inferred from the genome and the capability of highly efficient acetate
capture as demonstrated by Starke et al. (178) are metabolic traits which can confer selective
advantages in groundwater habitats and in particular in hydrocarbon-contaminated aquifers,
where acetate is formed as metabolite of syntrophic hydrocarbon degradation or is leaked out

in small concentrations from the anaerobic degradation of organic compounds (179).

Different combinations of organic and inorganic electron donors and acceptors have been
described for Epsilonproteobacteria (120, 122). An overview of the potential electron donors
and acceptors according to the genome annotation is given in Table 4.1. Since the Zeitz
epsilonproteobacterium was enriched from a sulfidic environment and under sulfate-reducing
conditions, the most obvious electron donor would be sulfide. The oxidation of reduced S-
species to sulfate via the Sox system has frequently been observed in marine
Epsilonproteobacteria (117, 125, 128). However, genes for the Sox system were not found in

the present (incomplete) genome.
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Table 4.1: Potential electron acceptors and donors and their redox potentials.

Electron acceptor AE Reference
NOs 2> NO2 +433mV  Thauer etal. (1977)
[Sn]> = HS +260 mV  Dietrich and Klimmek (2002)

Fumarate - Succinate +30mV  Kroger et al. (1992)

Electron donor AE Reference

H, > H* -414 mV  Dietrich and Klimmek (2002)
Formate - CO> -432mV  Thauer et al. (1977)

HS - [S] -275mV  Dietrich and Klimmek (2002)

Sulfide oxidation to polysulfide using sulfide quinone oxidoreductase (SQR) was suggested for
the betaproteobacterium Thiobacillus denitrificans which additionally contains also parts of the
Sox pathway and may oxidize sulfide simultaneously by SQR and Sox under nitrate-reducing
conditions (180, 181). This oxidation could be coupled via menaquinone with the polysulfide
reductase PsrABC which has the capability to reduce polysulfides. The respective psr operon
was found in the genomes of other Epsilonproteobacteria as well, and Psr activity was detected
(128, 182). Such coupling generates only limited energy, but might serve for other purposes
like an internal sulfur cycle. Alternatively, polysulfide reduction may be linked to hydrogen or
formate oxidation with menaquinone again acting as electron carrier (182-184). However, only
the subunit gene fdhA of the formate dehydrogenase was explicitly annotated whereas all genes
for the respective hydrogenase (hydABC) were found. Hydrogen and formate oxidation might
be also coupled to fumarate reduction, a respiration type which is well investigated for
Epsilonproteobacteria such as Wolinella (185). Electrons released via hydrogen/formate
oxidation to build up the proton gradient are transferred via menaquinone to fumarate reductase.
Fumarate reduction in terms of energy metabolism is a membrane-bound process (185). Hence,
the second copy of a fumarate reductase/succinate dehydrogenase annotated in the genome with
three subunits could be the appropriate enzyme for this reaction. Sources for fumarate could be
degraded carbohydrates or proteins whereby it is unclear if the degradation is an inner cell

process or fumarate is taken up from the surrounding medium (185). Specific dicarboxylate
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transporters (DcuAB) for fumarate uptake (186) were not identified in the present genome, but
nonspecifically annotated transporter genes could encode an appropriate uptake system (172).
Theoretically, if rTCA cycle and acetate assimilation work in parallel, fumarate could be
internally generated by diverting PEP into the rTCA cycle (see Figure 1.1). However, the
respiration of internally produced fumarate with hydrogen/formate or sulfide as electron donor
would probably not generate net ATP allowing growth. The conversion of acetate to fumarate
costs at least 1 mol ATP per mol acetate (Figure 1.1), whereas fumarate reduction with

hydrogen/formate or sulfide probably produces less than 1 mol ATP per fumarate (123).

Similar to enzymes of the rTCA cycle, the hydrogenase HydABC is a ferredoxin-dependent
enzyme coupling hydrogen oxidation with the reduction of NAD* and ferredoxin (187). Thus,
this enzyme is oxygen-sensitive showing that the Zeitz epsilonproteobacterium is adapted to
anoxic or microoxic conditions. However, the genetic capability to utilize low levels of oxygen
exists as all genes necessary for aerobic respiration are present in the genome. This
circumstance was also described for Candidatus Sulfuricurvum sp. in a previous study (173).
Another study proved growth of Sulfuricurvum kujiense under microaerobic conditions (188).
Similar results were obtained with Sulfurovum sp. NBC37-1 which is the next cultured relative
of the Zeitz epsilonproteobacterium and was found to grow with various combinations of

electron donors and acceptors, e.g. hydrogen and oxygen (182).

Another common electron acceptor for Epsilonproteobacteria is nitrate (111, 124, 125). The
genome studied here encodes the nitrate reductase NarGHI. Growth tests in the studies of
Handley et al. (2014) and Yamamoto et al. (2010) showed positive results for various
combinations including coupling with hydrogen or sulfide as electron donor (173, 182).
Although no nitrate importer gene was detected in the present genome, nitrate reduction could
be a viable option since the redox potential of nitrate to nitrite is relatively positive compared
to other anaerobic terminal electron acceptor processes (see Table 4.1). Regarding the
ecological niche in contaminated groundwater, nitrate can be relevant and
Epsilonproteobacteria are known to be involved in nitrate-dependent reoxidation of reduced
sulfur compounds (189). However, the capability of nitrate respiration does not explain the
ecophysiology of the Zeitz epsilonproteobacterium in our enrichment cultures as the growth

media did not contain any nitrate.
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Pathways for sulfur and nitrogen assimilation

Besides its role as an electron donor, sulfide plays a role as a nutrient in bacterial cells. Based
on the metagenome data, the Zeitz epsilonproteobacterium cannot assimilate sulfate; genes for
an appropriate sulfate import system are missing as well as genes involved in the sulfate
activation pathway except of the sat gene which encodes ATP sulfurylase catalyzing the
formation of adenosine 5'-phosphosulfate (190). Although it cannot be rules out that the
enzymes for assimilatory sulfate reduction are encoded in the missing parts of the genome, the
direct assimilation of sulfide by the cysteine synthase saves energy and is thus plausible in
sulfidic environments. Notably, other Epsilonproteobacteria have been described to be capable
of assimilating sulfate (172). It is conspicuous that the Zeitz epsilonproteobacterium harbors a
sat gene but possibly no other genes for assimilatory sulfate reduction. One could speculate that
this capability was lost during adaptation to sulfidic environments with a shift towards a

specialization in sulfide as energy and sulfur source.

For nitrogen assimilation, ammonium can be directly used due to the presence of amtB. AmtB
is @ membrane uptake protein importing ammonium into the cell at low concentrations (191,
192). In analogy to the use of sulfide as sulfur source, the direct use of ammonia as nitrogen
source might be an adaptation to an anaerobic lifestyle as the energy-consuming reduction of
oxidized N species is avoided. Notably, dinitrogen fixation is not common in
Epsilonproteobacteria and was so far only described for Wolinella succinogenes (172) and
Arcobacter nitrofigilis (193). Nitrogen fixation provides a selective advantage in nitrogen-
limited habitats even though this process is very energy-demanding. The nitrogen fixation is
linked to hydrogen formation. Hence, recovery of energy via hydrogen oxidation minimizes the
loss of energy during the nitrogen fixation process. The subunits for the appropriate
hydrogenase (HupSL) are encoded in the genome. Combining N-fixation with hydrogen
oxidation to save energy has been described for cyanobacteria (194, 195) but also mentioned

for other Proteobacteria such as Allochromatium (196) and Rhodospirillum (197).

Oxygen-sensitive enzymes and oxygen tolerance

Enzymes specific for the rTCA cycle are dependent on the interaction with ferredoxin, an
extremely oxygen-sensitive electron carrier (198). Both oxidoreductases (2-oxoglutarate
ferredoxin oxidoreductase and pyruvate ferredoxin oxidoreductase) are ferredoxin-dependent

enzymes and thus highly sensitive to oxygen (175). Other ferredoxin-dependent enzymes are
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directly inhibited in the presence of oxygen such as the nitrogen-fixing nitrogenase (199).
Simultaneously, the genome encodes the complete oxidative phosphorylation pathway to
generate energy via oxygen reduction. Taking both circumstances into account, the Zeitz
epsilonproteobacterium could potentially tolerate oxygen and grow under microoxic conditions
as described for other representatives of this class (117, 121, 173, 200). To handle excess
oxygen which may form radicals within the cell and interfere with fundamental pathways such
as carbon fixation, two mechanisms for radical scavenging are likely. Indeed, only sodB
encoding the superoxide dismutase subunit converting superoxide radicals into hydrogen
peroxide and water (201) was found in the genome. The sodA gene is missing as well as the
gene for the subsequent catalase, a circumstance which was previously described for
Epsilonproteobacteria (200). This limitation might be overcome by the alkyl hydroperoxide
reductase AhpC, which alternatively scavenges hydrogen peroxides (202, 203).

Transport systems

Several uptake transporters and exporting pathways are encoded in the genome and are crucial
for the organism. The molybdenum transporter ModABC is essential for nitrogen-fixing
organisms since the nitrogenase depends on molybdenum (204, 205). Furthermore, the specific
phosphate transporter PstSCAB for environments with low phosphate concentrations was
detected (206). For its induction, regulators are needed which both were found adjacent to the
pst operon. Thereby, the function of PhoU is not completely understood, but it is likely involved
in an interaction of the two-component signal system PhoRB (207, 208) and transporter subunit
PstB (209). Other nutrient uptake systems such as a potassium transporter with the subunit
genes ktrB and krtC (210) or the zinc transporter ZnuBCA (211) are also encoded. The genome
analysis suggests that the Zeitz epsilonproteobacterium might have different strategies to gather
iron from the environment. Ferric iron is insoluble under pH neutral conditions and Gram-
negative bacteria use the energy-consuming TonB transporter to import ferric iron by binding
the ion to chelating siderophores (212). The gene tonB encodes the protein to transduce energy
derived from a proton motive force for the energy-consuming translocation, and exbB and exbD
encode proteins responsible for restoring the conformational structure of TonB. Since the Zeitz
epsilonproteobacterium originates from an anaerobic environment, the major form of iron is
ferrous iron. Under these conditions, the encoded ferrous iron uptake complex FeoAB acts as

supply system for iron (213, 214).
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Besides import pathways, the export of proteins or toxic metabolites from the cytoplasm to the
extracellular space is of similar importance. The function of protein secretion is likely carried
out by the type Il secretion system which is common among Gram-negative bacteria (215). The
genes for several subunits of the type Il secretion apparatus are missing but the presence of
genes for Sec- and Tat-dependent translocation can be seen as a clear hint for its use. Both the
Sec and Tat systems for the translocation across the inner membrane interact with the type 1l

secretion pathway to transport proteins from the periplasm out of the cell (216).

Ecological niche of the Zeitz epsilonproteobacterium

The Zeitz epsilonproteobacterium shares some metabolic features with other members of this
class, such as the capabilities to fix CO> via the rTCA cycle (118), to utilize hydrogen as energy
source (118, 217), to use sulfur compounds as electron acceptors and donors (173, 189, 217),
and to tolerate oxygen on microoxic levels (125, 188). A feature not described for other
Epsilonproteobacteria is the genomic capability to gather carbon via both, acetate assimilation
and carbon dioxide fixation, which means in consequence a potentially mixotrophic lifestyle.
Acetate assimilation is a rare feature for Epsilonproteobacteria (117, 218). Also the capability
to fix dinitrogen is rarely described for representatives of this group (172, 193). Nevertheless,
there are still gaps in the annotated genome potentially hiding many genomic properties which

cannot be considered so far.

The Zeitz epsilonproteobacterium originates from a sulfidic benzene-contaminated aquifer and
was enriched as member of a syntrophic community. The key player, a Pelotomaculum sp.
initially attacks benzene and shares carbon and electrons from benzene degradation with other
community members belonging to several Deltaproteobacteria and the epsilonproteobacterium.
The whole degradation is coupled to sulfate reduction as terminal electron acceptor process
(139, 147). It was unclear why the Zeitz epsilonproteobacterium persisted in this enriched
consortium or even increased in its abundance, considering that Epsilonproteobacteria are not
known to use sulfate as electron acceptor, and the involved Deltaproteobacteria are potentially
capable to consume and mineralize all intermediates from syntrophic benzene degradation such
as acetate, hydrogen or formate. In DNA-SIP experiments with 3Cs-labeled benzene, the
epsilonproteobacterium was shown to incorporate *3C over time. It was supposed that acetate
as a putative intermediate of syntrophic benzene degradation may serve as carbon source for

the epsilonproteobacterium (147). This hypothesis was not supported by the respective protein-
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SIP experiment with 3Cg-labeled benzene (35), probably due to the low abundance of
Epsilonproteobacteria in those cultures and the low coverage of epsilonproteobacterial genes
in the metagenome dataset applied for peptide identification. However, the recently performed
protein-SIP experiment spiking fully 3C,-labeled acetate in addition to the ongoing
mineralization of unlabeled benzene (178) as well as the presence of genes for an acetate
importer and for acetate activation confirm the hypothesis that the Zeitz epsilonproteobacterium

is a key acetate scavenger within the consortium.

The capability to use various electron donors such as hydrogen, formate and sulfide, and various
electron acceptors such as oxygen, nitrate, polysulfide and fumarate provides the metabolic
versatility to colonize different groundwater environments. Although nitrate and oxygen may
be present in upper groundwater levels at the fringe of the contamination plume of the Zeitz
aquifer, they were neither relevant in central and lower parts of the plume where the samples
for enrichment cultures were taken from, nor present in the sulfate-reducing enrichment
cultures. The Zeitz site has been contaminated with hydrocarbons since 70 years or longer (145).
Hence, strictly anoxic, sulfidic conditions may have persisted for decades. Thus, fumarate and
polysulfide are assumed to be relevant electron acceptors, whereas hydrogen, formate, and
sulfide are the likely electron donors. Except for the redox couple polysulfide — sulfide, each
combination is theoretically feasible (see Table 4.1). Hydrogen or formate is formed during
syntrophic benzene degradation and sulfide is generated during growth of the sulfate-reducing
Deltaproteobacteria (139). It can be assumed that the hydrogenotrophic Deltaproteobacteria
outcompete the epsilonproteobacterium for hydrogen as electron donor due to a proposed higher
affinity to hydrogen (179, 219). However, at higher sulfide levels which are toxic to other
bacteria, the epsilonproteobacterium might get a selective advantage due to a higher sulfide
tolerance, rendering hydrogen oxidation feasible. For instance, benzene degradation by a
sulfate-reducing consortium was inhibited at sulfide concentrations above 1.5 mM (35) whereas
Epsilonproteobacteria oxidizing sulfide with nitrate as electron acceptor have been described
to tolerate sulfide levels of 2 mM (220) or even 3 mM (221). This is in accordance with the
observation that the Zeitz epsilonproteobacterium increases in abundance in aromatics-
degrading batch cultures which contain high sulfide levels (137). Besides hydrogen or formate,
sulfide is a common electron donor for Epsilonproteobacteria (120). The generation of
polysulfide might be a result of sulfide oxidation, potentially leading to the formation of
elemental sulfur which reacts spontaneously to polysulfide (222). Elemental sulfur/polysulfide

could serve in reverse as electron acceptor. Alternatively, electrons are transferred to fumarate
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as part of the rTCA cycle. Potential sources of fumarate could be an internal process of a
combined rTCA cycle and acetate assimilation, or fumarate released by other bacteria in the

community.

The capability to assimilate nitrogen by direct import of ammonium via AmtB is characteristic
for the adaptation to groundwater systems in which ammonium is the major nitrogen source.
Ammonium was also provided as nitrogen source in the enrichment cultures. The capability to
fix dinitrogen might be a selective advantage in habitats generally depleted in nutrients, such as

aquifers impacted by massive hydrocarbon input and biodegradation.

Summarizing the genomic features of the Zeitz epsilonproteobacterium, this organism is well
adapted to pristine and hydrocarbon-contaminated sulfidic aquifers considering the mixotrophic
lifestyle, the type of energy metabolism, and the mechanisms of nitrogen and sulfur
assimilation. It can potentially adapt to changing environmental conditions (microoxic, altered
redox conditions or carbon and nitrogen sources). The most striking features defining its
ecophysiological role in the hydrocarbon-degrading, sulfate reducing consortia are the high
affinity to acetate and the high tolerance to sulfide which can simultaneously be used for
assimilatory and dissimilatory purposes. Thus, the Zeitz epsilonproteobacterium may occupy a
specific ecological niche in the intermediary ecosystem metabolism of hydrocarbon-
contaminated sulfidic subsurface habitats by metabolizing the key intermediate acetate and
recycling sulfide which cannot be consumed by other community members. The latter might be
the reason for the co-occurrence or even mutualistic relationship with sulfate-reducing
Deltaproteobacteria. However, the hypothesized role needs to be proven in cultivation
experiments. The annotated population genome provides clues on the possible enrichment
strategies for isolating the Zeitz epsilonproteobacterium which will be applied in future

experiments.
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Abstract

In a benzene-degrading and sulfate-reducing syntrophic consortium a clostridium affiliated to
the genus Pelotomaculum was previously described to ferment benzene while various sulfate-
reducing Deltaproteobacteria and a member of the Epsilonproteobacteria were supposed to
utilize acetate and hydrogen as key metabolites derived from benzene fermentation. However,

the acetate utilization network within this community was not yet unveiled.

In this study, we performed a pulsed C-acetate protein stable isotope probing (protein-SIP)
approach continuously spiking low amounts of acetate (10 uM per day) in addition to the
ongoing mineralization of unlabeled benzene. Metaproteomics revealed high abundances of
Clostridiales followed by Syntrophobacterales, Desulfobacterales, Desulfuromonadales,
Desulfovibrionales, Archaeoglobales and Campylobacterales. Pulsed acetate protein-SIP
results indicated that members of the Campylobacterales, the Syntrophobacterales, the
Archaeoglobales, the Clostridiales and the Desulfobacterales were linked to acetate utilization
in descending abundance. The Campylobacterales revealed the fastest and highest *C-
incorporation. Previous experiments suggested that the activity of the Campylobacterales was
not essential for anaerobic benzene degradation in the investigated community. However, these
organisms were consistently detected in various hydrocarbon-degrading and sulfate-reducing
consortia enriched from the same aquifer. Here, we demonstrate that this member of the
Campylobacterales is the dominant acetate utilizer in the benzene-degrading microbial

consortium.
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Introduction

The contamination of field sites by gasoline derived hydrocarbons such as BTEX (benzene,
toluene, ethylbenzene and o-, m- and p-xylene) is pervasive due to accidental spillages or
leaking storage tanks (21). The remediation of benzene contaminations is of particular interest
because of its persistence in the environment and its toxicity (22, 23). In contaminated
subsurface habitats, oxygen is rapidly depleted due to the activity of aerobic microorganisms
and chemical oxidation processes leading to the development of anoxic zones in contaminated
field sites. The majority of hydrocarbons can be degraded by anaerobic microorganisms within
this anoxic zone (24, 25) while benzene is the most recalcitrant BTEX compound. The
anaerobic degradation of benzene has been investigated since the 1990s (26, 28) and was
suggested to initially proceed via hydroxylation to phenol (223), carboxylation to benzoate
(224) or methylation to toluene (29, 30).

The benzene-degrading and sulfate-reducing microbial community investigated here originated
from a BTEX-contaminated sulfidic aquifer and has been intensively studied (31-35, 146).
Previous studies involving terminal restriction fragment length polymorphism analysis and
sequencing of 16S rRNA genes as well as DNA-SIP using *Cs-benzene revealed a phylotype
belonging to the Cryptanaerobacter/ Pelotomaculum group within the Clostridiales being
associated with benzene degradation (32, 33). Further, protein-SIP experiments with 13Cs-
benzene and **C-carbonate approved the Pelotomaculum-like organism to assimilate carbon
from benzene and CO; (35). Apart from that, the microbial community was divided into three
functional groups according to the distinct *3C incorporation characteristics - (a) the above-
mentioned benzene fermenters belonging to the Clostridiales, (b) Deltaproteobacteria thriving
on fermentation products, CO> fixation and sulfate reduction and (c) putative scavengers of
dead biomass or metabolites belonging to the Bacteroidetes/Chlorobi group (35). Based on
thermodynamic calculations, acetate and hydrogen were discussed to be key metabolites
derived from benzene fermentation suggesting a syntrophic relationship with sulfate reducers
(33). Indeed, it was previously demonstrated that the addition of acetate or hydrogen inhibits

benzene fermentation in a reversible manner, confirming the syntrophy hypothesis (34).

However, 16S rRNA gene sequencing also revealed a member of the Epsilonproteobacteria
(distantly related to the genus Sulfurovum) as most abundant phylotype in the community (33).
In compliance, 2*Cs-benzene DNA-SIP demonstrated significant labeling of this phylotype (32)

indicating an important role in benzene mineralization. Surprisingly, Epsilonproteobacteria
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were not detected in the respective protein-SIP experiment (35). Thus, the ecophysiological role
of this organism in syntrophic benzene mineralization is not yet clear, neither regarding the
energy source nor the terminal electron acceptor (TEA). Recent studies revealed that
chemolithoautotrophic Epsilonproteobacteria related to the genus Sulfurovum were
predominant in sulfidic environments such as deep-sea hydrothermal vents (36-38) or sulfidic
caves and springs (39-41) performing unique reactions such as sulfur respiration or sulfide
oxidation (225-227). Also mixotrophic growth was discussed as Epsilonproteobacteria were
stimulated by acetate amendment in a sulfidic aquifer sediment (42) but they are not known as
sulfate reducers. Thus, the Epsilonproteobacteria in the present community are suspected to

feed on metabolites from benzene fermentation and sulfate reduction.

In this study, 1*C-acetate was continuously amended (10 UM per day) in addition to the present
concentration of unlabeled acetate derived from the degradation of unlabeled benzene to unveil
acetate utilization processes in the microbial community. Microcosms were sacrificed at four
different time points in benzene degradation to obtain a time-resolved image of acetate

metabolization.
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Materials and Methods

Setting up of the microcosms for the pulsed protein-SIP approach

Sample material was derived from an on-site reactor at a contaminated industrial site near Zeitz,
Saxony-Anhalt, Germany. The main contaminant is benzene being present in two connected
aquifers. The aquifers are anoxic with sulfate as the main TEA (145). The on-site reactor
consists of four serially connected columns containing gravel granules (grain size 2-3 mm). The
columns (190 cm in length and 27.3 cm in diameter) are made of stainless steel and have been
continuously percolated with groundwater from the lower aquifer at a flow rate of 0.5 L h!
since 2006. Benzene degradation under sulfate-reducing conditions has been observed in all
columns since 2007. For the setting up of microcosms, gravel granules from the first column
were transferred into sterile 1 L glass bottles which were filled immediately with anoxic
groundwater and closed with butyl stoppers and screw caps. The groundwater was exchanged
inside an anaerobic glove box (gas atmosphere: 95% nitrogen and 5% hydrogen; Coy
Laboratory Products Inc., Grass Lake, MI USA) with anoxic mineral salt medium containing
20 mM sulfate as TEA (146). For the pulsed labeled acetate protein-SIP experiment, sodium
13C,-acetate with an isotope purity of 99 atom% was obtained from Sigma-Aldrich (St. Louis,
MO, USA). Nine bottles were prepared including four microcosms with unlabeled benzene
amended with 3C-acetate, four growth controls with only unlabeled benzene, and one sterile
control where the biomaterial was autoclaved twice at 120°C with an interval of one day. After
exchange of the medium, 700 uM of unlabeled benzene was added through the butyl stopper
using a glass syringe (Hamilton, Reno, NV, USA). To maintain steady labeled acetate
concentrations, *Co-acetate was dissolved in anoxic mineral salt medium and a final
concentration of 10 uM was added using a glass syringe to the four microcosms with
amendment every day. The microcosms were kept in the dark at room temperature during

cultivation.

Growth monitoring and protein extraction

Benzene and sulfide concentrations were measured as previously described to monitor
microbial growth (35, 146) (Supporting Information). The bottles were sacrificed at 25%,
50%, 100% and 200% (after a second amendment of 700 uM) of complete benzene degradation.
The resulting sampling times were at days 4, 6, 31 and 74 of cultivation. Protein extraction from
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the sediment was carried out using a modified phenol extraction protocol as previously

described (228) with minor modifications (35) (Supporting Information).

Sample preparation for mass spectrometry

Complete samples were used for one-dimensional (1D) gel electrophoresis without prior
determination of protein amounts. Air-dried protein pellets were suspended in 30 pL 1x
Laemmli buffer (229), dissolved via ultrasonication and incubated under shaking at 500 rpm
and 60°C for 10 min. Samples were centrifuged at 12,000 x g (Sorvall RC 6 plus, Thermo
Electron Corporation, Waltham, MA, USA) to remove precipitates before loading on sodium
dodecyl sulfate gels (4% stacking gel and 12% separating gel). Electrophoresis was performed
at 10 mA per gel. Polypeptides were stained by colloidal Coomassie Brilliant Blue G-250 (Roth,
Kassel, Germany). Entire lanes were cut into gel pieces for each sample and an in-gel tryptic
digestion was performed (73). Excised gel bands were washed thrice with 200 uL 10 mM
ammonium bicarbonate in acetonitrile (40%, v/v) for 10 min. Gel slices were dried with 200 pL
acetonitrile for 5 min. After removal of acetonitrile, the gel slices were reduced and alkylated
by subsequent incubation with 30 uL 10 mM dithiothreitol in 10 mM ammonium bicarbonate
and 30 pL 100 mM iodoacetamide in 10 mM ammonium bicarbonate. Gel slices were incubated
with both solutions for 30 min each. Afterwards, the solution was removed and the slices were
dried in a vacuum centrifuge. Further, the slices were incubated with acetonitrile as described
above. After removal of the solution, the slices were equilibrated with 200 uL 10 mM
ammonium bicarbonate for 10 min and subsequently incubated with acetonitrile as described
above. Gel slices were incubated with 30 pL 5 mM ammonium bicarbonate containing
0.01 pg pL? trypsin (Promega) over night at 37°C. After proteolytic cleavage, trypsin solution
was collected and the peptides from gel bands were extracted twice with 30 pL
acetonitrile/formic acid (50%/5%, v/v). Solutions were combined and dried in a vacuum
centrifuge as described above. Samples were resuspended in 0.1% formic acid as well as
desalted and purified by ZipTip® treatment (EMD Millipore, Billerica, MA, USA).

MS analysis by nanoUPLC-Orbitrap Fusion-MS/MS

Peptides were analyzed by UPLC-Orbitrap Fusion-MS/MS. The peptides were eluted using a
linear gradient of 120 min with 4-55% solvent B (80% acetonitrile, 0.08% formic acid).
Continuous scanning of eluted peptide ions was carried out between 400 and 1,500 m/z at a

resolution of 120,000 and a maximum injection time of 100 ms, automatically switching to
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MS/MS HCD mode using a normalized collision energy of 30%. Raw data obtained was
processed for database searches with the Thermo Proteome Discoverer (v1.4.0.288; Thermo
Fisher Scientific, Waltham, MA, USA). Searches were performed using the Sequest HT
algorithm with the following parameters: tryptic cleavage with maximal two missed cleavages,
a peptide tolerance threshold of +10 ppm and an MS/MS tolerance threshold of £0.1 Da, and
carbamidomethylation at cysteines as static and oxidation of methionines as variable
modifications. Searches were performed against a combined metagenome dataset from the
benzene-degrading community analyzed in the previous protein-SIP experiment with labeled
benzene and carbonate (35) and from an m-xylene-degrading sulfate-reducing culture enriched
from the same contaminated aquifer and containing the same epsilonproteobacterial phylotype
(230). From the latter metagenome, the contigs binned as Epsilonproteobacteria were included
in the analysis [44] as Epsilonproteobacteria were underrepresented in the metagenome dataset
generated from the benzene-degrading community (Support Information Figure S1.2).
Contigs were considered as identified with at least one unique peptide with high confidence
(false discovery rate (FDR) < 0.01). FDR was determined by decoy database searches. For the
identification of 13C-labeled peptides, the respective unlabeled peptides were measured as well
comparing chromatographic retention time and MS/MS fragmentation patterns as described

previously (73).

Metaproteome analyses

Contigs encoding identified peptides were annotated and analyzed regarding protein function
and taxonomy. In case of the metagenome dataset from the benzene-degrading community,
affiliation was performed by blast (National Library of Medicine, Bethesda, MD, USA) using
the NCBI non-redundant database (version 22 April 2014) as previously described (35). For the
metagenome  dataset from the m-xylene-degrading community enriched in
Epsilonproteobacteria, automated annotations of coding sequences (CDS) by the microbial
genome annotation and analysis platform MicroScope (231) were checked and manually re-
annotated if necessary using tools and databases implemented in the microbial annotation
system Magnifying Genome (MaGe) (232) including PsortB, SwissProt, TrEMBL and
COGnitor. Metabolic pathways were predicted and identified by analyzing the re-annotated
genome with integrated pathway tools of MaGe based on the KEGG and MicroCyc databases
[44]. For the metaproteome analysis, explored protein functions comprised general metabolic

functions such as CO fixation, aromatic compound degradation, dissimilatory sulfate reduction

57



Starke et al., Microbial Ecology (2016)

and energy metabolism. To gain a first estimation of the taxonomic distribution, contigs were
affiliated to their respective phylum and plotted regarding relative abundance in time. For
protein-SIP analyses, the MetaProSIP tool of OpenMS was used (104, 233, 234). At first, raw
data was converted into *.mzML files using MSConvert of ProteoWizard (235). Subsequently,
the latter *.mzML files were converted to smaller *.mzML and *.featureXML files using a
precursor mass tolerance of = 10 ppm and a fragment mass tolerance of +0.02 Da as well as
carbamidomethylation at cysteines as static and oxidation at methionines as variable
modifications. The generated files were then used for the MetaProSIP searches with an m/z
tolerance of £10 ppm as well as an intensity threshold of 1000 and a correlation threshold of
70%. As database, the above-mentioned combined metagenome including random

contaminants for false discovery rate determination was used.

Cultivation with elemental sulfur

In order to test the capability of the consortium to use elemental sulfur as possible TEA, the
medium was changed in microcosms set up as explained above while replacing 20 mM of
sodium sulfate with 20 mM of double-ground elemental sulfur (>99% purity, VEB
Laborchemie, Apolda, Germany). Five bottles were prepared including one microcosm with
elemental sulfur as TEA, three growth controls with sulfate, and one sterile control where the
biomaterial was autoclaved twice at 120°C with an interval of one day. The incubations started
when 700 uM of unlabeled benzene was applied to each microcosm. The microcosms were kept
in the dark at room temperature during cultivation. Growth was monitored by benzene and

sulfide concentration as mentioned above.
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Results

Benzene degradation kinetics

Microcosms were fed with 10 uM of 3C,-acetate daily. The benzene degradation rate of the
non-amended culture (8.7 uM d1) was slightly lower than the degradation rates of the acetate
amended microcosms of 10.0-15.4 uM d* (Figure 1.2A). Sulfide peaked at 1.2-1.4 mM but did
not change compared to the non-amended culture even though 740 uM of acetate have been
added over 74 days (Figure 1.2B).
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Figure 1.2: Benzene (A) and sulfide concentrations (B) during pulsed 13C2-acetate protein-SIP. Data of four
biological replicates amended with labeled acetate (black circle, triangle, square and diamond), four growth
controls with only benzene (white circle, triangle, square and diamond) as well as a sterile control (grey diamond)

are shown. The arrow indicates the addition of unlabeled benzene to the 13C2-acetate replicate 4.

The stoichiometry of benzene mineralization was determined in accordance to the hypothesized
syntrophy model of benzene fermentation to acetate and hydrogen while the products are further
oxidized to carbon dioxide and water, respectively, (Equations 1-3) with respect to mineralized
benzene, added acetate and produced sulfide. Measured sulfide production in comparison to the
consumption of benzene was 45+11% (n=3 biological replicates) when acetate was amended

and 47+16% (n=14 biological replicates) for the unamended cultures (Table 1.2).
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[1] benzene + 6H,0 — 3acetate + 3H* + 3H,
[2] 3H, + 0.7550%~ + 1.125H* — 3H,0 + 0.375HS™ + 0.375H,S

[3] 3acetate + 3502~ + 1.5H* — 3HCO3 + 1.5HS™ + 1.5H,S

Table 1.2: Stoichiometric calculations using a simplified syntrophy model as reference (Equation 1-3). The values
for oxidized benzene, added acetate and produced sulfide originated from the experiment. The expected
productions of both acetate and hydrogen were calculated in accordance to the proposed syntrophy model. The
expected sulfate reduction was determined by summarizing acetate from the expected acetate production (ratio
1:1) and the added acetate as well as hydrogen from the expected hydrogen production (ratio 4:1). Abbreviations

were used for average (AVG) and standard deviation (SD).

expected

benzene acetate & acetate expﬁctted sulfide sulfide
#  oxidized hydrogen added suttate produced VS. AVG SD
reduced
(mM) produced (mM) (mM) sulfate
(mM)
(mM)
model 1 1.00 3.00 0.00 3.75 3.75 1.00
acetate- 1 0.24 0.72 0.26 1.16 0.39 0.34
amended 2 0.11 0.33 0.24 0.65 0.31 0.48
3 0.08 0.24 0.14 0.44 0.25 0.57 046 0.12
1 0.32 0.97 0.00 1.21 0.79 0.65
2 0.58 1.73 0.00 2.17 1.17 0.54
3 0.30 0.90 0.00 1.12 0.61 0.55
4 0.35 1.04 0.00 1.30 0.94 0.73
5 0.38 1.13 0.00 1.41 0.68 0.48
6 0.32 0.97 0.00 1.21 0.68 0.56
non- 7 0.47 1.40 0.00 1.75 0.61 0.35
amended 8 0.47 1.42 0.00 1.78 0.55 0.31
9 0.29 0.88 0.00 1.10 0.80 0.73
10 0.48 1.43 0.00 1.78 0.78 0.44
11 0.45 1.36 0.00 1.70 0.60 0.35
12 0.48 1.44 0.00 1.81 0.47 0.26
13 0.47 1.41 0.00 1.76 0.65 0.37
14 1.26 3.77 0.00 471 141 0.30 0.47 0.16

The rates of benzene mineralization rates for unmanended cultures (13.5+2.4 mM, n=14
biological replicates) and *3C-acetate amended cultures (12.8+3.2 mM, n=3 biological
replicates) as well as the sulfide production rates for unamended (15.6+4.1 mM, n=14 biological
replicates) and acetate amended cultures (16.7£5.1 mM, n=3 biological replicates were
calculated (Support Information Table S1.2). In the sterile control, benzene initially
decreased from 0.56 mM after 4 days to 0.42 mM after 7 days but remained constant afterwards

(Figure 1.2A) whereas no sulfide was formed over the time period of 213 days (Figure 1.2B).
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13C-incorporation of labeled acetate

For a first estimation of the 3C-incorporation, the relative isotope abundances (RIA) of all
peptides were assigned to the corresponding time point in cultivation (Figure 2.2A). Herein,
incorporation started immediately in the first days of 13C,-acetate amendment. After 74 days,
the mean RIA values strongly increased compared to the previous time point. In addition,
observed abundances comprised a wide range indicating different types of incorporation
patterns. Further, the time-resolved utilization of labeled acetate was evaluated for the dominant

phylotypes revealing diverse patterns of incorporation (Figure 2.2B).
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Figure 2.2: Mean relative isotope abundances (RIA) of all identified peptides with incorporation patterns (A) and

with the affiliation to the dominant acetate consumers (B). The size of the circle indicates the labeling ratio.

The Campylobacterales showed a direct and by far, the fastest acetate incorporation. The *3C-
incorporation derived from labeled acetate by the Archaeoglobales and the Syntrophobacterales
was significantly higher than the one determined for the Clostridiales and the Desulfobacterales
after 74 days. The labeling ratio was steady for Clostridiales (~0.5), Syntrophobacterales (~0.5)
and Desulfobacterales (~0.7). For the Archaeoglobales, it remained constant until day 31 (~0.4)
and finally decreased to 0.3. For the Campylobacterales, it started at a ratio of 0.8 after 6 days,

decreased to 0.5 after 31 days and finally increased to 0.7 after 74 days again.

Metaproteome analysis

The protein groups identified with high confidence were each affiliated to a distinct phylum in
the metagenome. Firmicutes and Proteobacteria were the most abundant phyla within the
protein groups of the consortium (Figure 3.2A). Nevertheless, Euryarchaeota, Bacteroidetes,

Chlorobi and Chloroflexi were identified among the most frequent phyla as well. On the level
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of microbial orders, the Clostridiales comprised up to 45% abundance followed by the
Syntrophobacterales (up to 10%), the Desulfobacterales (up to 6%), the Desulfuromonadales
(up to 6%), the Desulfovibrionales (up to 5%), the Archaeoglobales (up to 3%) and the
Campylobacterales (up to 4%). (Figure 3.2B).
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Figure 3.2: Time-resolved distribution of the identified protein groups assigned to phyla (A) and orders (B).
Unidentified microorganisms were not assigned to any taxonomic information whereas for unclassified ones, at

least the domain was known.

The relative abundances of the key players during prolonged incubation with additional acetate
were explicitly calculated revealing an increase in abundances of Syntrophobacterales,
Campylobacterales, Archaeoglobales and Desulfobacterales while the abundance of
Clostridiales decreased (Supporting Information Table 2.2). Enzymes identified in the
metaproteome were further considered for functional evaluation (Table 2.2). Enzymes related
to the C1 metabolism and CO> assimilation, particularly the Wood-Ljungdahl pathway, were
affiliated to Clostridiales and Desulfobacterales. Enzymes related to aromatic compound
degradation were assigned to Clostridiales and Desulfuromonadales. Regarding the sulfur
cycle, enzymes of the dissimilatory sulfate reduction were identified for Clostridiales and
Syntrophobacterales. In general, enzymes related to maintenance such as ATP synthesis,
chaperonines, regulation and transcription were dominantly assigned to Clostridiales but also

to Syntrophobacterales, Campylobacterales, Archaeoglobales and Desulfobacterales.
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Table 2.2: Important metabolic pathways of the benzene-degrading consortium identified by metaproteome
analysis including CO; assimilation (Wood-Ljungdahl pathway), aromatic compound degradation as well as
enzymes involved in dissimilatory sulfate reduction and energy metabolism. The numbers of unique protein hits

are indicated.

[%2] [72]
@ 0 2 0
< 2 n ® O
g g 2 = 8 2 g
g £ 5 £ & 2 £ ¢
s 2 8 ©» 8§ g 3 8
S S = Q =) S =) e
T & & 8 £ £ = C
2 £ E 5 3 3 3 &
— > 1+ pust [«5) [ [<5] =
(@) () () < @] @] o o
Aromatic compound degradation (9) 3 1 5
ATP synthesis (16) 4 5 5 2
Binding (65) 26 8 2 2 2 5 18
Biomolecule synthesis, other metabolic processes (45) 24 5 2 1 11
Cellular processes and signaling (26) 12 3 6 1 4
C1 metabolism, CO2 fixation (12) 6 4 2
Dissimlatory sulfate reduction (20) 7 2 11
Energy metabolism (44) 11 9 5 3 2 3 2 9
Regulation (21) 6 3 2 3 2 5
Transcription (25) 13 3 1 1 3 2 1 1
Conserved hypothetical protein (164) 70 8 22 2 5 6 3 48
Unique hypothetical protein (230) 23 5 2 2 11 13 3 171

Elemental sulfur as potential TEA

In comparison to the sterile control, results indicated that benzene degradation in the sulfur
amended microcosm tremendously slowed down as only 170 uM of applied benzene was
transformed over 213 days of incubation (Figure 4.2A). In contrast, microcosms amended with
sulfate completely degraded three feedings of 700 uM benzene. The respective benzene
degradation rates were 13.5+3.0 pM d* (n=3 biological x 3 technical replicates) with sulfate as
TEA and 1.7+0.9 uM d* (n=3 technical replicates) using sulfur whereas 0.8+0.6 uM d* (n=3
technical replicates) were measured for the sterile control. Compared to the sulfide production
when sulfate was used as TEA, sulfide concentration increased faster to at maximum 1.4 mM
after 39 days when sulfur was applied (Figure 42.B). In case of the sulfate-reducing
microcosms, sulfide was produced up to 0.8+0.2 mM (n=3 technical replicates) after 46 days,
0.9£0.1 mM (n=3 technical replicates) after 109 days and 1.0+0.2 mM (n=3 technical
replicates) after 180 days. However, after the above-mentioned maximum, sulfide concentration
decreased once benzene vanished from the media in the sulfate-containing microcosms (days
50, 109 and 180, Figure 4.2B).
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Figure 4.2: Benzene (A) and sulfide concentrations (B) during replacement of sulfate with sulfur as possible TEA.
Data of three biological controls with sulfate (white circle, triangle and diamond), a microcosm with sulfur (black

diamond) as well as a sterile control (grey diamond) are shown. The arrow indicates the addition of unlabeled
benzene to the sulfate-reducing microcosms.

However, sulfide production started again after the amendment of benzene (days 0, 70 and 145,
Figure 4.2B). In sulfidic media, elemental sulfur will spontaneously and abiotically react with

sulfide forming polysulfides which has to be integrated in polysulfide-transforming reactions
(Equation 4).

[4] nS® + HS™ — S2;, + H*

Formed polysulfide could either be used by polysulfide respiration (PSR) (Equation 5 and 6)
or polysulfide disproportionation (PSD) (Equation 7) to sulfide and sulfate while the latter is
channeled in the dissimilatory sulfate reduction (DSR) (Equation 2 and 3).

[5] H, +S2~ - HS™ + S27, + H
[6] acetate + S2™ + 4H,0 — 2HCO3 + HS™ + S27, + 2H' + H,

[7]1 S3~ + 4H,0 — SOZ~ + 3HS™ +S2-, + 5H*
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Discussion

The pulsed 3Cj-acetate protein-SIP experiment was designed to neither affect benzene
degradation nor change microbial composition. Hence, 10 uM of *C-acetate was amended
daily in addition to the previously determined 17+2 uM of unlabeled acetate originating from
benzene degradation (34). The initial decrease of benzene in the sterile control was likely due
to adsorption to the butyl stopper and thus, an abiotic effect which was confirmed by the lack
of sulfate-reducing activity. The benzene degradation rates measured were in the range of
previously published rates of 2.4-14.1 uM d (146). As indicated by these rates, the activity of
the benzene degraders was not influenced by additional acetate but surprisingly, acetate
amendment was not directly linked to sulfate reduction as sulfide production rates were
comparable to that of the non-amended culture. Hence, acetate was assimilated rather than
oxidized which would have been coupled to sulfate reduction and by that, led to a faster and
higher sulfide production. Accordingly, observed sulfide production compared to the
consumption of benzene was similar for acetate-amended (46+12%) and non-amended cultures
(47+16%) but both were lower than anticipated. This discrepancy was reported in previous
experiments as well (34, 146, 236) and suggests further sulfide transformation processes such

as precipitation or oxidation.

Metaproteome analysis regarding microbial phyla and orders revealed that the microbial
community did not shift with prolonged acetate amendment. This is in accordance to the
previous protein-SIP experiments with labeled benzene or carbonate (35).The identified protein
groups in this study were mainly assigned to Clostridiales, Syntrophobacterales,
Desulfobacterales, Desulfuromonadales,  Desulfovibrionales,  Archaeoglobales and
Campylobacterales in descending abundance. Otherwise, protein groups assigned to
Bacteroidetes, Chlorobi and Chloroflexi showed a minor but increasing abundance in the
metaproteome over the experimental time. Though, the abundance of proteins assigned to
Archaeoglobales and Syntrophobacterales which are assumed to be involved in dominant
acetate utilization was increasing while the abundance of Clostridiales as benzene fermenter
was decreasing with prolonged amendment of additional acetate indicating an adaptation of the
community to the continuous supply of acetate. Dominant acetate utilization exhibited RIA
values of up to 54% in proteins of Campylobacterales, Archaeoglobales and
Syntrophobacterales whereas the acetate-utilizing activity assigned to Clostridiales and

Desulfobacterales was significantly lower at a maximum of 26%.
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Members of the Syntrophobacterales were previously discussed to be affiliated to dissimilatory
sulfate reduction and utilization of acetate as a metabolite of benzene fermentation (33, 35).
RIA values of up to 41% displayed the assimilation of acetate but did not reach the extent of
incorporation observed for the Campylobacterales presumably due to additional assimilation of
CO; and thus, the dilution of the maximal *3C-incorporation. The Archaeoglobales were found
to utilize acetate but metaproteome information on the potential TEA used was missing.
Archaeoglobus species are typically related to sulfate reduction (237). Thus, RIA values of up
to 35% were in the range of dominant acetate utilization alike the Deltaproteobacteria as the
label was presumabely diluted by CO> assimilation. In contrast, the Campylobacterales featured
the fastest and highest **C-incorporation derived from labeled acetate reaching RIA values of
up to 54%. The metaproteome lacked information about the specific physiology of this
organism. However, the epsilonproteobacterial population genome of a community enriched
from the same field site but degrading m-xylene under sulfate-reducing conditions revealed
genes for a sulfide:quinone oxidoreductase (sqr) and a polysulfide reductase (psr) [44]. The m-
xylene-degrading community was used for metagenome sequencing as it was already enriched
in the same epsilonproteobacterial phylotype and consisted of only one more member of the
Deltaproteobacteria (230). Sulfur respiration catalyzed by the polysulfide reductase using
polysulfide instead of elemental sulfur to oxidize e.g. hydrogen is well understood as it was
intensively studied in the epsilonproteobacterial species Wolinella succinogenes (183). Apart
from that, the sulfide:quinone oxidoreductase as a single-subunit flavoprotein oxidizing sulfide
to polysulfide while reducing quinone to quinol was previously described (238). Further, sulfur
respiration and sulfide oxidation have been reported for Sulfurovum sp. NBC37-1 which was
isolated from a deep-sea hydrothermal vent (225-227) and is the next cultured relative of the
epsilonproteobacterial phylotype in our consortium. However, when sulfate was replaced by
elemental sulfur, benzene degradation collapsed to 1.7+0.9 uM d*. In comparison to the
benzene depletion of 0.8+0.6 uM d* in the sterile control which was due to abiotic processes
such as adsorption to the butyl stopper, the actual amounts of produced acetate and hydrogen in
the sulfur-containing microcosm were minimal. Otherwise, 1.4 mM sulfide was rapidly formed
demonstrating ongoing sulfur transformation processes. Extracellular sulfur (as polysulfide)
could be channelled into PSR (Equations 5 and 6) and PSD (Equation 7). If PSR was the only
occurring sulfur transformation process, complete oxidation of hydrogen and acetate resulting
in 1.4 mM sulfide would require at least 230 M benzene to be fermented in the same time (39

days). If PSD was the only occurring process, sulfur disproportionation would lead to sulfide
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and sulfate in a ratio of 3:1 corresponding to at maximum 350 uM sulfate from 1.4 mM sulfide
which can be calculated back to at most 100 uM fermented benzene when produced acetate and
hydrogen are equally transformed. In fact, when abiotic benzene depletion is considered, only
170 uM benzene was fermented over 213 days. Therefore, we conclude that extracellular
elemental sulfur (as polysulfide) is dominantly used by PSD to form sulfate and sulfide rather
than PSR. In addition, the rapid sulfide production will likely inhibit DSR of produced sulfate
which leads to the accumulation of acetate and hydrogen causing the collapse of benzene
fermentation. Interestingly, sulfide concentrations repeatedly decreased in all sulfate-reducing
microcosms after benzene was completely consumed (n=3 biological x 3 technical replicates).
Under anoxic conditions, sulfide could be precipitated as iron(l1)-sulfide or captured by sulfide
oxidizing processes. However, only 1.5 mg L of FeCl, x 4H,0 was supplied by the media
which corresponds to 1.9 uM. Even when sulfide was precipitated as iron(ll)-sulfide, this
cannot explain the tremendous decrease in sulfide of 0.6+0.1 mM (n=3 biological x 3 technical
replicates) but it is unclear if this decrease in sulfide is completely of biotic nature or due to
other ongoing abiotic processes. Comprising, the Campylobacterales in this community might
recycle otherwise toxic sulfide by its oxidation to polysulfide via sulfide:quinone
oxidoreductase and subsequent PSR via polysulfide reductase while the sulfur species must be
kept intracellular as extracellular polysulfides are rapidly consumed by PSD. In addition, PSR
coupled to hydrogen oxidation as described for Wolinella succinogenes is presumably not
occurring in our community as the members of the Deltaproteobacteria will likely outcompete

the epsilonproteobacterial phylotype for hydrogen.

Confirming previous studies on this consortium, enzymes involved in aromatic compound
degradation were affiliated to Clostridiales comprising the previously described initial benzene
degrader identified as Cryptanaerobacter/Pelotomaculum (32, 33). Carbon fixation via the
Wood-Ljungdahl pathway (239) was demonstrated for Clostridiales and Desulfobacterales.
After 74 days of incorporation, both Clostridiales and Desulfobacterales featured RIA values
of up to 26% which was significantly lower than the assimilation of the dominant acetate
utilizers. This finding demonstrates that the Clostridiales did not only secret acetate from
benzene fermentation but also assimilated extracellular acetate. The low acetate assimilation
assigned to the Clostridiales and the Desulfobacterales suggests less efficient transport or

assimilation mechanisms for acetate and/or other sources for biomass production such as CO..
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Finally, the putative scavengers belonging to Bacteroidetes, Chlorobi and Chloroflexi were only
found in the metaproteome analysis but lacking *C-incorporation during the pulsed acetate
protein-SIP approach. Confirming the previously hypothesized community model (35), the
latter phyla were supposed to thrive on dead biomass and metabolites derived from other
community members and thus, the carbon sources available after 74 days of *C-acetate

amendment might not have been labeled sufficiently to enable a detectable incorporation.

By uniting the results of metaproteomics and the pulsed 3C,-acetate protein-SIP as well as
earlier studies, the previously hypothesized model of the syntrophic community mineralizing
benzene enriched from the aquifer in Zeitz was improved (Figure 5.2). Here, Clostridiales
ferment benzene to acetate and hydrogen. Acetate is utilized by Archaeoglobales,
Campylobacterales, Syntrophobacterales, Clostridiales and Desulfobacterales. CO; is
assimilated by Clostridiales and Desulfobacterales via the Wood-Ljungdahl pathway. Finally,
dead biomass and metabolites are scavenged by Bacteroidetes, Chlorobi and Chloroflexi. In
summary, we were able to trace the carbon flow derived from labeled acetate in a benzene-
degrading and sulfate-reducing microbial community by functional metaproteome analysis
using a pulsed *C-acetate protein-SIP approach. Incorporation of amended !3C,-acetate
revealed both the capability of the syntrophic consortium to utilize additional acetate while still
degrading benzene and its role as key metabolite. The epsilonproteobacterial
Campylobacterales featured the fastest and highest acetate incorporation. Confirming previous
studies, the Epsilonproteobacteria were not essential for benzene degradation but proven to be
the key acetate utilizers within the benzene-degrading microbial consortium. With the
respective enzymes affiliated to sulfide oxidation and polysulfide respiration encoded in its
genome, the epsilonproteobacterial phylotype could perform the oxidation of otherwise toxic
sulfide forming polysulfide and its subsequent reduction. However, it is unclear to which
processes sulfide oxidation and polysulfide reduction are coupled. Nevertheless, our study
provides clues on suitable isolation strategies for these Epsilonproteobacteria with the aim to

unveil their specific physiology.
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Figure 5.2: Hypothetical overview of the carbon flow and functional interactions within the benzene-degrading,
sulfate-reducing community. Carbon sources and carbon flux of the identified groups of organisms separated by
their different incorporation behaviour regarding *3C-acetate are indicated. Acetate utilization (red line) is zoned
from CO; utilization (dotted red line). WL stands for Wood-Ljungdahl pathway and the percentages for the

maximum carbon incorporation derived from labeled acetate.
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Supporting Information

Growth monitoring

Benzene and sulfide concentrations were monitored during incubation. To determine benzene
concentrations, 0.5 mL of the supernatant was dissolved in 9.5 mL ddH20 pH 2.5 and measured
with an automated headspace gas chromatography with a Varian 3800 gas chromatograph
(Varian, Palo Alto, USA), a CP SIL 5 CB capillary column (25 m x 0.12 mm x 0.12 pum; Varian,
Darmstadt, Germany) and a flame ionization detector. Samples were preheated to 70°C for
30 min. For separation, a gradient of 2 min at 70°C, 10°C min up to 90°C and 60°C min™ up
to 220°C with a flow rate of 1 mL min was used. Benzene eluted at a retention time of 1.8 min.
Sulfide was measured with a modified version of the protocol by Cline (236). Liquid samples
of up to 100 pL were transferred in test tubes filled with 1 mL saturated zinc acetate dehydrate
solution capturing sulfide. After adding 4 mL dH.O and 400 pL N,N-dimethyl-1,4-
phenylendiamine, the solution was incubated in the dark for 20 min. Subsequently, the
absorption at 670 nm was measured and sulfide concentration was determined by the use of a

calibration curve.

Protein extraction

For the extraction, 1 L sediment was used. The sediment was incubated with medium in an
ultrasonic bath for 10 min under occasional stirring to detach cells. The supernatant was
collected and the procedure was repeated twice with ddH>O. To gather the biomass, the
collected liquids were centrifuged at 4°C and 12,000 x g for 10 min (Sorvall RC 6 plus, Thermo
Electron Corporation, Waltham, MA, USA). The pellet was resuspended in 20 mM Tris/HCI
pH 7.5 and treated with an ultrasonic probe on ice for 4 x 5 min at 50% power (25 W) and 50%
duty cycle (UP50H, Hielscher Ultrasonics GmbH, Teltow, Germany). After centrifugation at
12,000 x g at 4°C for 10 min, the supernatant was removed and the pellet was resuspended in
20 mM Tris/HCI pH 7.5. For phenol extraction, an equal volume of phenol solution (10 g mL"
in ddH,0) was added and incubated under shaking at 500 rpm and room temperature for 1 h.
The mixture was centrifuged at 12,000 x g as described above for phase separation. The lower
phase was mixed with fivefold volume of ice cold 100 mM ammonium acetate in methanol.
Precipitation was performed over night at -20°C followed by centrifugation at 12,000 x g as
described above. The supernatant was removed and the pellet was washed with the following

solutions: once with 100 mM ammonium acetate, twice with 80% acetone and once with 70%
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ethanol. For each washing step, the pellet was resuspended using ultrasonication, incubated for
15 min at -20°C and finally centrifuged at 12,000 x g as described above. Afterwards, the pellet

was dried on air.
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unclassified (derived from Cyanobacteria) W Zeitz aquifer

Figure S1.2: Phylogenetic distribution of the two metagenomes used for the metaproteome analyses according to
MG-RAST. In the benzene-degrading consortium (Zeitz aquifer) only a minor fraction was affiliated to
Epsilonproteobacteria whereas in the m-xylene-degrading enrichment culture (Zeitz epsilonproteobacterium
enrichment), Epsilonproteobacteria made up about 24% of the metagenome.
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Table S1.2: Growth values used for the evaluation of benzene degradation kinetics comparing acetate-amended

and non-amended cultures. Sorption of benzene to the butyl stopper is indicated in red and was not considered as

degradation.

Non-amended (mM)

. benzene sulfide

# d benzene sulfide degraded rate produced rate
1 12 0.99 0.77

34 0.75 1.14

47 0.58

57 0.50 1.46

64 0.42 1.56 0.32 10.74 0.79 15.11
2 58 1.23 0.15

87 0.80 0.31

99 0.74 0.77

121 0.40 1.10

134 0.30

144 0.22 1.31 0.58 10.13 1.17 13.56
3 246 0.51 0.23

250 0.46 0.24

253 0.43 0.31

257 0.38 0.29

260 0.35 0.33

264 0.36 0.37

267 0.33 0.40

271 0.26 0.38

274 0.26 0.46

278 0.20 0.57

281 0.14 0.56

288 0.09 0.63

292 0.06 0.84 0.30 10.71 0.61 13.33
4 58 0.79 0.13

87 0.47 0.59

99 0.30 0.55

121 0.13 1.07 0.35 10.16 0.94 14.96
5 250 0.54 0.04

253 0.46 0.12

257 0.49 0.13

260 0.42 0.13

264 0.40 0.19

267 0.30 0.26

271 0.25 0.24

274 0.19 0.47

278 0.12 0.53

281 0.06 0.60

288 0.02 0.72 0.38 15.65 0.68 17.82
6 312 0.51 0.28

316 0.32 0.30

320 0.40 0.26

323 0.38 0.27

327 0.35 0.45

336 0.30 0.54

345 0.10 0.76

351 0.03 0.96 0.32 13.44 0.68 17.47
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10

11

12

387
394
401
408
415
422
429
242
246
250
253
257
260
264
267
271
274
278
281
288
312
316
320
323
327
336
345
387
394
401
408
415
422
242
246
250
253
257
260
264
267
271
274
278
281
288
312
316
320
323
327
336
345
351

0.70
0.47
0.32
0.22
0.12
0.04
0.01
0.89
0.56
0.54
0.46
0.49
0.42
0.40
0.30
0.25
0.19
0.12
0.06
0.02
0.37
0.40
0.31
0.32
0.30
0.20
0.03
0.63
0.51
0.34
0.18
0.10
0.04
0.86
0.68
0.56
0.47
0.48
0.43
0.34
0.34
0.31
0.29
0.17
0.11
0.03
0.71
0.52
0.50
0.40
0.39
0.27
0.07
0.02

0.34
0.53
0.60
0.63
0.82
1.18
0.96
0.17
0.09
0.04
0.12
0.13
0.13
0.19
0.26
0.24
0.47
0.53
0.60
0.72
0.14
0.19
0.26
0.37
0.44
0.59
0.94
0.21
0.31
0.36
0.41
0.73
0.99
0.38
0.35
0.30
0.37
0.38
0.40
0.44
0.44
0.53
0.60
0.72
0.87
0.98
0.39
0.38
0.45
0.46
0.39
0.59
0.88
0.86
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0.47 13.35 0.61 14.63
0.47 15.27 0.55 11.95
0.29 13.32 0.80 24.29
0.48 16.97 0.78 22.35
0.45 14.65 0.60 13.13
0.48 15.53 0.47 11.99
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13 387 0.60 0.15
394 0.53 0.26
401 0.39 0.29
408 0.28 0.47
415 0.16 0.71
422 0.06 0.79 0.47 16.74 0.65 18.52
14 10 1.68 0.15
25 1.39 0.08
44 1.11 0.48
58 0.84 0.42
87 0.66 0.40
91 0.66 0.40
95 0.67 0.48
99 0.61 0.51
121 0.55 0.78
134 0.32 0.98
144 0.25 1.09
151 0.13 1.49 1.54 12.25 1.34 9.52
AVG 13.49 15.62
SD 2.407025 4.099
B3C-acetate-amended (mM)
. benzene sulfide
# d benzene sulfide degraded rate produced rate
1 0 0.58 0.61
4 0.38 0.48
8 0.36 0.87
12 0.36 0.92
34 0.12 1.26 0.47 13.70 0.65 19.06
2 43 0.57 0.84
47 0.25 1.05
57 0.18 1.26
64 0.16 1.15
71 0.14 1.12 0.43 15.43 0.42 20.23
3 34 0.73 0.77
47 0.64 0.82
57 0.47 0.96
64 0.46 0.93
71 0.39 1.02 0.34 9.22 0.25 10.80
AVG 12.78 16.70
SD 3.209789 5.13714
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Abstract

In comparison to inorganic N cycling, only little is known regarding the assimilation of organic
N in soil. Therefore, we used 16S and 18S rDNA gene profiling and functional metaproteomics
to characterize the composition of a soil microbial community assimilating (15)N-labeled plant-

derived organic matter (OM).

Genomic results showed an increase of the abundance of fungi and Proteobacteria related to
the utilization of plant-derived OM within the first days of exposure. Similarly, metaproteomic
analysis revealed Proteobacteria as the most abundant phylum followed by Actinobacteria and
Ascomycota. Finally, protein stable isotope probing (protein-SIP) demonstrated copiotrophic
behaviour for Rhizobiales belonging to Proteobacteria, Actinomycetales belonging to
Actinobacteria and Chroococcales belonging to Cyanobacteria as these phylotypes
immediately incorporated (15)N from the added plant tissue. Conversely, the fungal
Saccharomycetales and the bacterial Enterobacteriales, Pseudomonadales, Sphingomonadales

and Xanthomonadales displayed slower (15)N-assimilation.

We showed that, in contrast to the dominance of fungi in the degradation of complex carbon
compounds, mostly bacteria were involved in the short-term assimilation of plant-derived N.
The combined use of genomic and proteomic approaches allowed to track the flow of N within

the soil microbial community.
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Introduction

The viability of soil microbes depends on available energy and nutrient sources. Among them,
N is a critical nutrient of OM which derives mainly from plants (240). The dominant form of N
in plants is protein (ca. 2-5% of plant dry weight) whereas the concentration of free amino acids
is typically 100-fold lower (241). Free amino acids can be taken up directly by soil microbes
using various membrane transport systems (46) while proteins must be depolymerized by
extracellular proteases as rate-limiting step of plant-derived OM decomposition (47-49).
Resulting simple organic N compounds can be quickly utilized by microbes as energy and
nutrient sources (50). However, despite the well-explored inorganic N cycling i.e. nitrification
and denitrification (51, 52), the cycling of organic N in soil is not yet completely understood
(47). Conversely, the decomposition and assimilation of organic C by soil microbes has been
intensively studied (53-55). These studies have revealed a dominance of fungi in the
degradation and assimilation of plant-derived polymeric organic C (54, 56). Moreover, the
decomposition of carbon polymers by fungal activities releases low moleculer weight

compounds that can be used for bacterial growth (242).

However, in comparison to C cycle, the knowledge about how plant-derived N is enteringthe
microbial community and which microbial populations dominate the assimilation of N is still
scarce. This is of fundamental interest to understand the N cycling and OM dynamics in soil.
Therefore, the introduction of cultivation-independent approaches such as meta-OMICs
allowed deeper insights into the structure and function of microbial communities and the

exploration of biogeochemical cycles.

In the last years, genomics has offered a solution for describing the diversity and composition
of soil microbial communities and the quantification of functional genes (243-247). Moreover,
the combination of genomics and SIP studies using (15)N-labeled plants revealed the
assimilation of organic N from plants by soil microbial populations (248, 249), but these studies
do not allow to comparatively study the involvement of bacterial and fungal communities in the
decomposition of plant inputs. However, a relationship between gene abundances and

corresponding processes is not always observed (250).

Metaproteomics has become a central tool in microbial ecology (98, 101) and provided valuable

insights to decipher functional-phylogenetic relationships in microbial communities (251-253).

78



Starke et al., Soil Biology and Biochemistry (2016)

However, since the mere protein abundance can not be directly linked to activity, stable isotope
probing (SIP) is used to provide a direct link to the metabolic activity of an organism in a
microbial community (86, 99, 100). In comparison to nucleic acid-SIP approaches which
requires a minimal isotope incorporation of 25-30 atom% (100), (15)N can be used as a marker
for the activity and assimilation capabilities of microbial populations with detection limits as
low as 0.5 atom% (77). Despite its sensitivity and the potential information on the role of
microbial populations involved in N-cycling, protein-SIP has not yet been applied to study the

decomposition of plant-derived OM in soil.

We characterize the bacterial and fungal populations involved in the cycling of plant-derived
OM using amplicon sequencing (16S and 18S rDNA), metaproteomics and 15(N)-protein-SIP.
Considering that bacterial biomass has a lower C/N-ratio than fungi (254), we hypothesize that
fast-growing bacterial populations dominate the short-term assimilation of N from plant-
derived OM. The combination of meta-OMICs and SIP techniques may provide valuable
information about the dynamics and functional role of individual populations in microbial

communities.
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Materials and methods

Studied soil and plant-material

Silty clay soil was collected from a long-term tobacco experimental field located in Mochkrena
(51°31 N, 12° 48’ E, Saxony, Germany). Mean anual temperature and total precipitation in the
area were 10°C and 569 mm, respectively. The soil was classified as a Typic Ariudoll with a
pH of 6.46, a total C of 11.60 g kg™ and a total N of 1.6 g kg*. 10 kg of soil was collected from
different spots of an area of 1,200 m2 directly from below the surface to a maximum depth of

10 cm. Stones and roots were removed and the soil was sieved (<2 mm) and stored at 4°C.

Unlabeled and (15)N-labeled leaf litter was derived from tobacco plants which were grown as
described (255). Briefly, 10 days after germination, the plants were transfered to round Teku
pots (Poppelmann GmbH & Co. KG, Lohne, Germany) and to single pots (1 L) with soil 10
days later. Labeled medium was prepared by substituting (14)NOs to (15)NO3™ at high
concentrations without considering the natural abundance of (15)N. The plants were harvested
10 days after the transfer to 1 L single pots. Afterwards, plant leaves were separated from the
stem and roots. All plant parts were dried at 100°C and subsequently stored at room

temperature. Dried plant material was mechanically grounded to smaller pieces.

Soil mesocosm

In order to track the assimilation of N in the soil microbial community, (15)N and (14)N tobacco
litter was added to the soil. Two replicated mesocosms were set up for each litter in sterilized
0.5 L flasks with 50 g of soil plus 0.5 g of the respective tobacco litter (1% (w/w)). Independent
mesocosms were established for each incubation time: 0.1, 0.8, 1.9, 2.9, 5.0, 7.9 and 13.9 days.
Four times (0.1, 0.8, 1.9 and 2.9 days) in the first three days and three times (5.0, 7.9 and 13.9
days) within the remaining 11 days and immediately subjected to multi-step protein and DNA
extraction. Homogenized soil and shredded plant material were premixed in a glass beaker prior
to the distribution to the mesocosms. As a control, mesocosms (n=2) without plant litter were
set up in the same conditions than litter-amended treatments. Mesocosms were incubated at
20°C in an incubation chamber for 14 days in darkness. Soil moisture was kept constant during
the experiment by adding water at 60% of the water holding capacity. To ensure aerobic

conditions, a regular aeration every day was performed for each mesocosm.
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Growth monitoring

For monitoring microbial growth during incubation, the biological oxygen demand (BOD) per
h as respiration rate was measured using the OxiTop system (WTW Inc, Germany). Every
mesocosm flask was supplemented with a 10 mL test tube containing 5 mL of a 5 M NaOH
solution and equipped with an OxiTop cap for BOD measurement. The principle is the detection
of a pressure decrease due to oxygen consumption by aerobic biological respiration processes.
Carbon dioxide produced at the same time is precipitated as sodium carbonate in the test tube
and therefore, does not affect the pressure measurement. Using BOD values, the respiration
rates were determined according to BOD per h. As a proxy for the plant-litter decomposition,
water-soluble carbon (WSC) was determined by soil extraction (2 h shaking with a soil/distilled
water ratio of 1:5) followed by centrifugation, filtration, and analysis of the extract solution on
a C analyzer for liquid samples (Analytik Jena TOC/TN multi N/C 3100).

Soil DNA extraction and sequencing

DNA extraction was accomplished using the PowerSoil® DNA Isolation Kit (MO BIO
Laboratories, Inc., Carlsbad, USA). Genetic profiling was performed by IMGM Laboratories
(Martinsried, Germany). For that, amplicons for different variable regions of 16S and 18S rRNA

were generated for every sample using two primers each (Table 1.3).

Table 1.3: 16S and 18S rRNA primers used for amplicon sequencing.

rkRN Primer Primer Length Amplicon
A name Primer sequence (5’ -> 3°) (bp) size
AS519F CAGCMGCCGCGGTAA 15
16S CCCCGYCAATTCMTTTRAG 560 bp
928R 20
T
F-1183 AATTTGACTCAACACGGG 18
18S 590 bp
R-1631 TACAAAGGGCAGGGACG 17

One amplicon library was prepared from the PCR products of all samples. Sequencing was
performed on the Illumina the lllumina MiSeq® next generation sequencing system (Illumina

Inc., San Diego, USA). The resulting 2 x 250 bp reads were quality controlled and trimmed by
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applying the CLC Genomics Workbench software (CLC Bio, Boston, USA). Further
bioinformatics analysis including clustering, phylogenetic analysis and beta diversity was
performed by Ribocon GmbH (Bremen, Germany). Both, the eukaryotic 18S and the
prokaryotic 16S rDNA was analyzed regarding its phylogenetic distribution within the soil
microbial community. Total number of reads of the input dataset were clustered at a 98%
sequence identity treshold by OTU definition. As reference for classification, SILVA SSU Ref
NR 115 dataset containing 479,726 classified sequence entries was used. The number of reads
of the most abundant phylogenetic taxons was assembled for each of the six incubation points
of (15)N exposition as well as for time point zero. The phylogenetic distribution was defined

and plotted for the eukaryotic and the prokaryotic fraction of the community.

Soil protein extraction

The extraction step included the addition of an equal volume of extraction buffer (50 mM Tris-
HCI pH 7.5, 1 mM PMSF, 0.1 mg/mL chloramphenicol) to the whole amount of soil (50 g) and
shaking at room temperature for 2 h. Soil samples and supernatant were separated by
centrifugation at 3,000 x g at room temperature for 10 min (Sorvall RC 6 plus, Thermo Electron
Corporation, Waltham, MA, USA). Both fractions were stored at -20°C until further use. In the
second extraction step, 2 g of the homogenized soil-litter pellet from the first step was mixed
with 5.4 mL of extraction buffer. Further steps included three cycles of freeze and thaw (freeze
in liquid nitrogen, thaw in 60°C water bath), the addition of 0.6 mL of 10% (w/v) SDS solution
and two cycles of ultrasonic treatment using an ultrasonic disintegrator (4°C, 5 min / 70%
amplitude / 70% power, break of 2.5 min between cycles; ultrasonic processor UP50H equipped
with ultrasonic probe MS7, Hilscher Inc., Germany). For phenol extraction, equal volume of
phenol solution (10 g mL* in ddH,0) was added to 10 mL in case of the supernatant from the
first extraction step and approximately 7 mL (entire volume) in case of the soil-litter-buffer-
mixture from the second extraction step and incubated under shaking at 500 rpm and room
temperature for 1 h. The mixture was centrifuged at 4°C and 12,000 x g for 10 min for phase
separation (Sorvall RC 6 plus, Thermo Electron Corporation, Waltham, MA, USA). The lower
phase was mixed with fivefold volume of ice cold 100 MM ammonium acetate in methanol.
Precipitation was performed over night at -20°C followed by centrifugation at 12,000 x g as
described above. The supernatant was removed and the pellet was air-dried. Protein extraction
from pure tobacco plant material (unlabeled and *°N labeled) was carried out by using a different

protocol. It involved the initial grinding of the plant material in liquid nitrogen, followed by the
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addition of 150 pL ex-strep buffer (100 mM Tris-HCI pH 8.0, 150 mM NaCl, 5 mM EGTA, 5
mM EDTA, 10 mM DTT, 0.5 mM PMSF and 0.5% (v/v) Triton-X 100) to 100 mg of ground
plant material and strong mixing (vortex) and subsequent incubation on ice for 15 min.
Afterwards, the pellet was separated from the supernatant by centrifugation (12,000 x g, 10 min
and 4°C) with one repetition to clean the supernatant from remaining pellet particles. The clean

supernatant was either directly processed or stored at -20°C until further use.

Metaproteomics

Complete protein pellets were used for one-dimensional (1D) gel electrophoresis without prior
determination of protein amounts. Air-dried protein pellets were suspended in 30 pL 1x
Laemmli buffer (229), dissolved via ultrasonication and incubated under shaking at 500 rpm
and 60°C for 10 min. Samples were centrifuged at 12,000 x g (Sorvall RC 6 plus, Thermo
Electron Corporation, Waltham, MA, USA) to remove precipitates before loading on sodium
dodecyl sulfate gels (4% stacking gel and 12% separating gel). Electrophoresis was performed
at 10 mA per gel. Polypeptides were stained by colloidal Coomassie Brilliant Blue G-250 (Roth,
Kassel, Germany). Entire lanes were cut into gel pieces for each sample and an in-gel tryptic
digestion was performed. Supernatants obtained from protein extraction of the pure plant
material were subjected to in-solution trypsin cleavage. Finally, dried samples were
resuspended in 0.1% formic acid, desalted and purified by ZipTip® treatment (EMD Millipore,
Billerica, MA, USA). Mass spectrometric analysis of the peptide fractions was accomplished
by UPLC-LTQ Orbitrap Velos MS/MS as described (90). Briefly, samples were injected by an
autosampler and concentrated on a trapping column (nanoAcquity UPLC column, C18, 180 um
x 2. cm, 5 um, Waters) with water containing 0.1% formic acid at flow rates of 15 pL min™.
After 8 min, the peptides were eluted into a separation column (nanoAcquity UPLC column,
C18, 75 um x 15 cm, 1.75 um, Waters). Chromatography was performed with 0.1% formic acid
in solvent A (100% water) and B (100% acetonitrile). The LC gradient was set from 2 to 15%
in the first 10 min and subsequently, from 15 to 40% in 67 min with a final switch to 85% for
additional 10 min using a nano-high pressure LC system (nanoAcquity UPLC, Waters).
Continuous scanning of eluted peptide ions was carried out between 400-2,000 m/z,
automatically switching to MS/MS collision-induced dissociation (CID) mode on ions

exceeding an intensity of 3,000.

83



Starke et al., Soil Biology and Biochemistry (2016)

Metaproteomic data analysis

Raw data obtained was processed using Proteome Discoverer (v1.4.0.288; Thermo Fisher
Scientific, Waltham, MA, USA). Searches were performed using MASCOT algorithm with the
following parameters: tryptic cleavage with maximal two missed cleavages, a peptide tolerance
threshold of +10ppm and an MS/MS tolerance threshold of +0.5Da, and
carbamidomethylation at cysteines as static and oxidation of methionines as variable
modifications. As database, all annotated fungal, bacterial and archaea protein-coding
sequences of the NCBInr database were downloaded. Proteins were considered as identified
with at least one unique peptide with high confidence (false discovery rate, FDR<0.01). FDR’s
were determined using Percolator (256). The exported multireport was analyzed for
phylogenetic classification and functional prediction (using the cluster of orthologous groups,

COG) by Prophane (http://www.prophane.de/index.php).

Protein-SIP data analysis

The respective unlabeled peptides were measured as well to compare chromatographic retention
time and MS/MS fragmentation patterns as described previously (73). For protein-SIP analysis,
OpenMS and the new developed MetaProSIP node was used (233, 234, 257). MS raw data was
converted into *.mzML files using MSConvert of ProteoWizard (235). Subsequently, the latter
*.mzML files were converted to smaller *.mzML and *.featureXML files using a precursor
mass tolerance of +10 ppm and a fragment mass tolerance of +0.5Da as well as
carbamidomethylation at cysteines as static and oxidation at methionines as variable
modifications. The generated files were then used for the MetaProSIP searches with an m/z
tolerance of +10 ppm as well as an intensity threshold of 1,000 and a correlation threshold of
70%.

For the identification of (15)N peptides, phylogenetic taxa obtained by metaproteomics were
used to create a combined database consisting of the most abundant orders. We dowloaded the
reviewed protein-coding entries (Uniprot/Swiss-Prot 12/01/2014) of Actinomycetales,
Bacillales, Burkholderiales, Chroococcales, Enterobacteriales, Hypocreales, Pleosporales,

Pseudomonadales, Rhizobiales, Saccharomycetales, Sphinomonadales and Xanthomonadales.

84


http://www.prophane.de/index.php

Starke et al., Soil Biology and Biochemistry (2016)

In order to provide an ecological classification, microbial orders were sorted according to their
genetic and metaproteomic abundances and to copiotrophic or oligotrophic behaviour regarding
the utilization of plant-derived N (Table 2.3).

Table 2.3: Abundances of copiotrophs and oligototrophs assigned to microbial orders in genomic profiling,
metaproteomics and protein-SIP sorted by fast (0-1 days) and slow (2-14 days) response to the amendment of *°N-

labeled tobacco plant leaves.

Order Time Genomic profile Metaproteome Protein-SIP
(days) (mean + SD %) (mean + SD %) (mean £ SD %)
Copiotrophs  Rhizobiales 0-1 6.6 2.3 4.7+33 346+54
2-14 48=+17 55+£20 41.0+6.2
Actinomycetales 0-1 84+22 9.0+26 23.1+10.9
2-14 3.8+0.6 8320 83+49
Chroococcales 0-1 0.0 0.8+0.7 154 +21.8
2-14 0.0 02+0.1 0.8+1.7
Oligotrophs  Saccharomycetales 0-1 0.1+00 06+0.3 7.7+£00
2-14 0.1+0.0 0.2+0.2 6.9+3.2
Enterobacteriales 0-1 12+16 1.0£0.3 7.7£0.0
2-14 31+20 3818 16.5+6.2
Pseudomonadales 0-1 13.9+19.0 9.0+120 38%55
2-14 195+£3.0 13.2+35 48+43
Sphingomonadales 0-1 76+26 1.3+0.0 0.0
2-14 78+03 15+£02 7545
Xanthomonadales 0-1 7.3%£0.3 04+0.2 38+54
2-14 122+4.1 40+11 57+18
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Results

Respiration rates and water-soluble carbon decreased over time

The general microbial activity during incubation was monitored by respiration rates (Figure
1.3A). For both the labeled and the unlabeled mesocosms, rates started at ~130 mg O, kg ht
after 2 hours reaching a local minimum of ~32 mg Oz kg* h* after 18 hours. Afterwards, the
respiration rates increased to ~43 mg Oz kg h'* while subsequently decreasing steadily to 18
mg Oz kgt h! after 14 days. As indicative for OM degradation, the water-soluble C (WSC) was
analyzed (Figure 1.3B). A decay of WSC was observed within the first two days of incubation
while WSC stabilized at around 100 mg C kg soil! after five days. WSC was always higher

in the amended mesocosms than in the controls without litter.
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Figure 1.3: Microbial growth by the soil community during short-term decomposition of plant-derived material.

Respiration rates (A) and water soluble carbon (WSC) (B) are shown.

Proteobacteria was the most abundant phylum in metagenomics and metaproteomics

In order to explore both the prokaryotic and the eukaryotic fraction of the microbial community,
analysis considered 16S as well as 18S rDNA. For both 16S and 18S sequencing, ~150,000
reads per sample were assigned. As result, 16S rDNA featured Acidobacteria, Actinobacteria,
Bacteroidetes, Planctomycetes and Proteobacteria as most abundant phyla comprising up to
75% (Figure 2.3A).
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Figure 2.3: The phylogenetic distribution of the prokaryotic (A) and the eukaryotic (B) fraction of the soil

microbial community obtained by genetic profiling.

Starting with 40% abundance at time point zero, Proteobacteria steadily increased as the most
abundant phyla during incubation. Within the Proteobacteria, the microbial orders
Burkholderiales (up to 18%), Pseudomonadales (up to 30%) and Xanthomonadales (up to 17%)
were the most abundant ones. Further, Flavobacteriales and Sphingobacteriales (each up to
10%) were the most abundant orders affiliated to the Bacteroidetes being the second most
abundant phyla within the microbial community reaching up to 26% abundance. However, the
abundance of Acidobacteria, Actinobacteria and Planctomycetes decreased with prolonged
incubation. Proteobacteria reached its maximum abundance after two days while Bacteroidetes
featured significant increase in abundance just after day five. For 18S rDNA, the most abundant
taxons were Opisthokonta, SAR and Archaeplastida (Figure 2.3B). Consisting of mostly
Charophyta to which plants belong, the Archaeplastida featured an abundance of 75% at the
first time point of sampling. After one day of incubation, the relative abundance of rDNA reads
of Archaeplastida decreased to 23% and finally dropped below 1% during further incubation.
The abundance of Opisthokonta to which fungi belong, on the other hand, increased from 15%
at the start of incubation to 75% in the later stages of degradation. Thirdly, SAR belonging to
Bikonta together with Archaeplastida constisted of Cercozoa and Peronosporomycetes and
featured maximal relative rDNA read abundance of 50% at days two and three of incubation

which was decreasing with prolonged leaf litter degradation.

Metaproteomics revealed that bacteria (up to 70%) and eukaryota (up to 10%) were the
dominant kingdoms within the soil community whereas the abundance of archean proteins was
about 1%. The dominant phylum was Proteobacteria featuring up to 50% abundance followed
by Actinobacteria (up to 15%) and Cyanobacteria (10% after 0.1 days) while up to 35% of
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detected protein groups remained unidentified (Figure 3.3A). With up to 60% unidentified
protein groups at 0.1 days of exposure, the dominant eukaryotic orders were Hypocreales (up
to 2%) and Saccharomycetales (up to 1%). On the other hand, Actinomycetales (up to 11%),
Bacillales (up to 4%), Burkholderiales (up to 8%), Chroococcales (up to 2%),
Enterobacteriales (up to 7%), Pseudomonadales (up to 20%), Rhizobiales (up to 9%),
Sphingomonadales (up to 2%) and Xanthomonadales (up to 5%) were the most abundant orders
within bacteria (Figure 3.3B).Increasing protein abundances immediately after the beginning

of exposure were observed for Actinomycetales, Chroococcales and Rhizobiales.
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Figure 3.3: The phylogenetic distribution of the soil microbial community on the level of orders (A) and families

(B) obtained by metaproteomic analysis.

Protein-stable isotope probing revealed a major role of bacteria over fungi in the

assimilation of plant-derived N

The protein-SIP parameter relative isotope abundance (RIA) describes the number of (15)N-
atoms in a peptide and gives information about the proportion of labeled substrate that was
utilized by the organism. A second parameter, labeling ratio (Ir) of a peptide, describes the ratio
of labeled to unlabeled peptide and refers to protein turn over after the addition of the labeled
substrate. Here, the relative isotope abundances (RIA) and the labeling ratio (LR) of all peptides
were assigned to the corresponding time point (Figure 4.3A). The RIA values ranged between
40 and 98% (n=11-26 peptides per time point). A large amount of (15)N-incorporation is
reflected by a RIA value of 71+8% (n=13 peptides) and a LR value of 0.59£0.29 (n=13
peptides) which started immediately with the beginning of the experiment. Remarkably, the
RIA value at day 0.1 showed the highest value and a high abundance. Both RIA (55+10%,
n=13) and LR (0.47+0.18, n=13) decreased after one day while subsequently increasing again
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after two days (RIA=64+14%, LR=0.53+0.26, n=11) of exposure. A decrease of incorporation
after three days (RIA=60£20%, LR=0.42+0.22, n=12) was followed by an increase until eight
days (RIA=67£15%, LR=0.52+0.16, n=12) while decreasing after 14 days (RIA=62+14%,
LR=0.57+0.16, n=26). Total (15)N-incorporation during labeled plant-derived material
decomposition is performed by Rhizobiales (40%) as dominant utilizer within the soil microbial

community followed by Enterobacteriales (14%) and Actinomycetales (13%) (Figure 4.3B).
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Figure 4.3: Outcome of the °N-labeled tobacco plant leaf protein-SIP. Peptides with incorporation were assigned
to the mean relative isotope abundances (RIA, black) and labeling ratio (LR, grey) for each time point (A) and to

the abundance of microbial orders (B).

Actinomycetales, Chroococcales and Rhizobiales showed (15)N-incorporation immediately at
the beginning of exposure whereas the fungal Hypocreales and Saccharomycetales as well as
Enterobacteriales, Pseudomonadales, Sphingomonadales and Xanthomonadales showed only
a minor incorporation at the beginning of exposure which increased with prolonged incubation.
The results from this multi-OMIC approach were reflected in ecological attributes of microbial
populations. The ecological classification of microbial orders to copiotrophic or oligotrophic
behaviour regarding the utilization of plant-derived N revealed that copiotrophic microbes
showed a high isotope incorporation immediately at the beginning of exposure (20%, n=3
microbial orders) which decreased to about 14% after 14 days (Table 2.3). A 4D-plot
summarized the data from sequencing, metaproteomics and protein-SIP with respect to the
incubation times (Figure 5.3). Oligotrophs started with 5% abundance in protein-SIP (n=5
microbial orders) and increased to at maximum 9% whereas the copiotrophs behave

complementary.

89



Starke et al., Soil Biology and Biochemistry (2016)

25
Time (days)
0.1
< 20 AN 0.8
< A ! 1.9
G 15 L | 2.9
< & e 5.0
a ; L 13.9
[
S : o ® L O  oligotrophs
4 copiotrophs
0 10 > 12
% 8- ®) 3 10
L —6 o)

o0
°y 05 2 e

Figure 5.3: Four-dimensional distribution of soil microbes. Copiotrophs (“ = Rhizobiales, Actinomycetales and

Chroococcales) and oligotrophs (o = Enterobacteriales, Pseudomonadales, Sphingomonadales,
Saccharomycetales and Xanthomonadales) were assigned to the abundance in the gene profile, the metaproteome
and the protein-SIP during labeled leaf litter decomposition.
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Discussion

Bacteria dominate the assimilation of plant-derived N

The assimilation of plant-derived N has been studied separately for bacterial and fungal
populations (248, 258). Consequently, the overall contribution of bacterial and fungal
populations in the cycle of plant-N has not been properly distinguised. Here, we used a multi-
OMIC approach to decipher the key players involved in the plant-derived N assimilation within

a whole soil microbial community.

Metaproteomics and SIP analyses revealed the dominance of bacteria over fungi in the short-
term assimilation of N. Hence, our results support the hypothesis that, with respect to the lower
C/N-ratio of bacteria compared to fungi (254), fast-growing bacterial populations would

dominate the short-term assimilation of plant-derived N.

These results contrasts with the key role in the decomposition and assimilation of plant-derived
C suggested for fungi (56). In compliance with the decreasing of WSC, fungi abundances
increased which is in agreement with the plant decomposition model in which fungi feed on
complex plant polymers (i.e. lignin, cellulose) while bacteria thrive on available energy sources
(54). Metaproteomics revealed an impact of plant input on the abundance of the fungal
populations Saccharomycetales and Hypocreales. Both fungal classes were active during later
stages of short-term (15)N-leaf litter degradation. Similarly, Espafia et al., (2011) found
Hypocreales (i.e. Fusarium sp.) as fast-growing decomposers of plant tissues using DNA-SIP
in soil microcosms with (15)N-plants. In addition, Hannula et al. (2012) found Hypocreales
incolved in the decomposition of plants using a (13)C-RNA-SIP approach as well. Interestingly,
we found (15)N incorporation into proteins of Saccharomycetales. This fact suggests a certain
role of this fungal group in the decomposition and assimilation of plant-derived N that was not
highlighted in the literature so far.

The involvement of bacterial populations in the assimilation of plant-derived N

Proteobacteria showed an increase abundance after one day of incubation with litter, both on
16S rDNA and metaproteome level. This is in agreement to a previous study accomplished by
Fierer et al. (259) where they proposed that microbes affiliated to Proteobacteria may act as

copiotrophic organisms and hence, they rapidly respond to nutrient improvements and condition
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changes in the soil. Similar results have been observed by other authors using metagenomics
(260) and metaproteomics (251).

In contrast, Proteobacteria members were not found to be involved in the assimilation ofplant-
derived (15)Nin DNA-SIP and DGGE approaches (248). Probably, the lower resolution of
DGGE in comparison to 16S rDNA genomics and metaproteomics compromises the
identification of dominant populations involved in the decomposition of plant material and
assimilation of nutrients. Multi-OMICs revealed that the composition of Proteobacteria was
dominated by Burkholderiales, = Myxococcales, Pseudomonadales, Rhizobiales,
Sphingomonadales and Xanthomonadales. The highest (15)N-incorporation during the short-
term utilization of labeled tobacco plant leaves was assigned to Rhizobiales comprising 40% of
total peptides. Consistently, nucleic acid-SIP approaches have previously revealed that several
Rhizobiales groups are commonly detected in the heavy DNA fractions after amendment of
(13)C-labeled carbohydrates, cellulose or plants (261-264). In contrast, a low isotope
incorporation while being abundant in genetic profiling and metaproteomics was observed for
Burkholderiales, Myxococcales, Pseudomonadales, Sphingomonadales and Xanthomonadales.
Burkholderia species were affiliated to utilize fungal-secreted metabolites and to overcome
fungal defense mechanisms (265). In this study, Burkholderiales might have been outcompeted
by copiotrophic microbes as the benefit of overcoming fungal defense mechanisms could be
subsidiary during the short-term utilization of plant-derived OM. Moreover, Myxococcales
were reported as micropredators in microbial soil communities playing a key role in the turnover

of carbon in soil ecosystems (266, 267).

Genomic results pointed to an increased relative abundance of Actinobacteria after one day.
Accompanied with high metaproteome abundances as well as a high (15)N-incorporation in the
beginning of the experiment, an involvement of this taxa in the assimilation of plant-derived N
is suggested. It was proposed that Actinobacteria are abundant in soil due to grazing of other
intermediate bacteria (263). However, as regards of protein abundances Actinobacteria could
not compete with the Proteobacteria but were certainly linked to immediate utilization of plant-
derived N. Espafia et al., (248) found different Actinobacteria such as Arthrobacter sp.,
Nocardia sp., Streptomyces sp. and Saccharopolyspora sp. as dominant soil microbes in the

assimilation of (15)N from plants.
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Bacteroidetes were found with increasing rDNA abundance during the later stages of plant-
derived OM decomposition. Fierer et al., (259) proposed a copiotrophic behavior for
Bacteroidetes. Recently, Bastida et al., (268) suggested that Bacteroidetes are probably
outcompeted by populations with an outstanding capacity of growing under improved
conditions such as Proteobacteria (i.e. Rhizobiales) which was also observed in our study.
While the information regarding the assimilation of N is limited, nucleic acid-SIP studies
revealed constraining information about the involvement of Bacteroidetes in the assimilation
of C from plants. Exemplary, Fan et al., (261) did not find this clade in heavy DNA fractions
of a SIP experiment while other authors did (262, 269). Further, a (13)C-DNA SIP study linked
uncultured Planctomycetes with the degradation of complex heteropolysaccharides in soil
(270). In our study, Planctomycetes were matched with a high 16S rDNA abundance level but
only a low proteome abundance. Hence, Planctomycetes populations probably grow on

complex compounds in our soil community as well.

We are aware that the utilized number of replicates (n=2) is limited and further studies will
consider a higher number of replicates. In any case, this study establishes the basis for the
application of protein-SIP approaches in soil as an state-of-the-art approach for understanding
lifestyles of microbial populations. We propose that the copiotrophic lifestyle of Rhizobiales
and Actinomycetales is linked to a high (15)N-incorporation and growth immediately at the
beginning of plant-derived OM decomposition. Conversely, oligotrophs including
Saccharomycetales, Enterobacteriales, Pseudomonadales, Sphingomonadales and
Xanthomonadales were found with higher abundance in both genetic profiling and
metaproteomics during prolonged incubation but less (15)N-assimilation at the beginning as
indicated by protein-SIP. Ecological succession or competitive mechanisms might explain the

different levels of (15)N into the proteins of differerent microbial groups.
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Conclusions

The cascade of the assimilation of plant-derived N through soil microbial populations was
tracked by genetic profiling and functional metaproteomics using (15)N-labeled tobacco plant
material. In comparison to the dominant role of fungi in the metabolism of polymeric carbon,
our multiOMIC approach indicated that bacterial populations assimilate plant-derived N faster

than fungi as hypothesized.

We revealed that Rhizobiales played a pivotal role in the assimilation of plant-derived N.
Copiotrophic behaviour was affiliated toActinomycetales, Chroococcales and Rhizobiales.
Conversely, the fungal Saccharomycetales and the bacterial Enterobacteriales,
Pseudomonadales, Sphingomonadales and Xanthomonadales were identified as secondary N
feeders during the decomposition of plant-derived OM. It is well-known that not the whole
DNA is uniformly transcribed to RNA which is not equally translated into proteins that are not
utterly active. Noteworthy, the use of protein-SIP simultaneously displays the metabolic activity
of bacterial and fungal populations revealing not only a difference in genome and proteome
abundances but also in the respective (15)N-assimilation capacity. Therefore, the future use of
mulit-OMICs with SIP-techniques will enhance our knowledge on the ecological attributes of
soil microbial communities. This information might be fundamental for understanding the

dynamics of OM in response to climate change threats.
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4, Diskussion und Schlussfolgerung

4.1. Epsilonproteobakterien

Das Phylum der Epsilonproteobakterien kann grundsatzlich in Pathogene und Nichtpathogene
eingeteilt werden (271). Pathogene Spezies, wie Helicobacter im Magen oder Campylobacter
im Zwolffingerdarm, bewohnen den Verdauungstrakt von Menschen und Tieren, und kénnen
zu Entziindungen wie der Campylobacter-Enteritis fuhren (272). Dagegen kommt den
nichtpathogenen Epsilonproteobakterien durch ihre metabolische Vielseitigkeit eine immer
wachsendere, biologische Bedeutung zu (271). Eine chemoautotrophe Endosymbiose zwischen
der Tiefwasserseeschnecke Provannidae und den in den groRen Kiemen ansassigen
Alviniconcha hessleri  wurde bereits beschrieben (273). Viele nichtpathogene
Epsilonproteobakterien werden beispielsweise in hydrothermalen Tiefsee6ffnungen gefunden,
die typischerweise chemolithotroph leben, in dem sie reduzierte Schwefelverbindungen,
Formiat oder Wasserstoff, gekoppelt mit der Reduktion von Nitrat oder Sauerstoff, oxidieren
(274). Gegensatzlich dazu nutzen autotrophe Epsilonproteobakterien, die im
Mesoproterozoikum in sulfidischen Ozeanen mit geringen Sauerstoffkonzentrationen
entstanden sein sollen, den sauerstoffempfindlichen, reversiblen Krebszyklus zur CO»-
Fixierung (36, 275). Der aus dem Aquifer in Zeitz angereicherte, epsilonproteobakterielle
Phylotyp stellte bisher ein Enigma dar. Nukleinsdurebasierende Studien berichteten (iber die
hohe Abundanz der Epsilonproteobakterien in dieser Gemeinschaft (32, 33), wohingegen dieser
Phylotyp in der komplementéren Proteomstudie komplett fehlte (35). Mit Hilfe der Verbindung
von Metagenomik (Artikel 3.1) und funktionaler Metaproteomik (Artikel 3.2) konnte
einerseits die Rolle der Epsilonproteobakterien in der Benzolfermentation bestatigt und
andererseits mogliche, physiologische Modelle vorgeschlagen werden. Die DNA fir das
angereicherte Epsilonproteobakterienmetagenom stammte aus einer Kontrollkultur ohne
organische Kohlenstoffquelle, die zuvor auf m-Xylen unter sulfatreduzierenden Bedingungen
gewachsen ist (230, 276, 277). Das entsprechende Metagenom beinhaltete den kompletten
rTCA Zyklus, der nur fiir wenige bakterielle Gruppen wie den griinen Schwefelbakterien und
Deltaproteobakterien beschrieben, aber in Epsilonproteobakterien weit verbreitet ist (36, 278-
280). Als Alternative zur anorganischen Kohlenstoffquelle wurde das Potenzial fiir die direkte
Acetatassimilation aufgezeigt, welche die Gene actP als Importsystem und acsA zur
Acetataktivierung umfasste (Artikel 3.1). Dementsprechend kann sich der Organismus

mixotroph erndhren, was gleichermalien fur andere Epsilonproteobakterien berichtet wurde
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(36) und diesen Organismen einen selektiven Wachstumsvorteil in Grundwasserhabitaten und
Kohlenwasserstoff-kontaminierten Aquiferen verschafft (34). Weiterhin wurde das Potenzial
fiur die Verwendung verschiedener Elektronenakzeptoren (Nitrat, Polysulfid und Fumarat)
sowie Elektronendonoren (Wasserstoff, Formiat und Sulfid) aufgezeigt. Dabei ist die Nutzung
von Sulfid am offensichtlichsten, da der Organismus aus einer sulfatreduzierenden
Gemeinschaft angereichert wurde. Sulfid entsteht als Endprodukt der Sulfatreduktion,
akkumuliert und hat in hohen Konzentrationen eine toxische Wirkung. Eine mogliche,
vollstandige Oxidation von Sulfid zu Sulfat ist unwahrscheinlich, da nicht alle Gene des Sox-
Systems gefunden wurden. Stattdessen beinhaltete das Metagenom eine Sulfid Quinon
Oxidoreduktase (SQR), die Sulfid zu Polysulfid oxidiert. Diese Oxidation kdnnte durch
Menaquinon an die Polysulfidreduktase (PSR) gekoppelt sein, die die entsprechende
Ruckreaktion katalysiert. Diese Verkniipfung von Schwefelrespiration und Sulfidoxidation
wurde fur den nachsten Verwandten Sulfurovum sp. NBC37-1, der aus einer hydrothermalen
Tiefseed6ffnung isoliert wurde, bereits gezeigt (225-227). Da sie aber nur wenig Nettoenergie
liefert (AE=-15 mV), erscheint eine Kopplung der PSR an die Oxidation von Wasserstoff
(AE=-154 mV) oder Formiat (AE=-173 mV), die ebenfalls durch die Benzolfermentation
entstehen, sinnvoller. Hierbei wurde nur das Gen der Untereinheit fdhA der
Formiatdehydrogenase (FDH) gefunden, wéhrend alle Gene (hydABC) der Hydrogenase im
Metagenom detektiert wurden. Allerdings wird angenommen, dass die hydrogenotrophen
Deltaproteobakterien die Epsilonproteobakterien bezuglich Wasserstoff als Elektronendonor
durch eine héhere Affinitat auskonkurrieren (34), wodurch nur die Verwendung von Formiat
und Sulfid kinetisch plausibel ist. Das Potenzial fur die Acetatnutzung durch actP und acsA
wurde durch den gepulsten *C,-Acetat Protein-SIP bestatigt (Artikel 3.2). Hierbei wurde die
dominante C-Assimilation der epsilonproteobakteriellen Campylobacterales aus markiertem
Acetat gezeigt, welche die Archaeoglobales sowie die deltaproteobakteriellen
Syntrophobacterales im sekundaren Benzolabbau auskonkurrieren. Zusammenfassend sind die
epsilonproteobakteriellen Campylobacterales in der aus Zeitz angereichterten Gemeinschaft
erstmals einer Funktion zugeordnet worden: Aus der Benzolfermentation stammendes Acetat,
das in hohen Konzentrationen inhibierend auf den Benzolabbau der Clostridiales wirkt, wird
von den Campylobacterales in hohen Stoffmengen metabolisiert. Weiterhin kann toxisches
Sulfid durch die Oxidation zu Polysulfid mittels SQR umgewandelt werden, das anschlieRend
durch die PSR gekoppelt an die Formiatoxidation weitergenutzt werden kénnte. Eine Kopplung
von PSR mit der Oxidation von Wasserstoff, wie es fir Wolinella beschrieben wurde (122,
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123), ist aufgrund der hoheren Affinitdt der Deltaproteobakterien beziiglich Wasserstoff
unwahrscheinlich. Bisher ist noch nicht demonstriert wurden, welche Prozesse tatsachlich an
Sulfidoxidation sowie Polysulfidreduktion gekoppelt sind, aber es wurden mogliche
Isolationsstrategien aufgezeigt, die die spezifische Physiologie der Epsilonproteobakterien in

dieser Gemeinschaft aufdecken kénnen und werden.

4.2.  Benzolmineralisierende und sulfatreduzierende Grundwassergemeinschaft

Mikrobielle Gemeinschaften sind nicht nur in allen Umweltprozessen wie den Energie- und
Né&hrstofffllissen, aber auch fur die Sanierung kontaminierter Gebiete bedeutsam (35). Der
GroRteil der persistenten und toxischen Kohlenwasserstoffe wird von anaerob lebenden
Mikroorganismen in tieferen Gebieten wie dem Grundwasserleiter abgebaut, da der Sauerstoff
von oberflachennahen, aeroben Mikroorganismen zur Oxidation einfacher Verbindungen
verbraucht wird (24, 25). Das Verstandnis der Interaktionen beim anaeroben Abbau persistenter
Kohlenwasserstoffe wie den BTEX-Verbindungen (Benzol, Toluol, Ethylbenzol und o-, m- und
p-Xylol) innerhalb einer mikrobiellen Gemeinschaft ist fur die biologische Sanierung besonders
wichtig (22, 23). Die hier untersuchte, anaerobe und benzolmineralisierende
Grundwassergemeinschaft wurde bereits detailliert beschrieben (31-35), wobei die Stofffliisse
des sekundéaren Metabolismus des postulierten Schllsselintermediats, Acetat, noch nicht
bekannt sind. Mit Hilfe des gepulsten *C,-Acetat Protein-SIP Versuchs und friiheren Studien
wurde das bisher bestehende Verstandnis der syntrophen, benzolmineralisierenden und in
einem Aquifer in Zeitz angereichterten Gemeinschaft erweitert. Die Clostridiales fermentieren
Benzol zu Acetat und Wasserstoff. Acetat wird von den Archaeoglobales, den
Campylobacterales, den Syntrophobacterales, den Clostridiales sowie den Desulfobacterales
verwendet. CO2 wird von den Clostridiales und den Desulfobacterales (iber den Wood-
Ljungdahl-Weg assimiliert. Letztlich wird die tote Biomasse und Metabolite von den
Bacteroidetes, den Chlorobi und den Chloroflexi genutzt. Beim Austausch von Sulfat mit
elementarem Schwefel als mdoglichen terminalen Elektronenakzeptor kollabierte die
Benzolmineralisation wéhrend Sulfid rasch gebildet wurde (Artikel 3.2). Das Ausmal} der
schnellen Sulfidbildung wurde auf die Polysulfiddisproportionierung (PSD) durch (andere)
Deltaproteobakterien zurlickgefihrt, da zu wenig Benzol fermentiert wurde, um eine

Polysulfidreduktion der Epsilonproteobakterien zu bestéatigen (Abbildung 7).
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Abbildung 7: Das Potenzial der benzolmineralisierenden Grundwassergemeinschaft verschiedene terminale
Elektronenakzeptoren zu verwenden. Dabei steht PB fiir Proteobakterien. Sulfat wird als Elektronenakzeptor des
sekundéren Metabolismus verwendet, um Acetat und Wasserstoff resuliertend aus der Benzolfermentation zu
oxidieren. Bei Zugabe von elementaren Schwefel kollabiert die Benzolfermentation und Schwefel wird von

(anderen) Deltaproteobakterien zu Sulfat und Sulfid disproportioniert.

Aus der von der PSD ausgehenden, schnellen Nutzung von extrazellularem, elementarem
Schwefel, das in sulfidischen Habitaten abiotisch und spontan zu Polysulfid reagiert, wird
deutlich, dass entstandener Schwefel beziehungsweise Polysulfid durch Sulfidoxidation der
Epsilonproteobakterien intrazellular gehalten werden muss, um der Konkurrenz der
schwefeldisproportionierenden Deltaproteobakterien zu entgehen und einen Wachstumsvorteil
zu erhalten. Dieser intrazelluldre Schwefel kann beispielsweise durch Raman-Spektroskopie
detektiert werden, um diese physiologischen Prozesse zu bestéatigen. Weiterhin ist im Genom
der Epsilonproteobakterien eine Untereinheit der Formiatdehydrogenase kodiert (281).
Zusétzlich dazu wurde auch im Metaproteom eine Formiatdehydrogenase bei den
Desulfobacterales gefunden, die eine mdgliche Nutzung von Formiat verdeutlicht.
GleichermaRen lag die Konzentration an Acetat im Uberstand stets unter der Detektionsgrenze
von 6 UM, was geringer als die zuvor beschriebene Konzentration im Bereich von 17 uM war
(34). Ebenfalls unter der Detektionsgrenze lagen Propionat (<8 uM) und Butyrat (<22 puM).

Einzig Formiat konnte im Uberstand quantifiziert werden (Abbildung 8).
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Bei der Acetatsyntrophie betrigt die Energiebilanz AG=-102,0 kJ mol™ (Gleichung 1 und 2),

wobei die Bilanz bei der Benzolmineralisation ber Formiat bei AG= +195,9 kJ mol™ liegt
(Gleichung 3 und 4).

[1] CsHs + 6 H,0 > 3 CH;COOH + 3 H, AG=+116,1 kJ mol™
[2] CH;COOH + SO,> > 2 HCO;™ + H,S AG=-72,7 k] mol™

[3] CsHes + 12 H,0 > 6 HCOOH + 9 H, AG=+548,7 kJ mol™
[4] 4 HCOOH + SO, > 4 HCO;™ + H,S + 2 H* AG=-235,2 kJ mol™

AnschlieBend kann Wasserstoff zu Methan (AG= -189,0 kJ mol™), zu Acetat (AG= -94,5 kJ
mol™) oder gekoppelt an die Sulfatreduktion (AG= -160,0 kJ mol™) oxidiert werden. Dabei ist
die Oxidation durch die sulfatreduzierenden Deltaproteobakterien durch ihre hohe Affinitat zu
Wasserstoff am wahrscheinlichsten und wird im folgenden als einziger wasserstoffnutzender
Prozess angenommen. Daraus ergibt sich eine Nettoenergie von AG= -222,1 kJ mol™ flr die
Acetatsyntrophie und fiir Formiat von AG= -164,3 kJ mol™'. Die hohe Produktion an
Wasserstoff ist dabei in der Lage, die Formiatsyntrophie anzutreiben. Ein gepulster SIP-Ansatz
mit 3C-Formiat parallel zur Benzolmineralisation kénnte demonstrieren, ob auch Formiat als
Intermediat durch die Clostridiales in den sekunddren Abbau eingespeist wird.
Zusammenfassend sind die Interaktionen der Schliisselorganismen der in Zeitz angereicherten,
mikrobiellen Gemeinschaft mittlerweile gut verstanden. Die Anwendungen von Protein- und

DNA-SIP sowie metabolomischen Anséatzen konnten den Kohlenstofffluss detailliert darstellen.
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Nichtsdestotrotz gibt es weiterhin unbeantwortete Fragen wie: Welche Organismen oxidieren
Wasserstoff? Warum werden Enzyme zur dissimilatorischen Sulfatreduktion in den
benzolfermentierenden Clostridiales gefunden? Welche Prozesse sind an die Sulfidoxidation
und Polysulfidreduktion der Campylobacterales gekoppelt und wird parallel zur
Acetatsyntrophie auch Formiat genutzt? Die Beantwortung dieser Fragen kann unter anderem
durch die Isolation der Schliisselorganismen und die Sequenzierung der jeweiligen Genome
erreicht werden. Es bleibt jedoch zu beachten, dass Benzol nur eine der in Zeitz vorkommenden
Kontaminationen darstellt und es angestrebt werden sollte, die mikrobiellen Netzwerke fur den

Abbau aller Kontaminanten aufzuzeigen.

4.3. Pflanzenabbau durch Bodenmikroorganismen

Die Verflgbarkeit von Stickstoff als notwendiger Nahrstoff organischer Materie bestimmt die
Lebensfahigkeit von Bodenmikroorganismen (44). Der Zyklus von anorganischem Stickstoff
durch beispielsweise Nitrifikation und Denitrifikation wurde bereits detailliert beschrieben (51,
52), wobei der Kreislauf von organischem Stickstoff bisher nicht komplett verstanden wurde
(47). Dagegen ist bekannt, dass Pilze die Assimilation von pflanzenabgeleitetem, polymerem,
organischem Kohlenstoff dominieren (54, 56) und niedermolekulare Verbindungen abgeben,
die anschlieBend von Bakterien genutzt werden (62). In dieser Arbeit wurde erstmals der Einbau
aus ’N-markiertem Pflanzenmaterial in Bodenmikroorganismen gezeigt (Artikel 3.3). Hierbei
wurde demonstriert, dass, gegensatzlich zur bisherigen Annahme der Dominanz der Pilze im
Abbau von Pflanzenmaterial, Bakterien die kurzzeitige Assimilation von pflanzenabgeleiteten
Material im Boden dominieren. Daraus resultierend wurde ein neues Schema fir die
Pflanzenabbau durch Bodenorganismen entwickelt (Abbildung 9). Wahrscheinlich verlaufen
diese Prozesse parallel, aber durch die schnellere Kinetik im bakteriellen Stoffwechsel
niedermolekularer Verbindungen im Vergleich zum Abbau von Cellulose und Lignin durch
Pilze erscheinen diese zeitlich getrennt. Weiterhin wurden im schnellen Abbau
pflanzenabgeleiteter, niedermolekularer Verbindungen zwischen copiotrophen, die schnell auf
verénderte Bedinungen und Stress reagieren sowie oligotrophen Mikroorganismen, die spater
im Abbau aktiv sind, unterschieden. Diese Gruppierung wurde durch die Verwendung von
Amplikonsequenzierung, Metaproteomik und Protein-SIP erreicht, die eine multidimensionale

Klassifizierung ermoglichte.
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Abbildung 9: Uberarbeitetes Modell der Dekomposition von Pflanzen durch Bodenmikroorganismen nach
Schmidt, 1989. Die Pflanze wird von der Mikro-, Meso- und Makrofauna zerkleinert. AnschlieBend werden die
pflanzenabgeleiteten einfachen Verbindungen von Bakterien metabolisiert. Gleichzeitig bauen die Pilze die
pflanzenabgeleiteten komplexen Verbindungen wie Cellulose und Lignin zu einfachen Verbindungen ab, die

letztlich von den Bakterien genutzt werden.

Die aus Artikel 3.3 ermittelten Abundanzen im 16S und 18S rDNA Genomprofil, im
Metaproteom und im Protein-SIP verdeutlichen, dass sowohl die genomische als auch die
proteomische Abundanz keinen Zusammenhang mit der Aktivitdt aufwiesen (siehe
Tabelle 2.3). Generell wird der Phanotyp eines Organismus in absteigender Reihenfolge durch
Protein-SIP, dem Proteom und dem Genom beschrieben. Hohe Aktivitat bezliglich einer
eingebrachten Energie- oder Nahrstoffquelle resultiert in einer hohen Abundanz im Protein-
SIP. Gegensétzlich zeigt eine niedrige Aktivitat im Protein-SIP und eine hohe Aktivitat im
Protecom und Genom die praferierte Nutzung anderer Energie- und Nahrstoffquellen.
Chroococcales, Enterobacteriales und Saccharomycetales zeigten eine geringe Genom- und
Proteomabundanz, aber eine hohe N-Einbauaktivitat, dass auf eine hohe Affinitat zu den
Stickstoffverbindungen der eingebrachten Quelle hindeutet, aber gleichermaRen auch
verdeutlicht, dass diese Phylotypen vermutlich nicht am routinemaRigen Stoffwechsel im
Boden beteiligt sind. Andererseits wurde den Pseudomonadales eine hohe Genom- sowie
Proteomabundanz und eine geringe Aktivitat im Protein-SIP zugeordnet. Dieser Phylotyp ist
pravalent im Boden, aber wurde durch copiotrophe Organismen wie den Rhizobiales, den
Actinomycetales und den Chroococcales bezlglich der Stickstoffquellen aus dem
Pflanzenmaterial auskonkurriert. Auf’erdem war die genomische und proteomische Abundanz
fiir Sphingomonadales und Xanthomonadales nicht miteinander vergleichbar. Dabei wurde flr
beide Phylotypen jeweils eine hoéhere Abundanz im Genomprofil und nur eine geringe
Abundanz im Metaproteom gefunden. Die genomische Abundanz spiegelt die generelle

Beteiligung am Pflanzenabbau wieder, wobei diese Phylotypen im Phénotyp (Metaproteom,
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Protein-SIP) durch die copiotrophen Organismen verdrangt wurden. Demnach konnten
Sphingomonadales und Xanthomonadales komplexe Verbindungen im Boden abbauen. In
dieser Studie wurden alle bisher annotierten Proteine von Bakterien und Pilzen als Datenbank
genutzt. Dieser groRe Suchraum sollte und muss in weiteren Versuchen durch eine
Sequenzierung verkleinert werden, um einerseits die ldentifikationsrate zu erhéhen und
andererseits die Annotationsgenauigkeit zu verbessern, wodurch die metaproteomischen Daten
praziser werden. Durch die Verwendung von multiOMIK Techniken konnen
methodenspezifische Probleme wie die teilweise schlechte Identifikationsrate in der
Metaproteomik und des Protein-SIPs durch eine zuvorige Sequenzierung vermieden werden.
Trotzdessen wurde gezeigt, dass zwischen Genom, Proteom und spezifischer Aktivitat im
Protein-SIP kein direkter Zusammenhang besteht, aber durch die Kombination aller Daten
konnen verschiedene  Mikroorganismen in einer Gemeinschaft anhand ihrer

multidimensionalen Eigenschaften (copiotroph und oligotroph) gruppiert werden.

| H . .
N im Uberschuss | C im Uberschuss Abbildung 10: Der Zusammenhang von Energie
£ > < »  (C) und Nahrstoff-stoffwechsel (N) nach
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Aullerdem sollten in Zukunft multiatomare SIP-Ansétze verwendet werden, um beispielsweise
das Zusammenspiel zwischen Energie- (C) und Nahrstoffflissen (N) aufzuzeigen. Es wurde
durch Mooshammer und Kollegen postuliert, dass sich der Kohlenstoff- und Stickstoffkreislauf
kontrar verhalten (50). Daraus abgeleitet ergibt sich folgender theoretischer Zusammenhang
zwischen Kohlenstoff und Stickstoff: Bei einer Limitation wird die komplette Ressource
assimiliert, um Verluste zu vermeiden. Im Gegensatz dazu kdnnen Uberschissige Ressourcen
zur Energiegewinnung oxidiert werden (Abbildung 10). Ein kontrdares Verhaltnis der
Kohlenstoff- und Stickstoffassimilation konnte bedeuten, dass verschiedene Mikroorganismen
an der Assimilation von Energie- (C) und Néahrstoffquellen (N) beteiligt sind. Zudem missten
in einem multiatomaren Ansatz jegliche Limitationszustdnde vermieden werden, um eine
vergleichbare Nahrstoff- (NUE) und Kohlenstoffaufnahmeeffektivitat (CUE) zu gewdhrleisten.
Letztlich musste die Assimilation einer Energie- oder Nahrstoffquelle nicht als allgemeine,
sondern als spezifische Aktivitat angesehen werden. Eine generelle Aktivitat konnte durch den

Einsatz von nicht zu verstoffwechselndem, schweren Wasser beschrieben werden.

4.4.  Abschliellende Bemerkungen

Die funktionale Metaproteomik ist in der Lage, die primdren, sekundéren und tertidren
Interaktionen von Schlusselorganismen mikrobieller Gemeinschaften aufzudecken. Dabeli
konnen die in Proteinen vorkommenden Atome (C, N, S, O und H) als Isotope verwendet
werden, wobei bevorzugt 3C und N genutzt werden. Es wurde gezeigt, dass die Energie-
beziehungsweise Nahrstoffquelle als einzelne Verbindungen wie Acetat (Artikel 3.2) aber auch
als komplette Pflanzen (Artikel 3.3) vorgelegt werden kénnen, um den Einbau der stabilen
Isotope in metabolisch aktive Mikroorganismen zu zeigen. Weiterhin wurde demonstriert, dass
sowohl die Mikroorganismen, die am Energiefluss (*3C) als auch die, die am Nahrstofffluss
(**N) beteiligt sind, spezifisch aus einer mikrobiellen Gemeinschaft identifiziert werden
kénnen. Fraglich bleibt, inwiefern sich verschiedene, stabile Isotope auf die Aktivitit von
Mikroorganismen in Gemeinschaften auswirken und gleichbedeutend, ob der Einbau
verschiedener Isotope beziiglich des AusmaRes und der aktiven Spezies vergleichbar ist. In
friheren Studien wurde gezeigt, dass die multi-isotope imaging mass spectometry (MIMS) den
Einbau verschiedener, stabiler Isotope wie 3C, N und 80 in Proteinen von Stereozilien der
Haarzellen und Dendriten nachverfolgen kann (282, 283). Inwieweit dieser Einbau mit der
mikrobieller Aktivitdt vergleichbar ist, muss in weiteren Studien untersucht werden.

Nichtsdestotrotz stellt vor allem die Verwendung von schwerem Wasser (D20 oder H,*®0) als
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universeller Marker fur eine generelle, mikrobielle Aktivitat eine systemunabhédngige Lésung
dar. Bei der Anwendung von schwerem Wasser ist zu beachten, dass sich der Einbau von
Wasserstoff und Sauerstoff grundlegend unterscheidet. 20 wird biotisch iiber a-Ketoglutarat
und Oxalacetat aus dem Citratzyklus in die Aminoséuren und folgend in die Proteine eingebaut
(284), wéhrend D abiotisch tber den durch Kaj Ulrik Linderstrem-Lang bekannten HD-
Austausch in die Proteine gelangt (285). Hinzu kommt, dass der Einbau von schweren Isotopen
zu einem chromatographischen Anderung fiihrt, der in einer friiheren Elution des schweren
Isotopomers resultiert (286). Die masseabhangige Anderung der Elutionszeit ist bei Wasserstoff
aufgrund der doppelten Masse von D im Vergleich zu H besonders gravierend, wodurch bisher
bevorzugt andere stabile Isotope in der Proteomik wurden (287). Die daraus resultierende,
unterschiedliche Elutionszeit von markiertem und unmarkiertem Peptid fiihrt dazu, dass die
Zuordnung des Einbaumusters zu seiner monoisotopischen Spitze nicht im gleichen
Chromatogramm erfolgen kann (siehe Abbildung 5) und demnach artifiziell zusammengefiigt
werden muss. Trotzallem zeichnet sich deuteriertes Wasser durch geringe Kosten aus (1:100 im
Vergleich zu H>'®0), was vor allem bei Versuchen im Bereich groRer Volumina, wie

beispielsweise Reaktoren, eine entscheidende Rolle spielen kann.

Allgemein beschreibt die funktionale Metaproteomik die Aktivitat von Schliisselorganismen
aus komplexen, mikrobiellen Gemeinschaft. Dennoch wird lediglich ein aktiver Einbau einer
vorgelegten, markierten Energie- oder Nahrstoffquelle in das Proteom gezeigt. Ob ein
identifiziertes und damit abundantes Protein auch enzymatisch aktiv ist, kann durch
beispielsweise spektrometrische oder kalorimetrische Enzymassays nachgewiesen werden
(288). Wechselnde Umweltbedingungen erfordern die Regulation und die Kontrolle der
Enzymaktivitat, um die Homoostase aufrecht zu erhalten. Die Aufrechterhaltung kann dabei
durch verschiedene Anpassungsmechanismen erreicht werden. Eine schnelle Antwort ist
beispielsweise die kompetetive Produkthemmung, wobei die Anhdufung des
Reaktionsprodukts die Hinreaktion hemmt und die Riickreaktion fordert (289). Eine langfristige
Anpassungsmaflnahme ist beispielsweise die genetische Regulation, wahrend mittelfristige
MalRnahmen kovalente Modifikationen wie beispielsweise Phosphorylierung (290-293) und
Acetylierung (294, 295) darstellen. Die Acetylierung umfasst den Transfer einer Acetylgruppe
an den N-Terminus des Proteins (No-Acetylierung) oder an den Seitenketten der Aminoséuren
Lysin (Ne-Acetylierung), Serin und Threonin (O-Acetylierung) (296). Bisher wurden nur
wenige Proteomikstudieren zur No-Acetylierung publiziert (297, 298) und der O/N-
Acyltransfer erschwert die Untersuchung der O-Acetylierung, weswegen der reversiblen und
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dynamischen, posttranslationalen Modifikation der Ne-Acetylierung (LysAc) durch
Lysinacetyltransferasen (KATs) und Lysindehydrogenasen (KDACSs) eine besondere
Bedeutung zukommt (299, 300). Die direkte Verbindung zwischen LysAc und dem
Metabolismus wurde anhand der reversiblen Acetylierung als An-Aus-Schalter der Acetyl-CoA
Synthetase (ACS) in Salmonella enterica gezeigt, wobei die Acetylierung oder Deacetylierung
von Lyseos im aktiven Zentrum zur Inaktivierung oder Aktivierung fuhrt (301).
Zusammenfassend beschreibt das Proteom den Ist-Zustand der aktiven Zelle, in der Proteine
aktiv umgebaut, abgebaut und synthetisiert werden missen, um die Homdoostase gegeniiber
wechselnder Umweltbedingungen aufrechtzuhalten und hebt sich dadurch entscheident von der

Genomik und der Transkriptomik ab.
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