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Summary

Summary

Large amounts of marine and terrestrial organic carbon are deposited in marine sediments.
Microorganisms inhabiting these sediments remineralize organic carbon by decomposing large
complex molecules into smaller organic molecules and eventually into dissolved inorganic
carbon. The process of remineralization is facilitated by a complex community, including
primary fermenters thriving on complex organic compounds, secondary fermenters utilizing
fermentation products, and respiratory microorganisms coupling the oxidation of fermentation
products to an electron acceptor. Despite ongoing research, bacteria and archaea involved in
the process of organic matter remineralization remain mostly uncharacterized, owing to the lack
of isolated representatives in most of the bacterial and archaeal groups. While novel data-
integrative studies attempted to shed light on the phylogenetic diversity, only a fraction of these

microorganisms has been characterized.

This dissertation aims to characterize bacteria and archaea involved in the organic matter
remineralization to further unravel complex microbial interactions in anoxic marine sediments
by utilizing a combination of enrichments, stable isotope probing (SIP), metagenomics and
data-mining. In Chapter II, I describe the application of a novel developed small-scale
130-RNA-SIP strategy to identify active microorganisms in the in situ sediments and, thereby,
detected the dominance of autotrophic sulfur compound cycling organisms of the class
Desulfobulbia involved in the ultimate steps of organic matter degradation. Active
heterotrophic secondary fermenters, such as Fusobacteriia, Clostridia, Bacteroidia and
respiratory microorganisms, such as Sval033 detected in these sediments were most likely
fueled by fermentation products derived from complex organic matter degrading taxa, such as
an undescribed group of Thermoplasmatota involved in protein degradation (Chapter III). The
class EX4484-6 was so far only represented by five genomes of one order and our efforts
utilizing a newly developed data-mining strategy led to the increased representation, including
three novel orders. Due to its low abundance in coastal marine sediments globally, we classified
the EX4484-6 as a rare biosphere member. By functional comparison of the class members with
other Thermoplasmatota, we detected high functional novelty within this group, indicated by
high numbers of unclassified genes not detected in other Thermoplasmatota members. Other
detected active primary fermenters include undescribed members of four orders of the
Clostridia, acting on methoxylated aromatic compounds (MACs), deriving from terrestrial

organic matter (Chapter IV). While these Clostridia acted on a large variety of MACs, their
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metabolic potential suggested a general Ci-carbon utilization, indicating these members as

important members in carbon transformations in marine sediments.

The results presented in this dissertation offer valuable new insights into previously undetected
microorganisms involved in the remineralization of organic matter in anoxic marine sediments.
Among these, not only abundant members but also rare biosphere members contributed to
carbon remineralization, indicating that low-abundant taxa in marine sediments can become
essential for organic carbon degradation. The detection of diverse understudied microorganisms
and their novel functional potential hints towards the vast untapped microbial diversity and

functionality that is yet to be explored.
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Zusammenfassung

Grofle Mengen organischen Kohlenstoffs marinen und terrestrischen Ursprungs sind in marinen
Sedimenten abgelagert. Mikroorganismen, die diese Sedimente bewohnen, remineralisieren
organischen Kohlenstoff, in dem sie groBe komplexe Molekiile in kleinere organische Molekiile
und schlieBlich inorganischen Kohlenstoff abbauen. Der Prozess der Remineralisierung wird
durch eine komplexe Gemeinschaft bestehend aus primédren Fermentern, die grole komplexe
organische Stoffe nutzen, sekundidren Fermentern, die Fermentationsprodukte nutzen und
respiratorischen Organismen, die die Oxidation der Fermentationsprodukte mit der Reduktion
von Elektronenakzeptoren koppeln, durchgefiihrt. Trotz der bestehenden Forschung sind viele
Bakterien und Archaeen, die in der Remineralisierung von organischen Materialien involviert
sind, aufgrund fehlender Isolation weitestgehend nicht charakterisiert. Wihrend neue Daten
integrierenden Studien versuchen mehr Licht in die phylogenetische Diversitit zu bringen,

konnten bisher nur wenige der Mikroorganismen charakterisiert werden.

Diese Dissertation hat das Ziel Bakterien und Archaeen, die organischen Kohlenstoff
remineralisieren, zu charakterisieren und komplexe mikrobielle Interaktionen aufzudecken.
Dabei wird eine Kombination aus Anreicherungen, dem Beproben stabiler Isotope (SIP),
Metagenomanalysen und der Sammlung und Analyse von weiteren Daten angewendet. In
Kapitel II beschreibe ich die Anwendung eines neu entwickelten SIP, das mit kleinen
Sedimentmengen durchgefiihrt wurde und '30 als Substrat nutzt, um aktive Mikroorganismen
in situ zu detektieren. Dabei wurden Mitglieder der Klasse Desulfobulbia als dominante
Organismen entdeckt, die im finalen Schritt des Abbaus organischen Materials involviert sind.
Aktive heterotrophe sekundire Fermenter, wie die Fusobacteriia, Clostridia und Bacteroidia
und respiratorische Organismen wie Sval033 wurden im Sediment entdeckt und mit
Fermentationsprodukten von anderen Taxa versorgt, die im Abbau von komplexen organischen
Materialien beteiligt waren. Als solche wurde, zum Beispiel eine unbeschriebene Klasse
innerhalb der Thermoplasmatota entdeckt, die im Abbau von Proteinen involviert ist (Kapitel
I1I). Die Reprisentation der EX4484-6 Klasse war bisher auf fiinf Genome aus einer Ordnung
beschrinkt und konnte durch unsere Entwicklung einer Methode zur Datensuche und -analyse
verbessert werden. Hierdurch wird die Klasse nun durch drei neue Ordnungen erginzt.
Aufgrund der geringen Abundanz dieser Gruppe in globalen kiistennahen marinen Sedimenten,
konnten wir die EX4484-6 Klasse der seltenen Biosphdre zuordnen. Durch funktionelle
Vergleiche der Mitglieder mit anderen Thermoplasmatota, haben wir neue Funktionalitit

innerhalb der neuen Klasse entdeckt, die sich durch eine hohe Zahl an unklassifizierten Genen
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auszeichnet, die nicht in anderen Mitgliedern der Thermoplasmatota auftreten. Andere aktive
primire Fermenter waren unbeschriebene Mitglieder aus vier Ordnungen der Clostridia, die
methoxylierte aromatische Verbindungen (MACs) terrestrischen Ursprungs nutzen (Kapitel
IV). Diese Clostridia konnten eine groBe Vielfalt an verschiedenen MACs nutzen. Das
metabolische Potential zeigte jedoch auch ein generelles Potential fiir die Nutzung andere C;-
Kohlenstoffe auf und indiziert damit, dass diese Organismen auch anderen Kohlenstoff in

marinen Sedimenten transformieren konnen.

Die Ergebnisse, die in dieser Dissertation présentiert werden, geben einen neuen Einblick in
zuvor unentdeckte Mikroorganismen, die in der Remineralisierung von organischen
Materialien in marinen Sedimenten involviert sind. Dabei wurden nicht nur abundante
Organismen, sondern auch Organismen der seltenen Biosphire entdeckt, die zur
Remineralisierung der organischen Kohlenstoffverbindungen beitragen. Damit zeigt diese
Dissertation, dass auch wenig abundante Taxa in marinen Sedimenten wichtig fiir den Abbau
organischen Kohlenstoffs sein konnen. Das Auffinden von diversen kaum untersuchten
Mikroorganismen und ihres neuen funktionellen Potentials deutet auf die enorme mikrobielle

Diversitit hin, die noch immer darauf wartet, entdeckt zu werden.
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Chapter I

Introduction

1.1 Organic matter deposition in marine sediments

The marine water column and sediments are estimated to contain a significant portion of fixed
carbon on earth. In the marine water column, organic matter is present as particulate organic
matter (POM) and dissolved organic matter (DOM). The global amount of dissolved organic
matter (DOM) found in the marine water column is estimated to be about 660 petagrams (Pg,
10'%2 kg) carbon (Hansell et al. 2009). With this, the amount of carbon in the water column
equals that in the atmosphere. Even more carbon was estimated to be stored in marine sediments
containing about 2,322 Pg carbon in the top meter below the surface (Atwood et al. 2020).
Therefore, marine sediments contain large amounts of organic matter, potentially available for
microbial degradation. Organic matter in marine sediments is of marine (autochthonous) and
terrestrial (allochthonous) origin. Marine organic matter is derived from photosynthetic
organisms inhabiting the surface ocean layer (Middelburg 2018). During photosynthesis,
microorganisms assimilate atmospheric carbon dioxide into their biomass. Phytoplankton
debris and detritus form necromass, which is exported from surface layers into the marine water
column and sediments (Lomstein et al. 2012). Besides photosynthetic organisms, other
autotrophic and heterotrophic microorganisms inhabiting the water column contribute to the
export of marine organic matter (Kawasaki et al. 2011, Lomstein et al. 2012, Braun et al. 2017).
Terrestrial organic matter (TOM), similar to marine organic matter, is derived from the
photosynthesis of plants and enters the marine system mainly through river discharge

(Schlesinger and Melack 1981, Blair and Aller 2012).

Organic matter in the ocean undergoes a process of remineralization. During remineralization,
organic matter is decomposed into smaller organic molecules and eventually into dissolved
inorganic carbon (Emerson 1985). While labile organic matter has turnover times of hours to
days, more complex recalcitrant organic matter can persist for thousands and tens of thousands
of years (Hansell et al. 2009, Hansell 2013, Follett et al. 2014). Remineralization within the
water column is dependent on the export efficiency of organic matter. Export efficiency has
been linked to the sinking rates of particles, which are promoted by particle aggregation (POM),
and ecosystem structure (Keil and Kirchman 1994, Armstrong et al. 2001, Francois et al. 2002,
Klaas and Archer 2002, Lutz et al. 2002). During sinking, more labile organic matter, such as
proteins or nucleic acids, is hydrolyzed into smaller monomers or consumed by microbes,

zooplankton, and nekton (Wakeham et al. 1997a, Wakeham et al. 1997b, Dauwe et al. 1999,
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Iversen et al. 2010). Larger, more refractory molecules, such as cellulose, lignins and algaenan
are less prone to microbial degradation. Proportionally, more of the refractory organic matter
reaches the sediment. Microorganisms, protozoans, and metazoans process the organic carbon
within the sediment (Hedges and Keil 1995).

Only 1% or less of the remaining low reactive organic matter is ultimately buried in marine
sediments (Canfield 1994, Middelburg 2018). High sedimentation rates promote the burial of
organic matter. Areas along continental shelves, such as the coasts of Namibia, Peru, Baja
California, the Caribbean Sea, and the Baltic Sea, especially hold the highest concentrations of
organic matter with up to 18,666 t carbon per km? (Berner 1982, Burdige 2007, Bianchi et al.
2018, Middelburg 2018, Atwood et al. 2020). Within these areas, additional carbon supplies
through river discharges and land runoff or large phytoplankton blooms in coastal zones and
upwelling regions add to the accumulation of organic matter (Burdige 2007, Atwood et al.
2020). The high accumulation of carbon and sediments can promote the preservation of labile
organic matter. According to estimations, continental shelfs store between 256-274 Pg carbon
(Atwood et al. 2020). Marine-derived organic matter consists of 50-60% proteins and amino
acids, 20 % RNA, 3 % DNA, 10 % lipids and 10 % sugars (Neidhardt et al. 1990, Burdige 2007,
Lengeler et al. 1999). In contrast, terrestrial organic matter is composed of more refractory
polyaromatic and aromatic compounds found in living plant biomass, plant litter and soil
organic matter (Burdige 2007). Overall, such plant material consists of about 30% lignin and

70% carbohydrates (Burdige 2007).

1.2 Organic matter degradation in marine sediments

The availability of organic matter in marine sediments shapes the microbial community. For all
organic matter to be degraded, various microorganisms must interact by carrying out different
metabolic capabilities (Arndt et al. 2013). The organic matter reaching the sea floor is
mineralized in respiratory or fermentative pathways. Microorganisms respire oxygen in the
uppermost sediment layers (Arndt et al. 2013, Jgrgensen et al. 2019). These aerobic
microorganisms can completely degrade organic compounds to CO», accounting for more than
half of the carbon mineralization in marine sediments (Arndt et al. 2013). As oxygen penetration
into the sediment varies between different sediment types, oxygen might be depleted within the
first millimeters (Glud 2008), necessitating anaerobic degradation.

As a first step in anaerobic organic matter degradation, the polymeric organic matter is
hydrolyzed by extracellular or membrane-bound hydrolytic enzymes to transform
macromolecules into monomers and, with this, into more soluble molecules (Middelburg et al.

1993, Arnosti 2004). The resulting molecules, such as sugars, amino acids, lipids, or organic
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acids, are then used by primary fermenting and acetogenic microorganisms, which produce
hydrogen, CO-, and short-chain fatty acids, such as formate, acetate, propionate, and butyrate
(Jgrgensen et al. 2019). During fermentation, the organic substrates become both oxidized and
reduced (Doelle 1975, Madigan et al. 2021). In fermentation, energy-rich compounds are
formed, which contain phosphate bonds or coenzyme A, e.g., phosphoenolpyruvate or acetyl-
CoA (Madigan et al. 2021). Substrates like acetyl-CoA contain thioester bonds, which can be
transformed into an energy-rich acid anhydride by trans acetylation (e.g., acetyl phosphate). In
substrate-level phosphorylation (SLP), the energy-rich phosphate bond is transferred to ADP to
form ATP. In fermentations with lower energy yield, energy gained through decarboxylation is
used to drive ATP synthesis by a proton-gradient (e.g., succinate decarboxylation to propionate
by Propionigenium modestum) (Schink 2006). Fermentation products are excreted from the cell
(Madigan et al. 2021). The ultimate mineralization of organic matter in anaerobic sediments is
coupled to the reduction of terminal electron acceptors in the order of
nitrate (NOj3’), manganese (Mn(VI)), iron (Fe(Ill)) and sulfate (SO4>), according to their
available redox potential (Canfield and Thamdrup 2009).

Nitrate, similar to oxygen, has a high oxidation potential and is used as a primary electron
acceptor after oxygen in marine anaerobic sediments (Zumft 1997, Devol 2015). Nitrate
reduction is carried out primarily by heterotrophic bacteria (Zumft 1997, Devol 2015).
Manganese and iron are found in their oxidized state in the form of oxides and oxyhydroxides
in marine sediments (Stumm and Morgan 2013). These electron acceptors are predominantly
present in the upper sediment layers and are depleted with increasing sediment depth (Jgrgensen
et al. 2019). Manganese and iron-reducing microorganisms use fermentation products and
aromatic compounds as electron donors during microbial degradation (Burdige 1993). The
resulting Mn?* can be found in its dissolved form in the pore water; other states form organic
complexes. The resulting Fe?* precipitates with hydrogen sulfide to first form FeS and
eventually the insoluble pyrite, or carbonates to form the insoluble phase siderite (Burdige
1993). The electron donors in both of these processes are oxidized to CO». As the penultimate
electron acceptor, sulfate is abundant in marine seawater and penetrates meters into the marine
sediments (Jgrgensen et al. 2019). In the upper marine sediments, sulfate is continuously
supplied and is a potential electron acceptor besides oxygen, nitrate, manganese and iron
(Thamdrup et al. 1994). In lower anoxic sediment, the higher energy-yielding acceptors are
depleted, and sulfate becomes the prevalent electron acceptor (Jgrgensen et al. 2019). Most
cultivated sulfate-reducing microorganisms use H; and fermentation products, besides other

electron donors such as hydrocarbons and aromatic compounds (Jgrgensen et al. 2019). In
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dissimilatory sulfate reduction, sulfate is reduced to hydrogen sulfide; the organic carbon is
oxidized to CO; or acetate (Laanbroek and Pfennig 1981, Nagpal et al. 2000, Grigoryan et al.
2008, Jgrgensen et al. 2019). Upon sulfate depletion, methanogenic archaea become dominant
(Jorgensen et al. 2019). Methanogenic archaea utilize H> or formate and CO., acetate, or
methylated compounds, such as methanol, methylated amines or methoxylated aromatic
compounds as substrates (Kurth et al. 2020). In the processes of hydrogenotrophic
methanogenesis, CO: is reduced to CHs (Kurth et al. 2020). During acetoclastic
methanogenesis, acetate is both reduced to CH4 and oxidized to COz2; similarly, methylated
compounds can become reduced and oxidized during methylotrophic methanogenesis (Kurth

et al. 2020).
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Figure 1 Organic matter degradation in marine sediments. Marine organic matter, derived from photosynthetic
processes and terrestrial organic matter, is deposited in marine sediments. Extracellular enzymes hydrolyze
macromolecular organic matter. Smaller molecular organic matter is used by fermenters, which release
fermentation products, such as formate, propionate and butyrate. Microorganisms of the respiratory pathways use
fermentation products. Ultimately, CO, and CHy are formed. The figure was modified after Jgrgensen et al. (2022),
initially published under the Creative Commons CC-BY license in Earth-Science Reviews, Elsevier
(https://creativecommons.org/licenses/by/4.0/).

While microbial respiration and the secondary fermentation of short-chain fatty acids have been
studied more intensively in marine sediments, many of the microorganisms involved in primary
fermentation and the initial step of exoenzymatic hydrolysis of macromolecules remain rather

unexplored (Arndt et al. 2013). Multiple groups of subseafloor bacteria and archaea, such as
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Alphaproteobacteria, Gammaproteobacteria, Bacteroidetes, Chloroflexi, Firmicutes and
Bathyarchaeia, were identified to contain enzymes involved in the exoenzymatic hydrolysis of
macromolecules (Orsi et al. 2018). Due to their high abundance in the subseafloor, archaea are
thought to play an important role in these fermentation processes (Biddle et al. 2006, Lipp et
al. 2008, Arndt et al. 2013, Hoshino and Inagaki 2018, Orsi et al. 2020). Yet, many of these
microorganisms remain unknown due to the lack of culturability. With advances in molecular
techniques using the conserved 16S rRNA gene as a marker gene, first insights were gained
into the diversity of non-culturable microorganisms (Pace et al. 1986, Ward et al. 1990,
Hugenholtz et al. 1998). More recent surveys, including metagenomic and metatranscriptomic
derived 16S rRNA genes, showed high phylogenetic novelty of both archaea and bacteria,
especially in subseafloor sediments (Parkes et al. 2014, Lloyd et al. 2018). The number of yet
uncultured organisms ranges between 7.3 x 10%° and 5.9 x 10% cells globally (Lloyd et al.
2018). By computing rarefaction curves from the observed taxa recovery in the SILVA REF
114 database, species richness was estimated to reach ~1,350 different bacterial and archaeal
phyla (Yarza et al. 2014). So far, databases, such as the Genome Taxonomy Database (GTDB),
contain 194 phyla as of December 2024 (Yarza et al. 2014, Parks et al. 2018). Moreover,
phylogenomic reconstructions showed a lack of isolated representatives in most of the bacterial
and archaeal groups (Hug et al. 2016). By then, large-scale metagenomic studies, such as the
genomic catalog of Earth’s microbiomes (Nayfach et al. 2021), Ocean Microbiomics Database
(Paoli et al. 2022), genomic catalog from global cold seeps (Han et al. 2023), catalog of glacier
microbiomes (Liu et al. 2022), or the predecessor study of the GTDB (Parks et al. 2017)
expanded the phylogenetic diversity. Despite these ongoing attempts to shed light on the
phylogenetic diversity, only a fraction of microorganisms has been described. In recent years,
identifying and characterizing undescribed microorganisms unraveled unexpected metabolic
capabilities, for example, Bathyarchaeia and Ca. Thermoprofundales were the first non-
extremophilic archaea identified to contain genes for protein fermentation in marine sediments
(Lloyd et al. 2013) and Lokiarchaeia were found to encode eukaryotic signature proteins,
building the bridge between the archaea and eukaryotes (Spang et al. 2015). Studies performed
on the uncharacterized majority demonstrate that these uncharacterized microorganisms host
millions of functional genes unknown to any cultured organism (Rodriguez del Rio et al. 2024).
Yet, the functional characterization of many taxa remains missing. Thus, gaining insights into
such understudied organisms and processes is of utmost importance. In this dissertation, marine
and terrestrial organic matter degradation processes are studied using the highly abundant

complex organic matter: protein and lignin-derived aromatic compounds.
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1.3 Protein degradation

Proteins are biopolymers built from multiple amino acids and are a significant component of
marine organic matter. Within all living cells, proteins are required for structural support, as
enzymes and building blocks (Madigan et al. 2021). Before cellular uptake for intracellular
degradation, proteins are cleaved extracellularly into peptides by secreted endoproteases
(Fig. 2) (Hoppe et al. 2002). Further exopeptidases free amino acids (Nunn et al. 2003), which
together with small peptides are taken up by heterotrophic archaea and bacteria. Within marine
sediments, both bacteria and archaea were involved in the extracellular hydrolysis of proteins
(Lloyd et al. 2013, Pelikan et al. 2021, Yin et al. 2022). Peptides and amino acids were imported
into the microbial cells and further degraded (Pelikan et al. 2021, Yin et al. 2022). During amino
acid degradation, amino acids are transaminated by glutamate dehydrogenases (Consalvi et al.
1991, Rahman et al. 1998, Yokooji et al. 2013) or other amino acid:2-oxoacid
aminotransferases, such as alanine aminotransferases (Ward et al. 2000), aspartate
aminotransferases (Ward et al. 2002), aromatic aminotransferases (Andreotti et al. 1994,
Andreotti et al. 1995, Matsui et al. 2000, Ward et al. 2002) or alanine:glyoxylate
aminotransferases (Sakuraba et al. 2004) to form corresponding 2-oxoacids. These 2-oxoacids
are further degraded through 2-oxoacid oxidoreductases, which reduce ferredoxin, and form an
acyl-CoA. Among the 2-oxoacid oxidoreductases, four different oxidoreductases with different
substrate specificity are known: pyruvate:ferredoxin oxidoreductase (POR) (Blamey and
Adams 1993, Smith et al. 1994, Ma et al. 1997), 2-oxoisovalerate:ferredoxin oxidoreductase
(VOR) (Heider et al. 1996, Kletzin and Adams 1996, Ozawa et al. 2005),
indolepyruvate:ferredoxin oxidoreductase (IOR) (Mai and Adams 1994, Siddiqui et al. 1997,
Ozawa et al. 2012) and 2-oxoglutarate:ferredoxin oxidoreductase (KOR) (Mai and Adams
1996a, Schut et al. 2001). Hydrogenases subsequently reoxidize the reduced ferredoxin. Acyl-
CoA is converted into its corresponding fatty acid through substrate-level phosphorylation
(SLP) by an ADP-forming acyl-CoA synthetase (Schifer et al. 1993, Mai and Adams 1996b,
Glasemacher et al. 1997, Shikata et al. 2007). During this process, ATP is produced. In contrast
to archaea, some proteolytic bacteria use the “Stickland reaction” to degrade amino acids
(Nisman 1954, Orsi et al. 2020). These bacteria couple the oxidation of one amino acid to the

reduction of another (Fonknechten et al. 2010).
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in protein degradation in anaerobic marine systems. The pathway was modified after Lloyd et al. (2013) and Yin
et al. (2022). Electron transfer processes are not displayed in this overview. POR: pyruvate:ferredoxin
oxidoreductase; VOR:  oxoisovalerate:ferredoxin  oxidoreductase; KOR:  2-oxoglutarate:ferredoxin
oxidoreductase; IOR: indolepyruvate:ferredoxin oxidoreductase; TCA cycle: tricarboxylic acid cycle.

1.4 Lignin degradation

Lignin, as part of terrestrial organic matter, is the second most abundant biopolymer on earth
(Burdige 2005, Gargulak et al. 2015). Lignin, along with cellulose and hemicellulose, is found
in the secondary cell walls of plants, where they function as structural components (Boerjan et
al. 2003). During biosynthesis, the lignin biopolymer is formed from phenolic polymers,
namely p-coumaryl alcohol (p-hydroxyphenyl unit; H unit), coniferyl alcohol (guaiacyl; G unit)
and sinapyl alcohol (syringyl; S unit) (Vanholme et al. 2010). As lignins constitute of 20 to
30% of vascular plant tissue, these biopolymers are often used as a biomarker for detecting the
presence of terrestrial organic matter in marine sediments (T K Kirk and Farrell 1987, Bianchi
et al. 2018).

Due to its size and recalcitrance (Zoghlami and Pags 2019), lignin cannot be used by most
microorganisms directly; it needs to be broken down into monomers (T K Kirk and Farrell
1987). The microbial degradation of lignin has been mostly attributed to terrestrial fungi and
bacteria. Within the kingdom of fungi, white-rot fungi, brown-rot fungi, and soft-rot fungi were
shown to decompose lignin (Crawford and Crawford 1980, Sanchez 2009). These fungi use
extracellular oxidative enzymes such as laccases and ligninolytic peroxidases to break down
the lignin polymer (Bugg et al. 2011a). Within the kingdom of bacteria mostly Actinobacteria,

Proteobacteria and Firmicutes contain lignin-degrading enzymes (Tian et al. 2014). However,
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none of the bacteria analyzed, showed a complete enzymatic machinery to degrade whole lignin
polymers (Brown and Chang 2014, Fisher and Fong 2014). Moreover, aerobic bacteria are also
thought to modify the structure of lignin (Bugg et al. 2011b, Brown and Chang 2014, Fisher
and Fong 2014). Like fungi, aerobic bacteria use laccases, extracellular peroxidases, and
manganese superoxide dismutases to break down the lignin polymer (Bugg et al. 2011a, Rashid
etal. 2015, Wang et al. 2021). In addition, dioxygenases were also detected, which take part in
the breakdown of lignin components (Bugg et al. 2011a). The breakdown of different lignins
leads to the formation of various aromatic compounds (Bugg et al. 2011a). For example, many
lignin components result in the product vanillin. The breakdown of spruce wood lignin releases
aromatic carboxylic acids, such as 3,4-dimethoxybenzoic acid, the breakdown of kraft lignin
releases products such as 3,4,5-trimethoxybenzaldehyde or 4-hydroxy-3-methoxycinnamic
acid (Bugg et al. 2011a).

Only a few studies so far have focused on the lignin degrading microorganisms in marine
systems (Wang et al. 2021, Li et al. 2022, Peng et al. 2023). In these systems, the metabolic
capability of abundant groups, such as Pseudomonadota, Bacillota and Bacteroidia showed their
involvement in lignin degradation (Wang et al. 2021, Li et al. 2022, Peng et al. 2023). So far,
only aerobic organisms have been shown to depolymerize lignin and most of the microbial
groups identified perform aerobic degradation of lignin components (Li et al. 2022, Peng et al.
2023). A few anaerobic bacteria were identified as being involved in degrading secondary
aromatic ring structures derived from lignin components. Among these, the families
Arcobacteraceae, Cohaesibacteraceae, Desulfovibrionaceae, Lachnospiraceae, Marinifilaceae
and Vibrionaceae were identified (Peng et al. 2023). However, close interactive connections
between aerobic and anaerobic microorganisms were observed, suggesting an interplay
between these organisms to fully degrade aromatic lignin-derived compounds (Peng et al.
2023). Most studies on the degradation of terrestrial organic matter focused on the degradation
capabilities of microbial soil communities. Much less is known about microbial TOM
degradation in marine sediments. By detecting the organisms and processes involved in the
anaerobic degradation of terrestrial organic matter, the processes involved in the breakdown of

lignin in the anoxic marine biosphere can be identified.

1.4.1 Anaerobic Methoxylated Aromatic Compound (MAC) degradation

To understand degradation processes during lignin breakdown in fully anoxic sediments,
intermediate products of lignin polymer breakdown can be used as model compounds. The three
main building blocks of lignin differ in their functional groups. Both the S unit and G unit

contain methoxy groups (-OCH3), classifying these building blocks as so-called Methoxylated
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Aromatic Compounds (MAC). Methoxy groups can make up to 3 wt % of the biopolymer lignin
(Lee et al. 2019). For the degradation of MACs, the methyl group from the MAC is removed
first (Kato et al. 2015). Second, the remaining aromatic ring structure is cleaved to form acetate,
hydrogen and carbon dioxide. Ultimately, the degradation of MACs leads to the formation of
methane or carbon dioxide (Grbi¢-Gali¢ 1983, Kato et al. 2015).

MAC:s are transported into the cell by passive diffusion, transport channels, or proteins specific
for aromatic compounds (Kamimura et al. 2017). Passive transporters, porins or substrate-
specific channels facilitate transport across the outer membrane of gram-negative bacteria
(Kamimura et al. 2017). Aromatic compounds are mainly translocated by transporters of the
major facilitator superfamily (MFS), the ATP-binding cassette (ABC transporters), the tripartite
ATP-independent periplasmic (TRAP) transporters and the ion transporter (IT) superfamily
(Kamimura et al. 2017).

1.4.1.1 Demethoxylation

During anaerobic degradation, organisms using the methoxy groups of MACs utilize a four-
component aromatic O-demethylase system, which requires tetrahydrofolate to perform
demethylation (Kaufmann et al. 1997, 1998). Firstly, the C-O bond in the methylated substrate
is cleaved by a substrate-specific methyltransferase I (MTI, mtvB). Due to their substrate
specificity, multiple MTI-coding genes might be present in single genomes (Khomyakova and
Slobodkin 2023). The methyl group is then transferred by a cobalamin-binding corrinoid
protein to methyltransferase II (MTII, m#vA), which transfers the methyl group to a terminal
acceptor. Lastly, the cobalamin-binding corrinoid protein (m#vC) is reactivated by an activating

enzyme (Kaufmann et al. 1997).

Methoxydotrophic acetogenesis

Methoxy group utilizing microorganisms are called methoxydotrophs. The main pathway used
by anaerobic methoxydotrophic bacteria and archaea is methoxydotrophic acetogenesis (Fig.
3a and 3b) (Khomyakova and Slobodkin 2023). Hereby, one methyl group derived from a
methoxy group of MACs is oxidized to CO; in the methyl branch of the Wood Ljungdahl
pathway (WLP), forming six reducing equivalents. The reducing equivalents are required to
reduce three molecules of CO2 to CO in the carbonyl branch, which, combined with an
additional three methyl groups from MACs, form three molecules of acetyl-CoA and
subsequently acetate (Drake and Daniel 2004, Pierce et al. 2008, Kremp et al. 2018).
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Figure 3 Demethoxylation pathways in bacteria and archaea. (a) Demethoxylation pathway of the acetogenic
bacterium Moorella thermoacetica modified after Pierce et al. (2008). (b) Demethoxylation pathway of the
acetogenic archaeon Archaeoglobus fulgidus modified after Welte et al. (2021). (¢) Demethoxylation pathway of
the methanogenic archaeon Methermicoccus shengliensis modified after Kurth et al. (2021). Transferred methyl
groups are indicated in green. Genes of the O-demethylase systems are indicated in blue. Solid black lines indicate
the transfer of the methyl group from the methoxylated aromatic compound (MAC). THF: tetrahydrofolate;
H4MPT: tetrahydromethanopterin.

Methoxydotrophic methanogenesis

Some archaea are thought to be involved in the conversion of methoxy groups to methane in
the process of methoxydotrophic methanogenesis (Fig. 3c) (Welte et al. 2021). These archaea
were found to use O-demethylase systems with high similarity to those found in acetogenic

bacteria and archaea (Welte et al. 2021). Instead of the methyl group carrier coenzyme M
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(CoM), which is known for methylotrophic methanogens, tetrahydromethanopterin is used as a

methyl group carrier in methoxydotrophic methanogenesis (Welte et al. 2021).

1.4.1.2 Aromatic ring cleavage

After demethylation of the MAC, the remaining aromatic ring structures are further degraded
anaerobically via four main intermediates (Fig. 4): benzoyl-CoA, phloroglucinol, resorcinol, or
hydroxyhydroquinone (HHQ) (Schink et al. 2000, Carmona et al. 2009, Fuchs et al. 2011,
Khomyakova and Slobodkin 2023).

Benzoyl-CoA pathway

Most aromatic compounds, e.g., benzoate, cresols, phenylacetate, or ethylbenzene are degraded
via the benzoyl-CoA pathway (Fig. 4) (Schink et al. 2000, Fuchs et al. 2011). Benzoyl-CoA is
dearomatized by benzoyl-CoA reductase (BCR) to form cyclohexa-1,5-dienoyl-1-carboxyl-
CoA (Boll and Fuchs 1995, Carmona et al. 2009). In the BCR I class, this reaction is coupled
to the oxidation of ferredoxin as an electron donor and the hydrolysis of ATP (Boll and Fuchs
1995, Carmona et al. 2009). The BCR II class functions ATP-independent and requires electron
bifurcation (Carmona et al. 2009, Fuchs et al. 2011, Loffler et al. 2011). After de-aromatization,
cyclohexa-1,5-dienoyl-1-carboxyl-CoA is degraded via a modified S -oxidation (acyl-CoA
hydratase, hydroxyacyl-CoA dehydrogenase, oxoacyl-CoA hydrolase) to form a C;-dicarboxyl-
CoA compound (3-hydroxypimelyl-CoA or pimelyl-CoA) (Carmona et al. 2009), which is
further transformed via glutaryl-CoA to acetyl-CoA following a ff-oxidation (Carmona et al.

2009).

Phloroglucinol pathway

Phloroglucinol (1,3,5-trihydroxybenzene) contains three hydroxy groups, which allow
tautomerization to destabilize the aromatic ring (Schink et al. 2000). In the phloroglucinol
pathway, phloroglucinol is first reduced to dihydrophloroglucinol via an NADPH-dependent
phloroglucinol reductase (PGR) (Fig. 4b) (Patel et al. 1981, Armstrong and Patel 1994, Schink
et al. 2000). The ring structure is cleaved by a dihydrophloroglucinol cyclohydrolase (DPGC)
to 3-hydroxy-5-oxo-hexanoate, which is further reduced by a triacetate forming dehydrogenase
((S)-3-hydroxy-5-oxohexanoate dehydrogenase) (TfD) (Zhou et al. 2023). The reduction of
triacetate via triacetate:acetoacetate-lyase (TAL) leads to the formation of acetoacetate and
acetoacetyl-CoA (Zhou et al. 2023). Ultimately, acetate or butyrate are formed from

phloroglucinol.
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Resorcinol and Hydroxyhydroquinone pathway

Resorcinol (1,3-dihydroxybenzene), similar to phloroglucinol, contains hydroxy groups,
allowing tautomerization (Schink et al. 2000). In the first step, resorcinol is reduced to
cyclohexanedione via a ferredoxin-dependent resorcinol reductase (Fig. 4c) (Carmona et al.
2009). The resulting intermediate is further hydrolyzed to 5-oxohexanoate and further degraded
to butyrate and acetate (Tschech and Schink 1985, Schink et al. 2000). The enzymes involved
in this process have not yet been characterized. Nitrate-reducing bacteria first hydroxylate
resorcinol to form a destabilized HHQ using a resorcinol hydroxylase (Philipp and Schink
1998). In a subsequent reaction, HHQ is oxidized to 2-hydroxy-1,4-benzoquinone (HBQ) by
an HHQ dehydrogenase (Philipp and Schink 1998). Nitrate is an electron acceptor in both
oxidation reactions (Philipp and Schink 1998). As a last step, the ring is cleaved by an
uncharacterized ring cleavage enzyme, and succinate and acetate are formed (Schink et al. 2000,

Carmona et al. 2009).
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Figure 4 Part 1. Pathways of aromatic ring degradation. (a) Pathway of anaerobic benzoyl-CoA degradation
modified after Carmona et al. (2009).
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b - Phloroglucinol pathway
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Figure 4 Part 2. Pathways of aromatic ring degradation. (b) Pathway of phloroglucinol degradation modified after
Zhou et al. (2023) (c) Pathway of resorcinol and hydroxyhydroquinone degradation modified after Schink et al.
(2000) and Carmona et al. (2009). Genes of the resorcinol pathway have not been described yet and are therefore
indicated by question marks. Electron transfer processes are not displayed in this overview.

1.5 Strategies to characterize uncultivated taxa

1.5.1 Enrichments

When cultivation attempts fail, enrichment techniques can be used to characterize the properties
of microorganisms and help to elucidate the role of these microorganisms in an environment
(Madigan et al. 2021). Enrichment cultures are set up using an inoculum and incubation
conditions, reflecting the researched environment. While these enrichment cultures might help
to investigate the metabolic potential of different organisms, usually only the most abundant
organisms are studied, while less abundant microorganisms are overlooked. In addition,
enrichment cultures still include multiple organisms, making assigning metabolic functions to
one organism more challenging. To further characterize the metabolic potential of single
groups, techniques, such as metagenomics and metatranscriptomics are required. A method

directly coupling the carbon utilization and microbial activity is stable isotope probing (SIP).

23



Chapter 1

1.5.2 Stable isotope probing (SIP)

Stable isotope probing (SIP) can be employed to analyze active microorganisms. Stable
isotopes are non-radioactive isotopes which occur in lesser amounts in the environment. Stable
isotopes of carbon ('*C), nitrogen (°N), hydrogen (*H, deuterium) and oxygen ('30) can be
used to label substrates (Fig. 5). By incorporating these labeled substrates into nucleic acids,
microbial taxa can be separated based on their isotopically labeled and unlabeled nucleic acids
using density gradient centrifugation (Schildkraut et al. 1962, Wagner 1994, Felske et al. 1998).
By using SIP, growing (DNA-SIP) and active taxa (DNA-SIP and RNA-SIP) are labeled
(Radajewski et al. 2000, Schwartz et al. 2016). The usage of RNA-SIP thereby gives an
advantage over DNA-SIP as RNA synthesis occurs faster than DNA replication and therefore
isotopes can be traced much quicker in metabolically active but slow or non-growing

microorganisms (Manefield et al. 2002, Dumont and Murrell 2005, Neufeld et al. 2007).

Substrate labeled with heavy
stable isotope, e.g. "*C

/ By
e Density separation
RNA extraction by ultra-centifugation light = unlabeled
> .
\e/ ﬂ
= :  heavy = labeled

h

maﬁon (14 Fractions)

YTVVVTU

3C substrate

Figure 5 Schematic overview of the method of stable isotope probing (SIP), including the steps of incubation,
RNA extraction, density separation by ultra-centrifugation and fractionation. The graphic of Eppendorf cups was
obtained from Servier Medical Art (https://smart.servier.com, last accessed 10.12.2024) and modified to our use.
The graphics are licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

Organic and inorganic carbon are used as energy sources by microorganisms and are required
for microbial growth. Using !’C-labeled carbon sources, the carbon assimilation by
microorganisms can be traced (Radajewski et al. 2000, Kim et al. 2023). In the cases of labeled
growth substrates or contaminants, the stable isotope probing (SIP) gives an advantage over
simple DNA/RNA sequencing, by creating a link between not only the identity of active
microbial taxa but also the substrates they incorporate and degrade (Radajewski et al. 2000).

Besides studying specifically labeled substrates to evaluate metabolic capabilities, H>'®0 can
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trace all active microbial populations in enrichments regardless of their carbon metabolism
(Schwartz et al. 2016). Water is ubiquitous for all living organisms and is incorporated into
phosphodiester linkages of nucleic acids through various assimilatory pathways. As such, water
exchanges its oxygen atom with inorganic phosphate, pyrophosphate and ATP during enzyme
activities of e.g., ATPases and phosphatases (Richards and Boyer 1966, Adair and Schwartz
2011).

1.5.3 Metagenomics

Metagenomics describes the sequencing of all genomes in a microbial community (Quince et
al. 2017). With decreasing costs for sequencing and improved computational techniques and
bioinformatic tools, metagenomics has become a powerful tool, allowing the analysis of the
metabolic potential of whole microbial communities (Quince et al. 2017). After metagenomic
sequencing, reads are quality-trimmed and de novo assembled to reconstruct single genomes.
Most commonly, de novo assemblies are performed using de Bruijn graphs, in which
sequencing reads are split into ‘kmers’. By finding overlaps between these ‘kmers’, sequencing
reads are merged to form contigs (Compeau et al. 2011). Different approaches then cluster these
contigs, e.g., using the coverage and composition of contigs (Alneberg et al. 2014) or empirical
probabilistic distances of genome abundance and tetranucleotide frequency (Kang et al. 2019,
Nissen et al. 2021) into ‘bins’ and, by this, reconstruct single genomes. Besides these reference-
free binning approaches, reference-based binning can be applied if reference genomes are
available. However, this is often not the case with uncharacterized taxa; therefore, reference-
free binning is used preferentially (Yue et al. 2020). Pipelines, such as metaWRAP or BASALT
have enabled user-friendly approaches to refine and reassemble bins to retrieve high-quality
metagenome-assembled genomes (MAGs) (Uritskiy et al. 2018, Qiu et al. 2024). Retrieved
MAGs are taxonomically classified and annotated to obtain genes and reconstruct metabolic

pathways (Quince et al. 2017).

1.6 Study site - Helgoland mud area

The HMA is a shallow depositional area with a water depth of < 30 m, located in the German
Bight, southeast of the island Helgoland and spans an area of 500 km?. Originally, the mud area
was formed by a halotectonic depression, which was filled with muddy sediments of riverine
origin (Hebbeln et al. 2003). Sediment deposition in this area is continuously influenced by
longshore coastal currents, discharge from the Elbe and Weser rivers, tidal dynamics, as well
as storm floods (Dominik et al. 1978, Hertweck 1983) and was found to vary between an

average sedimentation of 2 mm/year and 7.7 mm/year (Reineck 1963, Dominik et al. 1978).
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The total organic carbon (TOC) in the HMA varies between 0.1 — 3 wt% with the highest TOC
content in the southern part closest to the Elbe River outflow (Miiller et al. 2024).

Due to high sedimentation and burial rates as well as different sources of organic matter to the
HMA, this makes it an excellent setting to study heterotrophic microorganisms involved in
anaerobic organic matter degradation of both marine and terrestrial origin. For this study, two
cores located in the western HMA were used (Fig. 6, HE483/2-2, lat 54.087627 lon 7.968191
and HE531/3-1, lat 54.103164 lon 7.96274). Recent studies showed the presence of high marine
organic matter depositions deriving from algae predominantly in the sediments of the western
HMA (Miiller et al. 2024). In this western area, the upper sediment consists mostly of the more
easily biodegradable marine organic matter, while more recalcitrant terrestrial organic matter,
such as lignin, tannin and cellulose is buried in the deeper sediments of the HMA (Oni et al.

2015).

x Gravity cores Thesis

X Miiller et al. (2024)

Figure 6 Overview map of the Helgoland mud area (HMA). The base map was created using QGIS v3.4 (QGIS
Development Team 2024) with the ESRI World Shaded Relief base map (Esri 2009) and overlaid by the EasyGSH
Bathymetry of the year 2016 (Sievers et al. 2020). Red marks indicate sediments of gravity cores used in this
thesis. Black marks indicate cores used in the study by Miiller et al. (2024) for investigations of depositions and
organic carbon amounts in the HMA. Both cores used in this thesis are located close to those derived from the
western HMA (W).
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1.7 Aim of this study

Due to the lack of culturability, the vast majority of microorganisms are yet to be explored.
Culture-independent approaches started to estimate the number of microorganisms expected to
inhabit the earth’s environments, showing us that research is still needed to characterize the
unknown organisms. Advances in sequencing technologies and deeper sequencing allowed the
identification of novel taxa. In recent years, novel groups, such as multiple new classes and
orders within the Thermoplasmatota, Asgardarchaeota, and Crenarchaeota, were identified in
anaerobic marine sediments, showing the potential to degrade not only small organic carbon
compounds but also more complex carbon compounds, such as proteins and lignin-derived
compounds. In this thesis, I studied the degradation of marine and terrestrial-derived organic
matter in the Helgoland mud area (HMA). I aimed to understand organic matter degradation
processes through primary fermentation by uncultured bacteria and archaea and detect
syntrophs involved in secondary fermentation and respiratory organisms involved in the
subsequent degradation of fermentation products in anoxic marine sediments.

For the study, the Helgoland mud area sediments were used, as these sediments are
characterized by the input of both marine and terrestrial organic matter. This thesis used model
compounds to study primary fermentation processes. The model compounds were proteins,
which are significant components of marine organic matter, and MACs, deriving from lignin
and, therefore, a significant component of terrestrial organic matter (Burdige 2005, 2007).

My thesis followed four main hypotheses:

1. The dominant microorganisms detected in organic carbon-depleted sediments are

autotrophic and heterotrophic organisms acting on DIC and fermentation products.
2. Autotrophic taxa become predominantly active in organic carbon-depleted sediments.
3. Due to the lack of knowledge on primary fermenting microorganisms, using different
carbon sources in anoxic marine sediments will reveal uncharacterized primary

fermenting organisms besides already known taxa.

4. Besides main players in anoxic marine sediments, low abundant microbial taxa are

important for the degradation of organic matter.
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1.8 Chapter overview

Chapter II: Linking sulfur and carbon cycling with H.'*O RNA-SIP: active taxa and
metabolic interactions in anoxic marine sediments. In this chapter, RNA stable isotope
probing (SIP) with '®O water was used to label active microorganisms involved in element
cycling in in situ sediments of the Helgoland mud area. For this, a new strategy was developed
to perform small-scale anoxic SIP-enrichments. We could detect key players Desulfocapsaceae,
Desulfurivibrionaceae, Desulfobulbaceae and Sval033 as the most active bacteria performing
most likely sulfur disproportionation, sulfate reduction, and dissimilatory iron reduction. A high
taxonomic novelty was detected among members of these families. Further fermentative
bacteria, such as Fusobacteriia, Bacteroidia and Clostridia, were identified, most likely

supplying autotrophic and heterotrophic bacteria with electron donors.

Chapter III: Extensive data mining uncovers novel diversity among members of the rare
biosphere within the Thermoplasmatota. In this chapter, enrichments were combined with
metagenomic sequencing to characterize an undescribed class within the phylum of
Thermoplasmatota. Due to its underrepresentation in public databases, a data-mining strategy
was developed, including mining genome assemblies and metagenomic short read data. This
increased the representation of the EX4484-6 class extensively. The class EX4484-6 was
classified as a member of the rare biosphere. As such, it performed anaerobic heterotrophic
protein and amino acid degradation. An unexpectedly high number of unknown genes was
detected within the new class, indicating taxonomic distance to other Thermoplasmatota

classes.

Chapter IV: Diverse methoxydotrophic acetogens facilitate terrestrial carbon in anoxic
marine sediments. In this chapter, RNA-SIP and enrichment experiments were conducted to
detect organisms growing on methoxy groups of methoxylated aromatic compounds (MACs)
and identify their substrate spectrum. Clostridia were detected as the sole methoxydotrophs,
utilizing up to nine different compounds. The degradation of MACs was supported by a
decrease of MACs, measured by LC-MS/MS. Using real-time quantitative PCR, the growth of
Clostridia was tracked throughout the incubation time, and high abundances were observed.
Clostridia of the orders Acetivibrionales, Eubacteriales, Oscillospirales and Tissierellales were
involved in methoxydotrophy via a reductive acetyl-CoA pathway, as shown by metagenomic
analyses. A comparison of these Clostridia with other Clostridia representatives indicated a
high abundance of methyltransferases and, therefore, the involvement of Clostridia in

Ci-carbon compound metabolism.
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2.1.1 Abstract

The sulfur and carbon cycle are closely interconnected in anoxic marine sediments, with
sulfate-reducing organisms playing an essential role in remineralizing up to 50% of organic
matter. Yet, due to the cryptic sulfur cycling, processes of sulfur compound cycling are
complex to track. Such complexity is partially attributed to sulfur compound disproportionation
which drives formation of multiple forms of sulfur compounds. However, the importance of
sulfur disproportionation in marine sediments remains largely unexplored, particularly
concerning the active player, biochemical pathways and functional genes involved. Therefore,
we developed a small-scale H2'30 RNA-based stable isotope probing (RNA-SIP) to identify
active microorganisms and utilized their taxonomic affiliation to elaborate on their metabolic
roles in sulfur cycling. The !0 labeling revealed that 70% of the active microorganisms are
sulfur compound cycling organisms of the families Desulfocapsaceae, Desulfobulbaceae, and
Desulfurivibrionaceae. Key active taxa included the sulfur-disproportionating bacteria of the
genus Desulfocapsa. Unclassified members of the Desulfocapsaceae, Desulfurivibrionaceae
and Desulfobulbaceae showed potential for sulfur compound reduction. Besides active sulfur
compound cycling organisms, the active heterotrophic iron-cycling organism Sval033 was
detected, linking the sulfur and iron cycle. Moreover, active secondary fermenters were
detected, most likely supplying the sulfur compound and iron-cycling organisms with electron

donors as fermentation products.

2.1.2 Main

The sulfur and carbon cycle are directly linked in anaerobic marine sediments (Wasmund et al.
2017, Jgrgensen 2021). Sulfur compound cycling microorganisms use fermentation products
derived from the breakdown of organic matter in a terminal oxidation process (Wasmund et al.
2017, Jgrgensen 2021). Specifically, sulfate-reducing microorganisms are estimated to account
for up to 50% of organic matter remineralization in marine sediments and are regarded as
drivers of the biogeochemical cycling of sulfur compounds (Jgrgensen 1982). Yet, due to the
rapid cycling of sulfur compounds and low pool sizes involved, processes within the sulfur
cycle are hard to track geochemically and are therefore described as a cryptic sulfur cycle
(Wasmund et al. 2017, Jgrgensen 2021). About 80-90% of the sulfide produced during sulfate
reduction is reoxidized to sulfate or other intermediate sulfur compounds, e.g. sulfite, elemental
sulfur, polysulfides, or thiosulfate (Wasmund et al. 2017). The remaining sulfide is buried after
reaction with metal ions, e.g., as pyrite (FeS2), interconnecting the sulfur and iron cycle

(Wasmund et al. 2017, Jgrgensen 2021). Besides the reduction of sulfate or sulfur cycle
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intermediates and sulfur compound oxidation, the process of sulfur compound
disproportionation plays an important role in marine sediments (Wasmund et al. 2017,
Jorgensen 2021). Sulfur compound disproportionation by bacteria was first detected by Bak
and Cypionka (1987) and wuntil now remains an understudied process. During
disproportionation elemental sulfur, thiosulfate and sulfite serve as both, electron donor and
electron acceptor (Bak and Cypionka 1987, Thamdrup et al. 1993). A few studies have
enumerated disproportionating bacteria by most probable number cultivation, e.g., over 10°

thiosulfate-disproportionating bacteria per cm™

in upper layers of Aarhus Bay sediment
(Jgrgensen and Bak 1991). By using elegant radiotracer experiments, the process was shown
to be significant in marine sediments, but experiments are expensive (e.g., custom synthesis of
S-35 labeled thiosulfate), and can be affected by S-isotope exchange, especially with elemental
sulfur (Jgrgensen 2021). Microbial elemental sulfur disproportionation is accompanied by
strong isotope fractionation of S-34 in both, sulfide (depleted) and sulfate (enriched) formed,
but only triple sulfur isotope analysis (S-32, S-33, S-34) can discriminate co-occurring sulfate
reduction and disproportionation in natural systems (Jgrgensen 2021). Active sulfur
disproportionating microorganisms are difficult to identify in the environment, since
biochemical pathways of disproportionation are still elusive and thus, distinct functional
marker genes cannot be used so far, and the identification of disproportionating species has so
far been limited to cultivated strains (Slobodkin and Slobodkina 2019).

Here, we applied small-scale H>'30 RNA-based stable isotope probing (RNA-SIP) to identify
microorganisms involved in sulfur compound cycling in unamended anaerobic marine
sediments. SIP with H>'%0 as isotopic tracer (Schwartz et al. 2016), is an alternative to BC-
based SIP approaches that does not require knowledge of the carbon source to identify active
microorganisms under in situ conditions. Active microbial taxa, i.e. those having an energy
source, will incorporate H>'®0O thereby generating '30-labeled, heavy RNA, which can be
density separated by gradient centrifugation from unlabeled nucleic acids, and subsequently,
active microbes, even at very low abundance, can be identified by Illumina amplicon
sequencing (Aoyagi et al. 2015). Our SIP incubations showed that '®*0 amendment labeled taxa
known for sulfur cycling capabilities to a high extent. Using their taxonomic affiliation, we
elaborated on their possible metabolic interactions in Helgoland mud area sediments.

To gain insights into the activity of microbial communities in anaerobic marine sediment
samples of the Helgoland mud area (0-25 cm depth), we extracted RNA after 7 days of
incubation from four biological replicates amended with either artificial sea water (ASW,

unlabeled) or labeled '*0-ASW. For retrieval of sufficient RNA, replicates were pooled and,
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thus, reflect an average of the communities within single treatments. Density profiles of RNA-
SIP incubations showed labeling within the '80-ASW treatment (Figure S1, Supplementary
results). In bacterial samples, the sequence analysis of density-separated RNA-SIP fractions of
130-ASW treated samples showed a clear distinction between “heavy” (active) and “light”
(non-active) fractions, compared to the unlabeled ASW control (Fig. 1a, Fig. S1). Archaea
sequenced in this study were not considered active as they could not be detected in heavy
fractions due to low community coverage (Fig. S2, Supplementary results). Amplicon sequence
variants (ASVs) found in the ultra-heavy and heavy fractions, and hereafter considered active,
were predominantly from the phylum Desulfobacterota (Desulfobulbia and Desulfuromonadia;
87.7% relative abundance in the ultra-heavy fraction) (Fig. 1b-d).
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Figure 1 (a) Relative abundances of the bacterial RNA of the unlabeled ASW and of the '30-ASW amended
incubations on class level, separated by density fractions (ultra-light, light, midpoint, heavy and ultraheavy) after
7 days of incubation. Relative abundances of amplicon sequence variants (ASVs) in '30-ASW amended sample
after 7 days of incubation by fractions (ultra-light, light, midpoint, heavy and ultra-heavy). Highest relative
abundances were observed in '80-ASW for Desulfobulbia (ultra-heavy (UH): 69 %, heavy (H): 56% vs unlabeled
water UH: 13.7 %, H: 19.2 %) and Desulfuromonadia (UH: 16.9 %, H: 19 % vs. unlabeled water UH: 4.9 %, H:
5%). Relative abundances of (b) the family Desulfocapsaceae (UH: 24.4 %, H: 20.8 %) with high relative
abundances of the genus Desulfocapsa (UH: 15.72 %, H: 8.2 %), (c¢) the family Desulfurivibrionaceae (UH: 26.4
%, H: 20.7 %) and (d.) the family Sval033 (UH: 13 %, H: 15.5 %).
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Within the Desulfobulbia (69%) two main abundant families were observed: Desulfocapsaceae
(24.4%) and Desulfurivibrionaceae (26.4%) (Fig. S3-S5). Further, unclassified
Desulfobulbaceae (13.5%) and unclassified Desulfobulbales (4.4%) were found predominantly
in heavy fractions (Fig. S6).

Among the Desulfocapsaceae (Fig. 1b), the most active microorganisms (ASVs: sql3, sq22,
$q26, sq46, sq50, sq53; 15.7%) were closest related to Desulfocapsa sulfexigens (96.41-
98.41% 16S rRNA identity) (Fig. S4, Table S1). Desulfocapsa species are known to grow by
sulfur disproportionation using thiosulfate, sulfite and elemental sulfur (Finster 2008). Sulfur
disproportionation of elemental sulfur requires the presence of sulfide-scavenging agents such
as dissolved iron or manganese (Thamdrup et al. 1993). Besides, further Desulfocapsaceae
ASVs unclassified on genus level with highest similarities to Desulfomarina profundi (sql5,
98.01%) and Desulfocastanea catecholica (sql9 and sq21, 97.21-98.41 %) were identified
(Table S1). The shift of these taxa to the heavy (11.6%) and midpoint (10.9%) fraction might
reflect an activity, lower than that of Desulfocapsa. Desulfomarina profundi and
Desulfocastanea catecholica reduce sulfate, thiosulfate and sulfite with fermentation products
or autotrophically; for neither of these microorganisms, sulfur compound disproportionation
was reported (Szewzyk and Pfennig 1987, Hashimoto et al. 2021). The sulfate-reducing
capability of members of the family Desulfocapsaceae, excluding the genus Desulfocapsa, was
recently demonstrated in incubations with upper sediment layers of the Helgoland mud area
(Yin et al. 2024). To unravel the physiology of these unclassified Desulfocapsaceae additional
physiological experiments are required.

Active ASVs within the family Desulfurivibrionaceae (Fig. 1c, Fig. S5) were assigned to the
genus MSBL7 (26%). The Mediterranean Sea Brine Lake group 7 (MSBL7) was first detected
in Mediterranean Sea brines (Borin et al. 2009) and has no cultured representative yet. The
closest type strains were Thiovibrio frasassiensis (94.44-95.24% 16S rRNA gene identity,
Table S2) and Desulfogranum mediterraneum (94.02-94.42% 16S rRNA gene, Table S2).
Though Thiovibrio frasassiensis was described as sulfur disproportionating bacterium by
Aronson et al. (2023), the MSBL7 ASVs found were only assigned to the same family and thus
not close enough to infer disproportionation. Desulfogranum mediterraneum has not been
reported as sulfur compound disproportionating bacterium but uses sulfate and thiosulfate as
terminal electron acceptors (Sass et al. 2002). Therefore, it remains elusive here whether
MSBL7 ASVs were involved in sulfur compound disproportionation. To further unravel the
phylogeny of the ASVs found for this group and gain further insights into their possible

metabolic potential we constructed a 16S rRNA gene phylogenetic tree using available 16S
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rRNA genes of good quality genomes (completeness > 80%, contamination < 5%) present in
the GTDB database r214 and compared the sequence identity of the ASVs with all 16S rRNA
genes retrieved (Fig. S7, Table S3-S6). The MSBL7 ASVs sq9 and sq59 were highly identical
with a 16S rRNA gene found in the genome GCA_002868945.1 (98.805-99.203% 16s rRNA
gene identity, Table S5) that was assigned to the genus BMS506, following the GTDB
taxonomy. In a recent study, the genus BMS506 showed the genetic potential to reduce
elemental sulfur (Barnum et al. 2018). The ASVs sq12 and sq34 were more closely related to
GCA_024277655.1 (97.61-98.41% 16S rRNA gene identity, Table S5) that was assigned to
the genus JAJRUTOI. The genome sequence GCA_024277655.1 was affiliated with a study
by Zhong et al. (2022), in which Desulfurivibrionaceae in general were described as sulfur
oxidizers yet also showed potential for sulfate and thiosulfate reduction. Based on this
information the ASVs sql2 and sq34 assigned to the MSBL7 are most likely involved in
reducing sulfur compounds, with the potential to oxidize sulfur, yet no clear metabolism or
electron donor could be determined from this previous study for members of the JAJRUTO1
specifically. The presence of genes for sulfur compound reduction and sulfur oxidation could
hint at sulfur disproportionation, though not being proven for this group.

ASVs of unclassified Desulfobulbaceae (sq25, sq31, Fig. S6) were also found to be related on
family level to the type strains of Thiovibrio frasassiensis (93.6 % similarity, Table S2) and
Desulfogranum mediterraneum (94.02% similarity, Table S2). Comparing the ASV sequences
to those 16S rRNA genes obtained from genomes present in the GTDB database, these taxa are
closest related to the genera JAHEDTOI (98.4% 16S rRNA gene identity) and JAKITWOI1
(96.4% 16S rRNA gene identity), both of which have not been described yet. Generally,
Desulfobulbaceae use sulfate, sulfite or thiosulfate as electron acceptor, however also sulfur
compound disproportionation was described for members of this family (Slobodkin and
Slobodkina 2019, Galushko and Kuever 2020). Thus, found Desulfobulbaceae ASVs are
involved in sulfur compound cycling. Yet, without further insights into the genomic potential
of these taxa, no clear metabolism can be assigned. Since the biochemical pathways of sulfur
compound disproportionation remain elusive (Slobodkin and Slobodkina 2019), additional
physiological experiments are required to finally describe these unclassified community
members.

During the processes of sulfur compound disproportionation and sulfur compound reduction,
sulfide is formed, which can form FeS in the presence of ferrous iron (Fe**) and further
transform into pyrite (FeS2) (Thamdrup et al. 1993, Finster 2008). Dissimilatory iron reducers

mediate the availability of such ferrous iron. We detected active ASVs within the class
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Desulfuromonadia, which were mostly reflected by the family Sval033 (13%) (Fig. 1d, Fig.
S8-S9). The family Sval033 of the class Desulfuromonadia was initially detected in the
permanently cold sediments from Svalbard (Ravenschlag et al. 1999) and later identified by
RNA-SIP as dissimilatory iron reducers in marine sediment using acetate as an electron donor
(Wunder et al. 2021). Due to the close relationship with other sulfur cycling microorganisms
(e.g., Desulfuromonas acetoxidans, 95.62-96.02% 16S rRNA gene identity, Table S2), sulfur
cycling cannot be dismissed currently for Sval033. In previous studies, the presence of acetate
primarily stimulated Gammaproteobacteria and Arcobacteraceae (Yin et al. 2024), however
these taxa were not identified as active in this present study, raising the question if Sval033 is
actually using acetate in these sediments or instead relying on carbon flux from other active
community members.

Further identified heterotrophic taxa were affiliated with Clostridia (Fusibacter), Fusobacteriia
(Propionigenium) and Bacteroidia (Marinifilum) and were found only in the midpoint gradient
fractions, pointing towards lower activities (Fig. S10-S12, Supplementary results). Fusibacter,
Marinifilum and Propionigenium are known as fermentative bacteria capable to ferment
carbohydrates (Schink and Pfennig 1982, Janssen and Liesack 1995, Fadhlaoui et al. 2015, Fu
et al. 2018, Brioukhanov et al. 2023). Additionally, Propionigenium was shown to ferment
succinate, organic and amino acids (Schink and Pfennig 1982, Janssen and Liesack 1995).
These fermentative organisms might supply the sediments with fermentation products, which
are then coupled to the processes of sulfate, thiosulfate and sulfite reduction by sulfur
compound cycling bacteria and dissimilatory iron reduction by Sval033.

Considering the microorganisms found in the heavy and ultra-heavy fractions as most active,
about 70% of these microorganisms are related to taxa that are known to be involved in sulfur
compound cycling by either performing sulfur disproportionation or cycling intermediate
sulfur species. As the sediment used in this study had not received a supply of fresh organic
matter or undergone any infaunal activity since sampling in 2019, the sediment was most likely
depleted of possible electron donors. Regardless, we detected sulfur compound cycling as the
most dominant process in sediments of the Helgoland mud area. Despite the family Sval033,
potentially involved in heterotrophic dissimilatory iron reduction, other heterotrophic
organisms were depleted in heavy fractions and thus might play only minor roles in the
analyzed sediment, suggesting that involved organisms are mostly autotrophic. Though only
Desulfocapsa could be assigned to the process of sulfur disproportionation based on their high
identity with other known sulfur disproportionating bacteria, other families, such as the

Desulfurivibrionaceae or Desulfobulbaceae could be involved in sulfur compound
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disproportionation. Many anaerobic bacteria involved in the respiration of sulfur compounds
were also shown to disproportionate sulfur compounds; among these, members of the
Desulfobulbaceae and Desulfocapsaceae were detected (Wasmund et al. 2017, Slobodkin and
Slobodkina 2019). A reconstruction of possible metabolic pathways within the sediment is

shown in Figure 2.

Identified taxa

NOS R0 & 5 M L o

MSBL7 MSBL7 unclassified Sva1033  Desulfocapsa unclassified Fusibacter  Propionigenium Marinifilum
JAJRUTO1 BM506 Desulfobulbaceae Desulfocapsaceae
Processes
—— biotic processes ---=-3 electron transfer ~———1 abiotic processes '? metabolic potential not proven

Figure 2 Reconstruction of microbial activity in the Helgoland mud area '30-labeled taxa and their metabolic
capabilities in Helgoland mud area sediments as based on pure culture and isotope probing studies (Schink and
Pfennig 1982, Szewzyk and Pfennig 1987, Thamdrup et al. 1993, Janssen and Liesack 1995, Janssen et al. 1996,
Finster et al. 1998, Finster et al. 2013, Fadhlaoui et al. 2015, Barnum et al. 2018, Fu et al. 2018, Hashimoto et al.
2021, Wunder et al. 2021, Zhong et al. 2022, Yin et al. 2024). Desulfocapsa sp. disproportionate sulfur
compounds (ca. 16% of taxa in ultraheavy gradient fractions). Unclassified Desulfocapsaceae (12% in heavy
gradient fractions) reduce sulfate, thiosulfate and sulfite autotrophically or heterotrophically. For both genera of
the MSBL7 and unclassified Desulfobulbaceae, sulfur compound disproportionation is a possible, yet
unconfirmed, metabolic potential. Sediment endogenous organic carbon compounds (Corg) can be fermented by
different microorganisms such as Propionigenium, Marinifilum and Fusibacter (ca. 36% in medium gradient
fractions. Fermentation products formed may be oxidized by dissimilatory iron reduction by Sval033 (13% in
ultraheavy gradient fractions).
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With the results obtained during this study, we could detect active taxa in the in situ
environment and elaborate their metabolic capabilities based on their taxonomic affiliation.
Although direct carbon utilization cannot be established based on the H,'30 RNA-SIP, we
gained insights into the activities within sediments from the Helgoland mud area by identifying
(i.) dominant sulfur compound cycling bacteria, thereby linking the sulfur and carbon fixation:
Desulfocapsaceae, MSBL7 and Desulfobulbaceae. (ii.) active heterotrophic taxa, involved in
iron cycling: Sval033. (iii.) less active primary fermenters, e.g., Marinifilum, Fusibacter and
Propionigenium, supplying sulfur and iron cycling taxa with electron donors in the form of
fermentation products. Using the method of H>'®0 RNA-SIP on a small scale on anaerobic
sediments provided a great starting point for investigating the importance of in situ processes
in untreated sediments. In combination with additional geochemical measurements of the
sediment matrix and metagenomic analyses of identified active taxa, these analyses offer a

powerful tool to link taxa to microbial processes, such as unresolved sulfur disproportionation.

2.1.3 Data availability

All  code wused to perform analyses in this study is available on
https://github.com/mmaeke/180_RNA-SIP. Amplicon raw reads for this study will be
deposited in the European Nucleotide Archive (ENA) at EMBL-EBI upon manuscript

submission and are currently available upon request.
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2.2 Supplementary

2.2.1 Supplementary Methods

2.2.1.1 Small-scale H2'80 RNA Stable Isotope Probing

Sediment was collected from the Helgoland mud area (54°06°11.3904°°N, 7°57°45.864°’E) by
gravity coring in 2019 during the RV HEINCKE cruise HE531. Sediments from a depth of
0-25 cm were selected from gravity core HES531/3-1 for Stable Isotope Probing (SIP)
incubations (Fig. S13). Incubations were set up using sediment and sterilized artificial sea water
(ASW; composition 26.4 g NaCl, 11.2 g MgCl, - 6 H2O, 1.5 g CaCl; - 2 H20, 0.7 g KCI per
liter) at a ratio of 1:4 (w/v). On a small scale, artificial seawater was prepared using 660 mg
NaCl, 280 mg MgCl,, 37.5 mg CaCl, x H,0 and 17.5 mg KClin 25 ml unlabeled or #0-labeled
ASW (H>'80). To obtain sufficient amounts of RNA for RNA-SIP, samples were set up in
quadruplets for each treatment, either containing H,'®O- or unlabeled ASW. For single
incubations, 1 g of wet sediment was weighed in screw cap vials and centrifuged at 20,817 g
at 4°C for 5 minutes to remove most of the residue water in the sediment. Samples for H2'3%0
incubations were flushed once with 350 ul filter sterilized H>!'80-ASW to dilute residues of
unlabeled water. Sediment within screw cap vials was carefully mixed with the labeled water
using a pipet tip and subsequently briefly vortexed. Samples were centrifuged again at
20,817 g at 4°C for 5 minutes to remove residue water. Samples for H,'®0- and unlabeled ASW
incubations were transferred into an anaerobic chamber. Samples were either amended with
700 pul of H2'80- or unlabeled ASW. Within the anaerobic chamber, samples were mixed as
mentioned above. To establish an anaerobic environment within the sample tubes, tubes were
incubated with open lids within the anaerobic chamber for several minutes. Samples were then
moved into an anaerobic jar and removed from the anaerobic chamber. The anaerobic jar was

flushed with N> to remove the remaining oxygen in the jar and incubated at 10°C for 7 days.

2.2.1.2 Density separation and gradient fractionation of RNA

After 7 days, samples were removed from the anaerobic jar, centrifuged for 5 minutes and
supernatant discarded. The sediment within each screw cap vial was separated into 2 vials for
each replicate. Nucleic acid extraction, removal of DNA, quantification, isopycnic
centrifugation and gradient fractionation were performed according to Yin et al. (2019). DNA
was removed according to the RQ1 DNase kit (Promega, Madison, Wisconsin, USA) at 37°C
for 45 min. Following DNase digestion, RNA was purified by using phenol-chloroform-
isoamyl alcohol and chloroform-isoamyl alcohol, precipitation was performed using

polyethylene glycol 6000 (~30%). RNA extracts of all replicates were pooled to retrieve a
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sufficient RNA concentration for the following SIP. RNA was quantified with Quanti-iT
RiboGreen. For each incubation setup (unlabeled water day 7 and '30-water day 7), 4ul of the
pooled RNA was used directly for cDNA synthesis. The remaining 205-250 ng RNA was used
for density separation by ultracentrifugation (Fig. S1). From each treatment, 14 fractions were
separated, with fraction 1 having the highest density and fraction 14 having the lowest. From
each of the treatments, fractions 3 (ultra-heavy, 1.830-1.835 g/ml), 5 (heavy,
1.815 — 1.822 g/ml), 7 (midpoint, 1.801-1.808 g/ml), 9 (light, 1.788 - 1.795 g/ml), and 11
(ultra-light, 1.774 — 1.781 g/ml) were used for cDNA synthesis. Fractions used for 16S rRNA

gene amplicon sequencing are listed in Table S7.

2.2.1.3 16S rRNA gene amplicon sequencing of SIP enrichments

[llumina amplicon sequencing libraries were prepared for the V4 region of bacterial and
archaeal 16S rRNA. Primers targeting the V4 region of the bacterial 16S rRNA were Bac515F
(5'-GTGYCAGCMGCCGCGGTAA-3")  (Parada et al. 2016) and Bac805R
(5'-GACTACHVGGGTATCTAATCC-3") (Herlemann et al. 2011), primers used for the V4
region of archaeal 16S rRNA were Arc519F (5’-CAGCMGCCGCGGTAA-3’) (Ovreas et al.
1997) and Arc806R (5’-GGACTACVSGGGTATCTAAT-3") (Takai and Horikoshi 2000).
The library preparation was performed according to Wunder et al. (2024). Thermal cycling
conditions used for the sequencing PCR were as follows: initial denaturation at 95°C for 3 min,
denaturation at 95°C for 20 s, annealing at 60°C for 15 s, elongation at 72°C for 15 s, final
elongation at 72°C for 1 min. For bacterial samples 30 PCR cycles of denaturation, annealing
and elongation were performed: archaeal samples underwent 35 PCR cycles. Sequencing of
multiplexed libraries was performed at Novogene (Cambridge, UK) on the NovaSeq 6000
platform (2 x 250 bp, Illumina) in mixed orientation by ligation, therefore resulting in forward
and reverse amplicon orientation in both forward (R1) and reverse reads (R2) for both, archaea
and bacteria separately. Reads were demultiplexed and primer clipped using cutadapt v2.1
(Martin 2011) and further processed using the package dada2 v1.24.0 (Callahan et al. 2016) in
R v4.2.1 (R Core Team 2020). Forward and reverse reads were trimmed at 140 bp and 150 bp
for both, bacterial and archaeal reads with a maximum error rate of 2. Subsequently, error rates
were learned and samples were dereplicated and denoised independently for each library
orientation by pooling the data from all samples, using a modified loess function adapted for
libraries with binned quality scores (Salazar 2020). Error-corrected R1 and R2 reads were
merged into amplicon sequence variants (ASVs) and sequence tables for forward and reverse

orientations were combined by reorientation of the reverse-forward ASVs. Chimeras, ASVs of
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unexpected lengths (< 250 bp and > 253 bp for bacteria, < 252 bp and > 255 bp for archaea)
and singletons were removed. A bootstrap cutoff of 70 was used to perform taxonomic
classification with the assignTaxonomy function of dada2 with the SILVA nr99 v138.1 train
set reference database (Quast et al. 2013, Yilmaz et al. 2013). For further processing of ASVs,
chloroplasts, mitochondria and archaea were removed from the bacterial data set, all non-
archaeal taxa were removed from the archaeal data set. Rarefaction curves were computed for
bacterial and archaeal data sets to validate sufficient sequencing community composition using

the package iNEXT v3.0.0 (Fig. S2) (Hsieh et al. 2016).

2.2.1.4 16S rRNA gene phylogenetic tree

For the phylogenetic placement of the retrieved ASVs, a 16S rRNA gene phylogenetic tree was
constructed. All Desulfobulbia and Desulfuromonadia affiliated species present on GTDB
were filtered to a checkM completeness of > 80% and contamination of < 5%. The quality-
filtered species were downloaded from RefSeq yin

or GenBank (Sayers et al. 2019). 16S rRNA genes were extracted from all genomes using
barrnap v0.9 (Seemann 2018). Additional 16S rRNA genes of type strains within the
Desulfobulbia and Desulfuromonadia were acquired through the SILV A database (Quast et al.
2013) and NCBI (Sayers et al. 2022). All sequences, including the ASV sequences, were
aligned using SINA v1.7.2 (Pruesse et al. 2012) against the SILVA nr99 v138.1 ARB database
(Quast et al. 2013). Sequences were trimmed to fixed start and end positions of the full-length
16S rRNA gene (E.coli position 1,043 — 6,884) wusing seqtk v1.3-r106
(https://github.com/lh3/seqtk) and all gaps caused by one sequence removed with clipkit v2.2.4
(Steenwyk et al. 2020). For tree construction, sequences with at least 1,000 bp were chosen.
Redundancy in sequences was removed by seqkit v2.3.1 (Shen et al. 2016). For all non-
redundant sequences above 1,000 bp in length, a GTR+1+G4 model for the 16S rRNA gene
phylogenetic tree was determined using modeltest-ng v0.1.7 (Darriba et al. 2019), which was
further used for calculation of the tree with raxml-ng v1.1.0 (Kozlov et al. 2019). In total, 70
starting trees were inferred; bootstrap convergence at a cutoff of 0.02 was reached after 1,300
trees. Shorter 16S rRNA gene sequences found in Desulfobulbia and Desulfuromonadia
genomes, along with ASVs from the SIP enrichment were added after tree calculation. Short
sequences were placed into the existing tree using epa-ng v0.3.8 (Barbera et al. 2018) and
gappa v0.7.1 (Czech et al. 2020). The tree was manually rooted and grouped in iTOL v6
(Letunic and Bork 2024). The 16S rRNA gene sequences of the obtained Desulfobulbia and

Desulfuromonadia ASVs (section 3) were searched in the blastn suite of the online NCBI
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BLAST tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=
BlastSearch&LINK_L.OC=blasthome, accessed 12.08.2024) against the rRNA/ITS database
with the megablast option to find highly similar sequences. The top hit for each ASV is listed
in Tables S1-S2.

Further, the pairwise identity of all ASVs against all 16S rRNA genes within the phylogenetic
tree was computed using the blastn function of BLAST+2.16.0 with an e-value threshold of
1 x 107'° (Altschul et al. 1990). Results for the top 5 hits are summed in Tables S3-S6.

2.2.2 Supplementary Results

2.2.2.1 Successful labeling of microorganisms in 30-ASW treatments

For RNA-SIP, the highest amounts of RNA were found at a density of 1.78 g/mL for the
unlabeled ASW (Fig. Sla) and the '*O-ASW (Fig. S1b) density curves. Within the profile
obtained from the'®*0-ASW RNA-SIP run, a second peak between a density of 1.80 and 1.82
g/mL was observed (Figure S1b), indicating successful labeling of RNA by '*0-ASW after 7
days.

2.2.2.2 Activity of archaea was not detected after seven days

Total archaeal RNA of both treatments (unlabeled and '®0) showed high relative abundances
of Bathyarchaeia (83.8 and 61.3%). Lokiarchaeia (6.2 and 13.7%), ANME-1 (1.6 and 5.2%),
Methanosarcinia (3.4 and 8.8%) and Thermoplasmata (3.4 and 8%) were of lower relative
abundance (Fig. S14). Heavy and ultraheavy fractions of the '*O-RNA-SIP did not yield
sufficient community coverage and were therefore excluded from the data set (Fig. S2).
Assuming highly active taxa would be found in these heavy fractions, as they incorporated the

heavier 80-isotope, archaea are regarded as non-active or hardly active.

2.2.2.3 High relative abundances of fermentative organisms in the midpoint fraction

Three groups were primarily detected in the midpoint — ultra-heavy fractions with the highest
relative abundances at the midpoint. Fusobacteriia had a relative abundance of 22.3% in the
midpoint (Fig. S11). Within this group, two main ASV's were detected affiliated with the genus
Propionigenium (22.2%). Clostridia showed a relative abundance of 12.6%, with highest
abundant ASVs being affiliated with the genus Fusibacter (11.1%) (Fig. S10). The class
Bacteroidia showed the lowest relative abundance among these three groups (9.8 %) (Fig. S12).
The highest abundant ASVs of the Bacteroidia were detected for the genus Marinifilum in the
midpoint of the '30-ASW treated sample (3.1%). Besides, low abundant ASVs of Bacteroidales

and Bacteroidetes VC2.1 Bac 22 were detected in heavy and midpoint fractions.
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Table S7 Sequenced fractions of the unlabeled and labeled ('*0-ASW) ASW treatments. All fractions
used for amplicon sequencing are listed with their density after density separation and fractionation and
the amount of RNA retrieved.

Treatment Fraction Density RNA amount
(g/ml) per Fraction
(ng)
3 1.829 0.151
5 1.815 1.286
unlabeled ASW 7 1.801 5.887
9 1.788 12.057
11 1.774 19.222
3 1.835 15.482
5 1.822 26.263
B0Q-ASW 7 1.808 26.011
9 1.795 52.042
11 1.781 76.199
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2.2.4 Supplementary Figures
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Figure S1 Density profiles of SIP incubations amended with (a) unlabeled artificial sea water (ASW)
and (b) labeled 80-ASW (n=4, pooled for separation) after 7 days of incubation.
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Figure S2 Rarefaction curves for the treatments of unlabeled ASW and '80-labeled ASW of (a)
bacterial amplicon sequences for total RNA retrieved before density separation (non-separated RNA)
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3.1.1 Abstract

Background:

Rare species, especially of the marine sedimentary biosphere, have long been overlooked
owing to the complexity of sediment microbial communities, their sporadic temporal and
patchy spatial abundance and challenges in cultivating environmental microorganisms. In this
study, we combined enrichments, targeted metagenomic sequencing and extensive data-mining
to uncover uncultivated members of the archaeal rare biosphere in marine sediments.

Results:

In protein-amended enrichments, we detected the ecologically and metabolically
uncharacterized class EX4484-6 within the phylum Thermoplasmatota. By extensively
screening more than 8,000 metagenomic runs and 11,479 published genome assemblies, we
expanded the phylogeny of class EX4484-6 by three novel orders. All six identified families
of this class show low abundance in environmental samples characteristic of rare biosphere
members. Members of the EX4484-6 class were predicted to be involved in organic matter
degradation in anoxic, carbon rich habitats. All EX4484-6 families contain high numbers of
taxon-specific orthologous genes, highlighting their environmental adaptations and habitat
specificity. Besides, members of this group exhibit the highest proportion of unknown genes
within the entire phylum Thermoplasmatota, suggesting a high degree of functional novelty in
this class.

Conclusions:

In this study, we emphasize the necessity of targeted, data-integrative approaches to deepen
our understanding of the rare biosphere and uncover the functions and metabolic potential

hidden within these understudied taxa.

3.1.2 Introduction

In the environment, the vast majority of microbial species is represented by low abundant
microorganisms, known as the ‘rare biosphere’ [1]. While many studies define rare taxa as
those being less than 0.01-0.1% abundant in a sample at a specific time point [2, 3], rarity is
not only confined to population sizes but can also be measured by geographic range and habitat
specificity [4, 5]. Rare taxa are hypothesized to play an important role in ecosystems by
carrying a gene pool, which can be accessed under changing environmental conditions,
functioning as seed bank for other microbial taxa, or by supporting the community with key
functions [6, 7]. These functions can be nutrient cycling [8-10], degradation of pollutants [11]

or the promotion of community resilience [12, 13]. Due to high intra- or interspecific
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competition [6], as well as the assumed limited environmental distribution most rare taxa
occupy, these taxa mostly show only temporally and spatially constrained abundance [7],
making the study of the rare biosphere challenging.

Most studies so far conducted on the rare marine biosphere have focused on diversity
assessments of bacterial and archaeal plankton using high-throughput 16S rRNA gene surveys
[2, 3, 14-20]. More recently, first metagenomic approaches have been applied to investigate
the rare biosphere in marine bacterioplankton [21]. However, the rare biosphere in marine
sediments remains largely unexplored, owing to the complexity of sediment communities [22,
23].

To reduce the complexity of sediment communities and thereby making the rare biosphere
more accessible for the analysis of metabolic functions, enrichment experiments with substrate
amendments were designed to selectively promote the growth of rare taxa [24-27]. While
isolation would be preferable to further characterize the metabolic capabilities of rare taxa,
most microorganisms remain uncultured despite recent advances in cultivation techniques [28,
29]. Therefore, enrichment techniques coupled to metagenome analyses simplify the
description of the full metabolic potential of rare uncultivated microorganisms in the absence
of isolates [2, 29-31]. Yet, even the combination of these methods only provides a snapshot of
the enriched taxa at a specific time point in a specific setting and cannot offer further
information regarding their global diversity or habitat selection.

Recent advances in high-throughput sequencing and computational techniques have enabled
deep sequencing of microbial communities, including the rare biosphere [2, 32-34] and led to
rapid data accumulation on public databases. Data from next generation sequencing runs
deposited on the Sequence Read Archive (SRA) under the umbrella of the National Center for
Biotechnology Information (NCBI) reached a data volume of 57.9 petabytes in 2024 [35],
while the number of assembled genomes exceeds 2.3 million [36]. Through the screening and
recovery of novel metagenome-assembled genomes (MAGs) and single-cell amplified
genomes (SAGs) from public archives by data-driven projects, such as the Genome Taxonomy
Database (GDTB) [37], the Genomes from Earth’s Microbiomes (GEM) [38], the OceanDNA
MAG catalog [39] and the Ocean Microbiomics Database [40], the catalog of microbial
diversity is steadily increasing. Genomic analyses conducted on unidentified microorganisms
disclosed novel functions and illustrated the extent of their untapped metabolic potential [38,
40-43]. These studies provided first evidence of the wealth of information available in existing

data on public archives.
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Despite the evidence outlined above for the importance of the rare biosphere, rare taxa remain
regularly overlooked in environmental metagenomic studies, since the most abundant taxa
remain the focus of the research on key players in microbial communities [6]. Still, the
generated sequencing data may hold valuable information about the phylogenetic and
metabolic diversity of rare taxa, their habitats and their role in the Earth’s environments, that
can be accessed by group-targeted data mining of the SRA.

Especially archaea have been regarded as members of the rare biosphere, complicating the
study of their diversity and function in biogeochemical cycles [34, 44]. While it has been
estimated that half of the archaeal diversity remains unidentified, multiple archaeal groups were
shown to play an important role in organic matter degradation [34, 45, 46]. To investigate the
capabilities of uncultivated archaea involved in the degradation of organic matter, specifically
proteins, we established enrichments amended with pure egg-white protein (further referred to
as protein). After detecting a so far ecologically and metabolically uncharacterized and rare
class of the phylum Thermoplasmatota within these protein-amended enrichments, we used the
data available on the databases of the International Nucleotide Sequence Database
Collaboration (INSDC) to conduct an extensive group-targeted data mining to describe this
new class. By screening 11,479 publicly available genome assemblies, data from 8,287
metagenomic sequencing runs as well as the genomes of the Ocean Microbiomics Database
(OMD), we generated an integrative dataset enabling the study of this new class. We
investigated the phylogenetic diversity, biogeography and metabolic capabilities of the novel
class and present three so far unknown orders within this group. Notably, by analyzing the
metabolic potential within the novel class, we observed percentages of unknown genes higher

than those found in any other class within the Thermoplasmatota.

3.1.3 Results

3.1.3.1 High abundance of an ecologically and metabolically uncharacterized class of the
phylum Thermoplasmatota in protein enrichments

To investigate the potential for novel microorganisms involved in protein degradation, we
established a series of slurry enrichments using sediment from the Helgoland mud area. In
order to reduce, and eventually eliminate the sediment component, incubations were transferred
into anoxic Widdel medium after 372 days for further enrichment (methods section 2).
Subsamples of the second-generation enrichment were taken on days 98 (480 days total) and
157 (529 days total) to perform 16S rRNA amplicon sequencing and qPCR. Within one

replicate incubation, amended with protein, sulfate, and antibiotics, we observed a high relative
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abundance of EX4484-6 (90.4%), a so far undescribed class within the phylum
Thermoplasmatota, which had increased from day 98 to day 157 (Fig. 1a, Table S1). The taxon
was represented by four ASVs of which one ASV showed a relative abundance of 90.2% (Fig.
S1b, Table S1). In contrast, a second replicate showed a high relative abundance of ‘Candidatus
Prometheoarchaeum syntrophicum’ strain MK-D1 on day 157 (86.56%), while the relative
abundance of the EX4484-6 class was lower (12%) (Fig. Sla and Slc, Table S1, Results SI).
The control samples without protein amendment showed high relative abundances in
Bathyarchaeia and Lokiarchaeia, reaching up to 52% and 31%, respectively. The class
EX4484-6 was not enriched in any of the control samples.

Using a newly designed qPCR primer set, we followed the abundance of 16S rRNA gene copies
of the class EX4484-6 within the same enrichments. In the unenriched environmental samples
and in control samples, gene copies of the EX4484-6 class were below the detection limit (Fig.
1b), providing first indication that in the environment this group is a member of the rare
biosphere. However, in the protein-amended samples, the 16S rRNA gene copies of the
EX4484-6 class increased 100-fold from day 98 to day 157, reaching a number of 1.2 x 10’
gene copies per ml slurry (Fig. 1b, day 157). After 372 days (744 days total), gene copies
decreased again (8.7 x 10° gene copies per ml slurry; Fig. S2). Based on these initial findings
the uncultivated EX4484-6 class might be involved in protein metabolism. Metagenomic

sequencing was performed to further analyze the metabolic potential of this class.
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Figure 1 Abundance of archaeal 16S rRNA genes in second generation enrichments on day 98 and 157. (a)
Relative 16S rRNA gene abundance within protein samples (amended with protein, sulfate and antibiotics) on day
98 and day 157 and control samples (amended with sulfate and antibiotics). (b) 16S rRNA gene copies per mL
slurry of the classes EX4484-6 and Lokiarchaeia subgroup Loki-2b in protein-amended samples and control
samples.
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3.1.3.2 Data mining uncovers 35 MAGs representing the class EX4484-6

Through metagenomic sequencing of the protein and antibiotics amended enrichment from day
157, we retrieved one MAG classified as member of the class EX4484-6. To analyze the
phylogeny between the 16S rRNA gene obtained from the EX4484-6 MAG and the highly
abundant EX4484-6 ASV obtained through 16S rRNA gene amplicon sequencing, we
calculated a 16S rRNA gene phylogenetic tree (Fig. S3). Both, the full length 16S rRNA gene
from the MAG and the 16S rRNA gene sequence of the ASV fell into the same branch with a
sequence identity of 100%. Both sequences are closest to the cultured representative
Methanomassiliicoccus luminyensis, with a sequence identity of 83-84% and 100% of the 16S
rRNA gene sequence of the ASV and 97% of the 16S rRNA gene from the MAG being covered
(Table S2).

To further characterize the novel class, we performed a group-targeted data mining,
investigating the phylogenetic breadth, biogeography, abundance and rarity in other habitats,
as well as the metabolic capabilities. We increased the number of available genomes of the
EX4484-6 group by searching 11,479 genome assemblies of the phylum Thermoplasmatota
and additional unclassified genome assemblies (Fig. 2a) published in GenBank. Still, we could
only find an additional five published EX4484-6 MAGs, prompting us to screen 57.8 TB of
publicly available metagenomic short read data. Using the non-redundant marine EX4484-6
MAG:s retrieved through the first screening, we searched 8,287 publicly available metagenomic
runs of aquatic origin for the presence of EX4484-6 MAGs (Fig. 2b-e). Sampling bias was
reduced by screening samples of 30 different categories, covering coastal and open ocean
environments, along with extreme habitats known to host Thermoplasmatota [47-51] (Fig. 2e).
In 30 metagenomic studies the class EX4484-6 was found with a cumulative coverage > 2
(Table S3). Medium and high quality EX4484-6 MAGs as per the minimum information about
a metagenome-assembled genome (MIMAG) [52] could be reconstructed from the studies
(PRINA368391, PRINAS531756, PRINAS541421, PRINA704804, PRINA721298 and
PRINAS889212 and were added to our dataset. Further, previously unpublished EX4484-6
MAGs from the Baltic Sea, Benguela upwelling system (Namibia), Cariaco basin (Venezuela),
Arabic Sea, Qinghai Lake (China) and the Scotian Slope (Atlantic Ocean), were added to our
dataset (Table S4), yielding a total of 35 medium to high quality EX4484-6 MAGs with a
completeness of > 80% (80.3% to 97.9%) and contamination of < 5% (0.05% to 4.35%).
Genome sizes of the single MAGs were adjusted based on their completeness and varied from

the smallest genome size of 1.14 Mbp to the largest genome size of 3.94 Mbp (Table S5).
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3.1.3.3 EX4484-6 forms a novel class with four orders

Next, we performed a phylogenomic analysis on 370 Thermoplasmatota species found within
the screened 11,479 genome assemblies and all 35 EX4484-6 MAGs. The tree based on 53

archaeal marker genes showed one distinct cluster with high bootstrap support consisting of all

87



Chapter 111

35 EX4484-6 MAGs (Fig. 3a). Taxonomic ranks were assigned to the EX4484-6 MAGs using
the relative evolutionary divergenge (RED) rank normalization according to GTDB [37]. Based
on the calculated RED, the EX4484-6 cluster can be grouped into four orders (orders 1-4) (Fig.
S4), which consist of in total six families (order 1: family 1A, 1B; order 2: family 2; order 3:
family 3A, 3B; order 4: family 4). From these only families 1A and 1B were represented in the
GTDB database versions 207 and 214. Additional computed average nucleotide identity (ANI)
and amino acid identity (AAI) supported the reported RED values (Fig. S5 and S6).
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Figure 3 Phylogenomic tree of the Thermoplasmatota based on 53 archaeal marker genes. (a) Maximum-
likelihood tree (RAXML, 100 bootstraps) of 370 Thermoplasmatota MAGs and 35 EX4484-6 MAGs obtained
through data mining of genome assemblies and metagenomic short-read data sets. MAGs in bold define the non-
redundant EX4484-6 MAGs, derived through MAG dereplication (methods section 7). Node labels indicate RED
values, which were used to define the phylogeny of the EX4484-6 class into four orders, consisting of 6 families
(1A, 1B, 2, 3A, 3B, 4). The environments from which single MAGs are derived are indicated by a colored strip.
(b) Relative abundance of EX4484-6 families in the environment. The environments individual MAGs were found
in are indicated by color.
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3.1.3.4 EX4484-6 is globally distributed in coastal and organic rich areas

We aimed to further gain insights into the biogeography of the EX4484-6 MAGs and
differences between the habitats of individual families within this class. For this, 8,573
metagenomic runs were mapped against 20 non-redundant EX4484-6 representatives and
relative abundances of MAGs in these samples were calculated. From all searched
metagenomic sequencing runs, EX4484-6 MAGs could only be detected in 128 runs (Table
S6-7). We used stringent detection methods with a minimum breadth of coverage of 50% and
a minimum percentage identity of 95% for computation of relative abundances to avoid false
positives. Using these strict detection thresholds, three of the non-redundant EX4484-6 MAGs
(MSM105, EMB267, GCA_016928095.1) were not found in any of the searched runs. These
three MAGs did already cluster with a greater distance in our phylogenomic tree and thus might
occupy habitats that were not included in our analysis or for which data was scarce.

Relative abundances of EX4484-6 MAGs in the environment ranged between 0% and a
maximum of 0.32%, with on average < 0.05% (Fig. 3b and 4, Fig. S7). While at class level,
EX4484-6 could be detected in continental shelf environments worldwide (Fig. S7), single
families preferred very distinctive habitats (Fig. 3b and 4). MAGs of the families 1A and 2
were mostly detected in marine surface sediments (Table S7). Family 1A was additionally
present in a variety of environments, such as lake and marine sediments, hydrothermal vents
and cold seeps, and therefore could be found more globally distributed (Fig. 3b and 4). The
MAGs of family 2 were present in marine sediments from the Baltic Sea (Fig. 3b). MAGs of
family 1B were only found in hydrothermal sediments from the Guaymas and Pescadero basin
(Fig. 3b). All MAGs from the families 3A, 3B and 4 were found in the marine water column,
specifically oxygen minimum and deficient zones (Fig. 3b and 4). MAGs of families 3B and 4
were confined to the Cariaco Basin (Venezuela), while family 3A was additionally observed
in the Arabic Sea and off the coast of Mexico, Peru and Chile (Fig. 3b). Two of the MAGs
originating from the water column (SAMEA2620113_1 and SAMN10231904_1) were found
predominantly in the free-living fraction of the seawater community (retained on filters with a
pore size 0-5 um), suggesting a habitat selection of these microorganisms (Fig. 4a). However,
most other MAGs found within the water column were derived from bulk seawater samples
(retained on filters with 0.2 um pore size), thus it cannot be resolved whether they were part of
the free-living or particle-associated community (Fig. 4a). The class EX4484-6 occurred in less
than 1% of all screened data sets (Fig. S8a). Compared to other classes within the phylum of

Thermoplasmatota, the class EX4484-6 showed the lowest average relative abundance in the
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environment (Fig. S8b). Highest relative abundances among the Thermoplasmatota were found

in the classes Thermoplasmata (up to 43%) and Ca. Poseidoniia (up to 6%).
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Figure 4 Relative abundances of EX4484-6 MAGs in screened samples for (a) individual non-redundant
MAGs. For MAGs found in marine water samples, the filter size each sample was filtered through is indicated by
shape. Colors indicate the environment of the samples in which the MAGs were found. (b) Relative abundance
of EX4484-6 MAGs summarized by family and for the class as whole.

3.1.3.5 Housekeeping genes and shared metabolic potential encoded by the core genome
of the class EX4484-6

To assess genomic differences among families, orthogroups shared between MAGs of the class
EX4484-6 were studied. Orthogroups are defined as a set of genes, which descended from a
single last common ancestor [53] and as such are considered to be homologous [54]. For this
we performed an NMDS analysis based on orthogroups found within all EX4484-6 MAGs
(Fig. S9a). The NMDS showed a clustering of MAGs, which resembled the structure of the

phylogenomic tree (Fig. 3a) with MAGs derived from sediment samples and those derived
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from water samples forming two well-defined distinct clusters. Generally, the number of
orthogroups found per family resembled differences in genome sizes within the families (Fig.
S9b, Table S5). Three of the families contained high numbers of family-specific orthogroups.
In family 1A, with the highest number of orthogroups (n=2,961), 1,179 family-specific
orthogroups (40% of the orthogroups in this family) could be identified (Fig. S9b). Families
3A and 4 from the water column contained 848 (32%) and 800 (40%) family-specific
orthogroups, respectively. We further observed that more closely related families within the
class EX4484-6 shared more orthogroups (Fig. S10). In total we found 477 orthogroups, which
were present in at least 90 % of all 35 EX4484-6 MAGs and as such were defined as core
genome of the class EX4484-6 (Table S8). Overall, the core genome encoded expected
housekeeping genes involved in gene expression, such as translation, transcription, replication,
DNA repair, tRNA biogenesis and ribosomal proteins. Further, genes affiliated with metabolic
processes, such as transporters, the gluconeogenesis pathway, TCA cycle, pyruvate
metabolism, fatty acid and amino acid degradation were found within the core genome (Tables
S8-11). Moreover, genes needed for biosynthetic processes, such as the nucleotide and amino
sugar metabolism as well as the biosynthesis of amino acids, fatty acids, lipids, glycans,

vitamins and cofactors were encoded (Tables S8-10).

3.1.3.6 Heterotrophy and mixotrophy as main nutritional strategies of the class
EX4484-6

As we found our initial EX4484-6 MAG within protein-amended enrichments, we analyzed all
MAGs for the potential of protein degradation (Table S11). Metabolic capabilities included
amino acid degradation for all MAGs of this novel class (details see Fig. 5). MAGs of the
families 1A, 1B and 2 additionally encoded genes for extracellular peptidases of the families
C11A, M14B and SO8A (Fig. 5, Fig. S1la), required for the first step of protein polymer
hydrolysis into smaller peptides, whereas families 3A, 3B and 4 lacked genes for these
enzymes. However, MAGs of all families encoded genes for oligopeptide transporters,
different aminopeptidases (pepF, pepT, pepP, pepS, map) and aminotransferases (Table S12,
Fig. S11b). Furthermore, all MAGs encoded aspartate aminotransferase (aspB) and alanine
aminotransferase (alaA) for deamination. Single MAGs encoded an alanine-glyoxylate
transaminase (AGXT?2), branched-chain amino acid aminotransferase (i/[vE) and aromatic
amino acid aminotransferase. After deamination, the resulting 2-oxoacids can be further
converted to acetyl-CoA via pyruvate ferredoxin oxidoreductase (por), or to acyl-CoA via

indolepyruvate ferredoxin oxidoreductase (ior), 2-oxoacid:ferredoxin oxidoreductase (kor) or
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2-oxoisovalerate ferredoxin oxidoreductase (vor). Ferredoxin might serve as electron donor for
hydrogen formation by the present NiFe hydrogenase group 3c as suggested by Imachi, et al.
(2020) [55]. Energy-rich acyl-CoA can support ATP formation by an acetyl coenzyme A
synthetase (acdAB; ADP-forming), which was found in all orders. In four families (1B, 2, 3A
and 4) also genes for succinyl-CoA synthetase (sucCD) were found. The amino acid
degradation results in the main products acetate and organic acids. The families 2, 3A and 4
additionally encoded all genes of the beta-oxidation pathway, including a butyryl-CoA
dehydrogenase (ACADS), acyl-CoA dehydrogenase (ACADM), enoyl-CoA hydratase (crt), 3-
hydroxyacyl-CoA dehydrogenase (fadB) and acetyl-CoA acyltransferase (fadA) to further
degrade short and medium chain acyl-CoAs. Family 1B additionally contained a lactate
dehydrogenase (IdhA), which forms lactate from pyruvate. The findings of protein, amino acid
and fatty acid degradation among the families of the EX4484-6 suggest a heterotrophic lifestyle
for this class. Moreover, the presence of genes of the Wood Ljungdahl pathway in family 3A
could indicate a mixotrophic lifestyle for this family. A more detailed annotation of metabolic
and assimilatory pathways can be found in supplementary results for all orders (Results SII,

Fig. S12-15, Table S10-12).

3.1.3.7 EX4484-6 families are adapted to environmental stress

MAGs of all families encoded genes for the prevention of oxidative stress, including
thioredoxin reductase (¢#rxR), thioredoxin (#rxA), and the desulfoferredoxin (dfx), acting as
superoxide reductase [56]. Moreover, in MAGs of all families, except family 4, genes for the
conversion of hydrogen peroxide to water, catalyzed by peroxiredoxin (prxQ), were found [57].
MAGs of the families 1A and 2 further contained genes for the reduction of arsenate via an
arsenate reductase (arsC), which reduces arsenate As(V) to arsenite As(III). For removal of
arsenite from the cell a gene encoding an arsenite transporter (acr3 / arsB) was found in MAGs
of family 1A, 2 and 3A. An arsenite methyltransferase (AS3MT) was additionally found in the
MAGs of family 1A, 3A, 3B and 4. Lastly, a gene for the defense against antimicrobial drugs
was encoded in all MAGs of family 1A, 2 and 4, annotated as a MATE family drug/sodium

antiporter, which is driven by a sodium gradient [58].
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Figure 5 Metabolic reconstruction of the main metabolic features of the novel class EX4484-6. The presence
of genes is indicated by full or half circles for each family or with red stars if present in >75% in all families.
Amino acid degradation: gdhA glutamate dehydrogenase, kor 2-oxoacid:ferredoxin oxidoreductase, vor 2-
oxoisovalerate ferredoxin oxidoreductase, ior indolepyruvate ferredoxin oxidoreductase, por pyruvate ferredoxin
oxidoreductase, acd acetyl coenzyme A synthetase; beta-oxidation: ACADS butyryl-CoA dehydrogenase,
ACADM acyl-CoA dehydrogenase, crt enoyl-CoA hydratase, fadB 3-hydroxyacyl-CoA dehydrogenase, fadA
acetyl-CoA acyltransferase; rTCA: acl/ACLY ATP-citrate lyase, ACO aconitate hydratase, idh isocitrate
dehydrogenase, korABCD 2-oxoacid:ferredoxin oxidoreductase, sucCD succinyl-CoA synthetase, sdhAB
succinate dehydrogenase / fumarate reductase, fum fumarate hydratase, mae malate dehydrogenase (oxaloacetate-
decarboxylating); pyruvate metabolism: acd acetyl coenzyme A synthetase, acs acetyl-CoA synthetase, por
pyruvate ferredoxin oxidoreductase, Idh lactate dehydrogenase; hydrogenases: hydADGB sulfhydrogenase, mvh
F420-non-reducing hydrogenase, hdr heterodisulfide reductase, hypABCDEF hydrogenase expression/formation
protein, atpABCDEFGHJK V/A-type H+-transporting ATPase, lctP lactate permease, hppA K(+)-stimulated
pyrophosphate-energized sodium pump, TC.NSS neurotransmitter:Na+ symporter family.

3.1.3.8 Rare MAGs in the phylum Thermoplasmatota hold higher numbers of
functionally unknown genes

We observed high numbers of hypothetical and unknown genes in all MAGs of EX4484-6
(Table S14, Fig. S16), besides the low relative abundance of MAGs of this class in the screened
metagenomic runs. As this group must be regarded as part of the rare biosphere, this raises the
question of whether the number of hypothetical and unknown genes are unexpectedly high in
this novel class. Genes were defined as unknown, if the genes could neither be annotated
through the non-redundant RefSeq database (NR) nor by KEGG. The percentage of unknown
genes among the EX4484-6 ranged between 1.6% to 63% in single MAGs with on average
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26% and the highest percentages of unknown genes found in MAGs of the families 2, 3A, 3B
and 4, most of which derived from the water column (Fig. S16). Additionally, AGNOSTOS
was run to investigate novelty at protein domain level [43]. Based on the AGNOSTOS
classification, 14% - 29% of the genes in the EX4484-6 MAGs were classified as genomic
unknowns (genes with unknown function, derived from sequenced or draft genomes), and
between 0.24% - 17% genes have been characterized as environmental unknown (genes with
unknown function, found only in environmental metagenomes or MAGs) (Fig. S17) with no
further functional assignment. While classification through AGNOSTOS showed a higher
percentage of genes with known protein domains, KEGG and NR annotations could not give
functional assignments for these genes, which were therefore regarded as novel genes. Novel
genes in this study were defined as those genes that are orphan in function despite possibly
being found in other microorganisms.

To test for a correlation between the percentage of unknown genes and the occurrence of the
MAGs within the phylum of Thermoplasmatota, we defined a rarity index as median relative
abundance of the MAG in the environment, weighted by the fraction of data sets the MAG
occurred in across all screened data sets (fraction of occurrence). Based on the rarity index we
differentiated between rare (rarity < median rarity) and common (rarity > median rarity)
MAGs. MAGs in the category not detected were not found in any of the screened aquatic-
derived metagenomic runs (Fig. 6), as these MAGs originated from soil, biodigesters, or human
and animal-associated habitats (Table S15). Thus, low or missing relative abundances for these
non-aquatic Thermoplasmatota do not necessarily classify these taxa as overall rare but rare in
the screened environments. The percentages of unknown genes in the rare group were higher
than the percentages of unknown genes in the common group (Fig. 6b). Notably, we found that
most of our EX4484-6 MAGs (73%) were defined as rare by our definition (Fig. 6a, Table
S16). Further, we observed that the three novel EX4484-6 orders (order 2, 3 and 4) hold a

higher percentage of unknown genes compared to any other Thermoplasmatota order (Fig. 6¢).
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Figure 6 Relationship between gene novelty and MAG occurrence. (a) Percentage of unknown genes vs. rarity
for each of the redundant MAGs within the phylum of Thermoplasmatota. The x-axis was square-root (sqrt)-
transformed. The rarity index was defined as median relative abundance weighted by the fraction of occurrence.
MAGs below the median rarity were defined as rare, MAGs above were defined as common. (b) Percentage of
unknown genes in genomes of the three defined rarity groups: rare, common and not detected (nd), which contain
those genomes, to which none of the screened metagenomic short read data mapped. Differences between groups
were tested by Wilcoxon Signed Rank test, Bonferroni adjusted significance threshold: 0.0167, p-values are
indicated by asterisks (**** p <= 0.0001, *** p <= 0.001, ** p <= 0.01). Number of observations N indicate
number of genomes sorted into each of the defined rarity groups. (¢) Percentage of unknown genes for each order
found within the phylum Thermoplasmatota. Number of observations N represents the number of
Thermoplasmatota genomes per order.
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Following up on the hypothesis of the rare biosphere acting as gene pool for the community,
we investigated if orthogroups found in the EX4484-6 MAGs were also present in other
Thermoplasmatota. Results showed differences between orthogroups shared among EX4484-
6 MAGs and those shared with other Thermoplasmatota (Wilcoxon Signed Rank test,
Bonferroni adjusted p-value: 0.0167). While we observed significant differences between
orthogroups shared among EX4484-6 MAGs and those shared with other Thermoplasmatota
for orthogroups in all three categories (annotated, hypothetical and unknown), the absolute
effect size was highest for hypothetical and unknown orthogroups (Impact Effect size test,
annotated: 0.3496, hypothetical: 1.1955, unknown: 2.2668). Thus, hypothetical and unknown
orthogroups found in the EX4484-6 MAGs were mostly confined to the EX4484-6 class (Fig.
S18), while annotated orthogroups were more likely to be shared between EX4484-6 MAGs

and other Thermoplasmatota.

3.1.4 Discussion

Only recently, the importance of the rare biosphere in the environment and its role in promoting
community stability has been recognized [2, 6, 13, 59, 60]. Studies on global phylogenetic
diversity identified not only abundant taxa but also members of the rare biosphere [37, 38, 40,
61]. Yet, studies on the rare biosphere in marine environments are very limited and the roles
rare taxa play in these ecosystems remain elusive. We detected the novel and rare class
EX4484-6 within the phylum of Thermoplasmatota in protein-amended enrichments. Using
these first findings, we combined information gathered from the enrichment experiments and
coupled these to extensive group-targeted data mining to investigate organic matter degradation
by the EX4484-6. This class has been so far overlooked; it remains unexplored and scarcely
represented in INSDC databases.

In this study, we identified the class EX4484-6 as organic matter degrader in sediments from
the Helgoland mud area, likely able to survive on protein compounds as sole carbon source,
enabled by the presence of genes encoding pathways for degradation of amino acids in all 35
EX4484-6 MAGs (Fig. 5). These results are consistent with findings on several other members
of the phylum Thermoplasmatota, which live heterotrophically or mixotophically by degrading
organic matter, i.e., utilizing fatty acids, carbohydrates, proteins, peptides and amino acids as
their substrates in aquatic environments [45, 46, 62, 63]. Along with genes for the degradation
of amino acids, MAGs of sediment inhabiting EX4484-6 families encoded genes for
extracellular peptidases involved in protein polymer hydrolysis. In MAGs derived from the

water column, genes for protein degradation were not found, contrasting other abundant
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planktonic Thermoplasmatota that were shown to degrade proteins [62]. The pelagic EX4484-
6 MAGs in our study might have lost the trait for protein degradation or thrive in close
proximity to those microbes that host extracellular peptidases. Despite that missing genes in
some families could also result from the incompleteness of the analyzed MAGs, our
observation suggests different lifestyle preferences among the EX4484-6 families. Although
the potential for fatty acid degradation was observed in some of the MAGs, the oxidation
reaction is thermodynamically unfavorable and mechanisms for the consumption of reducing
equivalents are required [64]. As we did not observe an alternative electron acceptor, electrons
might undergo bifurcation via the detected heterodisulfide reductase [65], which was present
in some EX4484-6 members with the potential of fatty acid oxidation. Alternatively, the
fermentation of fatty acids could also become favorable by a low hydrogen partial pressure in
the environment [64]. Therefore, despite showing the potential for fatty-acid degradation, the
feasibility of this metabolism remains so far unresolved for members of EX4484-6.

Overall, all data sets containing reads of EX4484-6 MAGs were confined to continental shelf
environments. These areas are regarded as organic carbon storage hotspots where large
amounts of carbon are supplied through river discharge and land runoff, and large
phytoplankton blooms in upwelling areas [66, 67]. Due to high organic matter input and high
sedimentation rates, oxygen in such sediments can be depleted within the first millimeters,
generating an anoxic environment [68]. Corroborating EX4484-6 presence in anoxic
environments, all MAGs from the water column were predominantly found in oxygen
minimum and oxygen deficient zones, in which high bioavailability of marine organic matter
is prevalent due to high primary productivity in the overlying water column and high
respiration causes local anoxia [69-72]. The presence of all MAGs only in such organic,
carbon-rich and anoxic environments with high input of marine organic matter agrees with our
findings that the class EX4484-6 is involved in amino acid and partially protein degradation,
besides being protected against possible oxidative stress.

Additional to the core metabolism shared among the majority of EX4484-6 MAGs, we
identified environment-specific adaptations. MAGs retrieved in this study were found in
samples from marine sediments, lake sediments, hydrothermal sediments and vents, cold seeps
as well as the marine water column. While most EX4484-6 families were found at distinct sites
only and may therefore occupy very distinctive habitats, two families (1A and 3A), exhibited
a more widespread distribution. We detected a high functional repertoire of the most
heterogenous family 1A, reflected by a high number of family-specific orthogroups. Finding

the highest number of MAGs in this family reflects its broad distribution.
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Specific environmental adaptions could be detected in most of the families. For example,
families 1A, 2 and 4 were found in locations of the Baltic Sea and the Cariaco Basin in
Venezuela, which are in proximity to riverine input. As such, these locations might be
experiencing input of wastewater, which could explain the defensive MATE family
drug/sodium antiporter excreting antimicrobial drugs or naturally occurring antibiotics in these
MAGs. The presence of such genes might indicate antimicrobial resistance in these human-
influenced environments [73-75]. Further, MAGs found in the Baltic Sea carried genes against
arsenic toxicity, which is in agreement with high arsenic concentrations reported in this
environment [76].

Moreover, the class EX4484-6 did not only exhibit a habitat selection of specific continental
shelf environments, but its relative abundance in the environment also did not exceed 0.32%,
with an average relative abundance of < 0.05%, making this class a member of the rare
biosphere based on currently used definitions [2, 6]. In contrast, other classes within the
Thermoplasmatota, such as Ca. Poseidoniia and Thermoplasmata were found to have much
higher relative abundances in the screened aquatic environments. Only recently, novel taxa,
namely Ca. Sysuiplasmatales, Ca. Lunaplasmatales, Ca. Yaplasmales and Ca.
Gimiplasmatales were described and are characterized by limited environmental distribution
and low abundances [51, 77-79]. The continuous detection of novel rare taxa indicates the
untapped diversity, which lies within the whole phylum of Thermoplasmatota and might lie
within other prokaryotic phyla. Our findings highlight the importance of studying the rare
biosphere to understand not only their metabolic functions, including so far undescribed
functional diversity, but also evolutionary processes [34], such as the transition from an aerobic
to anaerobic lifestyle among members of the Thermoplasmatota [51].

Besides being classified as rare biosphere member, all orders of the class EX4484-6 contained
high percentages of unknown and hypothetical genes. An average of 26% of the genes in the
EX4484-6 MAGs were unknown. Specifically, MAGs of the families found in the water
column exhibited high percentages of unknown genes (43-63%). In general, rare MAGs as
opposed to common MAGs within the phylum Thermoplasmatota hold higher percentages of
unknown genes (Fig. 6a), with the three newly identified EX4484-6 orders (2, 3 and 4) having
the highest percentages of unknown genes among the whole phylum. It is a common feature of
uncultivated and rare taxa to contain high numbers of unknown protein families [2, 41] with
up to 70% of genes lacking a functional annotation [38, 80]. These results could be expected
as annotation databases, such as KEGG and NR, use complete genomes and functionally

characterized genes as reference [81, 82] and lack information on uncultivated taxa.
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One important hypothesis raised is whether rare biosphere organisms function as genetic seed
bank under changing environmental conditions [2, 6, 7]. To investigate if the high numbers of
hypothetical and unknown genes found within the EX4484-6 MAGs in our study could provide
such a gene pool, we analyzed the presence of these genes in members of all
Thermoplasmatota. Only few of the unknown and hypothetical genes found within the
EX4484-6 were also shared among other Thermoplasmatota, indicating that lateral gene
transfer of the uncharacterized genes among other Thermoplasmatota was absent or very
limited. The lack of gene transfer of these uncharacterized genes suggests that these genes
rather act as accessory genes than core metabolic functions [83]. Therefore, these unknown and
hypothetical genes most likely do not serve as a gene pool for other members in this phylum.
The absence of lateral gene transfer for these uncharacterized genes raises the question of which
evolutionary pressures and vectors of lateral gene transfer might be inactive. As members of
the rare biosphere the class EX4484-6 could undergo less phage predation and as such phage
mediated gene transfer might be restricted, yet also genetic distance to other organisms could
be indicative of a lack of lateral gene transfer by transduction [84]. However, so far our
exploration of the potential for lateral gene transfer is limited to the EX4484-6 MAGs and the
phylum Thermoplasmatota and thus, additional insights may be gained by extending the

analysis to all prokaryotic lineages.

3.1.5 Conclusions

With our study, we demonstrated how to combine targeted enrichments with metagenomic
sequencing and group-targeted data mining to investigate the metabolic potential of the rare
biosphere, specifically focusing on the uncharacterized class EX4484-6 within the phylum
Thermoplasmatota. We identified the class EX4484-6 as member of the rare biosphere,
utilizing proteins and amino acids in organic matter rich and aquatic habitats with limited or
no oxygen. Our study revealed habitat-specificity for all families in this class with low
abundances in their environments. We used the group EX4484-6 to better understand features
of rare microorganisms in the environment and could identify high percentages of hypothetical
and unknown genes, compared to other classes of the phylum Thermoplasmatota. The limited
lateral transfer of these uncharacterized genes offers an intriguing incentive to further explore
the functional and genetic diversity among members of the rare biosphere. Temporally variable
abundances and niche preferences of rare biosphere members can be further investigated by
sequencing so far underrepresented environments and over a series of time. Our findings not

only shed light on the metabolic potential and habitat-specificity of the class EX4484-6 but
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also underscore the broader importance of exploring the rare biosphere. Building on this
foundation, the data available in public archives present a valuable opportunity to target the
generation of new data in areas of underrepresentation, such as the rare biosphere, by first
thoroughly reusing what is available. With this study, we highlight the need of targeted and
data-integrative approaches to gain further insights into the rare biosphere and unravel

functions and metabolic potential that lie within these understudied taxa.

3.1.6 Methods

3.1.6.1 Sample collection and enrichments

Sediment was collected from the Helgoland mud area (54°05°15.5”’N, 7°58°05.5’E) by
gravity coring in 2017 during the RV HEINCKE cruise HE483 [85]. Sediments from a depth
of 45-70 cm were selected from gravity core HE483/2-2 for initial slurry incubations. We
selected sediments from the Helgoland mud area for these incubations as it is renowned for its
high organic content [86, 87]. Anoxic slurry incubations were set up using sediment and
sterilized artificial sea water (ASW; composition 26.4 g NaCl, 11.2 g MgCl,- 6 H2O, 1.5 g
CaCl; - 2 H20, 0.7 g KCI and 4.26 g Na>SOq per liter) at a ratio of 1:4 (w/v). A total volume
of 50 ml mixed slurry was dispensed in 120-ml serum bottles sealed with butyl rubber stoppers.
To remove residual oxygen, the headspace of the serum bottles was exchanged with N»>. The
slurry was preincubated for two days. Four replicates were set up for each initial treatment,
containing either 1.86 g/l egg white protein or no additional substrate as control. Two of the
four treatments were additionally amended with an antibiotic mix (D-cycloserin, kanamycin,
vancomycin, ampicillin and streptomycin; 40 mg/1 for each). Samples were incubated at 20°C.
After 25 days, one replicate of the protein enrichment with antibiotics and one replicate without
antibiotics was additionally amended with sodium 2-bromoethanesulfonate (BES; 4 mM) for

the inhibition of methanogenesis.

3.1.6.2 Further enrichment of target microorganisms

To retrieve highly enriched Thermoplasmatota from the first generation of enrichments, 5 ml
slurry were anoxically transferred into Widdel medium after 372 days of the initial incubations.
A total volume of 25 ml medium was anaerobically dispensed into 50 ml serum bottles and the
headspace was flushed with N2:COz (80:20, v/v) (BIOGON C20 E941/E290; Linde, Germany).
As basal medium, anaerobic Widdel medium [88] was prepared using salt water medium (20.0
g NaCl, 3.0 g MgClL>- 6 H20, 0.2 g KH2POs, 0.25 g NH4Cl, 0.5 g KCI, 0.15 g CaCl: - 2 HoO
per liter): After sterilization, the basal medium was cooled down under N2:CO> (80:20, v/v)

atmosphere. Sterilized 1 M NaHCO3 (30 ml), trace element solution SL 10 (1 ml) [89], selenite-
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tungstate solution (1 ml) [88], 7 vitamins solution (0.5 ml) [90] and sodium sulfide (NaxS - 9
H»O; final concentration 0.7 M) were added into 1 I basal medium. As redox indicator,
sterilized resazurin (0.2 ml; 0.2 % w/v) was added. The pH was adjusted from 7.2 to 7.4.

All samples were amended with 30 mM sulfate (Na>SO4) and an antibiotics mix (D-cycloserin,
kanamycin, vancomycin, ampicillin and streptomycin; 50 mg/1 for each). Control samples were
incubated without an additional carbon source. Protein samples were amended with 2.33 g/l

egg white protein as sole carbon source. Samples were incubated at 20°C.

3.1.6.3 Nucleic acid extraction

Two milliliters of slurry were sampled anaerobically from each of the treatments at day 98, 157
and 372 of the second-generation enrichment (section 2) for nucleic acids extraction according
to Aromokeye, et al. (2018) [91]. DNA pellets were washed twice with 1 ml cold 70% ethanol
and eluted in 100 pl diethylpyrocarbonate (DEPC) treated water (Carl Roth, Germany). The
quality of nucleic acids was checked with a NanoDrop 1000 spectrophotometer (Peqlab

Biotechnologie, Erlangen, Germany).

3.1.6.4 16S rRNA gene amplicon sequencing

[llumina amplicon sequencing libraries were prepared as described in Aromokeye, et al. (2018)
[91] using 30 PCR cycles. Primers targeting the V4 region of the archaeal 16S rRNA were
Arc519F (5’-CAGCMGCCGCGGTAA-3’) [92] and Arc806R
(5’-GGACTACVSGGGTATCTAAT-3’) [93]. Thermal cycling conditions were as follows:
initial denaturation at 95°C for 3 min, 30 cycles of denaturation at 95°C for 20 s, annealing at
60°C for 15 s, elongation at 72°C for 15 s, final elongation at 72°C for 1 min. Amplicons were
generated at Novogene (Cambridge, UK) on the NovaSeq 6000 platform (2 x 250 bp, Illumina)
in mixed orientation by ligation, therefore resulting in forward and reverse amplicon orientation
in both forward (R1) and reverse read files (R2). Reads were demultiplexed and primer clipped
using cutadapt v2.1. [94] and further processed using the package dada2 v1.16.0 [95] in
R v4.0.2 [96]. R1 and R2 reads were trimmed to 150 and 160 bp with a maximum error rate of
2. Subsequently, error rates were learned and samples dereplicated and denoised independently
for each library orientation, by pooling the data from all samples, using a modified loess
function adapted for libraries with binned quality scores [97]. Error-corrected R1 and R2 reads
were merged into amplicon sequence variants (ASVs) and sequence tables for forward and
reverse orientations were combined by reorientation of the reverse ASVs. Chimeras, ASVs of
unexpected lengths (< 249 bp and > 255 bp) and singletons were removed. A bootstrap cutoff

of 80 was used to perform taxonomic classification with the assignTaxonomy function of dada2
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with a newly formatted GTDB 1214 reference database containing the full 16S rRNA gene set.

For further processing of archaeal ASVs all non-archaeal taxa were removed.

3.1.6.5 Quantitative PCR (qPCR)

We quantified 16S rRNA gene copy numbers of Archaea, Bacteria and uncultured
Thermoplasmatota in the second-generation enrichments. Reaction mixtures contained 1x
Takyon Master Mix (Eurogentec, Seraing, Belgium), 4 ug bovine serum albumin (Roche,
Mannheim, Germany), 300 nM primers, 1 ng of DNA template or 2 ul of standard in a total
reaction volume of 20 pl. The primer pair used for archaea was 806F/912R
(5’-GACTACHVGGGTATCTAATCC-3* / 5 -GTGCTCCCCCGCCAATTCCTTTA-3’,
annealing temperature 58°C) [98], for bacteria 8Fmod/338Rmod
(5’-AGAGTTTGATYMTGGCTCAG-3’ / 5>-GCWGCCWCCCGTAGGWGT-3’, annealing
temperature 58°C) [99, 100], for uncultured Thermoplasmatota (EX4484-6) the newly
designed pair 472F/633R (5’-CGGTAAATCTCTGGGTAAATCG-3’ /
5’-ACCCGTTCTGGTCGGACGCYTT-3’, annealing temperature 64°C) and for Lokiarchaeia
subgroup 2b a newly designed pair Loki2b_34F/Loki2b_278R
(5’-TCCGACTGCTATCCGGGTAA-3* / 5>-TCACGGCCCTTATCGATCAT-3’, annealing
temperature 60°C). Thermal cycling conditions were as follows: initial denaturation at 95°C
for 5 min, 40 cycles of denaturation at 95°C for 30 s, annealing at given temperatures for 30 s,

elongation at 72°C for 40 s.

3.1.6.6 Metagenomic analysis

After analyzing the amplicon sequencing data, the protein and antibiotics amended replicate of
day 157 (second generation), which showed a high proportion of Thermoplasmatota, was
chosen for metagenomic sequencing. An amount of ~ 1 ug extracted DNA was used for
metagenomic sequencing on the Illumina HiSeq 4000 platform (2 x 150 bp) at Novogene
(Cambridge, UK). Metagenomic reads were adapter and quality trimmed using bbduk from
bbmap v38.86 [101]. De novo assemblies were generated with SPAdes v.3.15.5 using the flag
meta [102] and megahit v1.2.9 using the preset meta-sensitive [103]. For read mapping, fasta
headers of each of the assemblies were simplified with anvio-7.1 [104]; contigs < 1000 bp were
removed and subsequently the quality-trimmed reads were mapped back to the assemblies
using bowtie2 v2.3.5.1 [105]. For each assembly, binning was performed with metabat2
v2.12.1 [106] and CONCOCT v1.0.0 [107], followed by bin refinement using the bin
refinement module of metaWRAP v1.3.1 [108]. The refined bins of both assemblies were then

dereplicated by dRep v3.0.0 using the ANImf algorithm with a primary ANI of 0.9 (mash v2.3
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[109]) and a secondary ANI of 0.95 (fastANI v1.32 [110]) with a minimum aligned fraction of
0.5 [111]. Dereplicated bins were reassembled using the bin reassembly module of
metaWRAP. Quality of obtained MAGs was calculated with checkM2 v0.1.3 [112] and
taxonomic classification was assigned through gtdbtk v2.1.0 [113], based on the GTDB
database v207 [37].

3.1.6.7 Retrieval of EX4484-6 MAGs from public archives

To increase the number of EX4484-6 MAGs for further analysis, a list of in total 19,931
genome assemblies, consisting of all Thermoplasmatota as well as ecological and unclassified
MAGsS according to their NCBI taxon ID, was retrieved through the ENA advanced search
interface (date accessed: 22.08.2022; Supplementary Fig. 19). Genome assemblies were
filtered based on their scientific names, removing those environments affiliated with
anthropogenic activities. The remaining 11,479 MAGs were downloaded from RefSeq [82] or
GenBank [114], quality assessed using checkM2 v0.1.3 [112] and filtered based on
completeness (> 80%) and contamination (< 5%). Quality filtered MAGs (1,602) were
taxonomically classified using gtdbtk v2.1.0 [113]. Only 714 MAGs classified as
Thermoplasmatota were kept for further analyses. Additionally, this MAG collection was
supplemented by 132 quality filtered Thermoplasmatota MAGs from GTDB [37], which were
not yet included in the ENA search output. Furthermore, 34 additional Thermoplasmatota
MAGs from previous studies of Ca. Lutacidiplasmatales [50], Ca. Gimiplasmatales [78], Ca.
Sysuiplasmatales [51] and uncultured Thermoplasmatota [63] were included in the dataset. The
total remaining set of 844 MAGs was dereplicated using dRep v3.0.0 as described above
(section 6), resulting in a total number of 388 MAGs. Within this data set, five new non-
redundant MAG clusters of EX4484-6 were found, of which four clusters were represented by
one single MAG, while one cluster was represented by four MAGs, all of which derived from
Guaymas basin hydrothermal sediments [48, 115, 116]. The cluster representatives of four
clusters were of marine origin and further used as input for the following mining of

metagenomic short read data for EX4484-6.

3.1.6.8 Mining of metagenomic short read data from public archives

Data mining of environmental metagenomes was conducted to increase the number of MAGs
for the group EX4484-6 by re-analysis of metagenomic short read data (Fig. S19). For this, a
list containing raw reads of 44,968 ecological metagenomes was downloaded from the ENA
advanced search (date accessed: 10.11.2022) using the parameters tax_tree(410657), library
strategy “WGS”, instrument platform “ILLUMINA”, library source “METAGENOMIC” and
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library selection “RANDOM”. Samples without location information, unspecified instrument
model, missing ftp links and a base count below 3 Gbp were removed from the selection.
Through manual filtering, non-aquatic samples were further removed, leaving a data set of
8,287 metagenomes.

In a first screening step all 8,287 metagenomes were downloaded, quality trimmed using bbduk
from bbmap version 38.86 [101] and mapped against the previously identified EX4484-6
clusters (MAG from enrichments, section 6; dereplicated marine EX4484-6 clusters, section 7)
using bwa v0.7.17 [117]. The per genome coverage was estimated from the number of mapped
reads using coverm v0.6.1 [118] with a minimum read percent identity of 50%, minimum
aligned percentage of 50% and a minimum read overlap of 30 bp between read and reference.
Cumulative coverage was calculated for all data sets within a given study accession. Studies
with a cumulative coverage for EX4484-6 MAGs > 2 were used for de-novo co-assembly and
binning, unless MAGs associated with the study had already been published. In these cases,
published MAGs were screened for EX4484-6 MAGs along with the catalog of Earth’s
microbiome [38], the Ocean DNA MAG catalog [39] and the Ocean Microbiomics Database
OMDv2 [40, 119]. MAGs from the OMDv2 were contributed by the co-authors and produced
as previously published in Paoli, et al. (2022) [40]. A more detailed pipeline description is
included in supplementary methods. Further, high quality EX4484-6 MAGs from unpublished
work were contributed to this study by co-authors. Raw reads from studies without published
MAGs were downloaded and adapter and quality trimmed using bbduk v38.86 [101]. For each
study, de-novo co-assemblies were computed using megahit v1.2.9 [103] with either the preset
meta-large, starting at the lowest possible kmer size (27 or 37) for large sample sizes, or a
modified preset meta-sensitive starting at kmer size 23. Then, quality trimmed reads were
mapped onto the co-assembly using bowtie2 v2.3.5.1 [105], binned, refined and subsequently
classified using gtdbtk v2.1.0 [113] with GTDB database v207 as previously described (section
6). If bins of the class EX4484-6 were present, all Thermoplasmatota MAGs within the bin set
were reassembled using the metaWRAP bin reassembly module followed again by taxonomic
classification. All newly found EX4484-6 MAGs were additionally manually refined using
anvio v7.1 [104].

3.1.6.9 Annotation of EX4484-6 MAGs

Genes of EX4484-6 MAGs were predicted using prodigal v2.6.3 [120]. Predicted genes were
annotated with the non-redundant RefSeq database (NR) (accessed 23.06.2023) [121] and
KEGG release 104 [81, 122] using diamond blastp v2.0.15 [123]. Additionally, we retrieved a

104



Chapter III

full annotation of all MAGs using InterProScan v5.65-97.0 [124, 125]. Peptidases were
identified by diamond blastp against the MEROPS database v12.4 [126]. From these,
extracellular peptidases (signal peptides) were determined using signalp v6.0 [127]. Signal
peptides were only counted as such, if they were annotated as ‘SP’ and contained an additional
MEROPS annotation. CAZymes were annotated using dbCAN v3.0.7 [128]. To reduce false
positive CAZymes in the annotation, all predicted CAZymes were manually validated with the
KEGG and NR annotation. Only those CAZymes with more than one annotation according to
dbCAN that were also represented in KEGG or NR were counted as positive hits. Lastly,
transporters were annotated with the Transporter Classification Database (accessed 12/2023)
[129] using diamond blastp v2.0.15 [123] to improve information on transporters found
through NR and KEGG. For all blastp searches, a blast score ratio [130] threshold of 0.4 was
applied. If metabolic pathways were incomplete, also annotations below the blast score ratio
were analyzed.

From all predicted genes for each of the redundant EX4484-6 MAGs, genes were sorted into
the categories annotated, hypothetical and unknown based on their annotation status. Annotated
genes were defined as genes, which had a functional annotation from KEGG or NR,
hypothetical genes were defined from the remaining genes without functional annotation, if
they had at least one hypothetical classification and genes without any annotation were defined
as functionally unknown genes. To further characterize the unknown genes in the EX4484-6
MAGs, we applied AGNOSTOS v1.1 [43] with default parameters.

To analyze clusters of orthologous genes within the class of EX4484-6, all predicted genes
were clustered into orthogroups using orthofinder v2.5.5 with multiple sequence alignment for
tree inference [53]. From all orthogroups a Non-Metric Multidimensional Scaling (NMDS)
was computed using the R function metaMDS from the package vegan v2.6.4 [131] with
Jaccard dissimilarities based on shared orthogroups between MAGs. For visualization of
family specific orthogroups an upset plot was created using the package UpSetR v1.4.0 [132].
Orthogroups, which were present in at least 90% of all redundant EX4484-6 MAGs, were
defined as core genome and annotations of genes therein were analyzed.

For contextualization of the proportions of unknown genes in the EX4484-6 MAGs, we
similarly annotated all Thermoplasmatota genomes (section 7) using NR and KEGG, and
sorted predicted genes into the three previously mentioned categories: annotated, hypothetical,
unknown. Additionally, orthogroups across all Thermoplasmatota were computed using the
rooted phylogenomic tree (section 10) as input tree and sorted based on their annotation status

as described previously. The proportion of EX4484-6 orthogroups shared within EX4484-6
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MAGs and between Thermoplasmatota and EX4484-6 MAGs was calculated (section 7).
Wilcoxon Rank Sum Tests were then applied to test for differences in that proportion between
EX4484-6 and other Thermoplasmatota for each annotation status and the effect size for each
difference was computed using the package ImpactEffectsize in R [133]. The p-value was

corrected for executing three pairwise comparisons using the Bonferroni correction.

3.1.6.10 Marker gene tree and phylogenomic analyses

All dereplicated Thermoplasmatota MAGs (section 7), together with all redundant EX4484-6
MAGs (section 8), were used as input for a phylogenomic marker gene tree. In total, the tree
contained 419 genomes, including an outgroup consisting of 14 medium to good quality
(completeness > 80%, contamination < 5%), randomly selected Halobacteriota genomes. A
multiple sequence alignment (MSA) with 53 marker genes was generated using the de novo
workflow of gtdbtk v2.1.0 [113]. With the resulting MSA a suitable model (LG+I+R10+F) was
identified using ModelFinder [134] as implemented within iqtree2 v2.2.2.7 [135]. The marker
gene tree was calculated using raxml-ng v1.1.0 [136] with 20 starting trees. Bootstrap
convergence with a bootstrap cutoff at 0.02 was reached after 100 trees. The tree was rooted at
the outgroup and manually collapsed based on the GTDB v207 taxonomy [37] using iTol
v6.8.1 [137]. Further, relative evolutionary divergence (RED) was calculated using the function
getreds from the R package castor [138]. Additionally, average nucleotide identity (ANI) was
calculated using fastANI v1.32 [110] and amino acid identity (AAI) was computed using
fastAAI v0.1.18 [139].

3.1.6.11 Relative MAG abundance in the environment

All redundant EX4484-6 MAGs were dereplicated using dRep v3.0.0 as described above
(section 6), resulting in 20 non-redundant MAGs. Among these clusters, three of the initial four
marine cluster representatives (section 7) were found. The fourth cluster was represented by a
MAG from a different study, showing higher completeness and lower contamination than the
previously obtained cluster representative, while still deriving from the same sediment
(Guaymas basin). To quantify EX4484-6 in the environment, a competitive mapping index was
constructed from the dereplicated MAGs of the EX4484-6 class and other representatives of
the Thermoplasmatota phylum (section 7) using bowtie2 v2.3.5 [105]. For obtaining relative
abundances of EX4484-6 MAG representatives in the environment, the initial 8,287
metagenomic runs (section 8) were downloaded along with 286 additional TARA ocean runs,
which we initially excluded from our metagenomic run screening as unlikely to contain

sufficient EX4484-6 affiliated reads for MAG recovery (section 8). PhiX sequences and
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adapters were removed, followed by quality trimming using a minimum read length equal to
2/3 of the initially generated read length or 100 bp for sequencing runs with more than 160
cycles, a trimming quality of 20 and a minimum average quality of 10 with bbduk from bbmap
version 38.86 [101]. Quality trimmed reads were aligned to the competitive mapping index
using bowtie2. Mean coverage, breadth of coverage and relative abundances of single MAGs
were computed using coverm genome v0.6.1 [118] with a minimum breadth of coverage of

50% and a percentage identity of at least 95%.

3.1.6.12 Evaluation of rarity in the phylum Thermoplasmatota

Rarity for each non-redundant EX4484-6 MAG was defined as the median of its relative
abundance in the metagenomic runs, where it was detected (section 11), weighted by the
fraction of the runs it occurred in of all screened runs. The median rarity across all
Thermoplasmatota MAGs was calculated and then defined as cutoff between rare (rarity <
median rarity) and common MAGs (rarity > median rarity) in our dataset. Additionally, a third
group was contributed by those MAGs that were not detected in any of the screened
metagenomic runs. The percentages of unknown genes (section 9) were sorted by rarity groups
(common, rare, not detected) and Wilcoxon Rank Sum Tests were applied to test for differences
between these three groups. The p-value was corrected for executing three pairwise

comparisons using the Bonferroni correction.
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generation are available on zenodo https://zenodo.org/records/10813815. Clone sequences

were deposited at GenBank under the accession numbers PQ255994-PQ256084.
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3.2 Supplementary

3.2.1 Supplementary Methods

3.2.1.1 Clone library construction

In order to retrieve long sequences for phylogenetic analysis and quantitative PCR (qPCR)
standard preparation, a clone library of archaeal 16S rRNA gene fragments (~800 bp) of the
protein-amended samples from the first generation enrichments (main methods section 1) was
constructed. The primers 109F (5’-ACKGCTCAGTAACACGT-3’) [1] and 912R
(5’-GTGCTCCCCCGCCAATTCCTTTA-3’) [2] were used for PCR with the ALLin RPH
polymerase Kit (highQu, Kraichtal, Germany) following the manufacturer’s protocol. Thermal
cycling conditions included initial denaturation at 95°C for 10 min, followed by 28 cycles with
denaturation at 95°C for 30 s, annealing at 52°C for 45 s, amplification at 72°C for 90 s, and
final amplification at 72°C for 5 min. PCR products were purified using the Monarch PCR &
DNA Cleanup kit (New England Biolabs, Frankfurt am Main, Germany), ligated into the
pGEM-t vector (Promega, Mannheim, Germany) and transformed into Escherichia coli JIM109
competent cells (Promega, Mannheim, Germany) according to the manufacturer’s protocol.
DNA of randomly selected white colonies was extracted and subsequently PCR amplified with
M13 primers (M13F-40; 5-GTTTTCCCAGTCACGAC-3' and M13b;
5'-CAGGAAACAGCTATG-3") at the following thermal cycling conditions: initial
denaturation at 95°C for 5 min, 30 cycles at 95°C for 30 s, 55°C for 45 s, 72°C for 45 s, followed
by final amplification at 72°C for 10 min. The PCR was performed using AmpliTaq PCR kit
(Applied biosystems, Carlsbad, USA). Amplicons of 64 clones were submitted to LGC

Genomics (Berlin, Germany) for Sanger sequencing.

3.2.1.2 Standard preparation for gPCR

Selected clone sequences affiliated with different archaeal groups were used for qPCR standard
preparation. The 16S rRNA gene of previously extracted colonies (section I) was amplified
with the primer set 109F (5’-ACKGCTCAGTAACACGT-3’) and 912R (5’-
GTGCTCCCCCGCCAATTCCTTTA-3") using the AmpliTaq PCR kit. PCR was performed
using the following thermal cycling conditions: initial denaturation at 95°C for 5 min, followed
by 30 cycles of denaturation at 95°C for 30 s, annealing at 58°C for 45 s and elongation at 72°C
for 60 s, followed by final amplification at 72°C for 5 min. The resulting ~800 bp PCR product
was analyzed by agarose gel electrophoresis and purified using the Monarch PCR & DNA

Cleanup kit. Concentrations of standard DNA were quantified using the Quant-iT PicoGreen
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dsDNA assay kit (Thermo Fisher Scientific, USA). Each qPCR standard was diluted to a

concentration of 0.5 ng/ul for further use.

3.2.1.3 qPCR primer design

gPCR primers were designed for quantification of specific uncultured Thermoplasmatota
groups present in our first- and second generation enrichments. Clone and sequences of
amplicon sequence variants (ASV) of first (main methods section 1) and second (main methods
section 2) generation enrichments were aligned using the Silva Incremental Aligner (SINA)
v1.2.11 [3], imported into the ARB software v6.0.2 [4] and added to the SILVA 16S rRNA
gene phylogenetic base tree (database version 138.1 Ref NR 99; [5, 6]) using the ARB
Parsimony tool to retrieve their taxonomic placement. Based on their taxonomic placement,
added clone sequences of the target group (class EX4484-6) were selected in the SILVA 16S
rRNA gene phylogenetic base tree. Additionally, clone sequences from other archaeal phyla
were selected as outgroup. For qPCR primer design, Primer Prospector v1.0.1 [7] was used to
calculate possible primer sequences. Calculated primers were checked in ARB for their
theoretical specificity against sequences of other closely related groups, selecting only primer
sequences with at least two mismatches for non-EX4484-6 taxa in the forward and at least 1
mismatch in  the reverse  primer. Resulting primer  sequences  472f
(5’-CGGTAAATCTCTGGGTAAATCG-3’) and 633r (5’-ACCCGTTCTGGTCGGA
CGCYTT-3’) were selected. The primer pair was validated for high specificity against the
newly prepared Thermoplasmatota standard (positive control) and other standards (negative
controls) of uncultured Thermoplasmata C1, Lokiarchaeia (Loki-2b), Bathyarchaeia (Bathy-8,
Bathy-15), ANME-1, SG8-5 and MBGD. Further, a test for efficiency of the new
Thermoplasmatota standard at annealing temperatures ranging from 58°C to 64°C was
performed, followed by a melting curve stage after PCR, determining the best annealing
temperature at 64°C with a final primer concentration of 300 nM. Similarly, a new primer was
created for Lokiarchaeia subgroup 2b. The primer pair was validated for high specificity
against a Loki-2b standard (positive control) obtained in a previous study [8] and other
standards (negative controls) of Lokiarchaeia (Loki-2c, Loki-3), Bathyarchaeia (Bathy-8,
Bathy-15), ANME-1, SG8-5 and MBGD.

3.2.1.4 16S rRNA gene phylogenetic tree
For the 16S rRNA gene phylogenetic tree, a total of 10,769 pre-aligned Thermoplasmatota
sequences with a minimum sequence length of 1,300 bp, pintail quality > 30, sequence quality

> 50 and alignment quality > 50 were downloaded from SILVA (database version 138.1 Ref
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NR 99; [5, 6]). Further, 16S rRNA genes were extracted from all redundant Thermoplasmatota
MAGs (main methods section 7) and all found EX4484-6 MAGs (main methods section 8)
using barrnap v0.9 [9] and aligned using SINA v1.2.11 [3]. Aligned sequences were manually
refined in the built-in SINA alignment tool in ARB v7.1. All additional sequences were added
to the SILVA 16S rRNA gene phylogenetic base tree (database version 138.1 Ref NR.99) in
the ARB software v7.1 [4-6] using ARB parsimony to augment underrepresented
Thermoplasmatota groups. Additional to the sequences retrieved from the data-mined
Thermoplasmatota and EX4484-6 MAG:s, a total of 354 reference sequences with an alignment
length of 1,303 bp were selected for de-novo phylogenetic tree reconstruction from the base
tree. As outgroup 10 sequences from Halobacteriota were selected. A GTR+1+G4 model for
the 16S rRNA gene phylogenetic tree was determined using modeltest-ng v0.1.7 [10], which
was further used for calculation of the tree with raxml-ng v1.1.0 [11]. In total 50 starting trees
were inferred; bootstrap convergence at a cutoff of 0.03 was reached after 1,300 trees. Shorter
16S rRNA gene sequences found in EX4484-6 MAGs, along with ASVs from the enrichments
were added after tree calculation. Short sequences were aligned to the tree alignment with
mothur v1.45.3 [12] and placed into the existing tree using epa-ng v0.3.8 [13] and gappa v0.7.1
[14]. Nucleotide blast [15] was used to calculate the similarity between the EX4484-6 16S
rRNA gene ASV sq2 and the 16S rRNA gene sequence found in the EX4484-6 MAG retrieved
from the enrichment on day 157 (main methods section 6, sequences provided on zenodo

(https://zenodo.org/records/10813815).

3.2.1.5 Data collection, processing and MAG reconstruction in OMDv2

A total of 209 publicly available studies were gathered from selected marine metagenomics
literature and matched with BioProject identifiers from the European Nucleotide Archive
(ENA; Table S17). For this collection, raw read data were downloaded from ENA, and
metagenomic data processing was performed as described in Paoli, et al. (2022) [16]. Briefly,
sequencing raw reads were filtered using bbmap v.38.06 [17] by removing sequencing adapters
from the reads, filtering out reads that mapped to quality control sequences (PhiX library), and
discarding low quality reads using the parameters #rimqg =14, maq =20, maxns =1, and
minlength = 45. Additionally, read sets from Tara expeditions and from samples that required
> 2TB of RAM in the subsequent assembling step were normalized with bbnorm.sh target = 40
and mindepth = 0. All metagenomes were individually assembled with metaSPAdes (versions
from 3.11 to 3.15, depending on when the assembly was performed) [18]. For MAG

reconstruction, quality-controlled metagenomic reads from at least 50 samples in OMDv?2 were
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individually mapped against the scaffolds (> 1 kbp) of each sample. Reads were mapped with
BWA v.0.7.17-r1188 [19], allowing reads to map at secondary sites (with the -a flag). Then,
alignments were filtered by length (> 45 bp), with identity and coverage of the read sequence
values of > 97% and > 80%, respectively. The resulting BAM files were processed using the
Jjgi_summarize_bam_contig_depths script of MetaBAT 2 v.2.12.1 [20] to provide within- and
between-sample coverages for each scaffold. The scaffolds were finally binned by running
MetaBAT 2 on all samples individually with parameters --minContig 2000 and --maxEdges
500 for increased sensitivity. The quality of each metagenomic bin was evaluated using both
the ‘lineage workflow’ of CheckM v.1.1.3 [21] and anvi’o v.7.1 [22]. Resulting MAGs with
CheckM completeness > 50% and contamination < 10% or anvi’o completion > 50% and
redundancy < 10% were taxonomically annotated using gtdbtk v.2.1.0 [23] with the default
parameters against the GTDB v207 release [24]. These MAGs are available at [25].

3.2.2 Supplementary Results and Discussion

I. Additional qPCR results

During the incubation time of 157 days (second generation), gene copies of Lokiarchaeia
increased to 5.02 x 107 gene copies per ml slurry. In the second biological replicate,
Lokiarchaeia remained the most abundant group throughout the whole incubation period (Fig.
S2). With prolonging incubation time, EX4484-6 decreased in the second generation once the

abundance of Lokiarchaeia had increased.

I1. Annotation of the class EX4484-6
An overview of the full annotation can be found in Table S11. We further provide metabolic

reconstructions based on annotated genes for each single order (Fig. S12-15).

Carbon metabolism

All orders encoded genes affiliated with peptide and amino acid degradation (Table S11).
Families 1A, 1B and 2 encoded genes for extracellular peptidases (peptidase families C11A,
M14B, S08A) (Fig. S11a). Moreover, all families encoded genes for oligopeptide transporters,
the neurotransmitter:Na* symporter of the NSS family, which can catalyze the uptake of
nitrogenous substances, such as amino acids and osmolytes [26], different aminopeptidases
(pepF, pepT, pepP, pepS, map) and aminotransferases (Table S12, Fig. S11b). All orders
encoded the aspartate aminotransferase (aspB) and alanine aminotransferase (alaA). Single
MAGs encoded an alanine-glyoxylate transaminase (AGXT2), branched-chain amino acid

aminotransferase (i/lvE) and aromatic amino acid aminotransferase. After deamination, the
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resulting 2-oxoacids could be further converted to acetyl-CoA via pyruvate ferredoxin
oxidoreductase (por), or to acyl-CoA via indolepyruvate ferredoxin oxidoreductase (ior), 2-
oxoacid:ferredoxin oxidoreductase (kor) or 2-oxoisovalerate ferredoxin oxidoreductase (vor).
Acyl-CoA could further be hydrolyzed in substrate-level phosphorylation by an ADP-forming
acetyl-CoA synthetase (acdAB) to form corresponding organic acids. The genes for ADP-
forming acetyl coenzyme A synthetase were found in all orders. In four of the families (1B, 2,
3A and 4) also genes for succinyl-CoA synthetase (sucCD) were found, which could catalyze
the conversion of succinyl-CoA to succinate.

The families 2, 3A and 4 additionally encoded all genes of the beta-oxidation pathway (Fig.
S17), including a butyryl-CoA dehydrogenase (ACADS), acyl-CoA dehydrogenase
(ACADM), enoyl-CoA hydratase (crt), 3-hydroxyacyl-CoA dehydrogenase (fadB) and acetyl-
CoA acyltransferase (fadA) to further degrade short and medium chain acyl-CoAs. The amino
acid degradation would result in the main products being organic acids. Family 1B additionally

contained a lactate dehydrogenase (IdhA), with which lactate could be formed from pyruvate.

MAG:s of the class EX4484-6 contained between 2 to 14 different carbohydrate active enzymes
(CAZymes), with most CAZymes being annotated as glycosyl transferases of family GT2 and
GT4 (Table S12). Glycosyltransferases are involved in biosynthesis of glycosidic bonds and as
such not involved in the metabolic degradation of sugars [27]. Some MAGs also encoded
glycoside hydrolases, which hydrolase glycosidic bonds and might therefore be involved in
carbohydrate degradation. Within our dataset only 21 of 35 MAGs encoded different glycoside
hydrolases. Most of the MAGs contained between one and three glycoside hydrolases (Table
S13). Overall, these low CAZyme counts for archaea have been observed before [28] and
demonstrate the limited potential of archaea in carbohydrate degradation. While some MAGs
found in this study might take part in the breakdown of carbohydrates, we did not observe a
common feature for all families.

All orders within the class EX4484-6 encoded genes for a partial reverse citric acid (rTCA)
cycle, including an ATP-citrate lyase (aclAB / ACLY), aconitate hydratase (ACO) and
isocitrate dehydrogenase (idh) (Table S11). The ATP-citrate lyase, catalyzing the cleavage of
citrate into acetyl-CoA and oxaloacetate, is regarded as key enzyme for the rTCA cycle [29].
Additionally, most of the families encoded genes for fumarate hydratase (fum) and malate
dehydrogenase (mae). Only all MAGs in families 2 and 4 encoded genes for 2-oxoglutarate
ferredoxin oxidoreductase (korABCD), succinyl-CoA synthetase (sucCD) and succinate

dehydrogenase (sdhAB), therefore possessing a complete rTCA cycle. During the rTCA cycle,
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CO, is fixed in conversions of succinyl-CoA to 2-oxoglutarate and in conversion of 2-
oxoglutarate to isocitrate [30]. For other carbon fixation pathways, namely the 3-
Hydroxypropionate cycle, 3-Hydroxypropionate/4-Hydroxybutyrate cycle or Dicarboxylate/4-
Hydroxybutyrate cycle no complete pathways were encoded in any of the families (Table S11).
The presence of inorganic carbon fixation via the rTCA was previously suggested for other
groups within the Thermoplasmatota, such as Thermoplasmatota_A [30], which clustered
closest to the EX4484-6 class in our phylogenomic tree (Fig. 3a) and the Ca.
Proteinoplasmatales [31].

In contrast to any other family, genes involved in the Wood Ljungdahl pathway could only be
detected in family 3A (Fig. S14). All of the MAGs contained genes for acetyl-CoA
decarbonylase/synthase, CODH/ACS complex subunit beta, gamma and delta (cdhCDE).
Besides, genes for methylenetetrahydrofolate reductase (metF), methylenetetrahydrofolate
dehydrogenase (folD), formate--tetrahydrofolate ligase (fhs), S-methyltetrahydrofolate
corrinoid/iron sulfur protein methyltransferase (acsE) and the alpha subunit of formate
dehydrogenase (fdhA) were present. However, the catalytic subunit of anaerobic carbon-
monoxide dehydrogenase, catalyzing the reduction of CO2 to CO could not be detected in any
of the MAGs. As all MAGs within this family have a completeness between 80-91%, these

missing genes in the Wood Ljungdahl pathway might be due to incomplete genomes.

Carbon assimilation

Carbon might be assimilated through gluconeogenesis and the pentose phosphate pathway
(PPP) to form nucleic acids via phosphoribosylpyrophosphate (PRPP). Pyruvate formed
through degradation of amino acids or formed from acetyl-CoA during amino acid breakdown
via the rTCA cycle might be converted via the gluconeogenesis pathway to glyceraldehyde-
3P. All families encoded genes for pyruvate dikinase (pps), enolase (eno), phosphoglycerate
mutase (gpmA) or 2,3-bisphosphoglycerate-independent phosphoglycerate mutase (gpmM),
phosphoglycerate kinase (pgk) and glyceraldehyde-3-phosphate dehydrogenase (gap) (Table
S11, Fig. S12-15). Further, all families, except family 3B, encoded all genes of the non-
oxidative PPP, including a transketolase (tkt), transaldolase (tal), ribose-5-phosphate isomerase
(rpi), ribulose-phosphate 3-epimerase (rpe) and ribose-phosphate pyrophosphokinase (prsA).
Family 3B lacked genes of the transketolase, transaldolase and ribulose-phosphate 3-
epimerase. However, family 3B was the only family, which encoded a glucokinase (glk),
suggesting that the family might use either the glycolysis or the gluconeogenesis pathway.

Since neither genes for the pyruvate kinase (pyk) nor the fructose-1,6-bisphosphatase (fbp)
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could be found, no clear prediction could be made for the carbon assimilation potential of this

family.

Hydrogenases and energy conservation

Multiple subunits of the oxidative phosphorylation complex I were only encoded in family 1A.
Genes for two of four subunits of the succinate dehydrogenase/fumarate reductase (sdhAB)
were found in families 2 and 4, those families which encoded a full rTCA cycle. Of complex
V multiple subunits of the V/A-type H+-transporting ATPase (A1Ao-ATP synthase,
atpABCDEFGIK) for energy conservation through a sodium gradient were encoded by all
families, with most families lacking subunits atpE and atpG. None of the families encoded
genes involved in the oxidative phosphorylation complexes III and IV (Table S11). The lack
of most genes involved in oxidative phosphorylation suggests an anaerobic lifestyle for the
class EX4484-6.

All families encoded genes for a K(+)-stimulated pyrophosphate-energized sodium pump
(hppA), which could couple the hydrolysis of pyrophosphate to the transport of sodium across
the membrane against an electrochemical gradient [32, 33]. The sodium gradient could further
be used to form ATP via the detected ATPase [34]. Moreover, all MAGs of families 3A, 3B
and 4 contained genes for the H+/Na+-translocating ferredoxin:NAD+ oxidoreductase
(rnfABCDEG), which oxidizes reduced ferredoxin and reduces NAD for energy conservation,
while transporting ions across the cytoplasmic membrane [35]. The sodium gradient resulting
from the rnf complex could be further used by the encoded V/A-type H+-transporting ATPase
(A1A0-ATP synthase), as has been hypothesized previously [35].

All families encoded genes for hydrogenase nickel incorporation proteins and hydrogenase
expression proteins (hypABCDEF) required for biosynthesis and Ni insertion of NiFe
hydrogenases [36]. Genes for NiFe group 3b sulthydrogenases were present in most of the
families. However, in most families only genes for two subunits, which function as hydrogen
dehydrogenase (hydAD) were found. Specifically, family 4 lacked the beta and gamma subunits
(hydBG), which function as sulfur reductase [37], and family 2 did not encode any subunit of
the sulthydrogenase. The sulfhydrogenase was shown to catalyze the reduction of elemental
sulfur or polysulfides to hydrogen sulfide and the oxidation or reverse reaction of hydrogen
with NAD(P)+ as electron acceptor in the absence of sulfur [37, 38]. As no other sulfur related
genes were found in any of the MAG:s, it is most likely that the sulthydrogenase might function

as a hydrogen dehydrogenase only.

123



Chapter 111

MAGs of families 1A, 2, 3A and 4 further encoded the NiFe group 3¢ F420-non-reducing
hydrogenase (mvhADG) and heterodisulfide reductase (hdrABC). While this hydrogenase is
usually associated with methanogenic archaea [39-42], in the EX4484-6 class it might rather
be involved in the reduction of ferredoxin and an unknown disulfide reducer, coupled to the
oxidation of hydrogen, as was also suggested for Ca. Lokiarchaeum prometheoarchaeum [43]
and the hyperthermophilic Panguiarchaeum symbiosum [44].

Lastly, MAGs of the families 1A and 1B encoded three of the fourteen subunit containing NiFe
group 4d membrane bound hydrogenase (mbh), which was suggested to function as a redox-
driven ion pump, generating a proton motive force through reduction of protons with a low-
potential ferredoxin, thereby producing hydrogen [45]. Along with the three found hydrogenase
subunits, MAGs of families 1A and 1B encoded multicomponent Na*:H* antiporter subunits
(mnhBCDEFG), and gene homologs of NADH-quinone oxidoreductase (nuoBCDEFH), which
were shown to have similarities to multiple subunits of the NiFe group 4d membrane bound
hydrogenase [45]. Genes of multicomponent Na*:H* antiporter subunits, NADH-quinone
oxidoreductase and the found membrane bound hydrogenase subunits were located along
single contigs, possibly forming operons, which suggests that MAGs of order 1 might contain

a mbh like hydrogenase.

Transporters

Besides various ABC transporters, all families contained genes for ABC-2 type transport
system ATP-binding proteins and ABC-2 type transport system permease proteins, for which
no function could be assigned (Table S11). Iron, an essential nutrient in microorganisms, 1is
required for enzymatic processes and as cofactor for proteins involved in respiration, oxidative
stress resistance or gene regulation [46]. Genes encoding the iron (II) transport system (feoAB)
could be found in families 1A, 1B, 3B and 4. MAGs of families 2 and 3A only encoded subunit
feoB. Ferrous iron in its reduced form is only present in oxygen-limiting, anoxic and low pH
conditions [47]. Since these families only encoded a ferrous iron transport system and are
present in marine sediments, in which neutral pH is prevalent [48-50], the MAGs found in the
EX4484-6 class most likely live in anaerobic conditions [51].

Similarly to iron, zinc functions as cofactor in enzymatic reactions [52]. MAGs of families 1A,
1B and 4 encoded the cytoplasmic membrane zinc transporter zupT, which is responsible for
the uptake of zinc and other metal ions [53]. Magnesium, another cofactor in enzymatic
reactions and involved in the catalysis of ribozymes [54], RNA splicing and stabilization of

proteins and RNA [55], is transported into the cell via the magnesium transporter corA [56,
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57]. Genes for corA were found in families 1A and 2. Genes encoding a transporter for cobalt
and nickel (chiMOQ) could only be found in family 4. Nickel and cobalt also function as
cofactors in enzymes, such as in NiFe hydrogenases [58] or in the corrin ring of coenzyme B12
[59].

Moreover, all families except family 4 encoded genes for a low-affinity inorganic phosphate
transporter of the PiT family. Inorganic phosphate acts as a key nutrient in cells, as it is
important for cellular building blocks, such as nucleic acids, phospholipids, teichoic acids and
membranes. MAGs of family 1A and 1B additionally encoded genes for a high affinity
phosphate transport system (pstSABC), which is induced in low phosphate concentrations. An
accompanying phoU regulon was encoded and is required for the repression of the phosphate
transport system pstSABC at high phosphate conditions to avoid uncontrolled phosphate uptake
[60-62], therefore actively controlling phosphate transport. Furthermore, the trk system
potassium uptake protein (trkAH) was encoded in all families, except family 4. Potassium plays
a role in cellular homeostasis, osmotic tolerance, pH stress response and membrane potential
maintenance [63, 64]. The trkAH was shown to act as an ATP- and ADP-gated ion channel,
with trkH being classified as potassium transport protein in low external potassium
concentrations [65]. MAGs of family 1B and 3A additionally contained genes for the high
affinity molybdate/tungstate transport system ATP-binding protein wipABC [66], while MAGs
of family 4 encoded genes for the lower affinity tungstate transport system tupABC [67]. A
gene for a tungstate transport system ATP-binding protein (fupC) was missing in all MAGs of
family 4. Both, molybdate and tungstate are known to function as cofactors in enzymatic
reactions [68, 69].

Along with a controlled import, cells actively export ions from the cell to maintain homeostasis.
The families 1A, 2, 3A, 3B and 4 contained genes encoding a P-type calcium transporter
(ATP2C). These P-type ion transporting ATPases transport cations across membranes, while
coupling the transport to the hydrolysis of ATP [70].

Besides, MAGs of family 1A, 1B, 3A and 3B encoded an acetate uptake transporter (satP),
which has an affinity for acetate and succinate [71]. Acetate can have a regulatory function for
processes, such as motility and stress response [72]. Furthermore, acetate could be used as a

carbon source for metabolic functions [72].

Stress response
All families of the class EX4484-6 contained genes related to environmental stress (Table S11).

All families encoded genes for thioredoxin reductase (#rxR), thioredoxin (frxA), and
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desulfoferredoxin (dfx), acting as superoxide reductase [73], all of which prevent oxidative
stress. Moreover, in MAGs of all families, except family 4, genes for peroxiredoxin (prxQ)
were found, which catalyzes the conversion of hydrogen peroxide to water [74]. Additionally,
MAGs of all families encoded DnaK. This enzyme functions as Heat Shock Protein-70
(Hsp70), which protects cells from heat and oxidation [75, 76].

To maintain cellular homeostasis, MAGs encoded a sodium:calcium antiporter (yrbG), which
actively removes calcium ions from the cell by using a sodium gradient [77]. Genes for yrbG
were found in all families, except family 3A.

Additionally, MAGs of all families contained genes for the P-type Cu+ transporter (copA)
involved in maintaining copper homeostasis [78, 79]. While copper, in low concentrations, is
required for enzymatic function, excess copper can become toxic for the cell and therefore
needs to be exported [80, 81]. Another enzyme involved in heavy metal resistance is the cobalt-
zinc-cadmium efflux system protein (czeD), for which genes were found in families 1A, 1B,
3B and 4 [82].

Besides active transport of heavy metal ions from the cell, microorganisms developed other
functions to reduce toxicity. Toxic arsenate, as a structural homolog of phosphate, can be
imported into the cell through phosphate transporters [83]. MAGs of the families 1A and 2
contained genes for the reduction of arsenate via an arsenate reductase (arsC), which reduces
arsenate As(V) to arsenite As(III). A gene encoding an arsenite transporter (acr3 / arsB) to
remove arsenite from the cell was found in MAGs of family 1A, 2 and 3A. An arsenite
methyltransferase (AS3MT) was additionally found in the MAGs of family 1A, 3A, 3B and 4.
This enzyme has the capability to detoxify arsenic by methylation of the toxic compound. Most
of arsenic found in the environments derives from anthropogenic activity and can be introduced
into environments through rivers, surface run-off and munition [84-87]. Genes against arsenic
toxicity were mostly found in MAGs deriving from the Baltic Sea, which was shown to contain
localized high arsenic concentrations [88].

Lastly, all MAGs of family 1A, 2 and 4 contained genes annotated as the MATE family
drug/sodium antiporter, a defensive mechanism against antimicrobial drugs, driven by a
sodium force [89]. Besides antimicrobial resistance against naturally occurring antibiotics,
MAGs of these families were found in near-shore environments, such as the Baltic Sea or the
Cariaco Basin in Venezuela, which are experiencing input of waste water and with this,

antimicrobial drugs, might be causing antimicrobial resistance in these environments [90, 91].
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3.2.3 Supplementary Figures

Relative 16S rRNA gene abundance of archaea

Control Protein
100%
Taxa
Heimdallarchaeia
Lokiarchaeia
75% - Thorarchaeia
9 - other Asgardarchaeota
g Methanosarcinia
e .
_:g - — Synlmphamhaelé
g 50% other Halobacteriota
ﬁ Nanoarchaeia
g E2
B EX4484-6
o Thermoplasmata
25% - other Thermoplasmatota
Bathyarchaeia
other Thermoproteota%
! other Archaea
oy, I I s | || L
98 98" 157 157* 98 98" 157 157*
Day
EX4484-6 ASVs
Control Protein
100%
75% <
£
g
s Taxa
E 50% 4 sq2
: other ASVs < 1%
2
s
2
25%
0%
98 98" 157 157* 98 98" 157 157+
Day
c i "
Lokiarchaeia ASVs
Control Protein
100%
Taxa
sgl
sq3
75% = =45
= sg10
bl sqll
@
E sq12
% sq15
§ 50% sq18
z 5029
2 sq32
2 sqdl
2
250, 4 sq48
r:} sg55
sq57
sq131
other ASVs < 1%
0% =

@8 28" 157 157 98 98" 157 157
Day

Figure S1 Microbial community composition of second-generation enrichments. Relative
abundances of (a) archaeal 16S rRNA genes, (b) EX4484-6 ASVs and (c) Lokiarchaeia ASVs at day
98 and 157 in two replicates each of control samples and protein amended samples, both amended with
30 mM sulfate (Na>SO4) and an antibiotics mix (D-cycloserin, kanamycin, vancomycin, ampicillin and
streptomycin; 50 mg/l for each). Protein samples were additionally amended with 2.33 g/l egg white
protein.
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Figure S2 Microbial community composition of second-generation enrichments. 16S rRNA gene
copies per ml slurry of Bacteria, Archaea, the class EX4484-6 and Lokiarchaeia subgroup Loki-2b.
Gene copies are shown for both replicate enrichments (Replicate 1, Replicate 2*) of control samples
and protein amended samples, both amended with 30 mM sulfate (Na,SO4) and an antibiotics mix (D-
cycloserin, kanamycin, vancomycin, ampicillin and streptomycin; 50 mg/I for each). Protein samples
were additionally amended with 2.33 g/l egg white protein. Error bars represent standard deviations of
the three technical qPCR replicates per sample.
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Figure S3 16S rRNA gene phylogenetic tree. Maximum-likelihood tree (RAXML, convergence
reached after 1300 bootstraps) of 354 full length Thermoplasmatota sequences, including all retrieved
full length EX4484-6 16S rRNA genes from single MAGs. Shorter 16S rRNA gene sequences of ASVs
and those found in EX4484-6 MAGs were added to the existing tree.
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Figure S4 Partial phylogenomic tree of the Thermoplasmatota including RED. Maximum-
likelihood tree (RAXML, 100 bootstraps) of 370 Thermoplasmatota MAGs and 35 EX4484-6 MAGs
obtained through data mining of genome assemblies and metagenomic short read data sets. Node labels
display taxonomic affiliation on class level. The class EX4484-6 clusters with
Thermoplasmata_A/DTKX_01 according to the marker gene tree and is indicated by a red box (Fig.
3a). Node values indicate relative evolutionary divergence (RED) (whole tree provided as separate
PDF)
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Figure S5 Average nucleotide identity (ANI). Heatmap of ANI between all 35 EX4484-6 MAGs
obtained during our data mining. Numbers in colored tiles indicate the ANI percentage between the
compared MAGs (threshold ANI > 75%). MAGs were ordered according to their taxonomy in the
marker gene tree (Figure 3).
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Figure S6 Amino acid identity (AAI). Heatmap of AAI between all 35 EX4484-6 MAGs obtained
during our data mining. Numbers in colored tiles indicate the AAI percentage between the compared
MAGs. MAGs were ordered according to their taxonomy in the marker gene tree (Figure 3).
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Figure S7 Distribution of the class EX4484-6. World map showing the distribution, relative
abundance and environment of all observed EX4484-6 detected in 128 samples. Relative abundances
were calculated by aligning quality trimmed reads of 8573 metagenomic sequencing runs to a
competitive mapping index containing 20 non-redundant EX4484-6 MAGs. Point colors indicate the
environment, point sizes indicate relative abundance.
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Figure S8 Abundance of non-redundant Thermoplasmatota in the environment. (a) As fraction of
occurrence for each order found within the non-redundant Thermoplasmatota data set. The fraction of
occurrence was defined as fraction of data sets MAGs occurred in across all screened data sets. Number
of observations N represents the number of Thermoplasmatota genomes per order. (b) As relative
abundance of each order in samples they occurred in. Number of observations N represents the number
of metagenomic runs, in which the genome was detected.
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Figure S9 Clustering of EX4484-6 MAGs based on orthogroups. (a) NMDS based on
orthogroups found in all 35 EX4484-6. The NMDS was computed using the function metaMDS from
the package vegan v2.6.4 with Jaccard dissimilarities and two dimensions. Single families are indicated
by different colors. (b) Upset plot showing intersections of orthogroups for all six families. Intersections
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next to the upset plot.
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Figure S10 Shared orthogroups between EX4484-6 MAGs. Heatmap of shared orthogroups between
all 35 EX4484-6 MAGs. Numbers in colored tiles in the heatmap indicate the percentage of shared
orthogroups between the compared MAGs. MAGs were ordered according to their taxonomy in the
marker gene tree (Figure 3).
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Figure S11 Peptidases in EX4484-6 MAGs. (a) Extracellular peptidase homologs within MAGs of
the class EX4484-6. (b) Peptidase homologs within MAGs of the class EX4484-6. MAGs were ordered

according to their taxonomy in the marker gene tree (Figure 3).
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Figure S19 Flowchart of methods applied during the data m

Retrieval of EX4484-6 MAGs from public archives (methods section 7) is displayed in green, the

subsequent mining of metagenomic short read data from public archives is displayed in blue (methods
section 8). Annotation and classification (methods section 9) was conducted on both, the MAGs
retrieved from public archives and MAGs reconstructed from metagenomic short read data (yellow).

Programs and settings used are indicated next to or below arrows.
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Chapter IV

4.1.1 Abstract

One-carbon metabolic processes, including methylotrophy, methanotrophy and
methoxydotrophy, are essential to marine carbon cycling. However, microbial contributors and
the ecological roles of methoxydotrophy in marine environments remain poorly understood
despite their significant role in the degradation of recalcitrant compounds across diverse coastal
ecosystems. Through a combination of RNA stable isotope probing (RNA-SIP), enrichment
culturing, metagenomics, and data-mining, we identified more than 20 amplicon sequence
variants (ASVs) capable of metabolizing MACs. These ASVs include unclassified genera in
the Alkalibacteraceae (7 ASVs) and Oscillospiraceae (2 ASVs), and a novel family in the
Acetivibrionales (4 ASVs) of the Clostridia class, which were not previously recognized for
this function. The identified taxa harbor distinct gene clusters encoding methyltransferases
acting on methoxy groups, the core enzymes for MAC metabolism, and demonstrate the ability
to fix CO.. The diversity, unique metabolic traits, and ecological roles of these
methoxydotrophs involved in degrading recalcitrant compounds are widespread and critical for

regulating carbon transformation in anoxic marine environments.

4.1.2 Introduction

Marine sediments constitute up to one third of terrestrial organic carbon (Burdige 2005). About
0.5 petagrams (Pg) of terrestrial carbon is transported into coastal oceans annually (Bianchi
2011). As part of terrestrial carbon lignin, the second most abundant biopolymer on earth, is
deposited in marine sediments (Gargulak et al. 2015, Boerjan et al. 2003, Burdige 2005). Yet
only about half of the terrestrial organic matter transported by rivers is ultimately buried in
marine sediments (Bianchi 2011), indicating the remineralization of terrestrial organic matter
in the water column and marine sediments. However, lignin is highly recalcitrant due to its size
and structure (Zoghlami and Paés 2019). Therefore, lignin degradation was long attributed only
to aerobic soil fungi and bacteria, containing an extensive repertoire of ligninolytic enzymes
(Crawford and Crawford 1980, Sanchez 2009, Bugg et al. 2011, Tian et al. 2014). Until now,
only a limited number of studies on microbial lignin degradation in marine sediments are
available (Woo and Hazen 2018, Yu et al. 2018, Wang et al. 2021, Li et al. 2022, Ley et al.
2023, Peng et al. 2023).

Multiple of these studies identified Pseudomonadota (Gammaproteobacteria,
Alphaproteobacteria), Desulfobacterota, Bacteroidota, Chloroflexota, Campylobacterota and
Bathyarchaeia as the most abundant taxa in lignin-rich marine water and sediments (Woo and

Hazen 2018, Li et al. 2022, Ley et al. 2023, Peng et al. 2023, Yu et al. 2023b). Genes involved
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in the depolymerization of lignin were detected only in the aerobic metabolism of some of these
taxa (Woo and Hazen 2018, Peng et al. 2023). Still, these depolymerizing genes were of lower
abundance in marine sediments (Li et al. 2022). Instead, pathways for the anaerobic
degradation of aromatic compounds derived from lignin were prevalent (Li et al. 2022, Peng
et al. 2023). These observations follow the previously observed decrease of only monoaromatic
compounds in anoxic sediments of the Amazon River estuary (Dittmar and Lara 2001),
suggesting an interplay of different microorganisms in the complete degradation of lignin
polymers. Some organisms, preferably aerobic taxa, depolymerize lignin and microorganisms
in anoxic sediments utilize remaining monolignols (Peng et al. 2023, Yu et al. 2023b).
Monolignols of the heteropolymer lignin contain methoxy (-OCH3) groups (Vanholme et al.
2010). The only bacterial isolate known so far from anoxic marine sediments involved in the
degradation of methoxylated aromatic compounds (MACs) is the Clostridia species
Acetobacterium carbinolicum (Paarup et al. 2006). More recently, the archaea Methermicoccus
shengliensis, Archaeoglobus fulgidus, and Bathyarchaeia were identified as participating in the
degradation of MACs in marine anoxic settings (Kurth et al. 2021, Welte et al. 2021, Lin et al.
2022, Yu et al. 2023a). Yet, beyond these few strains, in sifu studies and further evaluation of
the diversity of MAC-degrading microorganisms in anoxic marine sediments are missing.

Most organisms involved in the degradation of MACs are acetogens (Khomyakova and
Slobodkin 2023). Under anoxic conditions, methylotrophic acetogenic organisms demethylate
MACs. Methylotrophy is defined as the growth of microorganisms on reduced one-carbon
compounds or multi-carbon compounds without carbon-carbon bonds as the sole carbon source
(Anthony 1982). Methylotrophic organisms acting on methoxy groups are considered
methoxydotrophs (Khomyakova and Slobodkin 2023). During methoxydotrophic growth on
MACss, microorganisms utilize an O-demethylase system consisting of three different proteins:
methyltransferase I (MTI), which transfers a methyl group to a corrinoid protein, and
methyltransferase II (MTII), which transfers the methyl group from the corrinoid protein to a
methyl group acceptor (Kaufmann et al. 1998, Khomyakova and Slobodkin 2023). Methoxy
groups transferred by the methyltransferase are accepted by tetrahydrofolate (THF) (Kaufmann
et al. 1998, Engelmann et al. 2001, Drake and Daniel 2004, Studenik et al. 2012, Chen et al.
2016, Kremp et al. 2018). In order to facilitate redox balancing, four methyl groups are
required, of which one is oxidized to CO» in the methyl branch of the reductive acetyl-CoA
pathway and three combined with CO; to form acetyl-CoA via the carbonyl branch (Kremp et
al. 2018). The oxidation of one methyl group to COz is required to produce electrons needed

for the CO» fixation in the carbonyl branch. As shown in previous studies, reduced ferredoxin
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is formed by an electron bifurcating hydrogenase (hydABC) from hydrogen as electron donor
coupled to reduction of NAD™ (Schuchmann and Miiller 2012, Kremp et al. 2018). Moreover,
the Rnf complex converts NADH to reduced ferredoxin using an electrochemical Na* potential.
The electrochemical Na* potential is generated by sodium dependent ATPase.

In demethoxylation, methyltransferase I acts substrate-specific, so considerable differences
between MTI protein sequences were observed (Khomyakova and Slobodkin 2023). So far, six
different methyltransferase systems have been characterized (Kaufmann et al. 1998,
Engelmann et al. 2001, Naidu and Ragsdale 2001, Studenik et al. 2012, Chen et al. 2016, Kurth
et al. 2021, Welte et al. 2021). Yet also, the methanol methyltransferase mtaABC from
Methanosarcina barkerii or Acetobacterium woodii, catalyzing the methyl group transfer from
methanol, showed structural similarities to O-demethylases (Harms and Thauer 1996, Kremp
et al. 2018). Well-studied genomes, such as Acetobacterium woodii or Desulfitobacterium
hafniense, contained up to 30 different homologs of the MTI gene (Studenik et al. 2012, Kremp
et al. 2018, Lechtenfeld et al. 2018), for most of which the substrate spectra remain elusive.
Multiple methoxylated aromatic compounds must be tested to evaluate the substrate spectrum
of microorganisms.

In this study, we aimed to identify non-methanogenic methoxydotrophs in anoxic marine
sediments. Using RNA stable isotope probing (Whiteley et al. 2007), we identified active
microorganisms involved in MAC-derived methoxy group utilization. By using additional
enrichments amended with different MACs, we further evaluated the substrate spectrum of
identified groups. We analyzed the detected groups' metabolic potential for methoxydotrophy
using metagenomic sequencing. By further screening the methyltransferase I of the O-
demethylase system, we aimed to identify substrate-specific methyltransferase genes involved

in the degradation of methoxy groups.

4.1.3 Materials and methods

4.1.3.1 Stable Isotope Probing (SIP) enrichment setup

Sediment was collected from the Helgoland mud area (54°06°11.3904°°N, 7°57°45.864°’E) by
gravity coring in 2019 during the RV HEINCKE cruise HE531. Sediments from 0-25 cm depth
were selected from gravity core HES31/3-1 for SIP incubations. Anoxic incubations were set
up using sediment and sterilized artificial sea water (ASW; composition 26.4 g NaCl, 11.2 g
MgCl> - 6 H20, 1.5 g CaCl> - 2 HO and 0.7 g KCl and 4.26 g Na>SOq per liter) at a ratio of 1:4
(w/v). A 50 ml mixed slurry was dispensed in 120-ml serum bottles, sealed with butyl rubber

stoppers. Residue air was exchanged with N». Triplicates were set up for each treatment,
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containing a combination of '*C-labeled and unlabeled MACs with only the methoxy group
labeled (vanillin, 2-methoxybenzoic acid, 2-methoxyphenol) and 13C-labeled and unlabeled
bicarbonate (i.e., dissolved inorganic carbon - DIC) or only '*C-labeled or unlabeled DIC as
control (Table S1). DIC was supplied at a concentration of 10 mM, MACs were supplied at a
concentration of 1 mM. One additional treatment for each of the tested MACs was amended
with 5 mM sodium 2-bromoethanesulfonate (BES) for the inhibition of methanogenic activity.
Samples were incubated at 10°C in the dark.

To determine suitable stopping time points for each of the SIP incubations, §'*C values of CO,
in the headspace of triplicate treatments were measured. For this 1 ml gas sample was injected
into a Thermo Finnigan Trace GC connected via a GC III interface to a DELTA Plus IRMS
(Finnigan MAT, Bremen, Germany) with settings as described previously (Ertefai et al. 2010).
The 8'3C values were monitored as $'*C (%o) relative to the Vienna Pee Dee Belemnite (VPDB)
standard (Fig. S1). SIP enrichments were stopped once a §'°C value of 1,000 %o was reached.
The treatments containing 2-methoxyphenol were stopped after 81 days and treatments with
vanillin after 111 days. No change in the 8°C value was observed for the incubations
containing 2-methoxybenzoic acid. Therefore, only one replicate was stopped after 188 days
and used for nucleic acid SIP. The calculation of the percentage of '*C from §'°C is explained

in the supplementary material.

4.1.3.2 Density separation

Nucleic acid extraction, removal of DNA, quantification, isopycnic centrifugation and gradient
fractionation were performed according to Yin et al. (2019). To retrieve sufficient RNA from
the incubations, a total of 3 g sediment was used from each replicate. For the 2-methoxybenzoic
acid treatments, only one of the replicates was used for extraction. RNA was extracted
following the phenol-chloroform extraction protocol by Lueders et al. (2004), with the
following modifications: after the addition of polyethylene glycol 6000 for nucleic acid
precipitation, samples were centrifuged at 20,817 g at 4°C for 90 min. DNA was removed using
the RQ1 DNase kit (Promega, Madison, Wisconsin, USA) at 37°C for 45 min. Following
DNase digestion, RNA was purified using phenol-chloroform-isoamyl and chloroform-
1soamyl alcohol, and precipitation was performed using polyethylene glycol 6000. Samples
were centrifuged at 20,817 g at 4°C for 90 min. RNA extracts of all triplicates were pooled to
retrieve a sufficient amount of RNA for density gradient separation. RNA was quantified with
Quanti-iT RiboGreen (Quanti-iT RiboGreen™ RNA-Kit, Invitrogen™, Thermo Fisher

Scientific) and 0.2-1 ug was used for density separation by ultracentrifugation (Table S2-S5).
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The CsTFA solution was prepared from CsOH - 2 H O (99.5% purity, Sigma-Aldrich,
Germany) and trifluoracetic acid (TFA, 99.9% purity, Carl Roth, Germany), autoclaved and
0.2 pum filtered for sterilization. The pH of the solution was adjusted to 7.0 and density to 2.0
g/ml (detailed protocol in supplementary material). From each treatment, RNA was separated
into 14 fractions, with fraction 1 having the highest density and fraction 14 having the lowest
(Fig. S2). From each of the treatments, fractions 3 (ultra-heavy, 1.829-1.835 g/ml), 5 (heavy,
1.818-1.825 g/ml), 7 (midpoint, 1.801-1.812 g/ml), 9 (light, 1.791-1.798 g/ml), and 11 (ultra-
light, 1.778-1.784 g/ml) were used for cDNA synthesis and subsequently sequenced as in
methods section 5. An overview of sequenced fractions per sample with their according

densities and RNA amounts is shown in Tables S2-S5.

4.1.3.3 MAC enrichment setup

Sediment was collected from the Helgoland mud area (54°05°15.5” N, 7°58°05.5” E) by gravity
coring in 2017 during the RV HEINCKE cruise HE483. Sediments from a 45-70 cm depth
were selected from gravity core HE483/2-2 for slurry incubations. Anoxic slurry was prepared,
similar to the SIP incubations. Two replicates were set up for each treatment, containing either
12 mM of one of the selected 15 methoxylated aromatic compounds (MACs) or no additional
carbon substrate as control (Table S6). Due to low solubility of some MACs, not all substrate
was dissolved. Duplicates were additionally amended with 5 mM 2-bromoethanesulfonate
(BES) to inhibit methanogenesis (Liu et al. 2011). Samples were incubated for 458 days at
20°C.

4.1.3.4 Nucleic acid extraction

For each treatment of the MAC enrichments, 1.5 ml of the slurry was transferred anaerobically
at days 92, 200, 367 and 458 for nucleic acid extraction. Nucleic acids were extracted following
the phenol-chloroform extraction protocol by Lueders et al. (2004), with the following
modifications: during precipitation with polyethylene glycol 6000, samples were incubated for
30 min at room temperature and centrifuged at 20,817 g at 4°C for 60 min. DNA pellets were
washed twice with 1 ml cold 70% ethanol and eluted in 100 pl diethylpyrocarbonate (DEPC)
treated water (Carl Roth, Germany). The quality of nucleic acids was checked with a NanoDrop

1000 spectrophotometer (Peqlab Biotechnologie, Erlangen, Germany).

4.1.3.5 16S rRNA gene amplicon sequencing and analysis
[llumina amplicon sequencing libraries of the MAC enrichments and SIP incubations were

prepared for bacteria and archaea. Primers targeting the V4 region of the bacterial 16S rRNA
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gene were Bac515F (5'-GTGYCAGCMGCCGCGGTAA-3’) (Parada et al. 2016) and Bac805R
(5'-GACTACHVGGGTATCTAATCC-3") (Herlemann et al. 2011), primers used for the V4
region of archaeal 16S rRNA gene were Arc519F (5’-CAGCMGCCGCGGTAA-3’) (Ovreas
et al. 1997) and Arc806R (5’-GGACTACVSGGGTATCTAAT-3") (Takai and Horikoshi
2000). The library preparation was performed according to Wunder et al. (2024). Thermal
cycling conditions used for the sequencing PCR were as follows: initial denaturation at 95°C
for 3 min, 30 cycles of denaturation at 95°C for 20 s, annealing at 60°C for 15 s, elongation at
72°C for 15 s, final elongation at 72 °C for 1 min. Sequencing of multiplexed libraries was
performed at Novogene (Cambridge, UK) on the NovaSeq 6000 platform (2 x 250 bp, [llumina)
in mixed orientation by ligation, therefore resulting in forward and reverse amplicon orientation
in both forward (R1) and reverse reads (R2) for both, archaea and bacteria separately. Reads
were demultiplexed and primers clipped using cutadapt v3.1. (Martin 2011) and further
processed using the package dada2 v1.28.0 (Callahan et al. 2016) in R v4.3.1 (R Core Team
2023). Forward reads (R1) and reverse reads (R2) were trimmed with a maximum error rate of
2 to a summed length of 290 bp based on their quality profile, separately per sequence lane
(Table S7 for more details). Subsequently, error rates were learned and samples were
dereplicated and denoised independently for each library orientation, by pooling the data from
all samples, using a modified LOESS function adapted for libraries with binned quality scores
(Salazar 2020). Error-corrected R1 and R2 reads were merged into amplicon sequence variants
(ASVs) and sequence tables for forward and reverse orientations were combined by
reorientation of the reverse-forward ASVs. Chimeras, ASVs of unexpected lengths (< 249 bp
and > 254 bp for bacteria; <251 bp and > 255 bp for archaea) and singletons were removed. A
bootstrap cutoff of 70 (MAC enrichments Bacteria) or 80 (MAC enrichments Archaea, SIP
incubations Bacteria and Archaea) was used to perform taxonomic classification with the
assignTaxonomy function of dada2 with a newly formatted GTDB r214 reference database
(Parks et al. 2018) containing the complete 16S rRNA gene set. For further processing of
ASVs, archaea were removed from the bacterial data set, all bacterial taxa were removed from
the archaeal data set. Sequence community composition was checked with rarefaction curves
(ANEXT package version 3.0.0, Fig. S3-S6) (Hsieh et al. 2016).

As the class Clostridia was our target group in this study, ASVs of the class Clostridia were
screened against the 16S ribosomal RNA sequence database of the online NCBI BLAST tool
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?’PROGRAM=blastn&BLAST_SPEC=GeoBlast&PA
GE_TYPE=BlastSearch, accessed 29.08.2024). The search algorithm was adjusted to blastn,
searching somewhat similar sequences with BLAST+2.16.0 (Altschul et al. 1990). The
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pairwise identity of ASVs of the class Clostridia was computed using the blastn function of
BLAST+2.16.0 with an e-value threshold of 1 x 107'° (Altschul et al. 1990); results are
displayed in Fig. S7.

4.1.3.6 qPCR

16S rRNA gene copies of Archaea, Bacteria and Clostridia were quantified in all MAC
enrichments for time points day 0, 92, 200, 367 and 458. Reaction mixtures contained 1x
Takyon Master Mix (Eurogentec, Seraing, Belgium), 4 ug bovine serum albumin (Roche,
Mannheim, Germany), 300 nM primers, 1 ng of DNA template or 2 ul of standard in a total
reaction  volume of 20 ul. The  primer pairs used were  806F
(5’-GACTACHVGGGTATCTAATCC-3’) and 912R (5’-GTGCTCCCCCGCCAATTC
CTTTA-3’, annealing temperature 58°C) for archaea (Yu et al. 2005), 8Fmod
(5’-AGAGTTTGATYMTGGCTCAG-3") (Satokari et al. 2001) and 338Rmod
(5’-GCWGCCWCCCGTAGGWGT-3’, annealing temperature 58°C) (Daims et al. 1999) for
bacteria and newly designed 579F/747R (5°-AAGCCMCGGCTAACTACGTG-3" /
5’-CGCTACACTAGGAATTCC RCYT-3’, annealing temperature 60°C) for Clostridia
targeting Clostridia clones of different orders retrieved from the MAC enrichments (further
details in supplementary material). Thermal cycling conditions were as follows: initial
denaturation at 95°C for 5 min, 40 cycles of denaturation at 95°C for 30 sec, annealing at given

temperatures for 30 sec and elongation at 72°C for 40 sec.

4.1.3.7 LC-MS/MS measurements of MACs

To track the decrease of targeted MACs, 0.5 ml of the slurry was sampled at days 0, 92, 200,
367 and 458. Samples were centrifuged at 20,817 g for 10 min for separating sediment from
supernatant. The supernatant was centrifuged twice at 20,817 g for 10 min to remove the
remaining particles. Sediment-bound MACs were extracted from the remaining sediment using
the same volume of MeOH as the previously removed supernatant. Samples were sonicated for
1 hour (Elma Transsonic Digital T 830/H, Germany) and further centrifuged at 20,817 g until
the remaining particles were removed. Supernatant and sediment extract were diluted in ASW
to yield a dilution of 1:900. Standards in ASW and MeOH for each of the targeted MACs were
set up in concentrations of 10 mM, 8 mM, 6 mM, 4 mM, 2 mM, and 1 mM and diluted as above
in ASW or MeOH. MACs were quantified using an LC-MS/MS with an UHPLC coupled to a
Q-Exactive Plus mass spectrometer (both Thermo Fisher Scientific). For further information

see supplementary material.
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4.1.3.8 Metagenomic analysis and annotation

Five samples containing high relative abundances of different Clostridia orders and families
therein were used for metagenomic sequencing to reconstruct their metabolic potential. An
aliquot of ~ 1 ug extracted DNA of MAC amended samples of day 458 and one SIP enrichment
(3,4,5-trimethoxyphenol, 3,4,5-trimethoxybenzoic acid, 3,4,5-trimethoxycinnamic acid,
2-methoxyhydroquinone and '*C vanillin + '*C-DIC + BES) were sequenced on the Illumina
HiSeq 4000 platform (2 x 150 bp) at Novogene (Cambridge, UK). Metagenomic reads were
adapter and quality trimmed, and dereplicated using bbduk from bbmap version 38.86
(Bushnell 2014). De novo assemblies were generated for each sample using SPAdes v.3.15.5
with the flag meta (Prjibelski et al. 2020) and megahit v1.2.9 with the preset meta-sensitive
(Lietal.2015). Additionally, a co-assembly was generated from all five samples using megahit
v1.2.9 with the preset meta-sensitive (Li et al. 2015). For read mapping, fasta headers of each
of the assemblies were simplified with anvio-7.1 (Eren et al. 2021); contigs < 1000 bp were
removed and subsequently the quality trimmed reads of each sample were mapped back to each
of the single sample assemblies and the co-assembly using bowtie2 v2.3.5.1 (Langmead and
Salzberg 2012). For each assembly, binning was performed with metabat2 v2.12.1 (Kang et al.
2019), CONCOCT v1.0.0 (Alneberg et al. 2014) and vamb v4.1.3 (Nissen et al. 2021),
followed by bin refinement using the bin refinement module of metaWRAP v1.3.1 (Uritskiy et
al. 2018). Bin refinements of both assemblies (SPAdes and megahit) for each of the single
sample assemblies and bin refinement of the co-assembly were combined through bin
dereplication by dRep v3.0.0 using the ANImf algorithm with a primary ANI of 0.9 (mash
v2.3, (Ondov et al. 2016)) and a secondary ANI of 0.98 (fastANI v1.32 (Jain et al. 2018)) with
a minimum aligned fraction of 0.5 (Olm et al. 2017). Dereplicated bins were reassembled using
a modified bin reassembly based on the reassembly module of metaWRAP. Along with strict
and permissive reassemblies, which are based on reads from all samples, reads from non-
redundant clusters derived through dereplication were used for the reassembly of single bins
with strict and permissive settings. Clostridia genomes were manually refined using anvio-7.1
(Eren et al. 2021). The quality of obtained MAGs was calculated with checkM2 v1.0.2
(Chklovski et al. 2022) and taxonomic classification was assigned through gtdbtk v2.1.0
(Chaumeil et al. 2022), using the GTDB database v214 (Parks et al. 2018). Additionally,
average nucleotide identity (ANI) was calculated using fastANI v1.32 (Jain et al. 2018) and
amino acid identity (AAI) was computed using fastAAI v0.1.18 (Konstantinidis et al. 2022).
For annotation of all medium to high quality (> 80% completeness and < 5% contamination)

Clostridia MAGs, genes were predicted using prodigal v2.6.3 (Hyatt et al. 2010). For full
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annotations, predicted genes were annotated using NCBI NR release 07.02.2024 (accessed
13.03.2024) (Sayers et al. 2022) and KEGG release 109 (accessed 31.12.2023) (Kanehisa et al.
2015) using diamond blastp v2.0.15 (Buchfink et al. 2021). Signal peptides were predicted
using signalp v6.0 (Teufel et al. 2022). Hydrogenases were additionally searched using HMM
profiles of the electron-bifurcating iron hydrogenase hydABCD, which was also observed in
other acetogenic bacteria (Wang et al. 2013, Katsyv et al. 2023). The protein sequences of each
hydrogenase subunit of the acetogenic model organism Acefobacterium woodii were used for
the HMM profiles. HMM profiles were built for each subunit using hmmbuild, implemented
in HMMER v3.3.2 (Eddy 2009). All Clostridia MAGs were screened for the iron hydrogenase
subunits using hmmsearch. Genes with an e-value < 0.001 were selected and manually checked
for the iron hydrogenase subunits. Only HMM hits with two or more subunits located
consecutively on the same contig were considered. In addition, all other MAGs retrieved

through this study were annotated using NCBI NR and KEGG, as described above.

4.1.3.9 Marker gene tree

For the calculation of a marker gene tree, additional Clostridia genomes were acquired,
selecting species representatives of Clostridia from GTDB with completeness of > 90% and
contamination of < 5%. All species representatives from orders, in which we detected
Clostridia MAGs (methods section 8, Acetivibrionales, Ch29, Eubacteriales, Oscillospirales,
Peptostreptococcales, Tissierellales) were selected as input for the tree and downloaded from
RefSeq and GenBank. Additionally, 15 randomly chosen genomes from each other order
within the Clostridia were selected to improve taxonomic placements of MAGs without order
assignment, along with 20 genomes of the phylum Bacillota_B as an outgroup. Using the de
novo workflow of gtdbtk v2.1.0 a multiple sequence alignment was computed using 120 marker
genes. ModelFinder (Kalyaanamoorthy et al. 2017) as implemented within iqtree2 v2.2.2.7
(Minh et al. 2020) was used to identify a suitable model (LG+F+I+R10) for tree calculation.
The tree was calculated using fasttree v2.1.11 with 1,500 bootstraps (Price et al. 2010) and
manually grouped using iTol v6.9.1 (Letunic and Bork 2007), following the GTDB v214
taxonomy (Parks et al. 2018).

4.1.3.10 16S rRNA gene phylogenetic tree

For a 16S rRNA gene phylogenetic tree, 16S rRNA gene sequences were extracted from
Clostridia MAGs derived from own metagenomic analyses, as well as the acquired GTDB
Clostridia species representatives of the orders Acetivibrionales, Eubacteriales, Oscillospirales,

Tissierellales and Peptostreptococcales (methods section 9) using barrnap v0.9 (Seemann
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2018). Additional 16S rRNA gene sequences of the order Clostridiales were selected as
outgroup. All 16S rRNA gene sequences, including the ASV sequences, were aligned using
SINA v1.7.2 (Pruesse et al. 2012) against the SILVA nr99 v138.1 ARB database (Quast et al.
2012). Sequences were trimmed to fixed start and end positions of the full-length 16S rRNA
gene (E. coli position 1,043 — 6,884) using seqtk v1.3-r106 (https://github.com/lh3/seqtk) and
all gaps caused by one sequence were removed with clipkit v2.2.4 (Steenwyk et al. 2020). For
tree construction, sequences with at least 1000 bp were chosen. Redundancy in sequences was
removed by seqgkit v2.3.1 (Shen et al. 2016). For all non-redundant sequences above 1,000 bp
in length, a GTR+1+G4 model for the 16S rRNA gene phylogenetic tree was determined using
modeltest-ng v0.1.7 (Darriba et al. 2020), which was further used for calculation of the tree
with raxml-ng v1.1.0 (Kozlov et al. 2019). In total 50 starting trees were inferred; bootstrap
convergence at a cutoff of 0.02 was reached after 1,200 trees. Shorter 16S rRNA gene
sequences found in Clostridia genomes, along with ASVs from the SIP and slurry enrichment
were added after tree calculation. Short sequences were placed into the existing tree using epa-
ng v0.3.8 (Barbera et al. 2019) and gappa v0.7.1 (Czech et al. 2020). The tree was manually
rooted and grouped in iTOL v6.9.1 (Letunic and Bork 2007).

4.1.3.11 Detection of methyltransferases (MTI) in Clostridia MAGs and species
representatives

As the annotation did only yield one single gene assigned to the m#vB methyltransferase of the
O-demethylase system (EC:2.1.1.382 in the MAG L3_d458_spades_bin_6_orig), a protein
family model was constructed to search all reconstructed Clostridia MAGs. For this, mtvB,
omdB and mtoB genes of Methermicoccus shengliensis, Archaeoglobus fulgidus, Moorella
thermoacetica, Acetobacterium dehalogenans and our MAG were aligned using muscle v5.1
(Edgar 2022). From the alignment an HMM profile was built using hmmbuild implemented in
HMMER v3.3.2 (Eddy 2009). All MAGs were searched for methyltransferase (MTI) genes
using hmmsearch, validated against closely related genes and significant hits were selected
(further details see Supplementary material). Using the same technique, we searched MTI
genes and removed false positives in all Clostridia species representative genomes (methods
section 9).

Additionally, orthofinder v2.5.5 (Emms and Kelly 2019) was used to search all orthologous
genes in the MAGs. From the orthogroups we subset those containing MTI sequences.
Constructed orthogroup trees were used to evaluate the evolution of MTI genes within the

MAGs. For evaluation of the diversity of MTI genes in found Clostridia MAGs and species
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representatives, MTI genes were clustered based on 70% identity and a 90% alignment
coverage of the target with mmseq2 (Steinegger and Soding 2017). To establish if MTI genes
were specific for used substrates, the mapped MTI genes in the five different metagenomes
were counted using featureCounts v2.0.6 (Liao et al. 2013). Read counts were normalized using

the gene length and sequencing depth.

4.1.3.12 Statistical analyses

Samples were analyzed based on their enrichment in Clostridia using the data from amplicon
sequencing. By calculating centered log-ratio transformations using the library SpiecEasi
vl.1.1 in R (Kurtz et al. 2015), samples were classified as enriched, if the centered log-ratio
was > 8.75 (> 30% relative abundance) or not enriched (< 30% relative abundance). Coherence
between Clostridia enrichment and the number of methoxy groups of the MAC substrate

analyzed was tested using a Chi-Square test implemented in the package vegan v2.6-6.1

(Oksanen et al. 2024).

4.1.3.13 Data availability

All code wused to analyze the data and create figures 1is available under
https://github.com/mmaeke/MAC_degradation. Supplementary excel tables are also supplied
in the repository. Clone sequences will be submitted to GenBank upon manuscript submission.
Amplicon and metagenomic raw reads will be submitted to ENA upon submission. Until then,

this data is available upon request.
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4.1.4 Results

4.1.4.1 Methoxy group utilization by Clostridia

RNA stable isotope probing (RNA-SIP) enrichments with three '*C-labeled methoxylated
aromatic compounds (MACs): vanillin, 2-methoxyphenol, and 2-methoxybenzoic acid were
set up to identify microorganisms involved in methoxydotrophic growth. MACs were only
labeled at the carbon of the methoxy group to ensure labeling only by methoxydotrophic
metabolism. Additional unlabeled or '*C-labeled DIC was used as second carbon substrate, as
methoxydotrophic growth requires the presence of both a MAC and DIC (Ragsdale and Pierce
2008).

In the vanillin (V) and 2-methoxyphenol (MP) amended SIP enrichments, we observed an
increase of the 8'°C (%o) in headspace CO2 throughout the incubation, reaching up to 6566%o
(7.8% '3C) in the vanillin amended sample after 111 days and 4013%o (5.3% '*C) in the
2-methoxyphenol after 81 days (Figure S1). No change of the §'°C was observed in samples
amended with 2-methoxybenzoic acid. In the vanillin and 2-methoxyphenol amended SIP
enrichments, we observed high relative abundances of Clostridia in all treatments, reaching
between 11 and 43% in ultra-heavy fractions when one or both substrates were labeled
(Fig. S8), while Clostridia were not detected in 2-methoxybenzoic acid and DIC-only controls
(Fig. S8-S9). Upon density separation of RNA, we detected the highest label in the middle
fractions (light, midpoint, heavy) when only one of the amended substrates (MAC or DIC)
contained the 13C label (Fig. 1).

With 3C-MAC and DIC, the highest relative abundance of Clostridia was detected in the
midpoint fraction (V: 61%; MP: 26%). With both substrates labeled, the highest relative
abundances were observed in only the heavier fractions (midpoint, heavy, ultra-heavy), with
relative abundances of 21% (V) and 25% (MP) in the heavy and 17% (V) and 13% (MP) in the
ultra-heavy fraction. Upon adding BES, the relative abundances increased slightly to 25% (V)
and 38% (MP) in the heavy and 22% (V) and 43% (MP) in the ultra-heavy fraction. Two main
ASVs were detected (sql and sq5), which had a pairwise sequence identity of 98.8% (Fig. S7).
Two further ASVs (sq36, sq78) with pairwise sequence identities to sql and sq5 of 98.4-99.2%
could be enriched upon BES addition in the 2-methoxyphenol treatments. All ASVs detected
in the RNA-SIP treatments of vanillin and 2-methoxyphenol were assigned to
Alkalibacteraceae unclassified below family level. Archaea were not labeled by adding any

MAC (Fig. S10).
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Figure 1 Relative 16S rRNA gene abundance of ASVs within the class Clostridia in density-resolved RNA
fractions (ultra-heavy, heavy, midpoint, light, ultra-light). Different treatments were amended with vanillin or
2-methoxyphenol as methoxylated aromatic compound (MAC) and dissolved inorganic carbon (DIC). Labeled
substrates are indicated by '3C, for MACs only the methoxy group was labeled. One of the treatments was
additionally amended with sodium 2-bromoethanesulfonate (BES), an inhibitor for methanogenesis.

4.1.4.2 Enrichment of Clostridia with MACs in marine sediment slurry incubations

To further identify the substrate spectrum of MACs used by the class of Clostridia, enrichments
utilizing a variety of MACs were set up (Table S6). Here we investigated the process of non-
methanogenic methoxydotrophy by adding sodium 2-bromoethanesulfonate (BES) to inhibit
methanogenesis in enrichments during an incubation period of 458 days. In 12 treatments, we
observed an enrichment of the class Clostridia (up to 95% in bacteria), represented by five
orders:  Acetivibrionales, Eubacteriales, Oscillospirales, Peptostreptococcales and
Tissierellales (Fig. 2, Fig. S11-12). Within the control samples, no enrichment was observed
(0.2-0.5%). The reported relative abundances reflect the maximum relative abundance during
the incubation period of 458 days in the treatments.

Acetivibrionales were only enriched in the treatment with 3,4,5-trimethoxybenzoic acid,
reaching 89% relative abundance. Eubacteriales were detected in all treatments with highest
relative abundances in treatments with vanillin (78%), 2-methoxyphenol (60%),

3.,4,5-trimethoxyphenol (83%), 3,4-dimethoxycinnamic acid (62%), 3,4,5-trimethoxycinnamic
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acid (61%), 2-methoxyhydroquinone (40%), 1,2,4-trimethoxybenzene (86%) and
3.4,5-trimethoxybenzaldehyde (69%). Specifically, one ASV sequence (sql), assigned to
unclassified Alkalibacteraceae, could be detected in nine treatments and was highly abundant
in seven (Table S8, Fig. S12). Oscillospirales were abundant in the treatments with
3,4-dimethoxycinnamic acid (20%), 3,4,5-trimethoxycinnamic acid (19%) and
3.4,5-trimethoxybenzaldehyde (48%). Peptostreptococcales were most abundant in the
treatment with 3,4,5-trimethoxybenzaldehyde (24%). Tissierellales were most abundant at day
200 in the treatment with 2-methoxyhydroquinone (26%). Further details on the abundance of
ASVs is given in the supplementary material.

In addition to Clostridia, we observed an enrichment of members of the phylum Bacillota_B in
treatments with 2-methoxybenzoic acid (46%), 2-methoxyhydroquinone (42%), and
3,4-dimethoxycinnamic acid (44%).

Using a chi-square test, we tested for coherence between Clostridia enrichment and the number
of methoxy groups of MACs. We identified that more samples were observed to be enriched
(two methoxy groups: 8 samples; three methoxy groups: 27 samples) in Clostridia (relative
abundance of Clostridia > 30%) in the MAC treatments containing two or three methoxy
groups than would be expected (two methoxy groups: 6.5 samples; three methoxy groups: 19.6
samples). At the same time, more samples without Clostridia enrichment (relative abundance
of Clostridia < 30%) were observed for MACs with one methoxy group (28 samples) than
would have been expected (19.1 samples) (Table S9). The significance of these results was
confirmed by a p-value of 0.0007.

In addition to the community changes based on 16S rRNA gene relative abundances, we
quantified 16S rRNA gene copies of Clostridia within our enrichments over 458 days
(Fig. S13). We detected higher gene copies of Clostridia in all treatments compared to the
unamended control (up to 2.6 x 10°). The highest increases in gene copy numbers were
observed in treatments with vanillin (4.58 x 107, 17-fold), 3,4,5-trimethoxyphenol (3.27 x 108,
126-fold), 3,4,5-trimethoxybenzoic acid (2.18 x 108, 83-fold), 2-methoxyhydroquinone
(2.06 x 108, 79-fold), 3,4-dimethoxycinnamic acid (6.86 x 107, 26-fold) and
3,4,5-trimethoxycinnamic acid (1.32 x 103, 50-fold).

Using mass spectrometry, we tracked the decrease of targeted MACs during the incubation of
458 days. In all treatments, the concentration of MACs decreased throughout the incubation
time of 458 days with increasing relative abundance of Clostridia in single enrichments
(Fig. S14). 2-methoxyphenol and 2-methoxyhydroquinone could not be detected using this

method, likely due to low solubility of the substrates.

167



Chapter IV

No Clostridia enrichment was observed within a slurry-only control and further tested

treatments (Fig. S11, Fig. S15). To exclude archaea as participants in methoxydotrophy, we

analyzed archaeal 16S rRNA gene amplicon sequences and quantified archaeal gene copies in

all enrichments. Compared to the control (Fig. S16-17), we did not observe enrichment of

archaeal taxa, nor did archaeal 16S rRNA gene copy numbers increase during our incubation

time of 458 days (Fig. S17).
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Figure 2 Relative 16S rRNA gene abundance of Clostridia within MAC-amended samples (amended with
indicated MAC and BES) during an incubation period of 458 days. Colors indicate different orders within the
class of Clostridia. Line types indicate the two replicates. MAC structures of the added MAC are displayed in the
upper left corner of each graph. For this plot, only Clostridia orders with a relative abundance of at least 5% in

any of the samples were selected.
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4.1.4.3 Phylogenetic novelty among detected Clostridia

Abundant Clostridia ASVs with at least 5% relative abundance in any of the MAC or SIP
enrichments were placed in a 16S rRNA gene phylogenetic tree (Fig. 3). None of the ASVs
could be assigned to a type strain on species level (Table S10-S11). Yet, we observed that most
of the identified ASVs grouped closely within the five identified orders. Unclassified
Alkalibacteraceae ASVs found in the MAC and the SIP enrichments showed high 16S rRNA
gene sequence identity (95.2-100%, Fig. S7) and showed the highest sequence identities to the
type strain of Alkalibaculum sporogenes (94.02-98.01%; MOSDMB species).
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Figure 3 16S rRNA gene phylogenetic tree of the class Clostridia. 16S rRNA genes for tree reconstruction were
retrieved from Clostridia species representatives present on the GTDB database (completeness > 90%,
contamination <5%) of the five orders: Acetivibrionales, Eubacteriales, Oscillospirales, Peptostreptococcales and
Tissierellales. Outgroup sequences were derived from Clostridiales species representatives (completeness > 90%,
contamination <5%). The tree was calculated with raxml, bootstrap convergence of 0.02 was reached after 700
trees. ASVs and other shorter sequences were added after tree calculation. Single orders are indicated by color,
ASVs from different enrichments are indicated by shape.

By metagenomic sequencing, we aimed to gain further insights into the metabolic potential of
the identified Clostridia. For this, we performed metagenomic sequencing of multiple samples.
In total, we reconstructed 26 medium- to high-quality metagenome-assembled genomes
(MAGs) (completeness > 80%, contamination < 5%) assigned to the class Clostridia
(Table S12). The completeness of single MAGs ranged between 83.77-99.94%, and
contamination ranged between 0-5% (Table S13). Though we could not detect 16S rRNA genes
in most of the MAGs, MAGs were assigned to the five previously found orders using the GTDB
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r214 (Parks et al. 2018) (Acetivibrionales, Eubacteriales, Oscillospirales, Peptostreptococcales,
and Tissierellales) and follow a similar taxonomic classification as was initially detected for
the ASVs (Table S12). One additional MAG was assigned to the order Ch29; another MAG
could not be assigned to any known Clostridia order and was regarded as novel on order level
based on relative evolutionary divergence (RED) computed during the GTDB classification.

None of the four MAG-derived 16S rRNA genes could be assigned to any ASV on species

level (Table S14). Using 120 bacterial marker genes, we computed a phylogenomic tree

(Fig. 4).
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Figure 4 Marker gene tree of 120 bacterial maker genes for 3170 Clostridia species representatives (completeness
>90%, contamination < 5%) and 26 MAGs of Clostridia reconstructed by metagenomic sequencing. The tree was
computed using fasttree v2.1.11 with 1500 bootstraps. Orders MAGs were found in, are indicated by color. Labels

indicate the families these MAGS were assigned to.
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Based on the GTDB classification as well as computed average nucleotide identity (ANI) (Fig.
S18) and amino acid identity (AAI) (Fig. S19) we detected a novel family within the
Acetivibrionales, a novel family and genus within the Eubacteriales and novel genera within
the Oscillospirales (Table S12). Further details on the phylogenomic classification are given in

the supplementary material.

4.1.4.4 Methoxydotrophy via the reductive acetyl-CoA pathway as the primary strategy
to degrade MACs

We analyzed all MAGs for the metabolic potential of methoxy group utilization (Table S15).
The methyltransferase subunit MTI facilitates the initial step of demethoxylation
(Khomyakova and Slobodkin 2023). Therefore, we used the presence of the MTI gene as an
indicator for the presence of the O-demethylase system. The MTI genes were present in all
MAG:s of the orders Acetivibrionales and Eubacteriales, all except one Oscillospirales MAGs,
two Peptostreptococcales MAGs and the Sedimentibacteraceae (Tissierellales) MAG (Fig. 5).
To test if MTT genes potentially act on methoxy groups of polyaromatic compounds too large
to be imported into the cell, all MTI genes were screened for signal peptides, however none of
the MTI genes contained signal peptide signatures (Table S16). Both orders, Acetivibrionales
and Eubacteriales did contain all genes required for the methoxy group utilization, including
genes of the methyl branch of the reductive acetyl-CoA pathway: formate dehydrogenase (fdh),
formate-tetrahydrofolate ligase (fhs), methylenetetrahydrofolate dehydrogenase (folD),
methenyltetrahydrofolate cyclohydrolase (fchA), methylenetetrahydrofolate reductase (metF),
and the carbonyl branch: anaerobic carbon-monoxide dehydrogenase (acsA), acetyl-CoA
decarbonylase/synthase CODH/ACS complex subunits beta, gamma and delta (acsBCD) and
the 5-methyltetrahydrofolate corrinoid/iron-sulfur protein (acsE). Acetate formation from
acetyl-CoA could be facilitated by phosphate acetyltransferase (pfa) and acetate kinase (ack).
MTI genes containing MAGs of the order Oscillospirales did contain genes for the reductive
acetyl-CoA pathway however only two of the MAGs (Oscillo_2, Oscillo_3) did encode genes
for the formate dehydrogenase. The genes for the carbon-monoxide dehydrogenase and
CODH/ACS complex subunits beta, gamma and delta were absent in the Sporobacter
Oscillo_5 MAG despite being detected in a second Sporobacter MAG (Oscillo_4). The Ch29
MAG did lack genes for the CODH/ACS complex (acsBCDE). In the order
Peptostreptococcales, all MAGs lacked genes for the formate dehydrogenase and CODH/ACS
complex subunits acsBCDE. The Tissierellales MAG Tissi_1 contained all genes of the Wood
Ljungdahl pathway, only lacking the acsA gene. The Tissierellales MAG Tissi_2 and
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unclassified Clostridia MAG Clostridia_1 lacked most genes involved in the reductive acetyl-
CoA pathway.

To facilitate redox balancing, all MAGs except Pepto_2 contained genes for at least five
subunits of the Rnf complex. Additionally, V/A-type and F-type ATP synthase genes were
present in all MAGs, though they partially lacked a few subunits of either. Last, all MAGs had
genes for the Fe-Fe hydrogenase hydABC.
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4.1.4.5 High MTI gene abundance in Clostridia MAGs

In order to facilitate demethoxylation, microorganisms require an O-demethylase system
consisting of a substrate-specific methyltransferase I (MTI), a cobalamin-binding corrinoid
protein and methyltransferase II (MTII), which transfers the methyl group to a terminal
acceptor (Khomyakova and Slobodkin 2023). The subunit MTI catalyzes the initial methyl
transfer from the methoxy group of a MAC to the corrinoid protein. Therefore, we screened all

Clostridia MAGs for the presence of these genes to establish if methoxydotrophy was feasible.
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The highest number of MTI genes was detected in MAGs of the orders Eubacteriales (up to 65
genes) and Oscillospirales (up to 52 genes) (Fig. 6, Table S17). Besides, MAGs of the order
Acetivibrionales had up to 22 genes. Most MAGs of the order Peptostreptococcales did not
contain any MTI genes. Only one MAG of the family Anaerovoracaceae was found to have
two genes, one of three MAGs of the family JAAYPUOI contained one gene. Within the order
Ch29, the unclassified Clostridia and MAGs of the genus JAEWRYO01 (Oscillospiraceae),
JAFGACO1 (Acidaminobacteraceae) and the unclassified VENLO1 family (Tissierellales), no
MTI genes were detected.

To further investigate the evolutionary history of MTI genes, we computed orthogroups for all
found Clostridia MAGs and gene trees for the most abundant orthogroups. Orthogroups are
defined as genes descending from a single last common ancestor (Fitch 1970). Identified MTI
genes were sorted into 14 orthogroups, with most genes assigned to five orthogroups (OG 25,
39, 48, 179, 257) (Fig. S20). Orthogroup 25, containing 128 MTI genes in total was dominated
by MTI genes found in the order Eubacteriales (75% of MTI genes) and Oscillospirales (20%
of MTI genes). MTI genes of both orders formed two distinct clusters in the orthogroup tree
(Fig. S21). Orthogroups 39 (94 MTI genes), 48 (87 MTI genes) and 257 (36 MTI genes) mainly
consisted of MTI genes found in Oscillospirales MAGs (82%, 59% and 83% of MTI genes).
For multiple genes within the trees of the orthogroups 39 (Fig. S21) and 257 (Fig. S22), various
branches contained both MTI genes derived from Oscillospirales and Eubacteriales. The tree
of orthogroup 48 formed two distinct clusters, one dominated by MTI genes of the order
Oscillospirales, while the other consisted of MTI genes derived from the order Eubacteriales.
Most MTI genes of the order Acetivibrionales were detected in orthogroup 179 (44 MTI genes,
82% MTI genes of Acetivibrionales). Within the tree, a few genes of the orders Eubacteriales
and Oscillospirales were detected; however, they clustered with greater distance to genes of
the Acetivibrionales (Fig. S22). Single MTI genes of the orders Peptostreptococcales and
Tissierellales could be identified in orthogroups 25, 48, 179, 3021 and 4337, clustering closely
with MTI genes of the orders Eubacteriales, Oscillospirales, or Acetivibrionales

(Fig. $20-S22).

4.1.4.6 High MTI gene diversity in Clostridia MAGs

Additionally, we aimed to evaluate the MTI gene diversity within Clostridia. For this, we
clustered MTI genes of all found MAGs based on 70% identity to retrieve functional similar
genes. In total, we identified 260 unique MTI gene clusters, of which 79 (30%) gene clusters
were found in multiple MAGs (Fig. 6). The remaining 181 (70%) MTI gene clusters were
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detected as singletons. The highest numbers of singletons were detected in the unclassified
Alkalibacteraceae MAG Eubac_1 (47 singletons, 72% of genes), MOSDMB MAG Eubac_3
(25 singletons, 54% of genes) and Sporobacter MAG Oscillo_6 (23 singletons, 62% of genes).
High proportions of singletons were also observed for Aceti_5 (55%) and Eubac_4 (100%). Of
the non-singleton gene clusters, 22 could be identified in up to three gene copies in the different

MAGs (further details in supplementary material).
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4.1.4.7 High MTI gene abundance and diversity in Clostridia species representatives

Our findings are consistent with MTI gene abundance and diversity in all searched Clostridia
species representatives of the GTDB r214. The highest numbers of homologous MTI genes
were detected in the orders Eubacteriales (up to 70 MTI genes) and Acetivibrionales (up to 40
MTI genes), yet also high numbers of homologous genes could be observed in some genomes
of the order Oscillospirales (up to 35 MTI genes) (Fig. 7a-b,
Fig. S23). Notably, when comparing the MTI gene abundance and diversity in MAGs and
Clostridia species representatives, the abundance and diversity of MTI gene copies in
Oscillospirales MAGs were found to be outliers. Overall, the average number of genes was low
in most families of the order Oscillospirales (Fig. S23), though outliers in the Oscillospirales
families Acutalibacteraceae, Ruminococcaceae, Oscillospiraceae, and CAG-272 indicated a
high abundance of MTI genes in some families. The order Ch29, from which we reconstructed
one MAG, contained no genomes with MTI genes. We screened further orders of the Clostridia
and could observe that beyond these five orders found in this study, more orders in the
Clostridia exhibited high gene numbers of the MTI gene, e.g., Caldicoprobacterales, DUPQO1,
Lachnospirales or Mahellales (Fig. S24). Furthermore, we observed that among all Clostridia
genomes of the five orders Acetivibrionales, Eubacteriales, Oscillospirales,
Peptostreptococcales and Tissierellales genomes with high MTI gene abundance (> 30 MTI
genes) contained increasingly more copies of MTI genes, resulting in a non-proportional

increase of MTI gene diversity (Fig. 7c).

4.1.4.8 Link of the specific MTI gene clusters to MACs

To establish which MTI genes were specific for substrates used in the enrichments, MTI genes
were mapped to the five different metagenomes, and mapped reads were counted and
normalized. Of 247 detected homologous MTT gene clusters, 140 (57%) were unique in single
treatments (Fig. 8).

Four unique MTI gene clusters affiliated with the Oscillo_2, Aceti_1 and Pepto_3 MAG were
identified in the 3,4,5-trimethoxyphenol sample. Though the Oscillo_2 (2%), Aceti_1 (1.5%)
and Pepto_3 (0.1%) MAGs were only of low abundance in the 3,4,5-trimethoxyphenol sample,
compared to the Eubac_4 MAG (30%, Fig. S25), no sample-specific genes were identified for
Eubacteriales. Forty unique MTI gene clusters of the Eubac_1 MAG were detected in the
sample containing 3,4,5-trimethoxybenzoic acid. Nine additional gene clusters could be
assigned to Acetivibrionales MAGs. Especially the Aceti_3 MAG showed a high abundance
of 49% in this sample (Fig. S25). MTI gene clusters found only in the 3.4,5-
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trimethoxycinnamic acid (35 unique MTI gene clusters) and 2-methoxyhydroquinone (23
unique MTTI gene clusters) treatments were derived from Oscillospirales. MTI gene clusters of
the 3,4,5-trimethoxycinnamic acid treatment were found in multiple different MAGs of the
order Oscillospirales (Oscillo_1, Oscillo_3, Oscillo_4, Oscillo_5 and Oscillo_7). Within the 2-
methoxyhydroquinone treatment, all specific MTI gene clusters were affiliated with the MAG
Oscillo_6. Twenty-seven unique MTI gene clusters of the Eubac_3 MAG were found in the
vanillin sample of the vanillin + DIC + BES RNA-SIP treatment. Only one cluster was
additionally found in the Eubac_1 MAG. Most gene clusters found in multiple treatments were
only detected in single orders (Fig. S26). Only a few gene clusters were shared among multiple

orders (69,71,75,162).
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4.1.4.9 Aromatic ring degradation by other community members

The remaining hydroxylated aromatic ring structures could be further degraded through ring
cleavage. We could detect multiple genes of subunits of the gallate decarboxylase (IpdABC)
which catalyzes the reaction of 3,4,5-trihydroxybenzoate to 1,2,3-trihydroxybenzene
(pyrogallol) and CO> (Grant and Patel 1969) and pyrogallol hydroxytransferase catalyzing the
reaction of 1,2,3-trihydroxybenzene to 1,3,5-trihydroxybenzene (phloroglucinol) using
1,2,3,5-tetrahydroxybenzene as co-substrate (Brune and Schink 1990) in some MAGs of the
orders Acetivibrionales and Oscillospirales (Table S15).

In order to investigate if other community members were involved in aromatic ring cleavage,
additional bacterial (125 MAGs) and archaeal MAGs (28 MAGs) derived through the
metagenomic analysis were screened for genes involved (MAG overview in Table S19). Genes
of the benzoyl-CoA reductase bcrABCD or bamBC could be detected in MAGs affiliated with
the orders Thermoanaerobaculales (Acidobacteriota), Tissierellales (Bacillota_A), E26-bin7,
UBA7937 (Anaerolinea), Desulfatiglandales, Desulfobacterales (Desulfobacterota),
Desulfuromonadales, G020346125 (Desulfobacterota_F) and Rhizobiales (Pseudomonadota)
(Table S20). Yet, only in two of the Anaerolinea MAGs, two Desulfobacterales and one
Desulfuromonadia MAG, we additionally identified all other genes required for the upper
benzoyl-CoA pathway, including cyclohexa-1,5-dienecarbonyl-CoA hydratase (dch),
6-hydroxycyclohex-1-ene-1-carbonyl-CoA dehydrogenase (had) and 6-oxocyclohex-1-ene-
carbonyl-CoA hydrolase (oah).

Overall, all MAGs affiliated with the cleavage of aromatic ring structures were low in
abundance in the analyzed samples, reaching a maximum relative abundance of 0.8%

(Fig. S27).

4.1.5 Discussion

Terrestrial organic matter deposited in marine coastal sediments introduces large amounts of
highly recalcitrant organic carbon into the marine biosphere (Burdige 2005, Bianchi 2011).
While first studies investigated the potential of depolymerization of lignin in the marine water
column and sediments, the fate of remaining lignin-derived monomers remains mostly
unexplored in fully anoxic marine sediments (Woo and Hazen 2018, Wang et al. 2021, Ley et
al. 2023, Peng et al. 2023, Yu et al. 2023b). Here, we investigated the fate of such remaining

monolignols, which are available as methoxylated aromatic compounds (MACs).
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4.1.5.1 Clostridia are the primary degraders of MACs in anoxic marine sediments of the
Helgoland mud area

We identified Clostridia as the main degraders of vanillin- and 2-methoxyphenol-derived
methoxy groups by RNA stable isotope probing. Among Clostridia, the family
Alkalibacteraceae within the order Eubacteriales was the sole family identified to be involved
in methoxy group utilization of these two susbtrates. The closest type strain of identified
Alkalibacteraceae ASVs was Alkalibaculum sporogenes (97.21-89.01% sequence identity), a
Clostridia species found in salsa lakes of the terrestrial mud volcano Karabetova Gora in Russia
(Khomyakova et al. 2020). Studies showed the growth of Alkalibaculum sporogenes on the
MACs 3.,4-dimethoxybenzoic acid and 2-methoxyphenol. Though we did not use
3,4-dimethoxybenzoic acid as a substrate in the SIP enrichment, we tested 15 different MACs
in slurry enrichments to investigate the substrate spectrum of Clostridia. Multiple high
identical ASVs detected by SIP and the MAC enrichments (SIP: sql, 5, 36, 78, 198; slurry:
sq2, 14, 16, 83, 253) could be identified in vanillin, 3,4-dimethoxycinnamic acid,
3,4,5-trimethoxycinnamic acid and 2-methoxyhydroquinone MAC enrichments, suggesting
that more than the MACs analyzed in the RNA-SIP experiment can be degraded by members
of this genus. However, Alkalibaculum ASVs were not detected in the 3,5-dimethoxybenzoic
acid enrichment, emphasizing differences to the terrestrial Alkalibaculum sporogenes.

In 11 of 15 analyzed MAC-amended enrichments, Clostridia were the most abundant bacterial
class. Especially treatments containing vanillin, 3.,4,5-trimethoxyphenol,
3,4,5-trimethoxybenzoic acid, 2-methoxyhydroquinone, 3,4-dimethoxycinnamic acid and
3,4,5-trimethoxycinnamic acid stimulated the growth of Clostridia shown in the high increase
of 16S rRNA gene copies. Moreover, we could observe a decrease in the concentration of
MACs throughout the incubation time in those enrichments with a high abundance of
Clostridia, confirming the consumption of these substrates. Overall, our enrichment results
indicate that MACs with multiple methoxy groups promoted the growth of Clostridia, which
agrees with previously reported bond dissociation energies of methoxy groups in MACs. The
bond dissociation energy of single methoxy groups is higher (246,86 kJ/mol) than for MACs
containing two (232.21 kJ/mol) or three (217.99 kJ/mol) methoxy groups, making those MACs
with multiple groups more energetically favorable (Li et al. 2021). Additional substituents to
the ring can increase the bond dissociation energy required to cleave methoxy groups (Li et al.
2021), thus some MACs can become more difficult to degrade, as we observed for MACs, such
as 3-methoxycinnamic acid, 2-methoxybenzoic acid, 3-methoxyphenylacetic acid or

2-methoxy-pyridinylboranic acid.
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The family Alkalibacteraceae was detected in most enrichments (10 enrichments), with single
ASVs being abundant in up to nine different treatments, indicating Alkalibacteraceae as the
main degraders of methoxylated aromatic compounds and being adapted for multiple different
MAC:s. A high relative abundance of ASVs of the order Acetivibrionales was detected in the
enrichment amended with 3.4,5-trimethoxybenzoic acid, suggesting substrate specificity of
Acetivibrionales for this substrate. Notably, the ASVs could not be classified below order level,
similar to reconstructed Acetivibrionales MAGs and therefore must be regarded as a novel
family. Further, Oscillospirales, Peptrostreptococcales, and Tissierellales were identified. Yet,
they were of lower abundance in all screened treatments, hinting either towards competition
for the MACs, with Eubacteriales and Acetivibrionales being advantageous or overtaking
different roles.

Clostridia are common in anoxic soils (Janssen 2006), yet they could also be identified in some
marine sediments (Davies 1969, Zinger et al. 2011). Their primary role in the marine biosphere
was so far limited to the degradation of cellulose, proteins and amino acids (Davies 1969,
Pelikan et al. 2021, Yu et al. 2023b). Here, we identified Clostridia as the major degraders of
MAC:s, playing an essential role in the degradation of terrestrial-derived organic matter in
anoxic marine sediments. These findings of Clostridia as primary degraders of MACs were
previously reported for soil systems (Kato et al. 2015). Though more than 30 isolated Clostridia
species could so far be affiliated with the growth on MACs (Khomyakova and Slobodkin
2023), only one of these, Acetobacterium carbinolicum, was isolated from marine anoxic
sediments (Paarup et al. 2006). The high abundance of different Clostridia groups detected in
this study indicates that Clostridia not only play an essential role in the degradation of

terrestrial-derived organic matter in soil but also coastal anoxic sediments.

4.1.5.2 Intracellular methyltransferases facilitate methoxy group cleavage

By analyzing the genomic potential, we identified multiple novel families (Aceti_1-Aceti_5,
Eubac_4) and genera (Eubac_1-Eubac_2, Oscillo_1-Oscillo_3, Tissi_1), in addition to the
undescribed genus DUPKOI, containing genes involved in methoxydotrophy. To facilitate
methoxydotrophy, these taxa require an O-demethylase system, including the
methyltransferase MTI. The annotation of the MTI was based on identifying genes through the
annotation of NCBI NR (Sayers et al. 2022) and KEGG (Kanehisa et al. 2015). However, using
these tools, the methyltransferase systems could not be determined. Related genes of the
methyltransferase MTI were annotated as uroporphyrinogen decarboxylase instead of the

known methoxytransferase genes odmB or vdmB found in Acetobacterium dehalogenans
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(Kaufmann et al. 1998, Engelmann et al. 2001), mtvB found in Moorella thermoacetica (Naidu
and Ragsdale 2001) or mtoB found in Archaeoglobus fulgidus and Methermicoccus
shengliensis (Kurth et al. 2021, Welte et al. 2021), indicating lower sequence identities of found
MTI genes to already characterized genes involved in methoxy group utilization. Even genes
of the methyltransferases vdmB and odmB detected in the same genome of Acetobacterium
dehalogenans only showed amino acid identities of 63% (Schilhabel et al. 2009). The high
number of unique genes discovered in Clostridia MAGs (up to 62 unique MTI genes),
especially of the orders Eubacteriales, Oscillospirales and Acetivibrionales, support this
finding. Genomes with a high number of MTI genes (abundance > 40) did not show a
proportional increase in diversity, implying that several copies of the same gene cluster are
maintained in these genomes, potentially serving redundant roles in metabolic pathways. The
presence of such high numbers of MTI genes in single genomes agrees with our findings of
utilization of up to nine different MACs by Alkalibacteraceae and other groups within
Clostridia. Furthermore, the high abundance of methyltransferase MTI indicates a general
preference for Ci-compounds in members of the detected Clostridia beyond methoxy group
utilization. Previous studies on MTI genes showed that vdmB isolated from Acetobacterium
dehalogenans additionally converts methyl chloride and a methyltransferase identified in
Acetobacterium woodii demethylates glycine betaine, coming to a similar conclusion
(Schilhabel et al. 2009, Lechtenfeld et al. 2018). None of the detected MTI genes contained
signal peptides (Owji et al. 2018), indicating no extracellular activity of MTI. Therefore, MACs
need to be taken up by the organisms to utilize the methoxy group and microorganisms cannot
act on methoxy groups of larger lignin polymers.

We identified functionally similar gene clusters by clustering the MTI genes with 70% identity.
We could detect 107 gene clusters in multiple MAC treatments. Therefore, these genes likely
do not act specific for a single MAC. But it also needs to be noted that previous studies
identified MTI genes capable of acting on multiple MACs (Engelmann et al. 2001), so despite
identifying substrate-specific methyltransferases, other methyltransferases detected in multiple
samples could potentially be involved in the methoxy group cleavage of similar substrates.
Multiple MTI gene clusters could be detected in single samples, indicating possible unique or
substrate-specific MTI genes. Acetivibrionales were highly abundant in the enrichment
containing 3.4,5-trimethoxybenzoic acid; specifically, the MAG Aceti_3 showed a high
relative abundance of 49%. We identified four gene clusters (60, 61, 62, 63) specific to this
MAG. It is most likely that the identified sample-specific MTI genes act on methoxy groups

of 3,4,5-trimethoxybenzoic acid. Furthermore, three unique gene clusters for the Eubac_1
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MAG and two additional gene clusters for other found Acetivibrionales MAGs Aceti_2 and
Aceti_4 were detected in the same orthogroup 179. Due to these genes deriving from a single
last common ancestor (LCA), it is likely that the Eubac_1 MAG also contains MTI genes
specific for 3,4,5-trimethoxybenzoic acid, which evolved orthologously to those of the
Acetivibrionales. We identified further sample-specific MTI genes of the Eubac_1 MAG in the
orthogroups 25 and 39, suggesting that this MAG might contain more MTI genes, specialized
for 3,4,5-trimethoxybenzoic acid or other substrates unique for the genome Eubac_1.

In the same orthogroups, sample-specific MTI genes of the order Eubac_3 MAG for the MAC
vanillin and sample-specific genes of the order Oscillospirales for the MACs
3.4,5-trimethoxycinnamic acid (Oscillo_1, Oscillo_3, Oscillo_4, Oscillo_5 and Oscillo_7) and
2-methoxyhydroquinone (Oscillo_6) were identified, indicating evolution of MTI genes
towards different substrate-specificity. These findings are further supported by the clustering
of MTI genes in the orthogroup trees 25 and 39, with Oscillospirales-derived MTI genes
forming two diverging clusters. Nevertheless, metagenomic sequencing was only conducted
on five of the fifteen treatments and thus, the results on substrate-specific methyltransferases
can only be based on observations made from these enrichments. To prove the substrate-
specificity actively involved methyltransferases need to be identified. As this study did not
perform transcriptomic analyses, we can only hypothesize that some of the identified

methyltransferases act specifically on the methoxy groups of the used substrates.

4.1.5.3 Methoxydotrophy via the reductive acetyl-CoA pathway as the primary strategy
of multiple novel groups within the Clostridia to degrade methoxy groups of MACs
After the transfer of the methyl group, derived from the methoxy group of a MAC via the
methyltransferase MTI onto a corrinoid protein and further onto the methyl group acceptor
tetrahydrofolate (THF), the resulting methyl-THF would be further degraded to acetate (Kremp
et al. 2018). Hereby, methyl-THF is combined with CO> derived from the carbonyl branch of
the reductive acetyl-CoA pathway to form acetate (Kremp et al. 2018). In this study, we did
not measure the acetate concentrations in the enrichments to prove acetogenic activity.
However, results from the RNA-SIP enrichments showed that the Clostridia were only found
in SIP treatments containing a combination of a MAC and DIC and were absent from DIC-
only controls. Furthermore, these results indicate that the detected Alkalibacteraceae are
heterotrophic and require both the methoxy group of a MAC and DIC for growth, most likely
utilizing a reductive acetyl-CoA pathway, leading to acetate formation. Thus, these results

could explain why the relative abundance of Alkalibacteraceae was shifted towards the
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midpoint fractions in treatments in which only the MAC or DIC was labeled (mixed labeling)
but showed the highest abundances in heavy fractions with both substrates labeled.

Apart from the MAG retrieved from the SIP study, we detected that also all other MAGs of the
order Eubacteriales contained the entire gene repertoire to facilitate the incorporation of the
methoxy groups via an acetogenic methoxydotrophic pathway and likely act similarly to the
Alkalibacteraceae detected in the RNA-SIP study. In previous studies, multiple members of
the Eubacteriales were proven to utilize MACs by coupling the degradation of methoxy groups
to the electron acceptor CO; (Khomyakova and Slobodkin 2023). Among known Eubacteriales
are Acetobacterium carbinolicum, the only isolate from anoxic marine sediments that was
initially found in freshwater sediments (Eichler and Schink 1984, Paarup et al. 2006),
Acetobacterium dehalogenans (Kaufmann et al. 1998), Acetobacterium malicum (Tanaka and
Pfennig 1988), Acetobacterium woodii (Bache and Pfennig 1981), Alkalibacter mobilis
(Khomyakova et al. 2021), Alkalibaculum bacchi (Allen et al. 2010), Alkalibaculum
sporogenes (Khomyakova et al. 2020), Eubacterium limosum (DeWeerd et al. 1988) and
Eubacterium callanderi (Mountfort et al. 1988). We present the first marine genus within the
family of Alkalibacteraceae (Eubac_1 and Eubac_2) and a second novel family, represented
by the MAG Eubac_4, engaged in methoxy group utilization.

Acetivibrionales showed equal potential for acetogenic methoxydotrophy. ASVs of the order
Acetivibrionales were closest related to the sugar-degrading species Clostridium
thermosuccinogenes (Koendjbiharie et al. 2018). Other genera of Acetivibrionales, such as the
Acetivibrio (Patel et al. 1980, Shiratori et al. 2009), Herbivorax (Zhilina et al. 2005, Koeck et
al. 2016), Hungateiclostridium (Kato et al. 2004, Rettenmaier et al. 2019a, Ha-Tran et al. 2021)
and Ruminiclostridium (Hungate 1944, Madden et al. 1982, Sukhumavasi et al. 1988, Hethener
et al. 1992, Monserrate et al. 2001, Desvaux 2005, Nishiyama et al. 2009, Rettenmaier et al.
2019b) were shown to be involved in the degradation of cellulose but no other components of
lignocellulose. Therefore, the detected novel family represents the first Acetivibrionales family
with shown metabolic potential for the degradation of MACs. Yet, high gene copy numbers of
the MTI genes (up to 40 gene copies) could also be detected in other genomes of the screened
Acetivibrionales species representatives, indicating that further members of the order
Acetivibrionales could be growing on MAC:s.

Among Oscillospirales, only MAGs assigned to the yet unclassified Oscillospiraceae,
Sporobacter, and DUPKO1 had genes involved in methoxy group utilization, which is
consistent with our findings that within Oscillospirales species representatives only selected

families within the Oscillospirales contained MTI genes. In the MAC enrichments, we mostly
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detected unclassified Oscillospiraceae ASVs as having high abundance (19-48%). The MAGs
Oscillo_2 and Oscillo_3, affiliated with yet unclassified Oscillospiraceae, contained all genes
for methoxydotrophic acetogenesis. At the same time, other Oscillospirales lacked at least the
formate dehydrogenase gene, suggesting that mainly the genomes of Oscillo_2 and Oscillo_3
were involved in the degradation of MACs via the reductive acetyl-CoA pathway. Our
annotation also detected that only one of two Sporobacter MAGs contained all but one gene of
the reductive-acetyl-CoA pathway. A second Sporobacter MAG lacked most genes despite
both MAGs having high gene copy numbers of the MTI gene. The closest relative Sporobacter
termitidis isolated from the digestive tract of the wood-feeding termite Nasutitermes lujae was
found to grow exclusively on MACs, such as 3.4,5-trimethoxycinnamic acid,
3,4-dimethoxycinnamic acid, 3,4,5-trimethoxybenzoic acid, sinapate, vanillate, ferulate and
syringate (Grech-Mora et al. 1996). However, Sporobacter termitidis requires sulfide or
cysteine as a methyl acceptor to utilize methoxy groups. Therefore, missing genes in
Sporobacter MAGs for the reductive acetyl-CoA pathway could result from this genus utilizing
a different methoxy group utilization strategy, rather than missing genes due to incompleteness
of the MAGs. A lack or limited amount of required methyl group acceptors could explain the
lower relative abundance of Sporobacter-assigned ASVs in the enrichments. Accordingly,
other Oscillospirales MAGs lacking subunits of the reductive acetyl-CoA pathway might use
a different strategy to utilize methoxy groups other than the reductive acetyl-CoA pathway.

In the order Tissierellales, ASVs with the highest abundance were closest related to the genus
Dethiosulfatibacter. The genus Dethiosulfatibacter couples the oxidation of amino and organic
acids to the reduction of thiosulfate or sulfur and is likely not involved in the degradation of
MAC:s (Takii et al. 2007). Based on our quality filtering of MAGs, we could not retrieve good-
quality MAGs of this genus. However, we could find an additional MAG of low abundance
assigned to a novel genus within the family Sedimentibacteraceac. The type strain
Sedimentibacter hydroxybenzoicus, initially isolated from freshwater ponds, is known for its
ability to degrade para-hydroxybenzoates and is therefore involved in the degradation of
hydroxylated aromatic compounds (Zhang et al. 1994). Apart from lacking the anaerobic
acetyl-CoA synthetase (acsA) gene, the Sedimentibacteraceac MAG Tissi_1 had all genes
required to utilize methoxy groups and might, therefore, be involved in the process of MAC
degradation. As all other genes of the reductive acetyl-CoA pathway are present, the missing
gene could result from the incompleteness of the MAG.

Peptostreptococcales, Ch29 and unclassified Clostridia MAGs were not found to be involved

in methoxydotrophic acetogenesis based on the lack of MTI genes and the lack of the acetyl-
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CoA decarbonylase/synthase, CODH/ACS complex. Supporting this finding, MAGs of these
groups could only be identified in relative abundances up to 1.54% and instead play a minor
role in the samples. Multiple families of the Peptostreptococcales are known to degrade amino
acids (Zhilina et al. 1998, Meijer et al. 1999, Alain et al. 2002) and carbohydrates (Ravot et al.
1999, Alain et al. 2002, Smii et al. 2015, Qiu et al. 2021), consistent with our finding that
methoxy groups could not be metabolized. As we could not identify Peptostreptococcales in
control samples and they became abundant in only selected MAC enrichments, it is most likely
that Peptostreptococcales act on substrates produced by primary fermentation of some of the
MACs. Ch29 and unclassified Clostridia were not detected in any of the enrichment
experiments. Further analyses of their metabolic potential are required to investigate their
potential roles in the environment.

In order to perform redox balancing during methoxydotrophic growth, one methoxy group must
be oxidized to COz in the reverse methyl branch of the Wood Ljungdahl pathway (Kremp et
al. 2018). We identified the production of '*C CO» in SIP enrichments with high abundances
of Clostridia, proving that CO> is formed from the labeled methoxy group and thus suggesting
that Clostridia use a similar strategy. Genes for the Rnf complex, V/A type ATPase, F-type
ATPase and the Fe-Fe hydrogenase hydABC could be identified in most MAGs and might be
strongly involved in conserving energy, as previously suggested by Kremp et al. (2018).
Though we could not identify all subunits of some of these complexes, most were present, and

missing genes are likely due to MAG incompleteness.

4.1.5.4 Clostridia are restricted to the utilization of methoxy groups

The final cleavage of aromatic ring structures proceeds via three intermediates: benzoyl-CoA,
resorcinol (1,3-dihydroxybenzene) and phloroglucinol (1,3,5-trihydroxybenzene) (Schink et al.
2000). While we observed multiple orders in the Clostridia as the main abundant bacteria
performing methoxydotrophic acetogenesis, none of the genomes contained genes involved in
the degradation of the remaining aromatic ring structures via these intermediates based on their
genomic potential. However, some Clostridia of the order Oscillospirales (Oscillo_2,
Oscillo_4, Oscillo_5) could potentially facilitate the transformation of
3,4,5-trihydroxybenzoate to 1,2,3-trihydroxybenzene and further to 1,3,5-trihydroxybenzene
via gallate decarboxylase and pyrogallol hydroxytransferase as preparatory steps for other
organisms involved in aromatic ring cleavage of phloroglucinol. Only a few Clostridia have
been characterized to be involved in the aromatic ring degradation via the phloroglucinol

pathway (Grech-Mora et al. 1996, Mechichi et al. 1999, Lomans et al. 2001). Among these are

185



Chapter IV

Sporobacter termitidis (Grech-Mora et al. 1996), Sporobacterium olearium and
Parasporobacterium paucivorans. Based on these previous findings, the MAGs Oscillo_4 and
Oscillo_5 assigned to the genus Sporobacter might also be involved in this process. However,
genes involved in the anaerobic phloroglucinol degradation have only recently been
characterized (Zhou et al. 2023). Likely, the annotation for involved genes is still missing from
the used databases, and further screening of genes using HMMs could lead to the identification
of the complete phloroglucinol pathway in some MAGs.

Other MAGs potentially involved in aromatic ring degradation were of minor abundance in the
samples, only reaching a maximum relative abundance of 0.78%, indicating a minor role of
these taxa in the enrichments. The abundance of these taxa based on the 16S rRNA gene
relative abundance in all enrichments was equally low, supporting that aromatic ring
degradation was of subordinate importance and methoxydotrophy the prevalent activity during

the incubation period of 458 days.

4.1.6 Conclusion

In summary, our study identified Clostridia as the primary degraders of methoxylated aromatic
compounds (MACs) in marine anoxic sediments. We found that Clostridia, particularly
members of the Alkalibacteraceae, were well-adapted to degrade a variety of MACs. A novel
family within the Acetivibrionales showed substrate-specificity towards 3,4,5-trimethoxy-
benzoic acid. The high abundance and dominance of Clostridia in the process of MAC
degradation in coastal anoxic sediments suggest they play a crucial role in the turnover of
terrestrial organic matter in these environments and contribute to the carbon cycle in anoxic
conditions. Our findings of the presence and diversity of MTI genes in Clostridia indicate a
widespread metabolic strategy of methoxydotrophic acetogenesis across this class with some
members being capable of utilizing a wide spectrum of MACs and some being more restricted.
However, while found Clostridia are capable of methoxy group utilization, they lack the
metabolic potential to cleave aromatic ring structures, suggesting an interplay of Clostridia and
other microbial taxa to degrade MACs completely.

This study broadens the understanding of terrestrial organic matter degradation in anoxic
marine sediments and identifies new bacterial families involved in this process. Further
research on the interplay between Clostridia and aromatic-ring cleaving organisms could
deepen insights into the final degradation processes of monolignols in the anoxic marine

biosphere.
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4.2 Supplementary

4.2.1 Supplementary Methods

4.2.1.1 Calculation of the 13C percentage in SIP enrichments

To convert §'3C values to the percentage of '*C in the enrichments, the ratio of >C to '2C in the
sample is calculated using equation (1) with the Vienna Pee Dee Belemnite (VPDB) standard
of 0.0112372 for Rsandard. From the Rsampie, the percentage of *C (%'C) is calculated using

equation (2).

613Csample
Rsample = Rstandara X (W + 1) (1)
%i3C = —sample 104 (2)
b = U
1+ Rsample

4.2.1.2 Cesium trifluoroacetate solution

A cesium trifluoroacetate solution was prepared for density separation of RNA during RNA
stable isotope probing. All steps of the preparation were performed under a fume hood. For
500 ml CsTFA solution, a 1L-plastic beaker was first rinsed with trifluoracetate (TFA, 99.9%
purity, Carl Roth, Germany). 460 g CsOH - 2 H>O (99.5% purity, Sigma-Aldrich, Germany)
were weighed in the beaker, and a maximum of 250 ml pure water (Astacus?, membraPure,
Germany) was added. The beaker was placed in an ice bath for continuous cooling and stirred
during acid addition. 215 ml of TFA was added slowly to the cesium hydroxide solution to
prevent a rapid increase in temperature. The solution was stirred for 30 min and the pH was
checked using pH paper. The pH was adjusted to 4-5 by adding CsOH or TFA. The density of
the solution was determined by weighing 100 ul of the solution and adjusted to 2.2 + 0.05 g/ml
by addition of CsOH or water. The solution was autoclaved, and subsequently, the pH was
adjusted to 7.0 and the density to 2.0 g/ml. The solution was sterilized through a 0.2 um filter
by vacuum-filtration into a sterile bottle. A control sample of a mixture of unlabeled and fully
13C-labeled RNA from Escherichia coli was run using the newly prepared CsTFA solution to

prepare a new density—refractory index standard curve.

4.2.1.3 Cloning

To retrieve long sequences for phylogenetic analyses and quantitative PCR (qPCR) standard
preparation, a clone library of bacterial 16S rRNA gene fragments (~800) bp of five of the
MAC amended samples (3.4,5-trimethoxyphenol, 3.4,5-trimethoxybenzoic acid,
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3,4-dimethoxycinnamic acid, 3,4,5-trimethoxycinnamic acid, 2-methoxyhydroquinone) from
the initial enrichments at day 200 (methods section 3) was constructed. The primers 27F
(5’-AGAGTTTGATCCTGGCTCAG-3’)  (Heuer et  al. 1997) and  907R
(5’-CCGTCAATTCMTTTRAGTTT-3") (Lane et al. 1985) or 1492R
(5’-TACGGYTACCTTGTTACGACTT-3") (Heuer et al. 1997) were used for PCR with the
ALLin RPH polymerase Kit (highQu, Kraichtal, Germany) and the protocol given by the
manufacturer. Thermal cycling conditions included initial denaturation at 95°C for 1 min,
followed by 30 cycles with denaturation at 95°C for 15 sec, annealing at 62°C for 15 sec,
amplification at 72°C for 30 sec, and final amplification at 72°C for 5 min. PCR products were
purified using the Monarch PCR & DNA Cleanup kit ( New England Biolabs, Frankfurt am
Main, Germany), ligated into the pGEM-t vector (Promega, Mannheim, Germany) and
transformed into Escherichia coli JM109 competent cells (Promega, Mannheim, Germany)
according to the protocol of the manufacturer. DNA of randomly selected white colonies was
extracted. Subsequently, PCR amplified with M 13 primers (M13F-40, M13b) at the following
thermal cycling conditions: initial denaturation at 95°C for 5 min, 28 cycles at 95°C for 30 sec,
55°C for 45 sec, 72°C for 90 sec, followed by final amplification at 72°C for 5 min. The cloning
PCR was performed using an AmpliTag PCR kit (Applied biosystems, Carlsbad, USA).
Amplicons of 136 clones were submitted to LGC Genomics (Berlin, Germany) for Sanger

sequencing.

4.2.1.4 qPCR Standard

Selected clone sequences affiliated with different families within the class of Clostridia were
used for qPCR standard preparation. The 16S rRNA gene of previously extracted colonies
(methods section 5) was amplified with the primer set 27F
(5’-AGAGTTTGATCCTGGCTCAG-3’)  (Heuer et  al 1997) and  907R
(5’-CCGTCAATTCMTTTRAGTTT-3") (Lane et al. 1985) using the AmpliTaq PCR kit
(Applied biosystems, Carlsbad, USA) according to the protocol of the manufacturer. PCR was
performed using the following thermal cycling conditions: initial denaturation at 95°C for 5
min, denaturation at 95°C for 30 sec, annealing at 58°C for 45 sec and elongation at 72°C for
60 sec. A total of 30 cycles were run. The resulting ~800 bp PCR product was screened by gel
electrophoresis and purified using the Monarch® PCR and DNA purification kit (New England
Biolabs, Frankfurt am Main, Germany). Concentrations of standard DNA were quantified
using the Quant-iT PicoGreen dsDNA assay kit (Thermo Fisher Scientific, United States). Each

qPCR standard was diluted to a concentration of 0.5 ng/ul for further use.
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4.2.1.5 qPCR primer design

gPCR primers were designed to quantify the Clostridia present in our slurry enrichments. Clone
sequences of the slurry enrichments were aligned using the Silva Incremental Aligner (SINA)
v1.2.11 (Pruesse et al. 2012), imported into the ARB software v6.0.2 (Ludwig et al. 2004) and
added to the SILVA 16S rRNA gene phylogenetic base tree (database version 138.1 Ref NR
99) using ARB Parsimony. Based on their taxonomic placement, clone sequences of Clostridia
were selected. Additionally, clone sequences from other bacterial groups (Desulfobacteria,
Planctomycetes, Caldatribacteriota, Izemoplasmatales, Dehalococcoidia, Anaerolinea and
uncultured Firmicutes) were chosen as outgroups. For gPCR primer design, Primer Prospector
v1.0.1 (Walters et al. 2011) was used to calculate possible primer sequences. Calculated
primers were checked in ARB for their theoretical specificity against sequences of other closely
related groups and phyla. Resulting primer sequences 579F
(5’-AAGCCMCGGCTAACTACGTG-3’) and 747R (5’-CGCTACACTAGGAATTCC
RCYT-3") were selected. The primer pair was validated with high specificity against the newly
prepared standards of the orders Christensenellales, Oscillospirales, Tissierellales and
Eubacteriales within the class of Clostridia (positive control) and other standards (negative
controls) of Desulfobacteria, Planctomycetes, Caldatribacteriota, Izemoplasmatales,
Dehalococcoidia, Anaerolinea and uncultured Firmicutes. Further, a test for the efficiency of
the new Clostridia standard at annealing temperatures ranging from 58°C to 62°C was
performed, followed by a melting curve stage after PCR, resulting in the best annealing

temperature at 60°C with a final primer concentration of 300 nM.

4.2.1.6 LC-MS/MS measurements of MACs

A binary solvent gradient with solvent A = 0.1% formic acid and 4 mM ammonium formate in
ultrapure water and solvent B = 0.1% formic acid and 4 mM ammonium formate in methanol
was used at a flow rate of 0.45 mL per min on a C18 column (C18 BEH, 100 x 2 mm, 1.7 um
particle size, ACQUITY Waters, equipped with guard-column) at 40°C. The gradient program
was as follows: TO min: B = 5%, T0.8 min B =5%, T2.5 min: B = 100%, T3.3 min: B = 100%;
T3.5 min: B = 5%. The column was equilibrated for 0.5 min between samples. The first 0.7
min of the effluent was diverted to waste. MS spectra were acquired in full scan and data
independent (DIA-MS2?) mode. Full scans were acquired at RES=70,000 FWHM (m/z 200)
with an automatic gain control (AGC) of 3e6, injection time (IT) of 50 ms and scan range of
m/z 100 to 1000. DIA-MS? experiments were performed with a full scan at RES=35,000
FWHM (m/z 200) with an automatic gain control (AGC) of 2e5, injection time (IT) of 50 ms,
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isolation window of 3.0 m/z and stepped normalized collision energy of 30, 40. The inclusion
lists for the DIA-MS? contained only one exact mass for the MAC used in each incubation
experiment (Table S21). The heated electrospray ionization source was set to 3.0 kV spray
voltage, the aux gas to 430 °C at arate of 13 and the sheath gas to 51. The capillary temperature
was set to 270°C. Positive Ion Calibration Solution (Pierce, Thermo Fisher Scientific) was used

for the calibration of the instrument.

4.2.1.7 MTI gene validation

As the gene hits retrieved by the MTI HMM were annotated as uroporphyrinogen
decarboxylase (hemE) by KEGG and NR, we performed an additional hmmsearch with the
protein family model TIGR01464.1 of the hemE protein sequence to remove false positives.
All genes only annotated by our novel MTI protein family model with an e-value < 0.001 were
regarded as hit. Additionally, we removed all hits from our MTI genes, if the hemE value and
hemE score were higher than those computed for the MTT hits. The technique was validated
using the type strain of Acetobacterium woodii, which, based on Lechtenfeld et al. (2018),
contains 23 homolog genes of MTI. Our search detected a total of 23 MTI genes within the
genome. Using the annotation of the type strain provided by NCBI, detected MTI genes were

manually checked for validation.

4.2.2 Supplementary Results

4.2.2.1 Enrichment of Clostridia with MACs in marine sediment slurry incubations
Acetivibrionales were only enriched in the treatment with 3,4,5-trimethoxybenzoic acid (up to
22%). Further, an ASV, taxonomically assigned to unclassified Clostridia (sq3; up to 83%) was
observed in the same treatment. The pairwise identity of ASVs of the order Acetivibrionales
and the ASV of the unclassified Clostridia revealed high sequence identity (sq3 vs. sq8, sql19,
sq32; 98-98.4% 16S rRNA gene sequence identity; Fig. S7). Therefore, this unclassified
Clostridia ASV was eventually assigned to the Acetivibrionales. All ASVs within this order
could not be taxonomically classified below the order level.

Eubacteriales were detected in all treatments with highest relative abundances in treatments
with  vanillin  (78%), 2-methoxyphenol (60%), 3.4,5-trimethoxyphenol (83%),
3,4-dimethoxycinnamic acid (62%), 3,4,5-trimethoxycinnamic acid (61%),
2-methoxyhydroquinone (40%), 1,2,4-trimethoxybenzene (86%) and
3.4,5-trimethoxybenzaldehyde (69%). ASVs found in the vanillin, 3,4,5-trimethoxycinnamic
acid and 2-methoxyhydroquinone treatments could be assigned to the MOSDMB genus. Other

ASVs were primarily assigned to the family Alkalibacteraceae, unclassified on genus level.

202



Chapter IV

Specifically, one ASV sequence (sql), assigned to unclassified Alkalibacteraceae, could be
detected in nine treatments and was highly abundant in seven (Table S10). Other ASVs of this
group were only present in three or fewer treatments.

Oscillospirales were abundant in the treatments with 3,4-dimethoxycinnamic acid (20%),
3.4,5-trimethoxycinnamic acid (19%) and 3,4,5-trimethoxybenzaldehyde (48%). The most
abundant ASVs found in the 3,4-dimethoxycinnamic acid (20%) and
3.4,5-trimethoxybenzaldehyde (47%) treatment were assigned to the family Oscillospiraceae.
ASVs in the two different replicates of the 3,4,5-trimethoxycinnamic acid were assigned to
unclassified Oscillospirales (12%) or Sporobacter (9.7%).

Peptostreptococcales were most abundant in the treatment with 3,4,5-trimethoxybenzaldehyde
(24%). The found ASV (sq27) could not be classified below order level. Upon screening of
unclassified Clostridia ASVs we additionally detected one ASV (sq182) with a high relative
abundance (19%), which showed a sequence identity of 98% to the Peptostreptococcales ASV
sq27. Due to the high 16S rRNA gene sequence identity, the unclassified ASV sql182 was
sorted into the Peptostreptococcales.

Tissierellales were most abundant on day 200 in the treatment with 2-methoxyhydroquinone
(26%) and were assigned to the genus Dethiosulfatibacter.

Besides Clostridia, we observed an enrichment of members of the phylum Bacillota_B in
treatments with 2-methoxybenzoic acid (46%), 2-methoxyhydroquinone (42%) and
3,4-dimethoxycinnamic acid (44%). Within the 2-methoxybenzoic acid treatment, ASVs were
classified in the Desulfotomaculales order (46%). ASVs within the 2-methoxyhydroquinone
and 3,4-dimethoxycinnamic acid treatments could be assigned to the family

Syntrophomonadaceae (15% and 22%) or yet unclassified Bacillota_B (25% and 13%).

4.2.2.2 Phylogenetic novelty among detected Clostridia

Acetivibrionales MAGs (Aceti_1 — Aceti_5) clustered closely together in the phylogenomic
tree with an average nucleotide identity (ANI) of 77-86% (Fig. S18) and an amino acid identity
(AAI) of 60-72% (Fig. S19), grouping the MAGs as one family (Table S12). Based on RED
Acetivibrionales, MAGs are considered a novel family in which the MAGs Aceti_2-Aceti_5
are of the same genus, following thresholds in Konstantinidis et al. (2017). The Ch29 MAG
(Ch29_1) was assigned to the genus JAENYXO01 in order Ch29. Of the four MAGs affiliated
with Eubacteriales (Eubac_1 — Eubac_4), one MAG derived from the '*C-vanillin + '*C-DIC
+ BES RNA-SIP sample could be assigned to the genus MOSDMB (Eubac_3). Therefore, this
MAG represents the found ASVs within the MAC and SIP enrichments assigned to the same
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genus. The additional MAGs of the Eubacteriales were sorted into the family of
Alkalibacteraceae (AAI of 54-62%) but could not be assigned on genus level. Oscillospirales
MAGs (Oscillo_1 — Oscillo_8) were classified as Sporobacter, DUPKO1 and JAEWRYO01
genera. Three of the MAGs could not be classified on genus level. Still, their placement in the
phylogenomic tree was close to those MAGs identified as Sporobacter, with a higher AAI of
57-59% than other Oscillospirales MAGs (51-55%). MAGs of the Peptostreptococcales
(Pepto_1-Pepto_5) could be assigned to the genera JAFGACOI, MT110 and Soudan-22.

Tissierellales MAGs were assigned to the families Sedimentibacteraceae and VENLOI.

4.2.2.3 High MTI gene diversity in Clostridia MAGs

Acetivibrionales MAGs contained between 1 and 21 unique MTI genes, with four MAGs
sharing gene cluster 55. Three Acetivibrionales MAGs further contained gene cluster 75 in
duplicates. The Eubacteriales MAGs contained between 11 and 62 unique MTI genes, with
Eubac_1-Eubac_3 sharing 8 gene clusters. Oscillospirales MAGs contained between 11 and 43
unique MTTI genes. Most Oscillospirales MAGs shared 4 MTI gene clusters (clusters 76, 79,
80, 100). Peptostreptococcales MAGs did contain only singletons. The Tissierellales MAGs
could be detected in cluster 75, which was also shared with the order Acetivibrionales and

Oscillospirales, and cluster 162, shared with Eubacteriales.
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4.2.3 Supplementary Tables

Table S1 Stable Isotope Probing (SIP) enrichment setup. Overview of treatments used for the RNA-
SIP. Each treatment was set up in triplicates to retrieve sufficient RNA for subsequent RNA-SIP. The
unlabeled and labeled DIC (bicarbonate) controls were set up in two sets. Control (A) was stopped after
111 days of incubation, Control (B) was stopped after 188 days. Enrichments were set up for the three
MAC:s: vanillin, 2-methoxyphenol, and 2-methoxybenzoic acid, in which only the carbon of the
methoxy group was labeled. Treatment 5 of each MAC contained sodium 2-bromoethanesulfonate
(BES) to inhibit methanogenic activity. DIC was supplied in a concentration of 10 mM, MACs were
supplied in a concentration of 1 mM, BES was supplied in a concentration of SmM.

Substrate Treatment DIC BC-DIC MAC BC-MAC BES
DIC (A) X
3C-DIC (A) X
Control DIC (B) <
3C-DIC (B) X
1 X X
2 X X
vanillin 3 X X
4 X X
5 X X X
1 X X
2 X X
2-methoxy- 3 . X
phenol
4 X X
5 X X X
1 X X
2 X X
2-methoxy- 3 X X
benzoic acid
4 X X
5 X X X
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Table S2 Sequenced fractions of the vanillin amended SIP enrichments. The total RNA amount used
for the density separation is indicated for each treatment. All fractions used for amplicon sequencing
are listed with their density after density separation and fractionation. The amount of RNA retrieved for
each single fraction is listed.

Treatment RNA amount Fraction Density RNA ar.nount
used for SIP (ng) (g/ml) per fraction (ng)

3 1.832 3.9

3 1.818 11.9

MAC + DIC 1000.0 7 1.805 23.0

9 1.795 50.5
11 1.784 174.3

3 1.832 7.2

5 1.818 20.3

MAC + BC-DIC 799.7 7 1.805 52.5

9 1.791 67.5

11 1.781 46.9

3 1.832 9.6

£ 5 1.818 103
= 3C-MAC + DIC 1000.0 7 1.808 24.9
Z 9 1.795 114.1
11 1.781 165.0

3 1.832 9.5

5 1.818 24.2

BC-MAC + 3C-DIC 1000.0 7 1.808 52.5

9 1.795 61.9

11 1.781 60.6

3 1.832 11.2

3 1.818 28.1

13C-MAC + '*C-DIC + BES 1000.0 7 1.805 60.0

9 1.795 43.7

11 1.784 51.9
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Table S3 Sequenced fractions of the 2-methoxyphenol amended SIP enrichments. The total RNA
amount used for the density separation is indicated for each treatment. All fractions used for amplicon
sequencing are listed with their density after density separation and fractionation. The amount of RNA
retrieved for each single fraction is listed.

Treatment RNA amount Fraction Density 1;12? f::cl?il(l)ﬁt

used for SIP (ng) (g/ml) (ng)

3 1.832 10.8

5 1.818 16.1

MAC + DIC 801.6 7 1.808 43.9

9 1.795 73.8

11 1.781 58.3

3 1.835 14.6

5 1.822 36.9

MAC + 3C-DIC 1000.0 7 1.808 67.2
9 1.798 110.0

11 1.784 79.5

E 3 1.835 10.4
= 5 1.822 129
?‘:3 BC-MAC + DIC 747.7 7 1.808 29.1
g 9 1.795 96.3
E 11 1.784 69.0
3 1.835 14.7

5 1.822 33.8

BC-MAC + C-DIC 766.9 7 1.808 42.7

9 1.795 78.9

11 1.784 62.8

3 1.832 20.6

5 1.818 60.3

BC-MAC + *C-DIC + BES 1000.0 7 1.805 41.0

9 1.791 96.6

11 1.778 42.4
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Table S4 Sequenced fractions of the 2-methoxybenzoic acid amended SIP enrichments. The total RNA
amount used for the density separation is indicated for each treatment. All fractions used for amplicon
sequencing are listed with their density after density separation and fractionation. The amount of RNA
retrieved for each single fraction is listed.

Treatment RNA amount Fraction Density RNA amount
used for SIP (ng) (g/ml) per fraction (ng)

3 1.835 6.6

5 1.822 5.0

MAC + DIC 361.6 7 1.808 17.1
9 1.798 43.2

11 1.784 67.5

3 1.835 53
5 1.825 13.2
MAC + 3C-DIC 336.1 7 1.812 20.8
9 1.798 49.8
= 11 1.784 41.9
§ 3 1.835 2.8
g 5 1.825 4.9
é BC-MAC + DIC 292.0 7 1.812 12.2
g 9 1.798 40.2
E 11 1.788 41.6
e 3 1.835 9.4
5 1.822 13.8

BC-MAC + BC-DIC 301.6 7 1.808 33.8
9 1.798 39.2

11 1.784 36.1

3 1.832 7.1

5 1.818 18.3
BC-MAC + *C-DIC + BES 230.3 7 1.805 35.0

9 1.795 50.8

11 1.781 34.7
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Table S5 Sequenced fractions of the DIC control enrichments. For each treatment the total RNA amount
used for the density separation is indicated. All fractions used for amplicon sequencing are listed with
their according density after density separation and fractionation. The amount of RNA retrieved for
each single fraction is listed.

Treatment RNA amount Fraction Density RNA amount per
used for SIP (ng) (g/ml) fraction (ng)
3 1.832 20.6
5 1.822 29.6
= Control A 770.3 7 1.808 64.4
9 1.795 212.0
11 1.784 224.0
3 1.829 6.7
O 5 1.822 19.8
8 Control A 779.1 7 1.808 43.0
= 9 1.795 107.2
11 1.784 127.1
3 1.832 32.1
5 1.818 28.5
LE) Control B 522.3 7 1.805 59.2
9 1.791 193.3
11 1.781 210.1
3 1.829 23.4
O 5 1.818 29.0
@ Control B 486.1 7 1.801 65.6
= 9 1.791 162.7
11 1.778 56.7
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Table S6 MAC enrichment setup. Overview of used methoxylated aromatic compounds (MACs) and

the enrichment setup for initial enrichments. For each substrate, two replicates were set up. MACs were
used in a concentration of 12 mM. The control contained no additional carbon substrate and was used
as slurry-only control. Additionally, sodium 2-bromoethanesulfonate (BES), was added to all

enrichments in a final concentration of SmM to inhibit methanogenic activity.

Sample

TOZErA«=ZaoamEUORP

Substrate

Control

3,5-dimethoxybenzoic acid
Vanillin

2-methoxyphenol
3,4,5-trimethoxyphenol
2-methoxybenzoic acid
3,4,5-trimethoxybenzoic acid
3-methoxyphenylacetic acid
3.4,5-trimethoxyphenylacetic acid
3-methoxycinnamic acid
3,4-dimethoxycinnamic acid
3,4,5-trimethoxycinnamic acid
2-methoxyhydroquinone
1,2,4-trimethoxybenzene
3.4,5-trimethoxybenzaldehyde
2-methoxy-3-pyridinylboranic acid

Abbreviation

Control
2-MBA
Vanillin
MP
3-MP
MBA
3-MBA
MPAA
3-MPAA
MCA
2-MCA
3-MCA
MHQ
TMB
TMBA
2-M 3-PBA
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Table S7 Trimming parameters for single sequencing libraries. Sequencing analysis of single libraries
of the MAC and SIP enrichments was conducted using the given trimming parameters (R1 length, R2
length). If sequencing libraries were processed on multiple flowcell lanes to retrieve sufficient reads,

parameters for all flowcell lanes are noted.

MAC enrichments

SIP enrichments

Lib ID

Lib73
Lib74
Lib75
Lib77
Lib78
Lib70
Lib71
Lib72
Lib76
Lib77
Lib67
Lib69
Lib84
Lib84
Lib84
Lib85
Lib66
Lib68
Lib83
Lib83
Lib85

Target

Bacteria

Archaea

Bacteria

Archaea

Flowcell lane ID

HWCCVDRX2_1.2
HWCCVDRX2_1.2
HWCCVDRX2_1.2
HVW27DRX2 L1
HWCCVDRX2_1.2
HWCGMDRX2_1.2
HWCCVDRX2_1.2
HVW27DRX2_1.1
HVW27DRX2_1.1
HVW27DRX2_1L1
HWCCVDRX2_L1
HWCCVDRX2_1.2
HKFKTDRX3_L1
HKY7TDRX3_L1
HMCHCDRX3_L1
HKFKTDRX3_L1
HWCCVDRX2_L2
HVW27DRX2_1.2
HKFKTDRX3_1.2
HKY7TDRX3_L1
HKFKTDRX3_L1

R1length R2length Sequence lengths

211

(bp)
140

140
140
125
140
110
125
135
135
135
140
140
130
130
140
130
145
120
90

90

90

(bp)
160

160
160
175
160
190
175
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Chapter IV

Table S8 Number of different MAC treatments each ASV was present in.

Number of
ASV Order MAC
treatments
sql Eubacteriales 9
sq2 Eubacteriales 3
sq3 Acetivibrionales 2
sq8 Acetivibrionales 1
sq9 Eubacteriales 3
sql10 Oscillospirales 3
sql4 Eubacteriales 1
sql6 Eubacteriales 1
sql9 Acetivibrionales 1
sq27 Peptostreptococcales 2
sq32 Acetivibrionales 4
sq34 Tissierellales 2
sq38 Peptostreptococcales 4
sq47 Tissierellales 2
sq57 Tissierellales 1
$q65 Oscillospirales 2
sq67 Peptostreptococcales 1
sq83 Eubacteriales 1
sql10 Peptostreptococcales 1
sql13 Oscillospirales 1
sql127 Eubacteriales 1
sql137 other Clostridia 1
sql146 Oscillospirales 1
sq182 Peptostreptococcales 1
sq219 unclassified sq219 1
$q248 Tissierellales 2
$q252 Oscillospirales 1
$q253 Eubacteriales 1
$q261 Peptostreptococcales 1
sq315 other Clostridia 1
$q329 Tissierellales 1
sq376 Oscillospirales 2
$q392 Peptostreptococcales 1
sq481 Peptostreptococcales 1
$q637 Oscillospirales 1
sq1140 Oscillospirales 1
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Chapter IV

Table S9 Chi-Square test results (p-value: 0.0007). Enrichment of Clostridia is defined as TRUE for
samples with a relative abundance of Clostridia > 30%.

No. of methoxygroups

enrichment of

Clostridia 1 2 3
FALSE 28 4 9
observed
TRUE 14 8 27
FALSE 19.133 5.467 16.400
expected
TRUE 22.867 6.533 19.600
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Chapter IV

Table S14 Top three hits for sequence identities of ASV sequences blasted against 16S rRNA genes
derived from Clostridia MAGs using the nucleotide blast.

uer Closest Identit uer
%svy MAG (%) ! 8ove§ E-value
sq8 Aceti_1 96.813 100 7.89E-118
sq19 Aceti_1 96.016 100 4.09E-115
sq3 Aceti_1 95.219 100 2.12E-112
sq32 Aceti_1 95.219 100 2.12E-112
sql13 Oscillo_5 98.406 100 2.94E-123
sql0 Oscillo_5 96.414 100 3.35E-116
sq65 Oscillo_5 95.618 100 1.74E-113
sq65 Oscillo_8 94.422 100 1.10E-109
sq10 Oscillo_8 94.024 100 4.66E-108
sq146 Oscillo_8 92.032 100 1.52E-101
sq27 Pepto_2 98.008 100 1.25E-121
sq182 Pepto_2 96.016 100 4.09E-115
sq65 Pepto_2 89.243 100 9.01E-92

Tables S15 and S16 can be found as separate supplementary excel tables.
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Table S17 MTI gene counts per Clostridia MAG.

MAG Name MTI
counts
E4_d458_spades_bin_53_orig-contigs Aceti_1 1
G3_d458_megahit_bin_18_orig-contigs Aceti_2 9
G3_d458_spades_bin_18_indstr_refined-contigs Aceti_3 10
G3_d458_spades_bin_33_strict_refined-contigs Aceti_4 9
L3_d458_spades_bin_6_orig_refined-contigs Aceti_5 22
E4_d458_spades_bin_64_permissive_refined-contigs Ch29 1 0
G3_d458_megahit_bin_21_strict_refined-contigs Eubac_1 65
L.3_d458_spades_bin_34_indper_refined-contigs Eubac_2 33
Van_BES_megahit_bin_42_indstr_refined-contigs Eubac_3 46
G3_d458_spades_bin_19_indper_refined-contigs Eubac_4 11
Co_bin_102_permissive_refined-contigs Oscillo_1 52
E4_d458_spades_bin_§8_permissive_refined-contigs Oscillo_2 12
L3_d458_megahit_bin_13_permissive_refined-contigs Oscillo_3 11
G3_d458_megahit_bin_13_indstr_refined-contigs Oscillo_4 40
L.3_d458_spades_bin_§8_indstr_refined-contigs Oscillo_5 34
M4_d458_spades_bin_15_permissive_refined-contigs Oscillo_6 37
L.3_d458_spades_bin_21_orig_refined-contigs Oscillo_7 18
M4_d458_megahit_bin_49_permissive_refined-contigs Oscillo_8 0
Co_bin_88_orig_refined-contigs Pepto_1 0
L3_d458_megahit_bin_58_indper-contigs Pepto_2 2
E4_d458_megahit_bin_7_strict_refined-contigs Pepto_3 1
M4_d458_megahit_bin_14_orig_refined-contigs Pepto_4 0
M4_d458_spades_bin_28_indstr_refined-contigs Pepto_5 0
Co_bin_49_orig_refined-contigs Tissi_1 5
L3_d458_spades_bin_31_orig_refined-contigs Tissi_2 0
L3_d458_spades_bin_64_permissive_refined-contigs Clostridia_1 0

Tables S18, S19 and S20 can be found as separate supplementary excel tables.
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Table S21 Exact masses used for the MAC inclusion lists for the DIA-MS2. The exact mass was
computed using the molar mass plus the mass of a proton (1.0073 Da). Due to single protonation the
charge (z)is 1.

Substrate M [g/mol] m/z (M+H)
3,5-dimethoxybenzoic acid 182.17 183.18
Vanillin 152.15 153.16
2-methoxyphenol 124.14 125.15
3.4,5-trimethoxyphenol 184.19 185.20
2-methoxybenzoic acid 152.15 153.16
3.4,5-trimethoxybenzoic acid 212.07 213.08
3-methoxyphenylacetic acid 166.18 167.19
3.4,5-trimethoxyphenylacetic acid 226.23 227.24
3-methoxycinnamic acid 178.19 179.20
3,4-dimethoxycinnamic acid 208.21 209.22
3.4,5-trimethoxycinnamic acid 238.24 239.25
2-methoxyhydroquinone 140.14 141.15
1,2,4-trimethoxybenzene 168.19 169.20
3,4,5-trimethoxybenzaldehyde 196.20 197.21
2-methoxy-3-pyridinylboranic acid 152.94 153.95
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4.2.4 Supplementary Figures
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Figure S1 3'°C values of CO, in the headspace of triplicate RNA-SIP enrichments of the unlabeled DIC
control, '}C-2-methoxybenzoic acid + unlabeled DIC, "C-Vanillin + unlabeled DIC and
13C-2-methoxyphenol + unlabeled DIC samples over 263 days. The §'°C values were monitored as 3'*C
(%o) relative to the Vienna Pee Dee Belemnite (VPDB) standard. Triplicates were set up for each
treatment, containing a combination of '“C-labeled MACs (Vanillin, 2-methoxybenzoic acid,
2-methoxyphenol) and unlabeled bicarbonate (i.e., dissolved inorganic carbon - DIC). DIC was supplied

in a concentration of 10 mM, MACs were supplied in a concentration of 1 mM.
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Figure S3 Species richness and linearized Simpson diversity of bacterial samples of the MAC
enrichments for single targeted MACs on days 200, 367 and 458 for two biological replicates A and B.
Enrichments contain either 12 mM of one of the selected methoxylated aromatic compounds (MACs)
or no additional carbon substrate as control. Replicates were additionally amended with 5 mM sodium
2-bromoethanesulfonate (BES) to inhibit methanogenesis.
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Figure S4 Species richness and linearized Simpson diversity of archaeal samples of the MAC
enrichments for single targeted MACs on days 200, 367 and 458 for two biological replicates A and B.
Enrichments contain either 12 mM of one of the selected methoxylated aromatic compounds (MACs)
or no additional carbon substrate as control. Replicates were additionally amended with 5 mM sodium
2-bromoethanesulfonate (BES) to inhibit methanogenesis.
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Figure S5 Species richness and linearized Simpson diversity of bacterial samples of the RNA-SIP
enrichments of single targeted treatments for fractions 3 (ultra-heavy), 5 (heavy), 7 (midpoint), 9 (light)
and 11 (ultra-light) for (a) DIC controls and (b) SIP incubations amended with methoxylated aromatic
compounds (MACs). MAC refers to any of the substrates Vanillin, 2-methoxyphenol or
2-methoxybenzoic acid, indicated by color. Triplicates were set up for each treatment, containing a
combination of '*C-labeled and unlabeled MACs (Vanillin, 2-methoxybenzoic acid, 2-methoxyphenol)
and bicarbonate (i.e., dissolved inorganic carbon - DIC) or only '*C-labeled or unlabeled DIC as control
(Table S2). DIC was supplied in a concentration of 10 mM, MACs were supplied in a concentration of
1 mM. One treatment for each of the tested MACs was additionally amended with 5 mM sodium
2-bromoethanesulfonate (BES) for the inhibition of methanogenic activity.
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Figure S6 Species richness and linearized Simpson diversity of archaeal samples of the RNA-SIP
enrichments of single targeted treatments for fractions 3 (ultra-heavy), 5 (heavy), 7 (midpoint), 9 (light)
and 11 (ultra-light) for (a) DIC controls and (b) SIP incubations amended with methoxylated aromatic
compounds (MACs). MAC refers to any of the substrates Vanillin, 2-methoxyphenol or
2-methoxybenzoic acid, indicated by color. Triplicates were set up for each treatment, containing a
combination of '*C-labeled and unlabeled MACs (Vanillin, 2-methoxybenzoic acid, 2-methoxyphenol)
and bicarbonate (i.e., dissolved inorganic carbon - DIC) or only '*C-labeled or unlabeled DIC as control
(Table S2). DIC was supplied in a concentration of 10 mM, MACs were supplied in a concentration of
1 mM. One treatment for each of the tested MACs was additionally amended with 5 mM sodium
2-bromoethanesulfonate (BES) for the inhibition of methanogenic activity.
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Figure S7 Comparison of 16S rRNA gene sequence identity of ASVs from the SIP incubations and
MAC enrichments. Taxonomic level thresholds are indicated by color after the taxon level distinction
for 16S rRNA genes by Konstantinidis et al. (2017).

229



Chapter IV

Ifobacterota unclassified sqd1

Ifobacterota unclassified sq14
fobulbia

ifovibrionia
other Desulfobacterota

ifobacteria
Desulfuromonadia

a
2
£
T
@
o
o
b-]
S
<
I
£
°

g
E
©
g
£
L
s
SE-
R X

Fusobacteriia
Nitrospinota unclassified sq54

other Nitrospinota

other Campylabacterota
other Desulfobacterota_F

Anaerolineae

D
other Verrucomicrobiota

other Cyanobacteriota
unclassified sq12
unclassified sq68

DSM-4660
other Planctomycetota

DTPJO1
other Pseudomonadota

Clostridia

other Bacillota_A
Bacteroidia

other Bacteroidota
Campylobacteria
other Chloroflexota
Cyanobacleriia
Desul

Desul

Desul

Desul

Desul
Thermodesulfovibrionia
other Nitrospirata
Phycisphaerae
Planctomycetia
other Paribacteria
Alphaproteobacteria
Gammaproteobacteria
Kiritimatiellia
unclassified sq@1
other Bacleria <5%

Bacteria

Vanillin

Aaeay-enn

Anesy

Juiodpiw

+BES
+BES
+BES

Wi

BC~-MAC + C-DIC
BC-MAC + *C-DIC
BC~-MAC + "C-DIC

WBl-enn

Aaeay-enn

Aaeay

Juiodpiw

w6y

BC-MAC + “C-DIC
BC~MAC + “C-DIC
BC-MAC + *C-DIC

wBi-enn

Anesy-eqn
Aneay

juiodpiw

*C=MAC + DIC
*C-MAC + DIC
*C-MAC + DIC

WBI

Wwhy-eain

Aneay-eqn

Aneay

Juiodpiw

pUGT

MAC + "C-DIC
MAC + "*C-DIC
MAC + *C-DIC

woi-enn

Aneay-enn
Aneay

Juiodpiw

MAC + DIC
MAC + DIC
MAC +DIC

Wy

wbi-eqn

25% =
0%

25%
0% ==

100% -
75%
50%

- [%] @duepunge aanejas & [%,] @duepunqge aanejas & [%] @2uepunqge aAnejas

Figure S8 Relative 16S rRNA gene abundance of bacteria in RNA-SIP enrichments of (a) Vanillin,
(b) 2-methoxyphenol and (¢) 2-methoxybenzoic acid amended samples. MAC refers to the used
methoxylated aromatic compound. Triplicates were set up for each treatment, containing a combination
of C-labeled and unlabeled MACs (Vanillin, 2-methoxybenzoic acid, 2-methoxyphenol) and
bicarbonate (i.e., dissolved inorganic carbon - DIC). DIC was supplied in a concentration of 10 mM,
MACs were supplied in a concentration of 1 mM. One treatment for each of the tested MACs was
additionally amended with 5 mM sodium 2-bromoethanesulfonate (BES) to inhibit methanogenic
activity. Triplicates were pooled before density separation. For each treatment the RNA was separated
into the fractions ultra-light, light, midpoint, heavy and ultra-heavy.
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Figure S9 Relative 16S rRNA gene abundance of (a) bacteria and (b) archaea in RNA-SIP enrichments
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Control A was stopped after 111 days, and control B after 188 days. Triplicates were pooled before
density separation. For each treatment the RNA was separated into the fractions ultra-light, light,
midpoint, heavy and ultra-heavy. Missing samples were removed due to low community coverage.
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Figure S10 Relative 16S rRNA gene abundance of archaea in RNA-SIP enrichments of (a) Vanillin,
(b) 2-methoxyphenol and (c¢) 2-methoxybenzoic acid amended samples. MAC refers to the used
methoxylated aromatic compound. Triplicates were set up for each treatment, containing a combination
of C-labeled and unlabeled MACs (Vanillin, 2-methoxybenzoic acid, 2-methoxyphenol) and
bicarbonate (i.e., dissolved inorganic carbon - DIC). DIC was supplied in a concentration of 10 mM,
MACs were supplied in a concentration of 1 mM. One treatment for each of the tested MACs was
additionally amended with 5 mM sodium 2-bromoethanesulfonate (BES) to inhibit methanogenic
activity. Triplicates were pooled before density separation. For each treatment the RNA was separated
into the fractions ultra-light, light, midpoint, heavy and ultra-heavy. Missing samples were removed
due to low community coverage.
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Figure S11 Relative 16S rRNA gene abundance of bacteria on days 200, 367 and 458 in two replicates
A and B for single methoxylated aromatic compounds (MACs) treatments. Enrichments contain either
12 mM of one of the selected methoxylated aromatic compounds (MACs) or no additional carbon
substrate as control. Replicates were additionally amended with 5 mM sodium 2-bromoethanesulfonate
(BES) to inhibit methanogenesis.
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Figure S12 Relative 16S rRNA gene abundance of ASVs affiliated with the class Clostridia on days
200, 367 and 458 in two replicates A and B for single methoxylated aromatic compounds (MACs)
treatments. Enrichments contain either 12 mM of one of the selected methoxylated aromatic compounds
(MAC:) or no additional carbon substrate as control. Replicates were additionally amended with 5 mM
sodium 2-bromoethanesulfonate (BES) to inhibit methanogenesis.
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Figure S13 16S rRNA gene copies per ml slurry of all bacteria and Clostridia over 458 days in two
replicates A and B in selected methoxylated aromatic compounds (MACs) enrichments. Grey-colored
lines in the background show the control sample without any MAC amendment.
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Figure S14 LC-MS/MS measurements of selected methoxylated aromatic compounds (MACsSs) in
samples. The total MAC concentration was calculated using the concentration evaluated from the
supernatant and sediment of each sample.
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and MAC concentration over 458 days in two replicates A and B in selected methoxylated aromatic
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show the control sample without any MAC amendment.
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Figure S16 Relative 16S rRNA gene abundance of archaea on days 200, 367 and 458 in two replicates
A and B for single methoxylated aromatic compounds (MACs) treatments. Enrichments contain either
12 mM of one of the selected methoxylated aromatic compounds (MACs) or no additional carbon
substrate as control. Replicates were additionally amended with 5 mM sodium 2-bromoethanesulfonate
(BES) to inhibit methanogenesis
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Figure S17 16S rRNA gene copies of archaea over 458 days in two replicates A and B in selected
methoxylated aromatic compound (MAC) enrichments. Grey-colored lines in the background indicate
the control sample without any MAC amendment.
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colored tiles indicate the ANI percentage between the compared MAGs (threshold ANI > 75%).
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Figure S19 Heatmap of AAI between all 26 Clostridia MAGs obtained during the study. Numbers in
colored tiles indicate the AAI percentage between the compared MAGs. The maximum value of 90
represents the highest values calculated by the program fastAAI (> 90%).

241



Chapter IV

Acetivibrionales
Eubacteriales

Oscillospirales

mtvB genes

Peptostreptococcales

Tissierellales

Orthogroup

Figure S20 Gene counts of methyltransferase I (MTI) genes per orthogroup (OG). Colors indicate the
order the MTI gene was detected in.
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Figure S21 Unrooted orthogroup (OG) trees of the orthogroups 25 and 39 only containing
methyltransferase I (MTI) genes. Colors indicate the order the MTI gene was found in. Orthogroup
trees were computed using orthofinder v2.5.5 (Emms and Kelly 2019).
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Figure S22 Unrooted orthogroup (OG) trees of the orthogroups 48, 179 and 257 only containing
methyltransferase I (MTI) genes. Colors indicate the order the MTI gene was found in. Orthogroup
trees were computed using orthofinder v2.5.5 (Emms and Kelly 2019).
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Figure S23 Methyltransferase I (MTI) gene copies in single families of species representatives in the
order Oscillospirales. Boxplots are showing the interquartile range with indicated median. Whiskers
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Figure S24 Methyltransferase I (MTI) gene copies in Clostridia species representatives of GTDB.

Boxplots show the interquartile range with the indicated median. Whiskers indicate values below the
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Figure S25 Relative abundance of 26 Clostridia MAGs in metagenomic samples used for metagenomic
sequencing.
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samples used for metagenomic sequencing.
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Chapter V

General discussion and concluding remarks

Marine sediments, especially coastal areas, receive large amounts of organic matter. The
sources of this organic matter are either of marine or terrestrial origin. While marine organic
matter is thought to be more labile, terrestrial organic matter is highly recalcitrant. Yet, both
sources provide complex molecules, such as proteins, polysaccharides, lignin and cellulose.
These complex molecules require an initial extracellular breakdown in order to be imported
into the cell and become available for degradation. Primary fermenters then utilize monomers
in cells for an initial degradation, converting them to fermentation products, including short-
chain fatty acids, alcohols, H2 and CO». Secondary fermenters and respiratory organisms thrive
on fermentation products. Thus, numerous microorganisms in sediments occupying different
ecological niches participate in complex organic carbon degradation, ultimately leading to the
production of CO; and CHs. These sediment microbes belong to diverse bacteria and archaea,
which have been identified and characterized in the Helgoland mud area (HMA) by previous
studies (Oni et al. 2015, Yin et al. 2020, Yin et al. 2022, Yin et al. 2024). Yet, these studies
further revealed novel lineages involved in organic carbon degradation and demonstrated the

potential diversity of microorganisms yet to be explored.

The primary goal of this dissertation was to identify and characterize yet undescribed microbial
lineages involved in the degradation of organic matter in anoxic marine sediments. Throughout
this dissertation, I identified yet undescribed taxa involved in marine and terrestrial organic
matter degradation in the HMA, using enrichment techniques, stable isotope probing,
metagenomic analyses and data mining. I identified active respiratory and fermentative
microorganisms involved in the final breakdown of organic matter in situ (Chapter II). Various
active undescribed taxa of the Desulfobulbia and Desulfuromonadia were involved in sulfur
and iron-compound cycling, linking these element cycles with the final breakdown of organic
matter. Primary fermenters supplying fermentation products to the in situ active microbial
community were enriched by amending the same sediments with different carbon sources
representing marine organic matter (protein) and terrestrial organic matter (methoxylated
aromatic compounds). A novel rare class of Thermoplasmatota was identified as performing
protein and amino acid degradation in the HMA and other coastal anoxic environments globally
(Chapter III). Moreover, this novel class exhibited high metabolic functionality and was

evolutionary distant from other known Thermoplasmatota. Terrestrial organic matter degrading
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Clostridia were active in surface sediments and the sulfate reduction zone of the HMA (Chapter
IV). Multiple unclassified members of five orders were involved in the methoxydotrophic
growth, utilizing methoxylated aromatic compounds (MACs) and represent the first marine
members of these orders capable of methoxydotrophy. High abundances of methyltransferases
indicated a general Ci-carbon compound metabolism for this class, likely involved in carbon
transformations in coastal areas.

The main findings of this dissertation are presented and discussed in the respective chapters.
This general discussion combines the primary and supplementary results obtained in the single
chapters regarding the expanded knowledge of organic matter remineralization in the
Helgoland mud area and the importance of these findings for organic matter degradation in
general. Further open questions and future perspectives are addressed in this discussion.
Taxonomies mentioned in this discussion follow the Genome Taxonomy Database (GTDB)

version 1220 (Parks et al. 2018), unless indicated otherwise.

5.1 In situ activity of microbial communities in surface sediments of the Helgoland mud
area is confined to sulfur and iron-cycling bacteria

DNA-based analyses offer an excellent tool for investigating the abundance of microorganisms
in the environment and are used to gain first insights into microbial communities. However,
this data does not accurately reflect the actual activity of microorganisms. Microorganisms in
marine sediments are found in different metabolic states, including growing and active
organisms, besides dormant and recently deceased organisms (Blazewicz et al. 2013, Wang et
al. 2023). Ribosomal RNA (rRNA) was considered a suitable proxy for analyzing
metabolically active microorganisms. In recent years, more studies rebutted this assumption
due to inconsistencies between rRNA content and real-time activity (Blazewicz et al. 2013).
Additionally, it was found that different environmental conditions can affect the longevity of
rRNA molecules (Wang et al. 2023). To understand the in situ activity and identify actively
metabolizing taxa in the marine anoxic sediment, methods other than 16S rRNA gene or rRNA
sequencing are required. Identifying and characterizing the active microbial communities in
situ 1s essential for understanding dominant pathways in marine anoxic sediments and

evaluating the status and roles of microbes in element cycling.

To identify active players in situ, we combined the highly sensitive RNA-SIP technique with
H,'80, as active cells incorporate oxygen atoms into their nucleic acids (Adair and Schwartz
2011). We developed a small-scale RNA-SIP incubation of only 7 days to track the in situ

activity of diverse microbes in the anoxic surface sediment (0-25 cm) of the Helgoland mud
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area (Chapter II). High microbial activity was apparent for sulfur and iron compound cycling
bacteria of the Desulfobulbia (Desulfocapsaceae, Desulfurivibrionaceae, Desulfobulbaceae)
and Desulfuromonadia (Sval033). Some key microbes were autotrophs, as revealed from
control RNA-SIP incubations of the surface sediments using !*C-labeled DIC as the sole carbon
source in Chapter IV. We identified members of the Desulfobulbia amongst the most active
autotrophic taxa in anoxic marine sediment, suggesting the involvement of sulfur
disproportionation. These SIP analyses have led to conclusions different from those of 16S
rRNA gene amplicon sequencing analysis alone. For example, the class Desulfobulbia was
thought to be involved in the oxidation of low-molecular-weight compounds derived from
primary fermentation previously (Oni et al. 2015). Specifically, the genus MSBL7
(JAJRUTOL1), unclassified Desulfocapsaceae and unclassified Desulfobulbales affiliated with
the class Desulfobulbia were identified as autotrophic community members, indicated by the
labeling with '*C-DIC (Chapter IV). A comparison of the detected active Desulfobulbia ASVs
in Chapters II and IV revealed close identities between ASVs of the MSBL7 (sql2, sq34),
Desulfocapsaceae (sq22, sq50, sq13) and unclassified Desulfobulbales (sq31, sq27) obtained
in Chapter II and those obtained in Chapter IV (Fig. 1).

The highest proportion of active taxa was found for the MSBL7 cluster (Chapter II). Based on
the SILVA taxonomy, MSBL7 was described as genus (Quast et al. 2012). Yet, the relative
evolutionary divergence computed by GTDB suggests two different genera for those MSBL7-
assigned ASVs (Parks et al. 2018). One ASV with a close identity to the genus JAJRUTO1
(sq19) of the MSBL7 cluster could be identified as autotrophic by labeling with '*C-DIC. In
contrast, a second genus, BM506, could not be identified among autotrophic active taxa
(Chapter I'V). These findings suggest that among the MSBL7 cluster, different lifestyles persist.
Previous studies described MSBL7 as a sulfur compound reducing bacteria due to its
taxonomic affiliation with the phylum Desulfobacterota, yet no cultured representative exists,
confirming these findings (Pachiadaki et al. 2014, Wegener et al. 2016, Barnum et al. 2018,
Deja-Sikora et al. 2019, Zhong et al. 2022). An earlier study furthermore suggested the
possibility of sulfur compound disproportionating activities for a strain closely related to the
MSBL7 cluster (Wegener et al. 2016). The finding of different lifestyles could indicate
different roles of the MSBL7 cluster members.

A high proportion of active sulfur compound cycling Desulfocapsa represented further sulfur
compound disproportionating  microorganisms.  Desulfocapsa  species grow by

disproportionating sulfur compounds, e.g. thiosulfate, sulfite, and elemental sulfur (Finster
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2008). By '3C-DIC labeling, we identified two autotrophic Desulfocapsaceae ASVs (sq34,
sq37, Chapter 1V) of the genus Desulfocapsa with high similarities to previously identified
Desulfocapsaceae (sq22, sq50, sql3, Chapter II), supporting the growth by sulfur
disproportionation. Further active Desulfocapsaceae (sql5, sql9, sq20, sq21, sq26, sq53,
Chapter II) were not found to incorporate '*C-DIC (Chaper 1V), indicating a heterotrophic
lifestyle. These ASVs were closest related to members of the genera Desulfomarina,
Desulforhopalus and Desulfopila. All these genera have the metabolic ability to reduce sulfur
compounds, coupled with the oxidation of various fermentation products, e.g., acetate,
propionate, lactate, pyruvate, ethanol, propanol, butanol and fumarate as electron donors
(Isaksen and Teske 1996, Lie et al. 1999, Suzuki et al. 2007, Gittel et al. 2010, Hashimoto et
al. 2021, Song et al. 2021). Fumarate was also used as an electron acceptor coupled to the
oxidation of lactate by Desulfopila aestuarii (Suzuki et al. 2007) and fermented by Desulfopila
inferna (Gittel et al. 2010). Some of these genera (Desulforhopalus, Desulfopila) also showed
the ability to ferment pyruvate or taurine (Isaksen and Teske 1996, Lie et al. 1999, Suzuki et
al. 2007). Only a few Desulfocapsaceae species could use H» as an electron donor, coupled
with CO» (Hashimoto et al. 2021) or acetate as a carbon source (Isaksen and Teske 1996). Only
recently, a study showed that unclassified sulfate-reducing members of the Desulfocapsaceae
grow possibly mixotrophically using either CO2 or the fermentation products lactate,
propionate and butyrate (Yin et al. 2024). Here, we could not detect an autotrophic metabolism
besides for the genus Desulfocapsa, suggesting these identified Desulfocapsaceae ASVs

require the presence of fermentation products to thrive.

Active unclassified Desulfobulbales (sq31, sq44, Chapter IV) could be identified as
autotrophic. These ASVs, along with those observed in Chapter II (sq31, sq27) and the genome
JAKITWOTI sp021647905 (GCA_021647905.1) form a monophyletic group in the constructed
16S rRNA gene phylogenetic tree and are likely to form the yet undescribed family BM004.
So far, no information is available on the metabolic capabilities of this group. However, as part
of the Desulfobacterota phylum, Desulfobulbales are likely to be involved in reducing sulfur

compounds (Slobodkin and Slobodkina 2019).
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Figure 1 Phylogenetic placement of active ASVs of the Helgoland mud area. (a) 16S rRNA gene phylogenetic
tree of active taxa of the class Desulfobulbia in the Helgoland mud area surface sediments. The 16S rRNA gene
sequences for tree reconstruction were retrieved from available good-quality genomes (completeness >80%,
contamination < 5%) present in the GTDB version r214 using barrnap. ASVs of the class Desulfobulbia found in
Chapter IT and Chapter IV with relative abundance of > 2% were added to the sequence set. The tree was calculated
using raxml-ng v1.2.1 (70 starting trees, bootstrap convergence with a bootstrap cutoff of 0.03 was reached after
800 trees). (b) Similarity matrix of ASVs derived from Chapter II and Chapter IV computed with blastn of ncbi
blast v2.16.0+. For the distinction of taxon levels, the taxon level thresholds of Konstantinidis et al. (2017) were
applied (species: > 98.6%, genus: 95-98.6%, family: 92-95%, order: 89-92%, class: 86-89%, phylum: 83-86%).
Code used to create this figure is deposited at https://github.com/mmaeke/Thesis_Discussion.

The results obtained in this dissertation show that members of the class Desulfobulbia are

actively involved in sulfur cycling in the HMA surface sediments and act on remaining

fermentation products and available CO> (Fig. 2). Sulfate-reducing bacteria play the primary

role in the degradation of organic matter in anoxic marine sediments by facilitating the final
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oxidation of organic matter to CO2 (Jgrgensen et al. 2019). Altogether, they enable about 50%
of the carbon remineralization in anoxic marine sediments, making them essential players in
organic matter rich sediments and organic matter turnover (Jgrgensen 1982). The most active
taxa identified in the HMA have all been attributed to sulfur-cycling organisms, indicating the
process of sulfur cycling to be a dominant process in the HMA in sifu. Dominantly autotrophic
and less abundant heterotrophic microorganisms were identified. Some of the autotrophic taxa
could be identified as sulfur compound disproportionating organisms. During sulfur compound
disproportionation, elemental sulfur, thiosulfate, and sulfite are electron donors and acceptors
(Bak and Cypionka 1987, Thamdrup et al. 1993). Yet, the process of sulfur compound
disproportionation and the biochemical pathways used are hardly understood (Slobodkin and
Slobodkina 2019). So far, no functional marker genes involved in the process have been
identified (Slobodkin and Slobodkina 2019). As most sulfur compound disproportionating
microorganisms can grow by other processes, the distinction between sulfur compound
disproportionating and other sulfur compound cycling organisms remains difficult (Slobodkin
and Slobodkina 2019). Therefore, the importance and abundance of this process in anoxic

marine sediments remain a critical ongoing research topic.

Heterotrophic sulfur compound cycling organisms were likely involved in reducing sulfate,
thiosulfate, and sulfite coupled to the oxidation of fermentation products. Hydrogen sulfide
produced by these sulfur compound reducers is either reoxidized to intermediate sulfur
compounds, such as sulfite, elemental sulfur, polysulfides, or thiosulfate, or buried in sediments
as complexes with iron or organic matter (Berner 1982, Jgorgensen 1982, Briichert 1998). Due
to the rapid turnover of sulfur compounds, analyzing these concurrently ongoing

biogeochemical processes remains challenging.

Apart from active sulfur-cycling microorganisms of the Desulfobacterota, the labeling by
H>'80 revealed further active groups. We could not detect these groups in '*C-labeled DIC
enrichments, so these organisms must also be involved in heterotrophic activity. The most
active group was identified as the family Sval033, which has been described as an acetate-
utilizing dissimilatory iron reducer (Aromokeye et al. 2021b, Wunder et al. 2021). The group
of Sval033 is regularly found in cold marine sediments of the Arctic and Antarctic
environments (Ravenschlag et al. 1999, Aromokeye et al. 2021b, Wunder et al. 2021, Baloza
et al. 2023). Despite being abundant in these environments, the knowledge of this group

remains scarce and limited to RNA-SIP incubations conducted in these environments
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(Aromokeye et al. 2021b, Wunder et al. 2021). To date, no genomic analyses of this group

exist.

The '80-labeling also revealed lower activity for Bacteroidia (Marinifilum) and Fusobacteriia
(Propionigenium). Bacteroidia of the genus Marinifilum have the metabolic capability to
ferment various carbohydrates, polysaccharides and amino acids (Na et al. 2009, Ruvira et al.
2013, Fu et al. 2018, Dai et al. 2022). In a previous study, the phylum Bacteroidota was
suggested to be involved in the degradation of algal-derived organic matter, such as
polysaccharides (Oni et al. 2015). The results obtained in this study confirmed the active
participation of this group in organic matter degradation. We further identified the active
Propionigenium. This genus is also involved in the fermentation of succinate, fumarate,
pyruvate (Schink and Pfennig 1982), besides carbohydrates and amino acids (Janssen and
Liesack 1995). Less abundant Clostridia of the genus Fusibacter were potentially involved in
respiratory pathways reducing sulfate, thiosulfate or elemental sulfur coupled with the
oxidation of carbohydrates (Ravot et al. 1999, Smii et al. 2015, Qiu et al. 2021). For some
members the reduction of Fe(Ill) compounds was tested (Qiu et al. 2021). Yet, also,
fermentation of carbohydrates was observed (Ravot et al. 1999, Smii et al. 2015). Due to their
ability to ferment carbohydrates, all three members might be involved in the degradation of

algal-derived polysaccharides.

Gammaproteobacteria described to be highly abundant in surface sediments of the HMA (Oni
et al. 2015) were not active during seven days of incubation. In fact, Gammaproteobacteria
were primarily abundant in the ultra-light fraction of our experiment (14% relative abundance),
indicating no or shallow activity (Chapter II). In our long-term incubation using '*C-DIC as
sole carbon source, Gammaproteobacteria were labeled beside the Desulfobulbia mentioned
above, hinting towards an autotrophic activity of these members in the sediments of the HMA
(Chapter 1V). However, due to long incubation times of 100 days, cross-feeding cannot be
excluded. Gammaproteobacteria have been previously suggested to be involved in the
degradation of algal-derived organic matter in the surface sediments of the HMA (Oni et al.
2015). A more recent study on the sediments of the HMA identified metal-reducing
Gammaproteobacteria, e.g., Sedimenticolaceae, Ferrimonas, and Amphritea, as respiratory
microorganisms using fermentation products, such as acetate, lactate, propionate, butyrate, and
ethanol (Yin et al. 2024). Yet, no autotrophic activity was observed (Yin et al. 2024). Due to
their potential autotrophic activity in this study, the Gammaproteobacteria are likely different

from those metal-reducers or organisms involved in the degradation of algal-derived organic

257



Chapter V

matter. In some studies, Gammaproteobacteria were identified as sulfur-oxidizers, accounting
for up to 70% of the dark carbon fixation in coastal surface sediments (Lenk et al. 2011,
Dyksma et al. 2016). Thus, Gammaproteobacteria, identified here as autotrophic, might be

involved in sulfur cycling.

Acidobacteria, Verrucomicrobia and Cyanobacteria, which were detected in low relative
abundances in surface sediments by previous studies, were not active in situ (Oni et al. 2015).
Further, no activity of primary fermenters and autotrophic archaea was detected in short-term
incubations, likely due to the depletion of complex organic carbon in these sediments after
storage since 2019 or slower metabolic activity. Instead, archaea were likely to be more active

in deeper sediments.

Thus, to conclude, the dominantly active sulfur compound and iron-cycling microorganisms
detected in organic carbon-depleted sediments of the HMA are autotrophic and heterotrophic
organisms acting on DIC and fermentation products, and with this, the first hypothesis raised
in this dissertation is true. However, we also observed a lower activity of Marinifilum,
Propionigenium and Fusibacter, potentially involved in the fermentation of higher molecular
weight compounds, such as carbohydrates. Furthermore, we observed that both autotrophic and
heterotrophic taxa became active in carbon-depleted sediments. While Desulfocapsa sp., the
genus JAJRUTOI of the MSBL7 cluster and the family BM004 of the order Desulfobulbales
were likely autotrophic, other heterotrophic members, such as unclassified Desulfocapsaceae,
the genus BM506 of the cluster MSBL7 and Sval033 were equally active. Therefore, these
results suggest that autotrophic taxa are not predominantly active in the carbon-depleted
sediments used and the second hypothesis raised was false. Nevertheless, results on microbial
activity are derived from two different studies and SIP incubations conducted throughout this
dissertation. Additional genomic data is required to gain more insights into the metabolic

potential of the found microorganisms.

5.2 Multiple microbial groups contribute to protein fermentation in subsurface sediments
of the HMA

High concentrations of marine organic matter characterize the western HMA surface sediments
(Onti et al. 2015, Miiller et al. 2024). Such marine organic matter derives from phytoplankton
debris, detritus and the remains of other autotrophic and heterotrophic microorganisms
inhabiting the overlying water column (Lomstein et al. 2012, Braun et al. 2017). The marine

organic matter contains simple molecules such as amino acids, sugars, vitamins, nucleic acids
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or fatty acids and more complex molecules such as proteins and polysaccharides (Neidhardt et
al. 1990, Burdige 2007, Lengeler et al. 1999, Repeta 2015). Especially proteins and amino
acids constitute about 50% of the exported marine organic matter and provide a large pool of

carbon for primary fermenting organisms (Burdige 2007).

Previous studies in the HMA identified different microbial groups as the predominant microbes
involved in protein breakdown, including bacteria and archaea (Yin et al. 2020, Yin et al. 2022).
For example, bacterial groups such as Clostridia (Fusibacter and unclassified Clostridia),
Enterobacterales  (Psychromonas, Photobacterium and Vibrio) and Fusobacteriia
(Propionigenium) have been shown to participate in crude protein degradation in the HMA and
other environments (Pelikan et al. 2021, Zhu et al. 2024). As mentioned above, Fusibacter and
Propionigenium were active in situ in the surface sediments of the HMA. As the HMA surface
sediments are rich in marine derived organic matter, these organisms are likely involved in the
ongoing crude protein degradation in these sediments in situ. However, these bacteria are not
detected in the same sample when pure protein is used as the substrate, whereas multiple
archaeal groups are identified instead. Thus, it appears that archaea are the key microbial group
responsible for protein degradation in HMA sediments (Fig. 2).

In Chapter III, we identified the known protein-degrading Ca. Prometheoarchacum
syntrophicum strain MK-D1 in lower sediment zones (40-75 cm) as highly abundant, reaching
more than 85% relative abundance in the archaeal community of the enrichments. Lokiarchaeia
of the Loki-2c subgroup were previously identified as significant protein-degrading archaea in
the sulfate reduction zone of the HMA (16-41 cm) (Yin et al. 2022). In contrast, the subgroups
Loki-2a and Loki-2b showed much lower activity (Yin et al. 2020). Thus, while we could not
directly show the activity of the strain MK-D1, such high relative abundance indicates the
prevalence of this group in the degradation of protein in our enrichment. However, it needs to
be noted that the conducted protein-enrichments were amended with antibiotics and the
bacterial community therefore suppressed. Overall, the finding of Lokiarchaeia being involved
in protein breakdown in these marine organic carbon rich sediments is not surprising. Among
protein-degrading organisms, Asgardarchaeota, including Lokiarchaeia were detected as an
abundant group (Lazar et al. 2017, Imachi et al. 2020, Yin et al. 2022). Analyzed genomes of
Lokiarchaeia, Thorarchaeia, Heimdallarchaeia, Helarchaeia and Gerdarchaeia carried genes for
extracellular peptidases required for primary protein hydrolysis and subsequent genes for
degradation of amino acids (Seitz et al. 2016, Liu et al. 2018, Fraser et al. 2019, Cai et al. 2020,
Imachi et al. 2020, Yin et al. 2022).
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Chapter III further revealed an undescribed class within the phylum of Thermoplasmatota
(EX4484-6) to be involved in the degradation of proteins in enrichments. The EX4484-6
became highly abundant, reaching more than 90% relative abundance in one of the replicates.
Though we could not evaluate why the EX4484-6 became much more abundant than the
Lokiarchaeia in only one of the biological replicates, the high abundance of this group in the
enrichments gave rise to the hypothesis that the novel group might be involved in the
degradation of proteins. Metabolic characterization of this novel group using metagenomic

analyses further supported this finding.

The active protein-degrading members of the Thermoplasmatota phylum in the HMA were so
far confined to members of the SG8-5 order, while also members of the Ca.
Thermoprofundales, formerly known as MBG-D, were identified as present in the HMA
sediments (Yin et al. 2022). Especially Ca. Thermoprofundales are described as one of the
predominant protein-degrading microbes in marine sediments (Lloyd et al. 2013, Lazar et al.
2017, Zhou et al. 2019). Thermoplasmatota, in general, are known for their amino acid and
protein degrading capabilities, for example, protein and amino acid degrading Marine Group
IT archaea dominate the water column (Orsi et al. 2016). Further studies revealed the protein
and amino acid degradation potentials by members of the order Ca. Sysuiplasmatales, Ca.
Angelarchaeales and Ca. Lutacidiplasmatales, inhabiting diverse marine and terrestrial
environments (Yuan et al. 2021, Diamond et al. 2022, Sheridan et al. 2022).

Despite these recent findings, studies regularly detect unclassified members of the
Thermoplasmatota with the ability to utilize proteins (Yin et al. 2022). However, the abundance
of these organisms is much lower than that of the predominant groups of Lokiarchaeia or Ca.
Thermoprofundales. Like that, the group EX4484-6 was only of low relative abundance in
global marine coastal sediments and was detected as a member of the rare biosphere rather than
a dominant player in the cycling of proteins. The importance this group might play in the anoxic
marine sediments is yet to be explored. Nevertheless, these findings prove that regularly

overlooked taxa in marine sediments might play essential roles in carbon cycling.

Bathyarchaeia of subgroup Bathy-15 were identified to be involved in protein degradation in
the HMA once antibiotics suppressed the bacterial community (Yin et al. 2022). A recent study
showed the presence of extracellular peptidases in genomes of all but one order of the
Bathyarchaeia (Hou et al. 2023). The highest numbers of peptidases and extracellular
peptidases were found in the order Wuzhiqiibiales, formerly known as subgroup 15 (Hou et al.

2023). Thus, the previous finding of the subgroup Bathy-15 to be involved in protein
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degradation in the HMA is following the more recent observations. In the study on protein
degradation in this dissertation (Chapter III), Bathyarchaeia could not be enriched. However,
high abundances of ~50% were observed in unamended control samples. Overall,
Crenarchaeota, including Bathyarchaeia dominate the archaeal community in marine anoxic
sediments (Hoshino et al. 2020). Bathyarchaeia are a globally distributed group accounting for
up to 92% of total archaea in sediments (Kubo et al. 2012, Zhou et al. 2018). Within eight
orders, multiple metabolisms were detected by analysis of the metabolic capabilities of single
metagenome assembled genomes (MAGs), including the degradation of detrital proteins,
polymeric carbohydrates, fatty acids, aromatic compounds, methane, short-chain alkanes, and
methylated compounds (Lloyd et al. 2013, Meng et al. 2014, Evans et al. 2015, Lazar et al.
2015, He et al. 2016, Lazar et al. 2016, Zhou et al. 2018, Yin et al. 2022). Thus, while we did
not detect protein-degrading Bathyarchaeia, their role in the anoxic marine sediment could

involve the fermentation of many different substrates available in the in sifu sediment.

5.3 Many unclassified bacterial members participate in the degradation of methoxylated
aromatic compounds (MACs) in subsurface sediments of the HMA

High levels of terrestrial organic matter characterize deeper sediments of the HMA, especially
in the western HMA (Oni et al. 2015, Miiller et al. 2024). Such terrestrial deposits may derive
from the erosion processes of the Helgoland island during storms and from the input of the
rivers Elbe and Weser (Miiller et al. 2024). Overall, terrestrial organic matter contains
polysaccharides, polyaromatic, aromatic, and unsaturated structures derived from living plant
biomass, plant litter, and soil organic matter, such as humus (Burdige 2007). Terrestrial organic
matter is much more recalcitrant than marine organic matter and, thus, more likely to remain

in the subseafloor sediments.

Methoxydotrophy

The terrestrial organic matter degradation in the HMA has so far been restricted to one in situ
study and the degradation of the model compound benzoate (Oni et al. 2015, Aromokeye et al.
2021a). In our study on terrestrial organic matter degradation in the HMA we used
methoxylated aromatic compounds (MACs), a significant lignin constituent (Chapter IV). The
study revealed Clostridia as the most abundant and active organisms in the incubations of
surface sediments down to a sediment depth of 70 cm (Chapter IV). Interestingly, previous
studies only identified Clostridia to be of low abundance, even in deeper sediment layers with
higher concentrations of terrestrial organic matter (Oni et al. 2015). In the surface sediments,

we detected members of the class Clostridia with low activity; the in situ abundant Fusibacter
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was most likely involved in the fermentation of crude protein or low molecular weight
carbohydrates rather than the degradation of recalcitrant organic matter. However, upon adding
MACs, mostly unclassified Clostridia of the orders Acetivibrionales, Eubacteriales,
Oscillospirales, and Tissierellales were identified as the sole community members involved in
methoxydotrophy. The dominance of Clostridia in the enrichments suggests that Clostridia
might be key players in methoxydotrophic carbon transformations in the anoxic coastal marine
sediments of the HMA and drive the preliminary transformation of lignin-derived

monoaromatic compounds (Fig. 2).

So far, more than 40 cultured species have been identified to use MACs anaerobically, most of
which belong to the class of Clostridia (Khomyakova & Slobodkin 2023). Similar to our
findings, most members of Clostridia perform methoxydotrophic acetogenesis, using the
methoxy groups as electron donors and COz as electron acceptors (Khomyakova and Slobodkin
2023). The annotation of metabolic pathways required for methoxy group utilization was
limited to the pathway of methoxydotrophic acetogenesis via a reductive acetyl-CoA pathway
in our study. Yet, some members of the identified Oscillospirales will likely use a different
methoxy group utilization strategy. Further, more in-depth analyses of the metabolic potential

are required.

In Chapter IV, we could detect different species in up to 9 different MAC enrichments and thus
showing a high substrate spectrum for different MACs, which is in accordance with previous
findings on MAC degradation by Clostridia. The first cultivated acetogenic methoxydotroph
was Acetobacterium woodii of the class Clostridia, which utilizes more than 10 different MACs
(Bache and Pfennig 1981). The genome contained 23 different methyltransferase I (MTI)
genes, suggesting substrate-specificity of these towards single MACs or other methylated
compounds, which are yet to be identified (Lechtenfeld et al. 2018, Khomyakova and
Slobodkin 2023). The Clostridia species Moorella thermoacetica was found to metabolize
more than 20 different MACs and contained multiple MTI homologs (Pierce et al. 2008). Other
members of the Clostridia were only tested for fewer MACs but showed equal metabolic
characteristics (Tanaka and Pfennig 1988, Greening and Leedle 1989, Lux and Drake 1992,
Parekh et al. 1992, Kaufmann et al. 1998, Paarup et al. 2006, Allen et al. 2010, Khomyakova
et al. 2020, Khomyakova et al. 2021).

MAGs analyzed in Chapter IV contained high numbers of MTI genes. Due to the lack of
annotation for these identified MTI genes, we could not identify specific methoxytransferases,

only the general methyltransferases. Thus, further research is required to answer these open
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questions in Chapter IV. The protein structures of MTI genes need to be compared to those of
the MTI genes involved in methoxy group utilization to predict methyltransferases involved in
only the methoxy group utilization. As neither the MTI nor corrinoid proteins and
methyltransferase II (MTII) genes were annotated, further comparison of hypothetical proteins
to known corrinoid proteins and MTII could be used to identify complete O-demethylase gene

clusters and from this evaluate the gene synteny.

While sample-specific and genome-specific MTI genes could be identified in Chapter IV, none
of these could be directly linked to methoxy group utilization of the identified substrate. Since
only 5 of the tested MAC treatments were used for metagenomic sequencing, sample-specific
methyltransferases might not be specific for the substrate analyzed. Using the protein structure
of MTI genes involved in demethoxylation, substrates could be fitted into protein structures to
prove substrate-specificity. Further, an analysis of orthogroups of MTI genes revealed the
potential evolution of methyltransferases towards different substrate spectra. The evolutionary
history of MTI genes could be further investigated by analyzing the codon usage of MTI genes
within single orthogroups. A possible lateral gene transfer could be identified by comparing
the codon usage among genes of the same orthogroup and the codon usage of the
methyltransferase-derived genome. These analyses can investigate the functional divergence
of detected methyltransferases within orthogroups and could indicate genes with similar
substrate-specificity. To ultimately link MTI genes with methoxy group specificity,
metaproteomic analyses would be required to identify expressed genes involved in the

degradation of MAC:s in single treatments.

Despite this vast knowledge of MAC degrading Clostridia, only one member of the Clostridia,
Acetobacterium carbinolicum, has been isolated from the marine environments (Paarup et al.
2006). Other methoxydotrophic Clostridia have so far only been associated with terrestrial and
host-associated environments (Khomyakova and Slobodkin 2023). While this demonstrates the
widespread trait of Clostridia for terrestrial organic matter degradation, the finding of diverse
groups involved in the methoxydotrophy in the anoxic marine coastal sediment is novel.
Overall, Clostridia are common in coastal sediments, reaching ~10% relative abundance
(Zinger et al. 2011). Thus, Clostridia likely play an essential role in Ci-carbon compound

transformations in environments other than the HMA.

Apart from Clostridia, only some members of the phylum Pseudomonadota and the archaea are

known to degrade MACs anaerobically (Taylor 1983, DeWeerd et al. 1990, Kurth et al. 2021,
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Welte et al. 2021, Yu et al. 2023a). Pseudomonadota couple the oxidation of methoxylated
aromatic compounds to nitrate or sulfur compound reduction (Taylor 1983, DeWeerd et al.
1990). Archaeoglobus fulgidus, Methermicoccus shengliensis and Bathyarchaeia like Ca.
Baizosediminiarchaeum ligniniphilus and Bathyarchaeum tardum were found to use methoxy
groups, coupling the methyl group transfer to the electron acceptor tetrahydromethanopterin
(Kurth et al. 2020, Welte et al. 2021, Khomyakova et al. 2023, Yu et al. 2023a). The metabolic
capability was even detected in five of eight Bathyarchaeia orders, thus indicating a rather
widespread utilization of methoxy groups among this class (Yu et al. 2023a). While the sulfate-
reducing Archaeoglobus fulgidus and the acetogenic Bathyarchaeia convert the methoxy group
to CO2 and acetate via a reductive acetyl-CoA pathway, the methanogen Methermicoccus
shengliensis performs methoxydotrophic methanogenesis (Mayumi et al. 2016, Kurth et al.
2020, Welte et al. 2021, Khomyakova et al. 2023, Yu et al. 2023a). Besides, further archaea
belonging to Lokiarchaeia, Verstratearchaeota, Korarchaeota, Helarchaeota, and
Nezhaarchaeota were suggested to have the genetic potential for the growth with MACs (Welte
etal. 2021). In the HMA, the Lokiarchaeia subgroup Loki-3 was detected to be active in lignin-
amended incubations (Yin et al. 2020). Despite these initial findings, no proof of the
involvement of Lokiarchaeia in lignin degradation has been found. Our results of the archaeal
community in MAC amended enrichments indicate that no archaeal community member was
involved in the MAC breakdown via methoxydotrophy. Furthermore, none identified taxa had
the metabolic potential for aromatic ring cleavage. Hence, the capability of using terrestrial-
derived monoaromatics is likely restricted to single subgroups within taxa, like Bathyarchaeia

or Lokiarchaeia and is not a trait shared widely.

Aromatic ring cleavage

As of earlier studies (Oni et al. 2015, Aromokeye et al. 2021a), we identified members of the
Desulfobacterota (Malonomonas, Desulfobacteraceae, Desulfocapsaceae, Desulfatiglandales
and unclassified Desulfobacterota) and Chloroflexota (Anaerolinea and Dehalococcoidia) to
potentially be involved in the degradation of aromatic compounds via the benzoyl-CoA
intermediate in the HMA (Chapter IV). The oxidation of aromatic compounds via the benzoyl-
CoA pathway is a common trait among sulfate-reducing bacteria (Davidova et al. 2007, Musat
and Widdel 2008, Ahn et al. 2009, Musat et al. 2009, Junghare and Schink 2015, Zhuang et al.
2019).

Members of the phylum Chloroflexota, such as Dehalococcoidia are a widespread group in

marine sediments and have been reported to degrade benzoate in various environments
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(Wasmund et al. 2014, Wasmund et al. 2016, Yu et al. 2023b). Anaerolinea that have been
lacking multiple genes of the lower pathway in the study by Aromokeye et al. (2021a) did at
least contain the complete upper benzoyl-CoA pathway converting benzoyl-CoA into alipathic
C7-dicarboxyl-CoA compounds as described in Carmona et al. (2009) in our study. Anaerolinea
have been described as a broadly distributed group in diverse environments, reaching high
abundances (Blazejak and Schippers 2010). Some members of the Anaerolinea have been
described as fermentative bacteria utilizing a broad spectrum of carbohydrates but were
incapable of using benzoate (Sekiguchi et al. 2003, Yamada et al. 2006). Anaerolinea detected
in Chapter IV are of yet undescribed orders E26-bin7 and UBA7937. Thus, these groups might
have the potential for benzoyl-CoA degradation, although there is no knowledge on benzoate

degrading Anaerolinea.

Despite detecting some members involved in aromatic ring cleavage, previous research
investigating the benzoate degradation in sediments of the HMA by incubations and
metagenomics identified a much higher diversity of organisms involved in the degradation of
aromatic compounds. Members of the phyla Bacillota_B (Desulfotomaculia,
Syntrophomonadia), Bacillota_D (Dethiobacteria) and Bacteroidota (Ignavibacteria) were
identified to take part in the aromatic ring cleavage (Aromokeye et al. 2021a). Of these, only
Bacillota_B were detected among abundant bacteria in the enrichments of Chapter IV yet could
not be identified as aromatic compound degraders by metagenomic analyses. In our study, we
performed metagenomic sequencing on some samples only; hence, we likely missed the
Desulfotomaculia present in high relative abundances only in the 2-methoxybenzoic acid
treatment. Desulfotomaculia in those enrichments were assigned to the family Desulfallaceae
(Sporotomaculum) and, therefore, of the same genus as previously detected Desulfotomaculia
in the HMA (Aromokeye et al. 2021a). The genus Sporotomaculum could be identified as a
benzoate degrader previously (Qiu et al. 2003) and the ability to utilize benzoate has also been
detected in other species of the Desulfotomaculia (Plugge et al. 2002). As we did not observe
methoxydotrophic activity in the 2-methoxybenzoic enrichment, the most abundant
Desulfotomaculia likely performed aromatic compound degradation on this methoxylated

aromatic compound.

We further reconstructed eight MAGs of the Syntrophomonadaceae, none of which had the
metabolic potential to degrade aromatic compounds. Syntrophomonadaceae are known for
their ability to degrade fatty acids of various lengths syntrophically (McInerney et al. 1981,
Stieb and Schink 1985, Roy et al. 1986, Zhang et al. 2004, 2005). In enrichments with MACs,
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this group might, be involved in the attack of acyl side chains of aromatic compounds via -
oxidation (Gibson and Harwood 2002) or the degradation of short-chain fatty acids derived

from aromatic ring cleavage rather than aromatic compound degradation.

Overall, taxa with the ability to degrade benzoyl-CoA were only of low abundance in the
enrichments of Chapter IV. Earlier studies in the HMA hinted that Clostridia, the most
abundant class in our enrichments, potentially participate in aromatic compound degradation
(Aromokeye et al. 2021a). Yet, Clostridia detected in Chapter IV could not degrade aromatic
compounds via the intermediate benzoyl-CoA based on metagenomic analyses. Moreover, we
did not detect genes for the pathway of phloroglucinol degradation, a pathway quite common
in multiple members of Clostridia, including Sporobacter termitidis and Sporobacterium
olearium (Kreft and Schink 1993, Grech-Mora et al. 1996, Mechichi et al. 1999, Zhou et al.
2023b). Also, genes for the reductive degradation of resorcinol were observed in fermenting
bacteria of Clostridia but were lacking in any of the screened MAGs (Tschech and Schink
1985, Schnell et al. 1989). Despite the lack of genes for these pathways in Clostridia MAGs,
we cannot exclude the ability of Clostridia to be involved in these pathways. Genes for these
pathways have only recently been characterized (Zhou et al. 2023b) or are yet to be described
(Schink et al. 2000). While there is knowledge of the functionality of these genes, exact
annotations are still lacking from standard databases, such as KEGG (Kanehisa et al. 2016) and
NCBINR (Sayers et al. 2022). Further protein family models of detected involved genes could
be used for a more in-depth analysis of these two pathways to investigate the possible

participation of Clostridia in aromatic compound degradation.

5.4 Fermentation of other complex organic matter

Though not studied in the Chapters of this dissertation, more complex organic matter, such as
polysaccharides, is available in marine environments. As we identified members of the
Bacteroidetes and Fusobacteriia active in sifu, possibly involved in the fermentation of
carbohydrates, the following part briefly covers the sources of polysaccharides in the marine
environment and microorganisms involved in the fermentation of these, leading to the

availability of carbohydrates.

Polysaccharides present in the marine environment include starch, laminarin, fucoidan,
alginate, and cellulose, commonly found in the cell walls or as storage products of green,
brown, and red algae (Davis et al. 2003); chitin from crustacean exoskeletons, zooplankton and

diatom surfaces (Gooday 1990, Durkin et al. 2009) and cellulose, derived from terrestrial
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environments (Lynd et al. 2002). Microorganisms affiliated with polysaccharide degradation
are Pseudomonadota, predominantly of the class Gammaproteobacteria, Clostridia,
Bacteroidota, Actinomycetota and Verrucomicrobiota (Lynd et al. 2002, Ferndndez-G6émez et
al. 2013, Mann et al. 2013, Jain and Krishnan 2017, Sichert et al. 2020, McKee et al. 2021,
Sajeela et al. 2023, Zhang et al. 2024). Pseudomonadota and Bacteroidota were detected in the
community of the HMA and previously affiliated with the degradation of algal-derived
polysaccharides (Oni et al. 2015). As described above, we only detected Bacteroidota as active
in situ (Chapter II). Though not detected in this dissertation, Verrucomicrobiota were abundant
in a previous 16S rRNA gene-based community study in the HMA surface sediments and,
therefore, could be involved in polysaccharide degradation in the HMA (Oni et al. 2015).
During the degradation of polysaccharides, these microorganisms use carbohydrate active
enzymes (CAZymes), such as glycoside hydrolases, glycosyltransferases, polysaccharide

lyases and carbohydrate esterases (Drula et al. 2021).

The degradation of marine and terrestrial derived cellulose was affiliated with many Clostridia
(Hungate 1944, Patel et al. 1980, Khan et al. 1984, Sleat et al. 1984, Schwarz 2001, Kato et al.
2004, Shiratori et al. 2009, Rettenmaier et al. 2019, Rettenmaier et al. 2021). Besides
Clostridia, members of the Actinomycetota and Bacteroidota are involved in cellulolytic
metabolisms (Goksgyr 1988, Li and Gao 1997, Lykidis et al. 2007, Abt et al. 2010). During
cellulose degradation, the large polysaccharides are converted by cellulases, including
endoglucanases, exoglucanases and cellobiases into monomeric glucose (Lynd et al. 2002). In
this dissertation, we did not detect specific cellulolytic microorganisms. However, some
members of the genus Marinifilum and Fusibacter that were active in situ have the potential to
degrade cellobiose, a cellulose degradation product and thus are involved in the degradation of
organic matter of marine and possible terrestrial origin (Ravot et al. 1999, Ruvira et al. 2013,

Smii et al. 2015, Fu et al. 2018).

The results on the primary fermentation of complex organic carbon obtained in this dissertation
identified known primary fermenters, such as the Ca. Prometheoarchaeum syntrophicum strain
MK-D1, Propionigenium, Marinifilum and Fusibacter. Besides these known fermenters, the
amendment of protein and methoxylated aromatic compounds as carbon sources revealed
uncharacterized primary fermenting organisms, namely multiple uncharacterized members of
the class Clostridia and the class EX4484-6 of the phylum Thermoplasmatota. Thus, the initial

third hypothesis that due to the lack of knowledge on primary fermenting microorganisms,
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using different carbon sources in anoxic marine sediments will reveal uncharacterized primary

fermenting organisms besides already known taxa is true.
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Figure 2 Schematic overview of biotic processes in the HMA as described in this dissertation. Taxa marked with
an asterisk have been identified in this dissertation. Bacteria marked with a question mark were suggested to
participate in these processes; however, their metabolic potential has yet to be described. Literature is indicated
for taxa we did not analyze the metabolic potential of.

Moreover, these uncharacterized primary fermenting organisms were not detected in the
sediment controls and became abundant upon substrate addition only. Hence, these members
are expected to be present in the sediment matrix; however, they are only present in low
abundances. Nevertheless, Clostridia were identified as key players in transforming

methoxylated aromatic compounds. Overall, these results suggest that members of the
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Clostridia are low-abundant microbial taxa that might play an important role in the degradation
of organic matter. Therefore, for the group of Clostridia the fourth hypothesis that besides main
players in anoxic marine sediments, low abundant microbial taxa are important for the
degradation of organic matter is true. The EX4484-6 became abundant in antibiotics-amended
enrichments, thus requiring the suppression of bacteria. Further analyses indicated that
members of the class EX4484-6 are rare biosphere members. The importance and role of the
EX4484-6 class in marine sediments are yet to be determined. However, the presence of this
class in organic matter rich environments globally suggests that this group plays an essential

role in such environments, despite its low abundance.

5.5 Novelty among well-represented phyla

As the main objective of this dissertation, I aimed to detect undescribed microorganisms
involved in the degradation of organic matter. As previously mentioned, throughout the
Chapters we detected many uncharacterized and unclassified microorganisms. In Chapter II,
we identified multiple members of the class Desulfobulbia that could not be classified at the
genus level, following the SILVA taxonomy. In total, we identified 368 ASVs affiliated with
the class Desulfobulbia. Yet, only 92 (25%) of these ASVs were classified at the genus level
(Fig. 3a). Of the three identified families, Desulfobulbaceae had the highest numbers of
unclassified ASVs on the genus level (138 ASVs, 51%), followed by Desulfocapsaceae (52
ASVs, 14%) and Desulfurivibrionaceae (5 ASVs, 2%). A total of 81 (22%) of the identified
ASVs were unclassified on family level, indicating high taxonomic novelty in this order. We
later compared some highly abundant unclassified ASVs with genomes present in the GTDB
version 1214 (Parks et al. 2018). We could retrieve a more resolved taxonomic classification as
described before (e.g. unclassified Desulfobulbales were sorted into the family BM004). Yet,

most of these taxa remain uncharacterized, and their metabolic potential has not been explored.

Similarly, Clostridia are among the best-represented taxonomic groups in the GTDB version
1220, comprising 80,141 genomes (Parks et al. 2018). By SILV A Clostridia are sorted into the
phylum Firmicutes. The Firmicutes are among the phyla having the highest OTU richness in
the SILVA database (LLouca et al. 2019). This high diversity was connected with their ability
to colonize many different environments and hosts (Louca et al. 2019). Firmicutes were
especially abundant in humans, but new undescribed lineages were also detected in insects,
indicating the hidden diversity of this phylum (Schulz et al. 2017). However, despite the high
representation of Clostridia in the GTDB and other databases, most ASVs and MAGs detected

in Chapter IV could not be classified below the family level and are therefore regarded as
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unclassified (Fig. 3b). We could detect 620 ASVs, of which 20% could not be assigned to any
family and 27% could not be assigned to any genus. 192 ASVs (31%) were even unclassified
on the order level. In all five orders, identified in Chapter IV as the most relative abundant,
high taxonomic novelty was observed (21 ASVs Acetivibrionales, 48 ASVs Eubacteriales, 37
ASVs Oscillospirales, 77 ASVs Peptostreptococcales and 9 ASVs Tissierellales). This high
taxonomic novelty might derive from Clostridia not being prevalent in the marine environment
and thus understudied. Based on Zinger et al. (2011) Clostridia are abundant mostly in coastal
benthic areas. A study investigating the global diversity of microbial communities in marine
sediments identified Firmicutes as being present in both anoxic and oxic environments. Yet,
this group showed low relative abundances in most studied sediment cores (Hoshino et al.
2020). Overall, Clostridia are thought to be more common in terrestrial habitats (Ruff et al.

2024).

Desulfobulbia Clostridia

200

[] Classified
. Unclassified Genus

. Unclassified Family

no. of ASVs

D Unclassified Order

Figure 3 Classified and unclassified ASVs detected in (a) Chapter I and (b) Chapter IV. All Desulfobulbia ASVs
of Chapter II were affiliated with the order Desulfobulbales. Code used to create this figure is deposited at
https://github.com/mmaeke/Thesis_Discussion.

The representation of bacterial genomes on public databases, such as the GTDB, is far greater
than that of archaea (bacteria: 584,382 vs. archaea: 12,477) (Parks et al. 2018). While the best
represented bacterial phylum Pseudomonadota counts 214,930 genomes, the best represented
archaeal phylum Thermoplasmatota, only counts 3,169 genomes (Fig. 4). Such contrasts
between bacterial and archaeal diversity have been described before (Aller and Kemp 2008).
In most environments, bacteria are thought to be more diverse than archaea (Aller and Kemp

2008). However, archaea are thought to play a significant role, especially in subseafloor
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environments (Arndt et al. 2013, Hoshino and Inagaki 2018, Orsi et al. 2020), hinting towards

a yet understudied diversity in the domain of archaea.
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Figure 4 Rank-abundance of (a) the 20 most abundant archaeal phyla and (b) all classes of the phylum
Thermoplasmatota. The star indicates the detected EX4484-6 class. The data is derived from the Genome
Taxonomy Database (GTDB) version 1220 and shows the counts of genomes available per taxonomic group
(Parks et al. 2018). Code used to create this figure is deposited at https://github.com/mmaeke/Thesis_Discussion.

The representation of Thermoplasmatota as the best-represented archaeal phylum likely derives
from the abundance and prevalence of this phylum in many different environments, such as
acidic soils and acid mine drainages (Baker and Banfield 2003, Yuan et al. 2021, Sheridan et
al. 2022), hydrothermal vent fields (Reysenbach et al. 2006, Dombrowski et al. 2018), marine
sediments (Lloyd et al. 2013, Zhou et al. 2019, Zheng et al. 2022) and the marine water column
(Li etal. 2015, Martin-Cuadrado et al. 2015, Zhang et al. 2015, Rinke et al. 2019). Upon closer
inspection of the rank abundances, only the classes Thermoplasmata (1,874) and Poseidoniia
(1,132) contribute to this high representation (Fig. 4b). Various orders of the class
Thermoplasmata have been described, including the Aciduliprofundales (Reysenbach et al.
2006), Halarchaeoplasmatales (Zhou et al. 2022, 2023a), Methanomassiliicoccales (Iino et al.
2013), Sysuiplasmatales (Yuan et al. 2021), Thermoplasmatales (Huber and Stetter 2006), Ca.
Gimiplasmatales (Hu et al. 2021), Ca. Angelarchaeales (Diamond et al. 2022), Ca.
Lutacidiplasmatales (Sheridan et al. 2022) and SG8-5 (Yin et al. 2022). Poseidoniia, with its
two orders, is predominantly found in the marine water column (Massana et al. 1997, Massana
et al. 2000, Li et al. 2015, Rinke et al. 2019, Tully 2019). Members of Thermoplasmata and
Poseidoniia are highly abundant in their respective environments (Parkes et al. 2014, Compte-
Port et al. 2017, Rinke et al. 2019, Tully 2019). While analyzing the abundance of classes

within the Thermoplasmatota in Chapter III, we identified the orders Ca. Lutacidiplasmatales
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and Thermoplasmatales of the class Thermoplasmata and the order Ca. Poseidoniales of the
class Poseidoniia to be abundant with up to 40% relative abundance in various samples, thus
indicating similar observations as previously described. However, we also detected the
undescribed class EX4484-6 of the phylum Thermoplasmatota in protein-amended
enrichments. The representation of this class now comprises 22 genomes in the GTDB and has
increased from previously five published genomes since our study in Chapter III (Fig. 4b).
Through extensive screening (Chapter III), we identified three novel orders, increasing the
representation of this class. Still, present genomes in the GTDB are, so far, only of one order.
With 22 publicly available genomes in the GTDB (Parks et al. 2018) and additional 35 genomes
retrieved in our study (Chapter III), this class represents the fourth most abundant class of the
phylum Thermoplasmatota. Additional 11 classes of the Thermoplasmatota phylum are only
represented by one to seven genomes and thus, together with the EX4484-6, remain

underrepresented in this public database.

The finding of large numbers of ASVs of unclassified members among well-represented phyla,
like  sulfur-compound utilizing Desulfobacterota, fermenting Bacillota_A  or
Thermoplasmatota as described in this dissertation, hints that despite continuing advances in
sequencing technologies, including deeper sequencing, significant phylogenetic diversity
remains to be explored. The high genome representation of different taxonomic groups likely
indicates high abundance in the environment, leading to the primary discovery of these groups.
For example, the phylum Pseudomonadota comprises the well-represented classes
Alphaproteobacteria (31,226 genomes) and Gammaproteobacteria (183,508 genomes). Both of
these classes are among the most abundant groups in marine habitats (Zinger et al. 2011,
Bienhold et al. 2016) but are also abundant in other habitats, such as soil (Spain et al. 2009).
Most likely, this high genome representation of some groups is also derived from the
culturability of these microorganisms, e.g., Escherichia coli, counting 38,926 genomes present

in the GTDB (Parks et al. 2018).

On the other hand, low abundant taxa likely remain in the understudied fractions, such as the
rare biosphere and are regularly overlooked. Such underrepresentation of taxa might derive
from factors such as high intraspecific competition, a narrow environmental niche, or predation
(Jousset et al. 2017). These factors can influence the abundance of microorganisms, leading to
conditionally rare taxa (Shade et al. 2014). Similarly, we observed that most detected
undescribed taxa, such as the Clostridia and EX4484-6 were of low abundance or not detected

in sediment controls and only stimulated upon substrate addition. The group EX4484-6 was
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overall of low relative abundance in various habitats and could, therefore, be classified as a
rare biosphere member (Chapter III). These detected taxa likely inhabit a narrow environmental
niche, being dependent on substrate availability. Results obtained in this dissertation indicate
that in situ studies alone are insufficient to target the unknown phylogenetic diversity. As stated
in Chapter III, analyses of time series could be beneficial to detect conditionally rare taxa.
Further methods, as applied in this dissertation, including *C-RNA stable isotope probing or
enrichment experiments with single carbon substrates, could reveal in situ not detectable taxa
and shed more light onto novel members in otherwise well-represented phyla. Following up on
the detection of undescribed and rare microorganisms, data-mining was suggested to improve

the recovery and characterization of taxa (Lynch and Neufeld 2015).

5.6 Data-integrative studies as a chance to characterize undescribed taxa

The Genomic Encyclopedia of Bacteria and Archaea was initiated as the first study to
illuminate the diversity of underrepresented strains (Wu et al. 2009). Since then, multiple
studies have been conducted, performing large-scale sampling to reconstruct novel genomes
from environmental samples (Nelson et al. 2010, Anantharaman et al. 2016, Liu et al. 2022,
Han et al. 2023). However, such sampling campaigns are highly time- and cost-consuming.
Only in recent years have people become more aware of the available data in databases and
recognized the opportunities lying in this data. As the first large-scale data-driven study, 8000
metagenome assembled genomes (MAGs) were reconstructed from metagenomic samples of
diverse environments available in the International Nucleotide Sequence Database
Collaboration databases (INSDC) and expanded the bacterial and archaeal phylogeny by more
than 30% (Parks et al. 2017). From this initial study, the Genome Taxonomy Database was
created, including 87,106 bacterial genomes available on INSDC databases and 11,603 MAGs
reconstructed from openly published metagenomic samples (Parks et al. 2018). Since then, the
representation of genomes on the GTDB has increased, covering 596,859 genomes of the
domains archaea and bacteria as of release r220 (December, 2024) (Parks et al. 2021). After
this first model study, the genomic catalog of Earth’s microbiomes (Nayfach et al. 2021), the
Ocean Microbiomics Database (Paoli et al. 2022) and SPIRE (Schmidt et al. 2023) added
numerous novel groups to the tree of life. Data mining, as has been used by these studies, can
best be described as analyzing large amounts of data and transforming information retrieved
from this data into knowledge. The mining of data allows the utilization of data that regularly
remains unanalyzed, as most studies only utilize fractions of published data. Such data mining

can be focused on ‘omics data, utilizing genome assemblies, metagenomic short read data,
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amplicon sequencing and metatranscriptomic and metabolomic datasets, as has been shown by
these previously mentioned studies, but it can go beyond that and include environmental data,
remote sensing/satellite data or ocean/climate models, to name a few. This dissertation focused

on the use of ‘omics data mining.

The studies mentioned above captured the diversity of novel taxa and phylogenetic groups, but
data-integrative studies can also be applied to single taxonomic groups. Using available
databases, such as the INSDC or GTDB, taxon-targeted data mining can easily be applied by
retrieving the genomes of a group of interest for phylogenetic or phylogenomic comparison.
For instance, a recent large study revealed five undescribed phylum-level groups by placing
novel detected MAGs into a phylogenomic context using 4,000 reference genomes retrieved
from such databases (Gong et al. 2022). In Chapters II, III and IV of this dissertation, we
applied a similar approach by retrieving genome assemblies of the taxonomic classes of interest
that were present in GTDB (Fig. 5). By using extracted 16S rRNA genes from these genomes,
which included large numbers of uncultivated strains, we could improve the phylogenetic
representation of these uncultivated taxa in our data set and identified microorganisms closely
related to the active organisms of our enrichments. However, the information contained in
retrieved genomes is not limited to the use in 16S rRNA gene phylogenetic studies. Using the
same set of genomes, MAGs retrieved in Chapters III and IV were placed in a marker gene
tree, allowing the taxonomic comparison of ASVs and those MAGs lacking 16S rRNA genes
by identifying genomes that were closely related to both the ASVs and MAGs. Moreover, in
studies lacking genomic data, such as studies based on 16S rRNA gene surveys, the novel
retrieved taxonomic information can be used to screen publications in which the closest related
genomes were described. By analyzing the metabolic capabilities of these strains, ASVs can
be placed into a metabolic and functional context. The closest associated genomes could further
be used for pathway reconstructions, thus elevating the study with additional genomic data.
Despite the increase of novel taxonomic groups on INSDC databases and GTDB, only a
fraction of microorganisms has been characterized. Many taxa remain undescribed and only a
few or no published genomes are available. Data-integrative approaches that were applied to
mine environmental genomes for their metabolic functionality detected high novel
functionality, emphasizing the need to target the undescribed microorganisms (Pavlopoulos et
al. 2023, Rodriguez del Rio et al. 2024). The representation and characterization of undescribed
taxa can be tackled by a data mining approach targeting not only group-specific genome

assemblies present on GTDB and INSDC databases, such as the European Nucleotide Archive

274



Chapter V

(ENA), but additional genome assemblies that fall into the NCBI taxon ID’s of ecological or
unclassified metagenomes, including metagenomes of cold seeps, estuaries, glaciers or mine
drainages and lack a taxonomic affiliation (Fig. 5). Furthermore, available metagenomic raw
read data can be mapped against a set of MAGs of the target group to identify samples in which
the target group is abundant. Such an approach was conducted in a study on a novel group
containing high numbers of biosynthetic gene clusters, leading to the recovery of 19 MAGs of
the formerly unrepresented group Ca. Eudoremicrobiaceae (Paoli et al. 2022). We applied this
strategy in Chapter III and identified novel MAGs within the class EX4484-6, which were
further used to mine an additional 57.8 TB of metagenomic short-read data and reconstruct
novel EX4484-6 MAGs, extensively increasing the representation of this class from formerly

two to four orders.

Besides the identification of short read data sets to reconstruct novel MAGs of the target group,
mapping of short reads can be used to provide an overview of the biogeography and
environmental distribution of the target group. In Chapter III, we used this mapping approach
to identify the environmental abundance and biogeography of the class EX4484-6. Previous
studies applied a similar strategy to retrieve the abundance and biogeography of novel bacterial
phyla; however, using coverage information derived from mapping 16S rRNA gene sequences
onto the IMG/M 16S rRNA public assembled metagenomes database instead of mapping short
read data onto derived MAGs (Chen et al. 2016). More recently, novel resources derived from
large-scale data mining focused on microbial abundance in diverse environments (Woodcroft
et al. 2024). By computing the relative abundances of bacteria and archaea in a large set of
short-read metagenomic data sets (248,559 metagenomic samples) without the need for MAG
reconstruction, Sandpiper (https://sandpiper.qut.edu.au) was created. This novel tool now
enables the quick targeting of specific taxa by removing the need to map large data sets of
metagenomic short read data onto the target group (Woodcroft et al. 2024). While this tool
offers excellent advances, metagenomic studies regularly detect novel organisms, and the
description of these still requires targeted data mining to reconstruct novel MAGs from
metagenomic short read data. For a broader ecological context, metadata supplied with genome
assemblies and metagenomic short read data can be accessed, such as done in an analysis of
physicochemical parameters and the correlation of this data with the abundance of Ca.
Poseidoniales in the marine environment (Rinke et al. 2019). However, metadata is often
missing. Therefore, not all data is suitable for data mining. The MIxS standards, which specify

the minimum information about any sequence (Yilmaz et al. 2011), try to tackle such
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inconsistencies. Still, large amounts of data available currently are missing important (and
machine-readable) ecological information, affiliated with the environment the samples derive

from (Hassenriick et al. 2021).

Combined with knowledge of the environmental context, the lifestyles and traits of the target
group can be evaluated. Moreover, the target group can be set into a broader taxonomic scope
to assess common and unique genetic features of the group. Such data mining is regularly
applied to metagenomic comparative studies. Publicly available genomes are recruited and
used to compare the metabolic potential of target groups with other members of the group or
more distantly related phylogenetic groups (Fig. 5). On a small scale, this can include
pangenomic analyses, with newly generated data and mined MAGs. On a larger scale, such
approaches were used to, e.g. screen homolog extracellular peptidases in various archaeal
groups (Yin et al. 2022), compare the metabolic potential of Ca. Poseidoniales MAGs (Rinke
et al. 2019), or evaluate the evolution of key metabolic features in the phylum of
Thermoplasmatota (Sheridan et al. 2022). We applied this strategy in two different extents. In
Chapter 1II, we compared the whole metabolic potential of the EX4484-6 class with other
Thermoplasmatota to detect differences in the distribution of known and unknown genes and,
by this, detected increased novel functionality in the EX4484-6, indicating evolutionary
distance from other known Thermoplasmatota. In Chapter IV this approach was applied to only
genes of methyltransferases (MTI), comparing the metabolic potential of Clostridia MAGs
reconstructed in this dissertation with Clostridia species representatives present on GTDB. By
conducting this analysis, we detected similar metabolic functionality for members of the whole
class and validated our findings. Furthermore, we identified more undescribed groups with the
same metabolic potential, indicating a widespread yet mostly unexplored metabolic potential

for methoxydotrophy in Clostridia.

In this dissertation, we combined the approaches that had been used in a variety of data-driven
studies. We developed a data mining strategy to evaluate the taxonomic, metabolic and
environmental context, needed to characterize yet undescribed taxa (Fig. 5). Overall, data
mining has proven valuable in the three Chapters by (II) assessing the taxonomic and metabolic
context to describe the potential activity of unclassified bacteria, (III) assessing the taxonomic,
metabolic and environmental context to describe the lifestyles and traits of the class EX4484-
6, along with their functional novelty and biogeography, and (IV) assessing the functional
context and identifying common and unique features among the whole class of Clostridia.

Thus, all studies demonstrated the potential to use data mining to characterize undescribed
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microorganisms and address broader research objectives than possible without additional data
resources. Considerable amounts of data can be obtained from databases, eliminating the need
for additional costly and time-consuming sampling campaigns. Therefore, data mining can

become a time- and cost-efficient way to answer ecological and open research questions.
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Figure 5 Schematic overview of the data mining strategy, applications and advantages. INSDC = International
Nucleotide Sequence Database Collaboration, GTDB = Genome Taxonomy Database.

5.7 Concluding remarks

This dissertation aimed to identify and characterize yet uncultivated and undescribed
microorganisms involved in the degradation of complex organic matter to understand microbial
processes in anoxic environments better. By combining cultivation-independent methods,
including enrichments, stable isotope probing, metagenomics and group-targeted data mining,
undescribed carbon-cycling autotrophic and heterotrophic taxa were identified.

While 16S rRNA gene amplicon-based analyses to describe microbial communities provided

the first insights into the microbial diversity in the Helgoland mud area, the application of a
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novel strategy for anoxic small-scale RNA-SIP with H>'80 and RNA-SIP using '*C-DIC as the
sole carbon source shed more light onto the dominant sulfur-compound cycling organisms
(Chapter II and Chapter IV). Most taxa were identified as autotrophic, challenging previous
assumptions based on 16S rRNA gene sequencing. The study further detected different
lifestyles in the MSBL7 cluster, providing first insights into the different ecological roles of
members of this cluster. While these first attempts to utilize H2!0 RNA-SIP detected multiple
members involved in cryptic sulfur cycling, this method did not allow to link taxa to processes,
such as sulfur compound disproportionation. Further research is required to study these
processes that are still hardly understood. By stimulating the anoxic marine sediments with
different complex carbon substrates, undescribed microorganisms involved in the primary
fermentation of these carbon substrates became abundant and active. Archaea and bacteria,
undetected in situ, became predominant, indicating that low-abundant taxa in marine sediments
can become essential for organic carbon degradation. We identified the previously undescribed
class EX4484-6 as a protein degrader involved in the degradation of marine organic matter in
globally distributed coastal marine areas (Chapter III). High functional novelty in this group
gave first hints towards evolutionary distance to other Thermoplasmatota. While we did not
further study the functionality of these genes in this dissertation, novel metabolic capabilities
could be hidden in this class. Multiple so far undetected members of the Clostridia, usually
common in terrestrial and host-associated environments, became predominant in the
degradation of terrestrial-derived methoxylated aromatic compounds (Chapter IV). These
findings elevate the knowledge of methoxydotrophic Clostridia in anoxic marine sediments
and indicate that methoxydotrophy in marine sediments is a widespread trait in coastal
sediments. The finding of the general metabolic potential for Ci-carbon compound metabolism
in many members of the Clostridia hinted towards the metabolic potential that has yet to be
explored.

Throughout this dissertation, we identified many novel phylogenetic groups, showing us first
glimpses into the understudied microbial diversity hidden in marine sediments. While we are
far from close to unraveling the microbial diversity, this dissertation offered first insights into

some groups that were uncharacterized to date.
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