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Summary 

In this study, a limonene-degrading methanogenic enrichment culture was analyzed, revealing 

new insights into the predatory microbial interactions and potential limonene degradation 

pathways. The enrichment culture, established in 1999 using activated sludge obtained from a 

wastewater treatment plant, sustains a complex microbial community despite being supplied 

only with limonene as a carbon source. 

Using long-read PacBio sequencing, a metagenome-assembled genome assigned to the 

Syntrophobacteraceae family was identified as responsible for the initial step of limonene 

degradation under methanogenic conditions. Within the genome of the Syntrophobacteraceae 

MAG, two operons were identified, with metatranscriptomic and metaproteomic data verifying 

the transcription of the genes and the presence of the proteins in the metaproteome. The initial 

activation of limonene is catalyzed by an enzyme annotated as benzylsuccinate synthase, which 

forms a new phylogenetic branch within the known and characterized fumarate-adding enzymes 

and was therefore named limonenylsuccinate synthase. Limonenylsuccinate synthase is 

possibly the first enzyme detected for monoterpene degradation in a methanogenic 

environment. 

With 32 MAGs assembled from the metagenome, the microbial community in the enrichment 

culture is a complex syntrophic community. Most members of the community can be assigned 

to syntrophic bacteria, methanogenic archaea, or fermenters, who work together to degrade 

limonene. However, there is a predator thriving in the culture. Candidatus Velamenicoccus 

archaeovorus, a member of the candidate phylum Omnitrophota, that was visualized using 

CARD-FISH in combination with high-resolution microscopy and was found attached to the 

methanogen Methanothrix soehngenii and other microorganisms within the enrichment culture. 

Candidatus Velamenicoccus archaeovorus transcribes genes that allow it to attach to its prey, 

lyse the cells, and consume their biomass, showing similarities to the mechanisms of other 

predatory bacteria. Furthermore, a group I intron was detected in the predator’s 23S rRNA gene 

and could be visualized using CARD-FISH in its prey cells, showing the transfer of mobile 

genetic elements between prey and host. 

The predation process introduces a new trophic level into the microbial community as it results 

in the release of necromass. The necromass, consisting of carbohydrates, lipids, and proteins 
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from dead cells, is expected to be fermented by other members of the community, such as 

Anaerolineaceae and Lentimicrobium, closing the microbial loop and facilitating further 

syntrophic interactions. The complex interplay between syntrophic bacteria, methanogens, and 

the predatory bacterium illustrates the intricate dynamics within this anaerobic system. 

The discovery of the novel limonenylsuccinate synthase enzyme and the predatory role of 

Candidatus Velamenicoccus archaeovorus highlights the metabolic complexity of microbial 

biomass turnover in energy-limited ecosystems. 
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Zusammenfassung 

In dieser Arbeit wurde eine Limonen-abbauende methanogene Anreicherung analysiert, 

wodurch neue Einblicke in den Lebensstil eines räuberischen Bakteriums sowie einen 

potenziellen Abbauweg von Limonen gewonnen wurden. Die Anreicherungskultur, die 1999 

mit Belebtschlamm aus einer Kläranlage inokuliert wurde, enthält Limonen als einzige 

Kohlenstoffquelle, das von einer komplexen mikrobiellen Gemeinschaft abgebaut wird. 

Durch PacBio-Sequenzierung konnte ein Metagenom-assembliertes Genom (MAG) der 

Familie Syntrophobacteraceae identifiziert werden, welches für den ersten Schritt des 

Limonenabbaus unter methanogenen Bedingungen verantwortlich ist. Innerhalb des 

Syntrophobacteraceae- MAGs wurden zwei Operons identifiziert, wobei 

metatranskriptomische und metaproteomische Daten die Transkription der Gene und das 

Vorhandensein der Proteine im Metaproteom bestätigten. Die initiale Aktivierung von Limonen 

wird von einem Enzym katalysiert, das als Benzylsuccinat-Synthase annotiert wurde und einen 

neuen phylogenetischen Zweig innerhalb der bekannten und charakterisierten Fumarat-

addierenden Enzyme bildet. Daher wurde es als Limonenylsuccinat-Synthase benannt. 

Limonenylsuccinat-Synthase ist möglicherweise das erste nachgewiesene Enzym für den 

Monoterpenabbau in einer methanogenen Umgebung. 

Mit 32 aus dem Metagenom assemblierten MAGs zeigt die mikrobielle Gemeinschaft in der 

Anreicherungskultur eine komplexe syntrophe Struktur. Die meisten Mitglieder der 

Gemeinschaft lassen sich syntrophen Bakterien, methanogenen Archaeen oder Fermentierern 

zuordnen, die gemeinsam Limonen abbauen. In der Kultur existiert jedoch ein räuberisches 

Bakterium. Candidatus Velamenicoccus archaeovorus, ein Mitglied des Kandidatenphylums 

Omnitrophota, wurde mittels CARD-FISH in Kombination mit hochauflösender Mikroskopie 

visualisiert und zeigte sich an den Methanogen Methanothrix soehngenii und andere 

Mikroorganismen der Anreicherungskultur angeheftet. Candidatus Velamenicoccus 

archaeovorus transkribiert Gene, die es ihm ermöglichen, sich an seine Beute anzuheften, deren 

Zellen zu lysieren und deren Biomasse zu konsumieren, wobei Mechanismen verwendet 

werden, die denen anderer räuberischer Bakterien ähneln. Darüber hinaus wurde ein Intron im 

23S-rRNA-Gen des Räubers nachgewiesen und konnte mithilfe von CARD-FISH in den 

Beutezellen visualisiert werden, was auf den Transfer mobiler genetischer Elemente zwischen 

Beute und Wirt hinweist. 
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Der räuberische Prozess führt zu einer neuen trophischen Ebene in der mikrobiellen 

Gemeinschaft, da er zur Freisetzung von Nekromasse führt. Diese Nekromasse, bestehend aus 

Kohlenhydraten, Lipiden und Proteinen abgestorbener Zellen, wird dann von anderen 

Mitgliedern der Gemeinschaft, wie Anaerolineaceae und Lentimicrobium, fermentiert. Dadurch 

wird der mikrobielle Kreislauf geschlossen und weitere syntrophe Interaktionen werden 

erleichtert. Das komplexe Zusammenspiel zwischen syntrophen Bakterien, Methanogenen und 

dem räuberischen Bakterium veranschaulicht die vielfältigen Dynamiken innerhalb dieses 

anaeroben Systems. 

Die Entdeckung der neuen Limonenylsuccinat-Synthase und die räuberische Rolle von 

Candidatus Velamenicoccus archaeovorus zeigen, wie komplex mikrobielle Gemeinschaften 

und deren Interaktionen in methanogenen Systemen sein können.  
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Abbreviations 
 

ACR  alkyl-coenzyme M reductases   

ANI  average nucleotide identity   

ANME  anaerobic methanotrophic archaea   

Ass  alkylsuccinate synthase   

ATP  adenosine triphosphate   

BALOs  Bdellovibrio and Like Organisms   

Bcr  benzyl-CoA reductase   

BLAST  Basic Local Alignment Search Tool   

Bp  base pair   

Bss  benzylsuccinate synthase   

Cand.  Candidatus   

CARD  catalyzed reporter deposition   

CDD  Conserved Domain Database 

cds  coding sequences   

CPR  candidate phyla radiation   

CRISPR  clustered regularly interspaced short palindromic repeats   

DAPI  4',6-diamidino-2-phenylindole   

DIET  direct interspecies electron transfer   

DIC  differential interference contrast   

DNA  deoxyribonucleic acid   

DOM  dissolved organic matter   

FA  formamide   

FDRs  false discovery rates   

FDH  formate dehydrogenases   

FISH  fluorescence in situ hybridization   

GTDB  Genome Taxonomy Database   

GPI  glycosylphosphatidylinositol   

Hase  hydrogenases   
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HMN  2,2,4,6,8,8-heptamethylnonane   

HRP  horseradish peroxidase   

kDa  kilodalton   

kV  kilovolt   

LPS  lipopolysaccharides   

M  molar (mol/L)   

MAG  metagenome-assembled genome   

MAT  mosaic adhesive trimer   

Mbp  megabase pair   

Mcr  methyl-coenzyme M reductase   

min  minute   

mL  milliliter   

NAD  nicotinamide adenine dinucleotide   

NCBI  National Center for Biotechnology Information   

ng  nanogram   

NGS  next-generation sequencing   

nm  nanometer   

OD  optical density   

OP  Obsidian Pool 

ORF  open reading frame   

ori  origin of replication   

OTUs  operational taxonomic units   

PBS   phosphate buffered saline 

PCR  polymerase chain reaction   

POM  particulate organic matter   

ppm  parts per million   

PVC  Planctomycetota–Verrucomicrobiota–Chlamydiota 

rRNA  ribosomal ribonucleic acid   

RNA  ribonucleic acid   

rpm  revolutions per minute   
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SAM  s-adenosylmethionine   

S  svedberg   

SDS  sodium dodecyl sulfate   

SEM  scanning electron microscopy   

SR-SIM  super-resolution structured illumination microscopy   

Tat  twin-arginine translocation   

TE  tris-EDTA (buffer)   

TEM  transmission electron microscopy   

Tg  teragram   

Tad  tight-adherence complex   

tRNA  transfer ribonucleic acid   

TPM  transcripts per million   

μL  microliter   

VOC  volatile organic compounds   
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Chapter 1: Introduction 
 

1.1 Limonene - an abundant monoterpene in the environment  
 

Volatile organic compounds (VOCs) are a group of chemicals characterized by their high vapor 

pressure at room temperature, which leads to their significant presence in the atmosphere. 

VOCs are emitted from a wide range of anthropogenic sources, e.g., paints, cleaning products, 

and cosmetics, and natural sources, e.g., vegetation and microbial activity (Atkinson and Arey, 

2003; Krassi Rumchev et al., 2007; Korpi et al., 2009). In marine environments, the primary 

VOC producers are phytoplankton, e.g., the diatom Thalassiosira pseudonana or the green 

microalga Dunaliella tertiolecta, which produce VOCs as a byproduct of photosynthesis. These 

VOCs do not necessarily go into the atmosphere but have been shown to be consumed by 

bacteria, showing the importance of VOCs in the marine carbon cycle (Halsey et al., 2017; 

Moore et al., 2020). Not only phytoplankton but also higher plants produce a large variety of 

VOCs with thousands of compounds identified (Knudsen and Gershenzon, 2006). These VOCs 

let plants interact with their environment e.g.. to communicate with other plants, attract 

pollinators, and repel herbivores (Dudareva et al., 2006). Monoterpenes (C10H16) are a class of 

VOCs that consist of two isoprene (C5H8) units (Marmulla and Harder, 2014). They are 

secondary metabolites predominantly produced by plants and are significant contributors to the 

natural emissions of VOCs into the atmosphere (Loreto and Fares, 2013; Bouwmeester et al., 

2019). Plants are estimated to release 107.5 Tg of carbon per year as monoterpenes into the 

atmosphere (Messina et al., 2016). Among these, limonene is an abundant monoterpene present 

in the essential oils of citrus fruits such as oranges, lemons, and mandarins (Espina et al., 2011). 

In higher plants, limonene is produced and stored in the secretory cavities of the flavedo (the 

outermost layer) of citrus fruits, particularly in their peel (Lücker et al., 2002). Its function can 

be complex, acting as a defense mechanism against herbivores and pathogens but also as an 

attractant for parasitoids, which help the plant control pests (Rodríguez et al., 2011; Mohammed 

et al., 2020). 

In 2019, the global production of citrus fruit was 144 Gg, including 76 Gg of oranges, 

approximately 53% of citrus fruit production (FAO, 2021). Limonene is the most abundant 

volatile component in orange juice (Moufida and Marzouk, 2003), and the peel of citrus fruit 
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contains approximately 4% (w/w dry basis) limonene (Negro et al., 2016), making it a 

substantial part of the waste from the orange juice industry. Because of its pleasant lemon-like 

scent and flavor, it is often added as a food additive to sweets, soft drinks, and ice cream, as 

well as to cosmetic products such as soaps and perfumes (Ozturk et al., 2019; Li et al., 2023). 

Due to its many applications in the human environment, limonene is an abundant VOC and is 

also present in wastewater, where concentrations of up to 420 µg/l were measured in Swedish 

wastewater (Potter et al., 2014). 

 

1.2 Wastewater treatment and methanogenic communities 
 

Microbial processes such as activated sludge treatment play an important role in wastewater 

treatment as they remove a large variety of compounds. The organic matter in wastewater is 

degraded by microorganisms in aeration tanks under aerobic conditions. Dissolved organic 

matter is also transformed into bacterial biomass. Undegraded particles and biomass remain in 

the activated sludge of these aeration tanks. The sludge is then transferred into anaerobic 

digesters, where the organic matter is broken down in stages by different microorganisms and 

ultimately converted into methane and carbon dioxide. The methane can then be used as biogas, 

an energy source for the wastewater treatment plant (Yildiz, 2012; Venkiteshwaran et al., 2015; 

Robles et al., 2018).  

 

1.2.1 Fermenting bacteria and anaerobic hydrocarbon degradation in anoxic systems 

In anaerobic digesters, organic matter is initially degraded by fermenting microorganisms. 

Fermentation is a metabolic process to generate energy under anoxic conditions, where organic 

matter is converted to reduced compounds, i.e., alcohols or hydrogen, and oxidized compounds, 

i.e., organic acids or carbon dioxide, without an external electron acceptor. This process is 

crucial for bacteria in anoxic systems, allowing them to generate energy and regenerate NAD+ 

by reducing organic molecules (Schink, 1997; Ahring, 2003). Types of fermentation include 

lactic acid fermentation (e.g. Lactobacillus), which converts glucose to lactic acid; alcoholic 

fermentation (e.g. Zymomonas mobilis), which produces ethanol and CO₂ from glucose; mixed 

acid fermentation (e.g. Escherichia coli), yielding a mixture of acids and gases; and butyric acid 

fermentation (e.g. Clostridium), producing butyric acid and solvents like acetone and butanol 

(Bahl et al., 1982; Barbosa et al., 1994; Liu, 2003; Förster and Gescher, 2014). Fermentation 
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to lactate yields 2 ATP per glucose molecule, which is less than aerobic respiration with O2 as 

the terminal electron acceptor, which yields up to 38 ATP per glucose molecule (Werner et al., 

2010; Rowe et al., 2013). Fermentation is a metabolic process with a low free energy 

conservation per reaction (Schink, 1997; Gupta et al., 2022).  

Anaerobic hydrocarbon degradation is another process performed by microorganisms. One key 

mechanism is fumarate addition, where enzymes such as benzylsuccinate synthase catalyze the 

addition of fumarate to hydrocarbons like alkanes and aromatic compounds, initiating their 

breakdown without the need for oxygen (Heider et al., 2016). 

 

1.2.2 Syntrophic bacteria utilize fermentation products 

Syntrophic bacteria degrade the fermentation products under anaerobic conditions and produce 

intermediate substrates like hydrogen, formate, and acetate. The anaerobic degradation of 

fermentation products, e.g., propionate, butyrate, and ethanol, is only thermodynamically 

favorable under specific conditions where the products - hydrogen, formate, and acetate - are 

constantly consumed in a terminal electron acceptor process. This cooperation is called 

syntrophic interaction (McInerney et al., 2009; Schmidt et al., 2016). The production of H2 

during the oxidation of fermentation products makes the reactions energetically unfavorable 

unless the hydrogen is rapidly removed (Schink and Friedrich, 1994). Here the methanogens 

play an important role by consuming the hydrogen to produce methane (CH4), keeping the 

partial pressure of H2 low and the reaction thermodynamically favorable (Schink, 1997). 

Studies have shown that not only substrates, e.g., hydrogen or formate, transfer electrons 

between species but that a direct interspecies electron transfer (DIET) occurs between 

syntrophic partners like Geobacter metallireducens and Methanosarcina barkeri. Geobacter 

metallireducens produces conductive pili to create a direct cell-to-cell contact to transfer 

electrons, allowing the conversion of ethanol to methane and carbon dioxide without a low 

molecular weight intermediate (Rotaru et al., 2014; Lovley, 2017).  
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1.2.3 Methanogenic archaea produce methane on a limited number of substrates 

Methanogenic archaea are responsible for the final step of anaerobic digestion, converting a 

small range of substrates like hydrogen, carbon dioxide, and acetate into methane and carbon 

dioxide. Living under anoxic conditions and using substrates that are already partially oxidized 

and have low energy yields, they live close to the thermodynamic limit, with one acetate 

producing less than one ATP under environmental conditions (Deppenmeier and Müller, 2008). 

Methanogens such as Methanosarcina and the acetoclastic Methanothrix (formerly published 

as Methanosaeta) are often found to be among the most common methanogenic archaea in 

biogas reactors, indicating their important role in anaerobic digestion (Guo et al., 2015).  

Methanogenic archaea use a limited range of substrates involving hydrogenotrophic, 

methylotrophic, and acetoclastic pathways (Conrad, 2020). Hydrogenotrophic methanogens use 

hydrogen (H₂) and carbon dioxide (CO₂) to form methane (CH4), using H₂ as the electron donor 

and CO₂ as the terminal electron acceptor. Additionally, some hydrogenotrophic methanogens 

can utilize formate as an alternative electron donor (Thauer et al., 2008). In this case, formate 

is first oxidized to produce H₂ and CO₂, which are then used in the standard hydrogenotrophic 

pathway (Long et al., 2017; Conrad, 2020; Halim et al., 2021). Hydrogenotrophic 

methanogenesis is performed by genera such as Methanococcus, Methanobacterium, 

Methanothermobacter, Methanoculleus, Methanospirillum, Methanoregula, and 

Methanobrevibacter (Bräuer et al., 2006; Parshina et al., 2014; Richards et al., 2016; Joshi et 

al., 2018). All these genera can also use formate but there are exceptions on the species level 

e.g. Methanobacterium bryantii which does not use formate (Peters et al., 1999; Schink et al., 

2017). 

Methylotrophic methanogens use substrates like methylamines, methanol, and various 

methylated sulfur compounds. This methylotrophic methanogenesis pathway is primarily found 

in members of the Methanosarcinales order. Methylotrophic methanogenesis is particularly 

important in saline environments, where methanogens are outcompeted by sulfate-reducing 

bacteria for substrates like hydrogen and acetate (Zhuang et al., 2016; Kurth et al., 2020; Li et 

al., 2020).  

Acetoclastic methanogens, such as Methanosarcina and Methanothrix, utilize acetate as their 

substrate for methane production (Welte and Deppenmeier, 2014). Acetate is an intermediate 

in the anaerobic breakdown of organic matter and its accumulation can inhibit other microbial 

processes, especially the activity of syntrophic bacteria. The conversion of acetate is, therefore, 

important for maintaining the flow of carbon through anaerobic ecosystems (Xu et al., 2014). 
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The methane (CH₄) produced in these methanic environments is well known as a potent 

greenhouse gas with a global warming potential significantly higher than that of carbon dioxide 

(CO₂) (Badr et al., 1991) and also a valuable energy source, particularly in the context of biogas 

production from wastewater treatment processes (Mao et al., 2015). As methane is mostly of 

microbial origin, e.g., in animal digestive systems, it is also of interest in the search for 

extraterrestrial life and has been detected on Mars (Janssen and Kirs, 2008; Hook et al., 2010; 

Webster et al., 2015). In the environment, methane can be consumed as a carbon and energy 

source by methanotrophs (Hanson and Hanson, 1996). 

 

1.3 The fate of biomass in methanic systems 
 

Methanic systems are unique microbial ecosystems characterized by methanogenesis as the 

central process of their energy conservation and carbon cycling. While this process can be 

described with simplified categories, the reality remains complex. Questions regarding the fate 

of the formed biomass remain. To what extent do viruses and predatory bacteria degrade the 

biomass in methanic habitats? What role do they play in the microbial loop, a term that outlines 

how dissolved organic matter (DOM) and energy flow through microorganisms in aquatic 

systems? 

 

1.3.1 Viruses 

Viruses, particularly bacteriophages and archaeal viruses, consist of genetic material (DNA or 

RNA) encased in a protein coat and lack the cellular components typically found in living 

organisms. They cannot replicate on their own and infect a host cell to insert their genetic 

information and produce new viral particles. Viruses do not metabolize substrates, consume 

energy, or produce waste on their own, which has challenged the definition of a living organism 

(Weinbauer, 2004). In methanogenic communities, viruses play critical roles by infecting and 

lysing microbial cells, for example, methanogenic archaea, which contributes to the turnover 

of biomass and the release of organic matter and influences the population dynamics within 

these communities (Weinbauer, 2004; Thiroux et al., 2021). A new lytic virus named Blf4 

which infects archaea, specifically the hydrogenotrophic methanogen Methanoculleus 

bourgensis, was isolated from a biogas plant in Germany (Weidenbach et al., 2021). 



Chapter 1 - Introduction 

6 
 

Stable isotope probing coupled with metagenomics has revealed multiple new viruses that infect 

methanogenic archaea. These viruses were described as spindle-shaped, of which several near-

complete genomes were discovered, and head-tailed virus, of which a complete genome was 

discovered. The head-tailed virus infects Methanobacterium and has been proposed to belong 

to a new family named Speroviridae. This research highlights the extensive diversity of viral 

genomes in methanogenic environments and underscores their ecological significance (Ngo et 

al., 2022). 

A study analyzed the virome of mesophilic anaerobic digesters using metagenomic analysis 

found Siphoviridae as the dominant viral family, followed by Myoviridae and Podoviridae 

(Bhattarai et al., 2024). These families are double-stranded DNA viruses with icosahedral head 

structure and variations in their tail structure (Ackermann, 2009). Most analyzed MAGs from 

the anaerobic digester contained at least one viral genome, indicating that lysogeny is prevalent. 

Lysogeny is a process where viral DNA is integrated into the host genome. This viral-mediated 

gene transfer can potentially increase the fitness of methanogens by introducing new functional 

genes into the host. In a Methanothrix soehngenii-affiliated MAG, the gene of a subunit of 

formate dehydrogenase (fwdE) was detected that originated based on sequence similarity from 

a hydrogenotrophic methanogen. This indicates the importance of viruses and virus-mediated 

gene transfer in anaerobic digesters, which can shape the metabolic pathways and ecological 

dynamics within anaerobic digesters (Bhattarai et al., 2024). Recent studies on viruses attacking 

archaea complement phage studies in wastewater treatment plants, highlighting that all living 

biomass in methanic systems is subject to viral predation. 

 

1.3.2 Predatory bacteria and the phylum Omnitrophota 

Predatory bacteria gain carbon sources and energy by attacking and feeding on other bacteria 

and archaea. The first predatory bacterium discovered in 1962 was Bdellovibrio bacteriovorus, 

which preys on gram-negative bacteria by entering their periplasmic space and consuming their 

cellular contents (Sockett, 2009). Other predatory bacteria with different predation strategies 

are, for example, Micavibrio aeruginosavorus which uses an epibiotic strategy, attaching to its 

prey's cell wall and consuming it from the outside (Pasternak et al., 2014). Myxococcus xanthus 

has yet a different hunting strategy, forming complex multicellular structures and using 

tentacle-like packs to locate and attack their prey (Berleman and Kirby, 2009). Another 

predatory bacteria named Vampirococcus, which belongs to the Candidate Phyla Radiation 
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(CPR), is a gram-negative anaerobic bacterium that attaches to the surface of its prey - the 

phototrophic bacteria of the genus Chromatium (Guerrero et al., 1986). Vampirococcus lugosii, 

a species within the genus Vampirococcus, is named after the actor Bela Lugosi, known for his 

portrayal of Dracula in the 1931 film (Moreira et al., 2021). This bacterium uses a predatory 

mechanism reminiscent of vampires, attaching to its prey and consuming its cellular contents. 

It is a small (500–600 nm in diameter), non-flagellated round bacterium that has been described 

to have a reduced genome (1.3 Mbp), and genes encoding for proteins for biosynthetic pathways 

were missing (Moreira et al., 2021). It has to acquire resources, e.g., lipids, vitamins, 

nucleotides, and amino acids from its prey. For example, as it cannot synthesize phospholipids, 

it is predicted to secrete a phospholipase that degrades the prey’s membrane and generates a 

source of phospholipids, which it uses for cell membrane construction. Two murein DD-

endopeptidases and two peptidoglycan hydrolases are also predicted to be secreted and, 

probably involved in degrading the host’s cell wall. Of the two DD-endopeptidases, one is 

predicted to remodel the prey’s cell wall, as has been described for Bdellovibrio. Bdellovibrio 

modifies the peptidoglycan layer of the prey bacterium, which turns it into a rounded, 

osmotically stable structure called a bdelloplast (Lerner et al., 2012). The DD endopeptidases 

from Bdellovibrio are missing the regulatory domain III, which is associated with 

Bdellovibrio’s ability to predate and modify the cell walls of a variety of different bacteria. The 

presence of the regulatory domain III in the DD-endopeptidases from Vampirococcus possibly 

reflects its narrow host range which is limited to Chromatiaceae (Moreira et al., 2021). The 

genome of Vampirococcus lugosii also contains genes for transporters and Type IV pili, which 

are likely involved in attachment to the host and the uptake of host DNA, which is then degraded 

by restriction endonucleases and recycled for DNA synthesis. Furthermore, defensive proteins 

which contain alpha-2-macroglobulin protease-inhibiting domains are predicted to protect 

Vampirococcus lugosii itself from host proteases.  

The phylogeny of predatory bacteria has undergone significant revisions in recent years. 

Extensive phylogenetic analyses have led to the reclassification and establishment of new 

phyla, including Bdellovibrionota and Myxococcota. The new phyla were distinguished based 

on single-copy marker genes, rRNA genes, differences in their ecological roles, and metabolic 

capabilities, particularly focusing on their predatory strategies. For instance, Bdellovibrionota 

includes obligate predators that invade the periplasm of gram-negative bacteria, whereas 

Myxococcota is known for its group predation strategies. The phylogenetic analysis also 

indicated that the predatory behaviors observed in these groups evolved independently, and the 
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two new phyla reflect their different evolutionary pathways (Waite et al., 2020; Kamada et al., 

2023). 

 

In wastewater treatment plants, predatory bacteria like Bdellovibrio bacteriovorus influence 

microbial community structure in floccular and granular sludge (Feng et al., 2017). 

Methanogens can also become the target and prey of predatory bacteria. Candidatus 

Velamenicoccus archaeovorus is an epibiotic anaerobic ultramicrobacterim that preys on 

Methanothrix (formerly also published as Methanosaeta) and bacteria by attaching to their 

surface and metabolizing their outer cell wall (Kizina, 2017). It was discovered in a limonene-

degrading methanogenic enrichment culture inoculated from activated sludge. Candidatus 

Velamenicoccus archaeovorus was shown to have two lifestyles, one as free-living cells and 

one attached to its prey (Figure 1) (Kizina et al., 2022). When it is attached to its prey, 

Candidatus Velamenicoccus archaeovorus shows higher metabolic activity visualized by 

stronger fluorescence in situ hybridization (FISH) signals, which indicates a higher ribosome 

content compared to the free-living cells (Kizina, 2017; Kizina et al., 2022). Genomic and 

proteomic data suggest that the predatory mechanism of Candidatus Velamenicoccus 

archaeovorus involves a gene for a very large multienzyme surface protein, which encodes for 

hundreds of protein domains, of which most are located outside the cell and anchored by 

transmembrane helices. These protein domains were considered to degrade the prey cell wall 

and facilitate the uptake of the substrates. More specifically, enzymes such as glycosyl 

transferases, glycosyl hydrolases, and peptidases are involved in degrading the polysaccharides 

and proteins of the prey’s cell wall (Kizina et al., 2022). A type II secretion system and type IV 

pilus assembly system are involved in the attachment of Candidatus Velamenicoccus 

archaeovorus to its prey and ATP-binding domains and kinases regulate the process of 

predation. Candidatus Velamenicoccus archaeovorus has the metabolic capacity to ferment 

sugars to acetate and conserve energy via phosphodiester bonds in nucleic acids. Altogether, a 

complex interplay of cellular components is involved in the process of finding, attaching, and 

consuming its methanogenic prey (Rotaru et al., 2012; Kizina et al., 2022). 
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Figure 1: Transmission electron micrograph of the limonene-degrading methanogenic enrichment culture. The 

large filaments in the center, consisting of several cylindrical cells with spacer discs at their ends, were assigned 

to Methanothrix based on its characteristic morphology. The small coccoid-shaped cells, both attached to the 

filament and free-living, were assigned as Candidatus Velamenicoccus archaeovorus (marked by triangles) 

(Kizina et al., 2022). 

 

Phylogenetically, Candidatus Velamenicoccus archaeovorus is assigned to the candidate 

phylum OP3, recently termed Omnitrophota (Momper et al., 2017; Parks et al., 2018; Whitman 

et al., 2018; Perez-Molphe-Montoya et al., 2022). The phylum was initially identified from 

gene sequences recovered from Obsidian Pool in Yellowstone National Park, USA (Hugenholtz 

et al., 1998). First insights based on 16S rRNA gene sequences identified at least five 

subdivision lineages and their placement in the PVC (Planctomycetota–Verrucomicrobiota–
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Chlamydiota) superphylum was confirmed by its 23S rRNA sequence (Glöckner et al., 2010). 

Reconstruction of 55 Omnitrophota MAGs from a German groundwater system revealed four 

new clades and genetic potentials for type IV pili, type II secretion systems, glycogen storage, 

and carbohydrate degradation, and one genome revealed a possible potential for magnetosome 

construction (Perez-Molphe-Montoya et al., 2022). 

Another study analyzed 349 existing and 72 newly sequenced genomes derived from 

metagenome-assembled genomes and single-cell amplified genomes (Seymour et al., 2023). It 

was found that most Omnitrophota are ultra-small (~0.2 μm) bacteria, with gene clusters 

indicating a host-dependent lifestyle found in 64% of the genomes. A potential predatory 

lifestyle is supported by the presence of the tight-adherence (Tad) complex, which Bdellovibrio 

and like organisms (BALOs) use to attach to their prey or enter the prey cell (Seymour et al., 

2023). In an extension of this study, the very large multienzyme surface proteins were analyzed 

in environmental metagenomes (West-Roberts et al., 2023). Proteins as large as 85,804 amino 

acids were identified in genomes and most prevalent in Omnitrophota, which have the highest 

average copy number of these very large genes (West-Roberts et al., 2023). They are also 

prevalent in phyla such as Firmicutes, Actinobacteriota, Candidatus Elusimicrobiota, 

Candidatus Hinthialibacteriota, and Planctomycetota (West-Roberts et al., 2023). Two 

categories of giant proteins were described, the archaeovorins and the dockerin-type giant 

proteins. Archaeovorins are characterized by domains involved in glycosylation and peptidase 

activity associated with predation on archaeal cell walls. Dockerin-type giant proteins are less 

common and characterized by domains related to extracellular matrix interactions, such as 

dockerin and thrombospondin type 3 repeats, which are suggested to be involved in binding to 

and degrading the cell walls of prey. These genes likely represent a key evolutionary adaptation 

that enables these bacteria to thrive as predators in various environments (West-Roberts et al., 

2023). Despite the advances made, studying Omnitrophota remains challenging due to their 

small size and the absence of laboratory cultures, with the exception of Candidatus 

Velamenicoccus archaeovorus. 
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1.4 A microbial loop in methanic systems - the recycling of cell biomass 
 

Current knowledge suggests that viruses and phages attack cells in methanic systems, 

contributing to a process known as the viral shunt (Suttle, 1994). Both, the viral shunt and 

predation by predatory bacteria lead to the release of dissolved organic matter (DOM) from 

cytosols, which again serve as substrate for microorganisms. This process is similar to the 

microbial loop observed in aqueous systems, where DOM is transformed into particulate 

organic matter (POM) (Fenchel, 2008). Although this process, along with the degradation of 

dead cells (necromass) in methanic systems, is crucial for understanding these environments, it 

has not yet been intensively studied. 

A study has investigated the methanogenic microbial communities involved in degrading 

peptidoglycan, a component of bacterial cell walls (Quaiyum et al., 2020). The microbial 

communities were enriched from rice paddy fields and anaerobic digesters and grown on 

purified peptidoglycan from Escherichia coli (gram-negative) and Micrococcus luteus (gram-

positive) as the sole carbon and energy source. Methane production suggested that the 

Escherichia coli peptidoglycan was less degradable than that of Micrococcus luteus (Quaiyum 

et al., 2020). Based on 16S rRNA gene analyses, the rice paddy soil and anaerobic digester 

enrichment cultures contained bacteria from the phyla Armatimonadota, Bacteroidota, 

Cloacimonadota (previously named WWE1), and Verrucomicrobiota, with many of these 

bacteria being uncultured and phylogenetically novel. Particularly within the Bacteroidetes 

phylum, several OTUs had less than 90% identity to known species. Although the enrichment 

cultures were overall similar regarding to their community structure, distinct microbial taxa 

were enriched depending on the peptidoglycan source. The Escherichia coli peptidoglycan 

culture was enriched with the phylum Verrucomicrobiota (OTU related to Luteolibacter 

gellanilyticus), while the Micrococcus luteus peptidoglycan culture was enriched with the 

phylum Armatimonadta (OTU related to Oxalophagus oxalicus). These differences highlight 

the substrate-specific selection of microbial communities involved in the degradation of 

peptidoglycan from gram-negative and gram-positive bacteria (Quaiyum et al., 2020). 

In other anoxic environments, such as deep sediments or subsurface groundwater, heterotrophic 

bacteria play a crucial role in recycling organic carbon from necromass. In Dead Sea sediments, 

members of the Pseudomonadaceae and Flavobacteriaceae families were found to recycle 

archaeal cell wall components into wax esters, forming a key survival strategy in nutrient-poor, 

hypersaline conditions (Thomas et al., 2019). In groundwater systems, key players in 
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necromass degradation include bacteria from the genera Flavobacterium, Massilia, 

Rheinheimera, and Rhodoferax, which rapidly metabolize necromass and support microbial 

communities across multiple trophic levels (Geesink et al., 2022). This ability to utilize 

necromass provides a vital mechanism for sustaining microbial life in energy-limited 

environments, similar to methanogenic ecosystems. 

 

1.5 A limonene-degrading methanogenic enrichment culture 

In 1999, a limonene-degrading methanogenic enrichment culture, which is the focus of this 

study, was established by inoculating 1 µL in a dilution-to-extinction series of an enrichment 

culture derived from activated sludge obtained at the local wastewater treatment plant in Lintel, 

Osterholz-Scharmbeck, Germany (Harder and Foss, 1999). After successfully establishing a 

stable culture on limonene, it was divided into twelve separate lineages in 2005 (Kizina, 2017). 

The cultures are grown in freshwater methanogenic media with 2,2,4,6,8,8-heptamethylnonane 

(HMN), which is the carrier phase for the R-(+)-limonene and transferred annually and produce 

methane for up to two years (Rotaru, 2009; Kizina, 2017). The microbial community's 

composition and structure were assessed using the full cycle rRNA approach in combination 

with catalyzed reporter deposition-fluorescence in situ hybridization (CARD-FISH) 

experiments (Amann et al., 1995). Microscopic analysis revealed diverse and morphologically 

different cells within the enrichment, including small coccoid-shaped cells and long filaments. 

The community was composed of 40% bacteria and 33% archaea, as determined by CARD-

FISH with domain-specific probes EUB338 I–III and ARCH-915. However, the EUB338 I–III 

probe mix does not target OP3 cells due to mismatches in the 16S rRNA sequence. OP3 cells 

identified by the OP3-565 probe accounted for 18% of all cells in the limonene-degrading 

methanogenic enrichment culture (Rotaru et al., 2012; Kizina, 2017). Archaeal 16S rRNA gene 

sequences were mostly associated with members of the orders Methanomicrobiales and 

Methanosarcinales. Bacterial 16S rRNA gene sequences showed similarity to representatives 

from the Bacteroidetes, Deltaproteobacteria, Candidate Division OP3, and Firmicutes lineages 

(Rotaru et al., 2012; Kizina, 2017). Although important insights have been made, many aspects 

of how this limonene-degrading methanogenic enrichment culture operates are still not fully 

understood. 
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1.6 Aim of this study 
 

The limonene-degrading methanogenic enrichment culture was established in 1999 from a 

dilution to extinction series, initially inoculated from activated sludge obtained from a 

wastewater treatment plant in Lintel, Osterholz- Scharmbeck, Germany (Harder and Foss, 

1999; Rotaru et al., 2012). Although the culture is provided with a single substrate, limonene, 

it has a substantial microbial diversity (Rotaru et al., 2012). 

 

This study aims to improve our understanding of the biology and lifestyle of Candidatus 

Velamenicoccus archaeovorus and to identify the enzyme and organism responsible for 

limonene degradation in a limonene-degrading methanogenic enrichment culture. To achieve 

these aims, two primary approaches were used: High-resolution microscopy combined with 

various staining methods and a bioinformatic approach using metagenomic, 

metatranscriptomic, and metaproteomic data.  

Confocal laser scanning microscopy was combined with fluorescence in situ hybridization 

(FISH) using probes targeting Methanothrix and Candidatus Velamenicoccus archaeovorus, as 

well as non-coding rRNA and an intron, together with live/dead staining and lipid staining with 

Nile Red. This approach visualized the limonene-degrading methanogenic enrichment culture 

as a whole and gave detailed insights into the predatory lifestyle of Candidatus Velamenicoccus 

archaeovorus.  

Long-read PacBio sequencing was performed to generate high-quality metagenome-assembled 

genomes (MAGs), which formed the basis for metatranscriptomic and metaproteomic analyses. 

These analyses led to the identification of a new limonenylsuccinate synthase in a MAG of the 

Syntrophobacteraceae family and the proposal of a new limonene degradation pathway under 

methanogenic conditions. The analysis yielded more MAGs than expected for a hydrocarbon-

degrading methanogenic enrichment culture, indicating the presence of necromass utilization. 
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Abstract 
 

Limonene, a monocyclic monoterpene, is present in human environments, food, and as a citrus 

scent in cosmetics and cleaning products. It enters wastewater and is also anoxically 

transformed and degraded in methanogenic digester towers. In this study, metagenomics, 

metatranscriptomic, and metaproteomic datasets of a stable limonene-degrading methanogenic 

enrichment culture were used to characterize the microbial community and identify the 

degradation pathway of limonene. Thirty-two metagenome-assembled genomes characterized 

a complex community of bacteria and methanogenic archaea dominated by Candidatus 

Velamenicoccus archaeovorus as the top predator. The presence of several fermenting bacteria 

suggested a recycling of biomass in a microbial loop. Only one hydrocarbon-activating enzyme 

system was expressed, a member of the alkyl- and arylsuccinate synthase family, which are 

glycine radical enzymes adding fumarate to the hydrocarbons. The limonenylsuccinate synthase 

gene encodes a modified substrate binding pocket with two smaller amino acids, suggesting an 

adaptation for the larger structure of limonene. A Syntrophobacteraceae genome comprises a 

limonenylsuccinate synthase operon, a ring cleavage operon, and genes for the final 

mineralization to acetate, hydrogen, and formate. Nearly all genes for this degradation pathway 

were highly transcribed and expressed, demonstrating a catalytic role for glycine radical 

enzymes in methanogenic systems degrading limonene. 
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3.1 Introduction 
 

One per mille of carbon annually fixed by plants is released into the atmosphere as 

monoterpenes (Messina et al., 2016). In soil, monoterpenes are released from litter and as root 

exudates and inhibit the oxidation of ammonium. As carbon and energy source for bacteria, 

they stimulate nitrogen fixation in the rhizosphere (White, 1991; Smolander et al., 2006). 

Monoterpenes enter the anthropogenic carbon cycle as food, e.g., orange juice, and as 

fragrances in numerous consumer products. Although a part of it evaporates during 

anthropogenic processes, a substantial amount of monoterpenes reaches wastewater treatment 

facilities. The influent may contain up to 20 µg of limonene per liter, and a broad survey in 

Sweden in 2004 detected 0.15 to 0.87 µg limonene per g dry weight of sludge (Potter et al., 

2014). Clarification in wastewater treatment plants uses the biology of aerobic as well as 

denitrifying and methanogenic microbial communities for the transformation of monoterpenes.  

Monoterpenes are isoprene-derived hydrocarbons with carbon-carbon double bonds (alkenes). 

Hydrophobicity and the absence of functional groups contribute to a resistance to 

biodegradation. Molecular oxygen is used by many aerobic bacteria to initiate the 

functionalization of the alkenes (Marmulla and Harder, 2014). In the absence of oxygen, the 

alkene may be hydroxylated in the allylic position. The nitrate-reducing Castellaniella 

defragrans isomerizes monoterpenes (Harder and Marmulla, 2017; Puentes-Cala et al., 2018a) 

and then uses a limonene dehydrogenase to obtain with perillyl alcohol a functionalized 

compound suitable for further transformations (Puentes-Cala et al., 2018b). Most probable 

number determinations have shown that for every 140 denitrifying cells in activated sludge, one 

is capable of growing on monoterpenes. With a population density of three million cells per 

milliliter, this population indicates a significant potential for reducing the concentration of 

monoterpenes in wastewater treatment ponds (Harder, 2000). Methanogenic communities 

present in anaerobic digesters also consumed monoterpenes (Harder and Foss, 1999). The study 

revealed a biological production of p-cymene (p-isopropylmethylbenzene), which is a major 

contaminant in biogas. Stable methanogenic enrichment cultures were established on limonene 

and maintained (Rotaru et al., 2012; Kizina et al., 2022). Diversity analysis based on the 16S 

rRNA gene showed that methane production from settled activated sludge involved a 

community of both Bacteria and Archaea. Additionally, the limonene-degrading enrichment 

culture surprised with the abundant presence of cells affiliating to a so-far-uncultured phylotype 

OP3 originally named after Obsidian Pool in Yellowstone, USA (Rotaru et al., 2012), and now 

classified as Omnitrophota (Perez-Molphe-Montoya et al., 2022; Seymour et al., 2023). The 
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phylotype LiM (for Limonene-based Methanogenesis) was characterized as a predatory 

ultramicrobacterium that was found both free-living and attached to other cells and was named 

Candidatus (Cand.) Velamenicoccus archaeovorus (Kizina et al., 2022). As a predatory 

bacterium, it represents a trophic level above the limonene-degrading community of bacteria 

and archaea. In this study, we aimed at the identification of the degradation pathway of 

limonene in the stable methanogenic enrichment culture. So far, the anaerobic degradation 

pathways for alkanes and aromatic compounds have been investigated in methanogenic 

communities but not for monoterpenes. 

Methane, the smallest alkane, diffuses in marine sediments upwards into the sulfate-reducing 

zone, where it is oxidized by consortia of archaeal anaerobic methane oxidizers and sulfate-

reducing bacteria at psychrophilic as well as at thermophilic conditions (Wegener et al., 2022). 

The methane-activating key enzyme in Archaea is the methyl-coenzyme M reductase (Mcr), 

acting as a dehydrogenase on methane (Shima et al., 2012). The enzyme is also present in 

freshwater methane-oxidizing species, i.e., in Cand. Methanoperedens that uses nitrate as an 

electron acceptor (Kurth et al., 2019; Berger et al., 2021; Lemaire and Wagner, 2022). 

Alkyl-coenzyme M reductases (ACR) are related to MCRs. They also use the heterodisulfide 

CoM-S-S-CoB as cosubstrate to oxidize a variety of alkanes to thioethers. Archaea performing 

these dehydrogenations are Cand. Argoarchaeum ethanivorans (ethane), Cand. Ethanoperedens 

and Cand. Syntrophoarchaeum (propane, butane) (Wegener et al., 2022). Pentane to 

tetradecane are substrates for Cand. Alkanophaga (Zehnle et al., 2023). Also, hexadecane and 

other long-chain alkanes are utilized by ACR-containing Archaea, i.e., by Cand. 

Methanoliparia originating from an oil tank active in brackish water (Laso-Pérez et al., 2019). 

So far, all ACR-utilizing organisms have been isolated and cultured in marine or hypersaline 

media (Wegener et al., 2022). 

An alternative mechanism to the dehydrogenases is the addition of a carbon-hydrogen bond to 

fumarate by glycine radical enzymes, better known as succinate synthases. Alkyl- and 

benzylsuccinate synthases (Ass and Bss) have been characterized from denitrifying strains 

(Heider et al., 2016). The glycine radical is introduced posttranslationally by an activase 

cleaving S-adenosyl-methionine into 5-deoxyadenosine and methionine (Frey et al., 1994). The 

large protein A or alpha subunit of succinate synthases is widely used as marker gene for the 

activation of hydrocarbons. The presence of ass or bss genes and alkyl- or benzylsuccinates as 

metabolites together indicates an anaerobic degradation via glycine radical enzymes.  
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The first methanogenic alkane enrichment was established on penta- and hexadecane (Zengler 

et al., 1999), and a careful reanalysis of the sequencing datasets showed the presence of assA 

genes in Smithella-single cell genomes (Tan et al., 2014). Smithella propionica was the first 

strain in the genus that belongs to Syntrophaceae. Partial assA genes were also detected in 

methanogenic enrichment cultures for n-alkanes from five to fifty carbon atoms. Mesophilic 

cultures from oil sands tailing ponds utilized 2-iso-hexane and -heptane. Partial assA sequences 

and the detection of alkylsuccinates suggested a succinate synthase as the first enzyme of the 

degradation pathway in a novel Peptococcaceae species (GenBank: KFD41815.1) (Abu Laban 

et al., 2015; Siddique et al., 2020). Production water from a low-temperature oil field developed 

a methanogenic community within a year on an equimolar mixture of nonane to dodecane (J. 

H. Ji et al., 2020). The presence of C9 to C12 alkylsuccinates and partial assA genes of 

Smithella-related bacteria indicated the enzymatic activation by fumarate addition. Related 

bacteria were also present with assA genes in methanogenic enrichment cultures on tri- and 

tetradecane and on C16 to C20 n-alkanes, whereby the inocula originated from Xinjiang Oil 

reservoir production water (J. H. Ji et al., 2020; J.-H. Ji et al., 2020). Smithella-related species 

catalyzed the degradation of long-chain n-paraffins (C28-C50) in a marine methanogenic 

enrichment from a polychlorinated biphenyls-contaminated sediment in San Diego Bay 

(Wawrik et al., 2016). In contrast to these mesophilic Syntrophaceae, actinobacteria were in a 

methanogenic culture from production water from an oil reservoir able to degrade even-

numbered n-paraffins (C21-C30) under thermophilic conditions (55°C), with Cand. 

Syntraplihaticia encoding a complete ass operon and several hydrogenases and formate 

dehydrogenase (Liu et al., 2020). These studies documented that the anaerobic degradation of 

alkanes by microorganisms in methanogenic communities can involve thioether-forming 

dehydrogenases such as MCR and ACR or alkylsuccinate synthases.  

Aromatic compounds as substrates for methanogenic cultures were early established (Grbić-

Galić and Vogel, 1987), but the enzymes that activate the aromatic compounds were 

characterized preferentially in denitrifying bacteria. Besides glycine radical enzymes, oxygen-

independent hydroxylation and carboxylation were identified as activation reactions. 

Ethylbenzene dehydrogenase uses a molybdenum cofactor to introduce the hydroxyl group 

(Hagel et al., 2022). This mechanism differs from the aforementioned limonene dehydrogenase. 

Carboxylation has been established for phenol, benzene, and naphthalene and was suggested 

for phenanthrene (Atashgahi et al., 2018; Himmelberg et al., 2018; Tomei et al., 2021; Heker 

et al., 2023). The enzymes were classified in the superfamily of 3-octaprenyl-4-

hydroxybenzoate decarboxylase (UbiD family decarboxylase) and uses as cofactor prenylated 
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flavin mononucleotide provided by a flavin prenyltransferase (UbiX). Benzene degradation in 

methanogenic cultures has been established for decades, still, the activating enzymes in the 

deltaproteobacterial candidate Sva0485 have not been identified yet (Toth et al., 2021). A 

clostridial putative naphthalene carboxylase operon was also retrieved from a one-year-old 

methanogenic enrichment culture (Toth et al., 2018). In a comparative study, genes encoding 

alkyl- and benzylsuccinate synthases (bssA, assA, nmsA – naphthylmethylsuccinate synthase) 

were detected in enrichment cultures on short-chain alkanes, toluene, and naphthalene (Tan et 

al., 2015). Genes for carboxylation (abcA, ancA) were only retrieved from the short-chain 

alkane and naphthalene enrichments. The downstream pathways for the fumarate adducts were 

present in the metagenomes, comprising the beta-oxidation of benzylsuccinate (bbs), the 

benzyl-CoA reductase (bcr) and the benzoate anaerobic metabolism (bam, class II Bcr). 

This overview of the degradation of alkanes and aromatic compounds by methanogenic 

communities suggests several candidate enzymes for methanogenic limonene degradation. In 

this study, we have analyzed metagenomes for the presence of these genes. Although candidate 

genes were identified, metatranscriptomic and metaproteomic analyses argued that limonene 

degradation is initiated by a limonenylsuccinate synthase in a Syntrophobacteraceae bacterium 

and results in acetate, hydrogen, and formate. 

 

3.2 Material and Methods 
 

Cultivation 

The methanogenic enrichment culture on limonene (1-methyl-4-(1-methylethenyl)-cyclohex-

1-ene) was initiated in 1997 and, one microliter of the enrichment culture was the basis for the 

current microbial diversity in 12 lineages in culture with one transfer per year since 2005 

(Harder and Foss, 1999; Rotaru et al., 2012; Kizina et al., 2022). The cultures contained 300 

mL freshwater methanogenic media, including 2 mM acetate and 1 mM cysteine, 30 mL 

2,2,4,6,8,8-heptamethylnonane (HMN), and 1.5 mL of R-(+)-limonene in 500 mL borosilicate 

bottles, were inoculated with 10% vol/vol and were incubated at 28°C with a rotary shaking of 

60 rpm. Culture MM-324 (inoculated March 15, 2014) served as inoculum for five parallel 

cultures that grew from January 31, 2015, until mid-October 2015. Gas formation until the end 

of September 2015 accumulated to 455 till 665 ml per culture and the biomass was harvested 

in October/November 2015 (Kizina, 2017).  
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DNA and RNA extractions and sequencing 

Differential centrifugation was performed to separate the cells in the culture by size. A SW28 

ultracentrifuge rotor (Beckman, Palo Alto, CA) settled 10kS cells at 7,600 rpm (7,643x g) for 

20 min (10,000 S). The pellet was resuspended in 1 ml 10 mM Tris, 1 mM EDTA, pH 8.0 (TE). 

Centrifugation was continued with the supernatant at 27,000 rpm (96,467x g) for 160 min 

(100S). The resulting pellet was resuspended in 0.5 ml TE and centrifuged at 12,400 rpm 

(16,331x g) for 3 min (10,000 S). The resulting pellet of 100S aggregates contained, besides 

cell clumps, few single large cells, whereas the 100S cells in the supernatant were dominated 

by small, free-living cells. RNA and DNA were extracted using the RNA PowerSoil® Total 

RNA Isolation Kit and the RNA PowerSoil® DNA Elution Accessory Kit (Qiagen, Hilden, 

Germany). NGS sequencing was performed by the Max Planck-Genome-centre Cologne, 

Germany (https://mpgc.mpipz.mpg.de/home/). RNA was analyzed using Illumina HiSeq (150 

bp reads) (Illumina, San Diego, CA, SRA accession SRR30230645 Bioproject 

PRJNA1129558). Illumina HiSeq was also applied for DNA (2 x 250 bp reads, SRA accessions 

SRR29791532, SRR29888306, and SRR29898063, Bioproject PRJNA1129558). Large DNA 

reads representing the 10kS cells were obtained with HiFi reads on a PacBio Sequel (Pacific 

Biosciences, Menlo Park, CA, SRA accession SRR29679608, Bioproject PRJNA1129558).  

Bioinformatic analyses 

Hifi reads were assembled using the Flye de novo assembler v2.9 (Kolmogorov et al., 2020). 

The contigs were error-corrected using Inspector (Chen et al., 2021), resulting in 1041 contigs 

with an N50 of 597098 bp. Binning of these contigs used MaxBin v2.2.7 (Wu et al., 2015), 

Metabat2 v2.15 (Kang et al., 2015), and Vamb v3.0.2 (Nissen et al., 2021). DAS Tool v1.1.3 

(Sieber et al., 2018) calculated a set of 32 optimal non-redundant bins. Bin quality was 

estimated using CheckM v1.1.3 (Parks et al., 2015). The bin LiM6 assigned to 

Syntrophobacteraceae had a strain heterogeneity of 42.89, an indication of the presence of 

closely related strains.  

Bin quality was improved by mapping Illumina reads of 10kS cells onto the contig LiM6 with 

99% identity using bbmap v38.93 (https://sourceforge.net/projects/bbmap/) and reassembly of 

mapped reads together with LiM6 contigs that were set as “-trusted-contigs” using the 

assembler SPAdes v3.15.3 (Bankevich et al., 2012). Contigs larger than 1500 bp were used as 

a starting point for an additional three rounds of assembly improvement. The refinement 

reduced contaminations and removed the strain heterogeneity in bin LiM6. Bins were 

taxonomically classified using GTDB-Tk v1.7.0 (Chaumeil et al., 2019) based on the Genome 

https://mpgc.mpipz.mpg.de/home/
https://dataview.ncbi.nlm.nih.gov/object/SRR29791532
https://dataview.ncbi.nlm.nih.gov/object/SRR29888306
https://dataview.ncbi.nlm.nih.gov/object/SRR29898063
https://sourceforge.net/projects/bbmap/
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Database Taxonomy. The bin representing Candidatus Velamenicoccus archaeovorus had eight 

contigs and covered 98.46% of the closed genomes (GenBank CP019384, see supporting table 

1 sheet “genome comparison”) using D-GENIES (Cabanettes and Klopp, 2018). We used the 

closed genome for read mapping. The relative abundance of each bin within the community 

was calculated using CoverM v0.6.1 (Woodcroft, 2021). Proteins encoded in the 10kS cell 

metagenome were annotated using Bakta v1.4.2 with its database v3.1 for bacterial genomes 

(Schwengers et al., 2021) and Prokka v1.14.6 for the methanogenic archaeal MAGs (Seemann, 

2014). Genes of interest were also annotated using the NCBI Conserved Domain Database 

(Marchler-Bauer et al., 2011). Genome annotations of Syntrophobacteraceae LiM6 and 

Syntrophobacter fumaroxidans (Genbank GCA_000014965.1) were analyzed with DIAMOND 

in sensitive mode (Buchfink et al., 2021).  

Metatranscriptomic analyses started with SortMeRNA v4.3.4 (Kopylova et al., 2012) to remove 

rRNA encoding reads. The non-rRNA reads were trimmed with quality 30 using bbduk within 

bbmap v38.93 and then mapped with Bowtie2 v2.4.4 (Langmead and Salzberg, 2012) onto the 

genes of proteins present in the 10kS cell metagenome. Transcripts per million (TPM) were 

calculated in R using the total mapped reads to a gene.  

The analyses to detect enzymes known to be involved in limonene degradation were conducted 

using DIAMOND v2.0.15.153 BLASTP analyses (Buchfink et al., 2021) for limonene 

hydroxylase (AAC25032.1), the limonene dehydrogenase subunit A (CDM25290.1), the 

limonene-1,2-epoxide hydrolase (CAA77012.1), the limonene 1,2-monooxygenase 

(CAC20855.1), the methyl-coenzyme M reductase type I (WP_013296337.1, 

WP_013296341.1, WP_013296338.1) (PDB ID: 5A0Y_1, 5A0Y_2, 5A0Y_3), the 

methanogenic methyl-coenzyme M reductase (WP_084174107.1, WP_042686194.1, 

WP_042686201.1) (PDB ID: 7NKG), the methyl-coenzyme M reductase type II 

(WP_013296302.1, WP_013296305.1, WP_013296303.1) (PDB ID: 5A8R_1, 5A8R_2, 

5A8R_3), the alkyl-coenzyme M reductases (RZB32666.1), the phenylphosphate carboxylase 

(WP_245880909.1), the benzene carboxylase (ADJ94002.1) and the ethylbenzene hydroxylase 

(WP_011237152.1). Enzymes with an E-value below E-40 and a bitscore above 100 were 

considered similar. These enzymes were examined in more detail with respect to their TPM, 

presence in the metaproteome, and their annotations were additionally checked against the 

Conserved Domain Database (CDD) (Marchler-Bauer et al., 2011) and in NCBI Blast and 

ExPASy searches (Artimo et al., 2012; Sayers et al., 2022). To phylogenetically place the 

highly expressed succinate synthase alpha subunit in relation to other characterized alkyl- and 

arylsuccinate synthases, the amino acid sequence was aligned using the ClustalW algorithm 
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within the MEGA11 software (version 11.0.13) with a gap opening penalty of 10 and a gap 

extension penalty of 0.1 (Thompson et al., 1994; Tamura et al., 2021). The alignment was used 

to calculate a maximum-likelihood tree with a bootstrap value of 1000 using FastTree (version 

2.1.11) (Price et al., 2009). The amino acid sequences of the proteins were retrieved from 

GenBank depositions (Selesi et al., 2010; Wöhlbrand et al., 2013; Strijkstra et al., 2014; Heider 

et al., 2016). 

For the metaproteomic analysis, the proteins of 10kS cells, 100S aggregates, and 100S cells 

were extracted and analyzed by MS/MS in an LTQ Orbitrap Velos mass spectrometer (Thermo 

Fisher Scientific, Waltham, Mass.) (Kizina, 2017). The mass spectrometry proteomics data 

were retrieved from ProteomeCentral with the identifier PXD025008 

(https://doi.org/10.6019/PXD025008). The mass spectrometric data were analyzed with 

MaxQuant 1.6.16 (Sinitcyn et al., 2018) using genes present in the 10kS cell metagenome and 

laboratory contaminations and quantified in relative intensity-based absolute quantification 

(riBAQ) values (Krey et al., 2014).  
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3.3 Results 
 

3.3.1 Cell fractionation and – omic datasets 

The methanogenic community was harvested differentially by cell size. Most cells and cell 

aggregates were collected in the 10,000S pellet (10kS cells), very small cells were collected in 

100S aggregate and 100S cell fractions (Kizina, 2017). Analysis of 10kS cells by an assembly 

of PacBio Hifi reads resulted in 32 metagenome-assembled genomes (MAGs) representing a 

coverage of 98.73% (Table ). 4 MAGs were closed genomes, 12 MAGs had 2 to 9 contigs, and 

further 10 MAGs had 11 to 21 contigs. 27 MAGs were over 80% complete, according to 

CheckM, and only 6 MAGs showed a strain heterogeneity. 30 MAGs had a completeness of at 

least 66%, and 29 MAGs had a quality above 50 (Supplementary Table 2). The 32 MAGs were 

also representative of Illumina-based metagenomes of 100S aggregates and 100S cells, 

covering at least 97.74% of all reads (Supplementary Table 1). The activity of the community 

was analyzed by metatranscriptomes and metaproteomes. In the large 10kS cell 

metatranscriptome, 716 of 123474 coding sequences (cds) present in the assembly had a TPM 

value of ≥ 50 and 10725 cds a TPM value of ≥ 5. The metaproteomes detected 5634 cds. 

 

3.3.2 Community members of the limonene-degrading culture 

 

The PacBio metagenome contained 55 individual 16S rRNA gene sequences, of which 50 were 

assigned to 31 MAGs. Only the incomplete MAG LiM31, a Bacteroidales, had no 16S rRNA 

gene. The unassigned 16S rRNA genes affiliated to Synergistota (three sequences), 

Sphaerochaetaceae, and Methanobacteriota.   

 

Candidatus Velamenicoccus archaeovorus  

 
Cand. Velamenicoccus archaeovorus was the member of the microbial community with the 

highest abundance in the metagenome, with 68.70% of the PacBio reads mapping onto the 

genome. In the 10kS-cell fraction, 63% of the Illumina reads mapped to the predator genome. 

A higher abundance was observed for the small cell metagenomes: 83% of the reads from the 

100S-aggregates metagenome and 89% of reads of the 100S cell metagenome mapped to the 
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Cand. Velamenicoccus archaeovorus genome. This increase in abundance of the ultramicrobial, 

predatory Cand. Velamenicoccus archaeovorus coincided with a depletion of large cells and 

cell aggregates and an increase of small cells in the 100S cell fractions, according to TEM 

graphs (Kizina, 2017). The metatranscriptomic abundance of Cand. Velamenicoccus 

archaeovorus was lower. 20.0%, 31.5%, and 11.6% of the RNA reads of 10kS cells, 100S 

aggregates and 100S cells, respectively, were mapped onto the Cand. Velamenicoccus 

archaeovorus genome. However, one-third of these values were recognized as contribution of 

the intron-containing 23S rRNA gene, which had not been removed by the digital filtering of 

rRNA reads using SortMeRNA, likely due to the presence of an intron within the gene. Overall, 

the ratio of RNA to DNA in the cell fractions reflected the small cell size of Cand. 

Velamenicoccus archaeovorus. A decrease in transcripts in the 100S cells coincided with low 

numbers of ribosomes in free-living cells in comparison to epibiontic cells, according to CARD-

FISH images (Kizina, 2017). The metaproteome identified 1280 proteins out of 1884 annotated 

coding sequences of Cand. Velamenicoccus archaeovorus representing 48.7, 15.2, and 51.5% 

of the protein quantity (riBAQ) in 10ks cells, 100S aggregates, and 100S cells, respectively. 

 

Methanogenic archaea 

 

Five MAGs were identified as archaeal Methanobacteriota. Besides a Methanothrix soehngenii 

MAG (LiM3), two MAGs matched species according to GTDB taxonomy: Methanoculleus 

sp001896715 (LiM2) and Methanospirillum sp012729995 (LiM14). Novel species candidates 

were Methanoregula LiM1 and Methanofastidius LiM21, which presented below 0.5% of the 

–omic quantities. Proteins of Methanoculleus presented 9.7% of detected proteins (359 

proteins) in the metaproteome, whereas Methanoregula and Methanothrix hold 1.0 and 1.3 % 

riBAQ (306 and 851 proteins), respectively. DNA and RNA contributions were 5.2, 8.2 and 3.7 

% and 11.1, 4.1 and 8.1 % for Methanoculleus, Methanoregula and Methanothrix, respectively. 

This suggested that Methanoculleus may perform the majority of hydrogenotrophic and 

formate-based methanogenesis, whereas filamentous Methanothrix acted as the acetoclastic 

methanogen.  

 

Bacteria 
 

The phylum Desulfobacterota was present with seven MAGs (Table1). Based on protein 

quantity, Aminidesulfovibrio aminophilus LiM27 was the second most abundant bacterium, 

with 14.5% riBAQ originating from 174 proteins. It surprised with a low mRNA content of 
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0.13%. A second Aminidesulfovibro sp., LM12, was detected, with 99 proteins and with 0.9% 

riBAQ (Table1). Syntrophales were represented by Smithellaceae gen. nov. LM17 and by LM5 

and LM10, which affiliate with two novel families. LM5 and LM17 showed with 2.1 and 1.4 

% riBAQ a significant biomass contribution. LiM6 was affiliated as a novel genus to 

Syntrophobacteraceae. It comprised 9.3% riBAQ accumulated of 554 proteins and 9.8% TPM 

(Table1). The abundance of their proteins suggested Aminidesulfovibro aminophilus LM27 and 

Syntrophobacteraceae LiM6 as organisms that may catalyze the limonene degradation.  

Bacteroidota accounted for 7.5 % of the total riBAQ. Lentimicrobium LiM4 contributed 3.7 % 

riBAQ and 7.74 % TPM, and Mangrovibacterium LiM18 and LiM22 made up 2.4% riBAQ, 

also with a higher TPM contribution of 11.8%. Meliobacteraceae LiM26 of the order 

Ignavibacteria hold 1.1 % riBAQ (Table1).  

Individual MAGs of other phyla contributed little to the metaproteome. Anaerolineaceae was 

present with four species, LiM 8, 9, 11, and 29. Spirochaetota was present with three MAGs, 

and a range of phyla were only present with one MAG: Acidobacteriota, Actinobacteriota, 

Eremiobacterota, Planctomycetota, Synergistota, and Thermotogota. The order Thermotogales 

was represented by Mesotoga sp002305955 (LiM7), comprising 3.84% of the TPM and 0.072% 

riBAQ of the metaproteome with 123 detected CDS. Abundant Anaerolineales were 

Anaerolineaceae UBA4781 (LiM8) comprising 1.47% TPM and 33 detected CDS representing 

0.052% riBAQ and Anaerolineaceae sp002436085 (LiM11) showing 0.74% TPM and 34 

detected CDS accounting for 0.024% riBAQ. Altogether, the Mesotoga sp002305955 (LiM7) 

and Anaerolinaceae MAGs comprised relatively low abundances in the metatranscriptome as 

well as the metaproteome (Table1). 
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Table 1: Overview of MAGs showing their assigned taxonomy (GTDB-tk), their relative abundance in the PacBio 

metagenome, their percentage of TPM assigned to each MAG, their percent of detected proteins out of all detected 

proteins, and the percentage of riBAQ for each MAG in the metaproteome  

name taxonomy 
PacBio relative 
abundance [%]  % TPM 

% of detected 
CDS % riBAQ  

LiM s__Vampirococcus archaeovorus 68.7 19.95 22.72 48.764 

LiM1 g__Methanoregula 8.15 4.08 5.43 1.011 

LiM2 s__Methanoculleus  5.21 11.07 6.37 9.713 

LiM3 s__Methanothrix soehngenii 3.68 8.13 15.1 1.330 

LiM4 s__Lentimicrobium  2.02 7.74 4.51 3.709 

LiM5 o__Syntrophales 1.39 3.4 3.75 2.075 

LiM6 f__Syntrophobacteraceae 1.25 9.81 9.83 9.292 

LiM7 g__Mesotoga 1.04 3.84 2.18 0.083 

LiM8 f__Anaerolineaceae 0.94 1.47 0.59 0.054 

LiM9 f__Anaerolineaceae 0.83 0.31 0.59 0.177 

LiM10 o__Syntrophales 0.57 1.43 0.89 0.223 

LiM11 f__Anaerolineaceae 0.56 0.74 0.6 0.020 

LiM12 s__Aminidesulfovibrio  0.55 1.08 1.76 0.878 

LiM13 o__Treponematales 0.53 0.97 0.83 0.257 

LiM14 s__Methanospirillum  0.35 0.31 1.38 0.221 

LiM15 c__Coriobacteriia 0.31 0.44 0.12 0.003 

LiM16 f__Aminobacteriaceae 0.31 1.26 2.63 0.104 

LiM17 f__Smithellaceae 0.28 0.5 1.3 1.396 

LiM18 g__Mangrovibacterium 0.22 5.38 1.85 1.457 

LiM19 c__Xenobia 0.22 0.28 0.6 0.166 

LiM20 p__Spirochaetota 0.18 0.66 0.94 0.686 

LiM21 g__Methanofastidiosum 0.18 0.08 0.05 0.000 

LiM22 g__Mangrovibacterium 0.16 6.36 2.2 0.934 

LiM23 p__Desulfobacterota 0.16 0.02 0.46 0.040 

LiM24 f__Thermoanaerobaculaceae 0.15 1.56 0.92 0.031 

LiM25 c__Ignavibacteria 0.15 0.05 0.8 0.344 

LiM26 f__Melioribacteraceae 0.12 0.27 2.15 1.128 

LiM27 s__Aminidesulfovibrio aminophilus 0.12 0.13 3.09 14.460 

LiM28 f__Thermoguttaceae 0.12 0.17 1.03 0.158 

LiM29 f__Anaerolineaceae 0.11 0.37 0.14 0.000 

LiM30 s__Sphaerochaeta  0.1 0.11 0.32 0.025 

LiM31 o__Bacteroidales 0.09 0.11 0.12 0.001 

unmapped N/A 1.27 7.91 4.74 1.262 
 

 

 

 

 

 



Chapter 3 - Anaerobic limonene metabolism involves a glycine radical enzyme 

108 
 

 

3.3.3 Evidence for hydrocarbon metabolism in the - omic datasets 

 

Candidate genes for hydrocarbon-activating enzymes were identified using characterized 

enzymes as references in protein similarity searches with DIAMOND in BLASTp mode. The 

superfamily that includes benzene and phenol carboxylases was present with three genes for 

quinone biosynthesis annotated as 3-octaprenyl-4-hydroxybenzoate decarboxylase in the 

MAGs LiM13, LiM6, and LiM20. The expression level of these enzymes was below 10 TPM, 

and the proteins were not detected in the metaproteome. The same observation was made for 

molybdopterin-binding proteins of unknown function that had the highest, but overall low 

similarity to the ethylbenzene hydroxylase. One protein related to limonene hydroxylase was 

detected in the metaproteome but annotated as a transcriptional regulator. Three genes were 

related to limonene dehydrogenase, but not transcribed and expressed. Genes for the aerobic 

oxidation with molecular oxygen, limonene-1,2-monooxygenase, and limonene-1,2-epoxide 

hydrolase were not present in the metagenome.  

Alkyl-coenzyme M dehydrogenase-related proteins were annotated as six methyl-coenzyme M 

reductases present in Methanothrix soehngenii LiM 3, Methanofastidiosum sp. LiM21, 

Methanospirillum sp. LiM14, Methanoregula sp. LiM1, and twice in Methanoculleus LiM2. 

All large MCR alpha subunits were detected in the metaproteomes. Coding sequences related 

to benzylsuccinate synthases were also frequently detected. However, annotation varied from 

pyruvate formate lyase superfamily to benzylsuccinate synthase. Only one of five gene variants 

of the succinate synthase was highly transcribed and, with a value of 174 TPM, it was among 

the top 1% of proteins in the metatranscriptome.  

The protein annotated as the alpha subunit of the benzylsuccinate synthase was the 1398 most 

abundant protein in the metaproteome of the 10kS fraction. The benzylsuccinate synthase alpha 

subunit gene was located on a contig assigned to MAG LiM6 belonging to the family 

Syntrophobacteraceae. This finding, together with the absence of alternative candidate 

enzymes for limonene activation, initiated a detailed genome analysis of MAG LiM6 to identify 

the limonene degradation pathway and metabolism in this bacterium.  
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3.3.4 Limonene degradation in Syntrophobacteraceae LiM6 

 

 

Figure 1: Two operons from LiM6 (Syntrophobacteraceae) involved in limonene degradation. The first operon, 

lssQCABPOHIDEFGMLNJK (A), includes limonenylsuccinate synthase, and the second operon, 

lrcABCDEFGHIJ (B), encodes 4-isopropenyl-2-oxocyclohexane-1-carbonyl-CoA hydrolase, which is involved in 

the ring opening. The bar charts display average riBAQ values from 10kS, 100S aggregates and 100 S fractions 

(PE_372), with protein names from Bakta annotation and CDD annotation. 
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Hydrocarbon activation by glycyl radical enzymes needs accessory enzymes to introduce the 

glycine radical by S-adenosylmethionine (SAM) cleavage. The genome of LiM6 encodes an 

expressed chaperon BssE (LMHFDP_382590) for the activation of a glycyl radical enzyme by 

s-adenosylmethionine and several radical SAM proteins, of which transcripts were detected, 

but none were detected in the metaproteome. The bssE gene is located outside of the 

limonenylsuccinate synthase (lss) operon lssQCABPOHIDEFGMLNJK (LMHFDP_300800-

300880) (Figure 1 A, Supplementary Table 3 and 4).   

 

Transcriptomic and proteomic abundances of proteins suggest the following pathway: limonene 

degradation is initiated by limonen-7-ylsuccinate synthase (p-mentha-1,8-dien-7-yl-succinate 

synthase) LssABC (Figure 2). The enzyme adds limonene to fumarate. In the next step, the 

succinyl-CoA:limonen-7-ylsuccinate CoA-transferase LssDE activates a carboxylic acid and 

the substrate molecule is enlarged by the coenzyme A moiety providing a handle for highly 

specific substrate binding. A first beta-oxidation follows, including dehydrogenation, 

hydration, oxidation and thiolytic cleavage. The limonene-7-yl-succinyl-CoA dehydrogenase 

LssF introduces the double bond in the alpha-beta position. Electron transfer flavoproteins 

LssLM are likely the physiological electron acceptors. The limonene-7-ylidene-succinyl-CoA 

hydratase LssG adds water to the enoyl-CoA ester. The alcohol is oxidized by the NAD+-

reducing 2-(7-hydroxylimonen-7-yl)-succinyl-CoA dehydrogenase LssHI. The last reaction in 

the beta oxidation is a thiolytic cleavage of the beta-oxo-acylCoA ester by 2-(7-oxolimonen-7-

yl)-succinyl-CoA thiolase LssJK (Figure 2). One product is succinyl-CoA, which is reused by 

LssDE. The second product is perillyl-CoA, which is the educt for the enzymes encoded in the 

limonene ring cleavage (lrc) operon (Figure 1 B). The lss operon encodes also some proteins 

with a presumably accessory function. The electron transfer flavoprotein-associated 

cytochrome b and iron-sulfur cluster-binding oxidoreductase LssN may be involved in electron 

transfers, eventually bifurcation. The acyl-CoA synthetase LssO may replenish intermediate 

pools of CoA esters. Two expressed proteins lack a clear function in this initial limonene 

degradation pathway: LssP is a protein with putative pyridoxamine 5'-phosphate oxidase 

function and LssQ is a putative LolA-like molecular chaperone for lipoproteins or other 

hydrophobic compounds. Of these proteins, only the small gamma subunit LssC was not 

detected in the metaproteome (Figure 1 A), but a value of 183 TPM in the metatranscriptome 

indicated relevance for the enzyme (Supplementary Table 3 and 4). Although located on a 

different contig, the expression of the membrane proteins HflC and HflK suggested that the 

activation reaction may be anchored as multiprotein complex on the membrane.  
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Figure 2: Limonene transformation to perillyl-CoA. I: limonene, II: limonen-7-ylsuccinate, III:  limonen-7-

ylsuccinate, IV: limonen-7-ylidene-succinyl-CoA, V: 2-(7-hydroxylimonen-7-yl)-succinyl-CoA, VI: 2-(7-

oxolimonen-7-yl)-succinyl-CoA, VII: perillyl-CoA.  

 

The limonene ring cleavage (lrc, LMHFDP_382595-382510) operon encodes BssE and 

enzymes for the cyclohexene ring opening and beta oxidations (Figure 1 B). Perillyl-CoA 

hydration may occur by one of the enoyl-CoA hydratases LrcB or LrcF (Figure 3). 

Physiological electron acceptors may be a second pair of electron transfer flavoproteins EtfAB 

(LMHFDP_246400 and 246395), encoded outside of the lrc operon. The oxidation of the 

alcohol 4-isoprenyl-2-hydroxy-cyclohexane-1-carbonyl-CoA may be catalyzed by a 

dehydrogenase: LrcE, LrcG, or LrcK. The 4-isopropenyl-2-oxo-cyclohexane-1-carbonyl-CoA 

hydrolase LrcA catalyzes the ring opening to 5-isopropenyl-pimeloyl-CoA. A beta oxidation 

with an acyl-CoA dehydrogenase LrcJ, an enoyl-CoA hydratase (LrcB or LrcF), a 

dehydrogenase (LrcE, LrcG or LrcK) and a thiolase (LrcD or LrcH) results in 3-isopropenyl-

glutaryl-CoA (Figure 3). 3-modified glutaryl-CoA can be functionalized by acyl-CoA 
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dehydrogenase and enoyl-CoA hydratase to a tertiary alcohol, in this case, 3-hydroxy-3-

isopropenyl-glutaryl-CoA. Besides the aforementioned acyl-CoA dehydrogenases, an 

annotated glutaryl-CoA dehydrogenase and the adjacent encoded hypothetical protein were 

detected in the metaproteome and are candidate enzymes for this metabolic step 

(LMHFDP_341120 and 341110). LrcC, an enzyme of the 3-hydroxy-3-methyl-glutarylCoA 

synthase superfamily, cleaves at the tertiary carbon of 3-hydroxy-3-isopropenyl-glutaryl-CoA 

into acetyl-CoA and 4-methyl-3-oxo-pent-4-enoyl-CoA, the endproduct of this operon (Figure 

3). Expressed proteins include also an acyl-CoA:acetate CoA transferase LrcI and two proteins 

with domains of unknown functions LrcL (DUF4125) and LrcM (DUF4037). Adjacent operons 

include an expressed beta-ketoacyl-acyl carrier protein reductase (LMHFDP_382495) and a 

tripartite transmembrane efflux transporter MepABC (monoterpene-associated efflux proteins). 



Chapter 3 - Anaerobic limonene metabolism involves a glycine radical enzyme  

113 
 

 

Figure 3: Perillyl-CoA metabolism. VII: perillyl-CoA, VIII: 4-isoprenyl-2-hydroxy-cyclohexane-1-carbonyl-CoA, 

IX: 4-isopropenyl-2-oxo-cyclohexane-1-carbonyl-CoA, X: 5-isopropenyl-pimeloyl-CoA, XI: 6-carboxy-5-

isopropenyl-hex-2-enoyl-CoA, XII: 3-hydroxy-5-isopropenyl-pimeloyl-CoA, XIII: 3-oxo-5-isopropenyl-

pimeloyl-CoA, XIV: 3-isopropenyl-glutaryl-CoA, XV: 3-isopropenyl-glutaconyl-CoA, XVI: 4-methyl-3-oxo-

pent-4-enoyl-CoA.  

 

 

The degradation of 4-methyl-3-oxo-pent-4-enoyl-CoA may start with a thiolytic cleavage into 

2-methyl-propenoyl-CoA and acetyl-CoA. Hydration and two oxidation reactions yield 

methylmalonyl-CoA. Carbon-sceleton rearrangement yields succinyl-CoA which can be 

transformed into fumarate and further to oxaloacetate. After decarboxylation, pyruvate can be 

oxidized to acetate. The proteome provided strong support for this pathway, i.e., by the 
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presenceof the methylmalonyl-CoA mutase small and large subunits (LMHFDP_355185 and 

355180). The importance of the B12-enzyme is highlighted by the expression of a cobalt ABC 

transporter (LMHFDP_206225-206235), a B12-binding protein (LMHFDP_365805), and a 

corrinoid adenosyltransferase (LMHFDP_205380). Succinyl-CoA hydrolysis can be linked to 

energy conservation and a succinate dehydrogenase replenishes fumarate, the cosubstrate of the 

first reaction (LMHFDP_10730-10740). After hydration, an oxaloacetate-decarboxylating 

malate dehydrogenase produces pyruvate (LMHFDP_533100). Pyruvate oxidation can be 

catalyzed by a 2-oxoacid:ferredoxin reductase (LMHFDP_626730 + LMHFDP_626735 or 

LMHFDP_365485+ LMHFDP_365490), providing reducing equivalents at a very negative 

electrochemical potential for proton or carbonate reduction. Acetyl-CoA transformation to 

acetate enables energy conservation, i.e. by an acetyl-CoA synthetase (LMHFDP_60925).  

Syntrophobacteraceae are well known for multiple hydrogenases (Hase) and formate (FDH) 

dehydrogenases, i.e. S. fumaroxidans has 8 Hases and 6 FDHs (Mollaei et al., 2021). Strain 

LiM expresses a locus (LMHFDP_383075-383110) encoding two FDH alpha subunits, one 

FDH beta subunit, a NiFe Hase alpha subunit, a NiFe Hase 20 kDa subunit (NADH acceptor 

oxidoreductase), a ferredoxin reductase and a ferredoxin. A second loci (LMHFDP_382905-

382950) codes for expressed two FDH subunits, a NADH:acceptor oxidoreductase and Hase 

maturation factors. HypB, a nickel incorporation factor for Hases, was expressed 

(LMHFDP_365535). Another NiFe Hase loci (LMHFDP_206220-206205) is located beside 

the aforementioned cobalt ABC transporter. A group of redox-active proteins 

(LMHFDP_246610-246625) was also expressed and annotations involved NAD-reducing Hase 

subunit HndC. These proteins are involved in the electron transfers from ferredoxin, NADH, 

and ETFs and likely involve bifurcation and reverse electron transport. Expressed energy 

conservation proteins include pyrophosphate-energized proton pump (LMHFDP_560695) and 

ATP synthase.  

The proteome included also enzymes of the C3-part of glycolysis and additional acyl-CoA 

dehydrogenases, enoyl-CoA hydratases, dehydrogenases and thiolases. Biosynthetic enzymes 

were 3-isopropyl-malate dehydratase and acetolactate synthase. 
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3.3.5 Phylogenetic analysis of the benzylsuccinate synthase alpha subunit 

 

The phylogenetic analysis placed the highly expressed benzylsuccinate synthase alpha subunit 

together with desulfobacterial enzymes from Desulfosarcina widdelii and Desulfosarcina ovata 

in a new clade within the branch of naphthyl/benzyl-succinate synthases and separate from 

alkylsuccinate synthases (Figure 4). The new clade is more related to the toluene clade than to 

the p-cresol and the naphthalene clades and comprises proteins from Deltaproteobacteria. This 

is not exclusive, Deltaproteobacteria encode also alkyl and benzylsuccinate synthases in other 

clades.   

 

Figure 4 Maximum likelihood phylogenetic tree displaying the relationship of the limonenylsuccinate synthase 

alpha subunit with other glycine radical enzymes. The tree was generated using a ClustalW protein alignment. The 

scale bar indicates the number of substitutions per site. Sequences of glycine radical enzymes were obtained from 

literature (Grundmann et al., 2008; Selesi et al., 2010; Wöhlbrand et al., 2013; Strijkstra et al., 2014; Heider et al., 

2016).    
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3.4 Discussion 
 

An interdependent community of syntrophic bacteria and methanogenic archaea usually 

performs hydrocarbon degradation in methanogenic habitats. Syntrophic bacteria ferment 

hydrocarbons into formate, hydrogen, acetate, and carbon dioxide. These catabolic reactions 

are thermodynamically unfavorable, only the constant consumption of the products by 

methanogens enables the continuous activity of syntrophic bacteria (Dolfing et al., 2007). The 

presence of the acetoclastic Methanothrix - also validly published as Methanosaeta under the 

International Code of Nomenclature of Prokaryotes - in the limonene-degrading culture was 

previously established by in situ hybridization (Kizina, 2017) and is expected because the genus 

is known as the oligotrophic acetoclastic methanogen with the highest affinity for acetate (Jetten 

et al., 1992). Hydrogen, carbon dioxide, and formate are substrates for a range of methanogenic 

genera, including Methanoculleus, Methanoregula, and Methanospirillum (Demirel and 

Scherer, 2008; Thauer et al., 2008; Bräuer et al., 2015; Joshi et al., 2018). The latter are also 

known to oxidize alcohols (Widdel et al., 1988; Kurth et al., 2020). Methylthiol reduction in 

combination with hydrogen oxidation seems to be the restricted metabolism of 

Methanofastidiosum (Nobu et al., 2016). Its presence in the community is an indication of an 

active sulfur metabolism in the enrichment culture. The archaeal community in the limonene-

degrading enrichment culture is overall similar to other methanogenic communities in 

mesophilic hydrocarbon enrichments (Embree et al., 2015; Tan et al., 2015; Fowler et al., 

2016). In contrast, the bacterial community was larger than expected, with 27 established 

metagenome-derived genomes. A hydrocarbon-transforming syntroph was expected, 

accompanied by a few taxa that may provide essential amino acids or equilibrate concentrations 

of hydrogen and carbon dioxide to formate to the same thermodynamic energy level. The 

enrichment culture on limonene has an additional trophic level represented by the predating 

Cand. Velamenicoccus archaeovorus. This trophic level reduces the biomass of the first trophic 

layer of syntrophs and methanogens. The huge abundance in - omic datasets, together with 

earlier electron microscopic observations (Kizina, 2017; Kizina et al., 2022), suggest that Cand. 

Velamenicoccus archaeovorus did not attack and digest itself. The predation process is most 

likely accompanied by a release of prey cytosolic compounds. Also, membrane remains of dead 

cells were observed in electron micrographs (Kizina, 2017; Kizina et al., 2022). This organic 

matter can support a catabolic mineralization in a microbial loop in which fermenters, 

synthrophs, and methanogens use the organic matter to form new biomass (Azam et al., 1983). 
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This process contributes to the microbial diversity in the enrichment culture. Fermentation may 

be performed by Lentimicrobiaceae, Ignavibacteria, and Anaerolineaceae (Schink, 1997; Sun 

et al., 2016; McIlroy et al., 2017; Bei et al., 2021) and by Aminidesulfovibrio aminophilus, an 

established amino acid fermenter initially isolated and validly described as Desulfovibrio 

aminophilus (Baena et al., 1998). Desulfovibrio are incomplete oxidizing sulfate-reducing 

bacteria producing acetate and can grow in syntrophic physiology (Bryant et al., 1977; Muyzer 

and Stams, 2008). The fermentation of amino acids yields also propionate, butyrate, and 

eventually alcohols which are substrates for specialists in syntrophic catabolism. Species 

affiliating to Syntrophobacteraceae, Smithellaceae, and other Syntrophales were present in the 

community. Of these, only LiM6 affiliating to Synthrophobacteraceae featured a limonene 

degradation pathway. A key to the stable maintenance of this complex community is a slow 

nutrient-limited growth rate of the methanogenic community allowing the predatory bacteria to 

thrive at least at equal growth rates. Not only hydrocarbons but also short-chain fatty acids can 

support syntrophic and methanogenic microorganisms (Jackson et al., 1999; McInerney et al., 

2008) which may, facilitate the coexistence of predatory bacteria, potentially including 

members of the candidate phylum Omnitrophota. 

The metatranscriptomic and metaproteomic observations of this study revealed the expression 

of two operons from the genome of Synthrophobacteraceae LiM6 for the degradation of 

limonene into smaller organic molecules. Key enzymes are limonenylsuccinate synthase and 4-

isopropenyl-2-oxo-cyclohexane-1-carbonyl-CoA hydrolase which activate limonene and 

catalyze the ring opening. The annotation was based on high amino acid similarity to well-

characterized enzymes. For the large alpha subunit, the limonenylsuccinate synthase shares 

61% identical amino acids with the benzyl succinate synthase alpha subunit of Thauera 

aromatica. The differences are sufficient to form together with uncharacterized proteins from 

other Deltaproteobacteria a phylogenetic clade that is separated from the toluene and p-cresol 

clades of benzylsuccinate synthases. Amino acids involved in fumarate binding and catalysis 

by benzylsuccinate synthase are conserved in the limonenylsuccinate synthase. Some 

differences are located in the substrate binding pocket of the active site as defined by crystal 

structures of benzylsuccinate synthase with toluene (Funk et al., 2015; Heider et al., 2016). In 

the substrate binding pocket, Ile-384 (nomenclature of the benzylsuccinate synthase from 

Thauera aromatica) blocks the bottom of the pocket opposite to the 4-position of the benzyl 

ring. It is replaced by smaller amino acids in succinate synthases with a large substituent in the 

4-position: a threonine in limonenylsuccinate synthase and a valine in 4-isopropylbenzyl-

succinate synthase of pCyN2. Deltaproteobacterial glycine radical proteins within the limonene 
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clade (i.e. WP_155306556.1 from Desulfosarcina widdelii and WP_155321809.1 from 

Desulfosarcina ovata) have with alanine a different amino acid on this position and may not 

transform limonene. Substitution of Ile-617 by valine enlarges the substrate cavity. The mutant 

Val-617 (I617V) lifts a steric hindrance and enables the activation of m-xylene by Bss (Salii et 

al., 2021). Limonenylsuccinate synthase and naphthylmethylsuccinate synthase have a histidine 

at this position which is also smaller than isoleucine and in the size range of valine. The space 

requirement of limonene is due to its structure: unlike aromatic compounds, limonene is not a 

planar ring. 

This study has revealed a novel pathway for the degradation of limonene. The limonene 

dehydrogenase of the denitrifying Castellaniella defragrans requires an electron acceptor with 

a positive reduction potential (Puentes-Cala et al., 2018a, 2018b). This system may not be 

operable in microorganisms living in an anoxic, highly reduced environment, i.e. sulfate-

reducing or methanogenic systems. In contrast, the oxygen-sensitive glycine radical enzymes 

are present in facultative and obligate anaerobes involved in a range of anoxic reactions. Our 

findings revealed an additional use of the radical enzyme by nature, the anaerobic 

functionalization of limonene to limonenylsuccinate.  
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Abstract 
Candidatus Velamenicoccus archaeovorus is a predatory ultramicrobacterium belonging to the 

candidate phylum Omnitrophota within the Planctomycetota–Verrucomicrobiota–Chlamydiota 

(PVC) superphylum. This study investigates its predatory “lifestyle” and transcriptomic 

analyses and high-resolution microscopy. Using catalyzed reporter deposition-fluorescence in 

situ hybridization (CARD-FISH) and structured illumination microscopy (SR-SIM), we 

visualized interactions between Candidatus Velamenicoccus archaeovorus and prey cells, 

including Methanothrix filaments, revealing that attached cells exhibit higher ribosomal content 

and metabolic activity compared to free-living cells. Transcriptomic data revealed that attached 

cells express higher levels of proteins involved in type IV pili assembly, secretion systems, and 

cell wall degradation, supporting active predation. In contrast, free-living cells express higher 

levels of stress response proteins, indicating dormancy and nutrient limitation. Furthermore, a 

group I intron was detected in the 23S rRNA of Candidatus Velamenicoccus archaeovorus as 

well as in prey cells, suggesting potential lateral gene transfer during predation. These findings 

advance our understanding of Candidatus Velamenicoccus archaeovorus as a predator, 

contributing to the study of microbial predation and gene mobility in microbial ecosystems. 
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4.1 Introduction  
 

Candidatus Velamenicoccus archaeovorus is a predatory ultramicrobacterium classified within 

the candidate phylum Omnitrophota (formerly OP3), which belongs to the Planctomycetota–

Verrucomicrobiota–Chlamydiota (PVC) superphylum (Rinke et al., 2013; Oren and Garrity, 

2021; Kizina et al., 2022). Members of Omnitrophota were first discovered in Obsidian Pool in 

Yellowstone National Park and have been found to be a group of very small bacteria, predicted 

to have a host-dependent lifestyle (Hugenholtz et al., 1998; Glöckner et al., 2010; Seymour et 

al., 2023).  

The genomes of predatory bacteria encode proteins, which are involved in their specific 

predatory mechanism. For epibiotic predators, like Candidatus Velamenicoccus archaeovorus 

or Vampirococcus lugosii, but also other predatory bacteria, genes expressing proteins involved 

in finding their prey, attach to them, lyse their cell wall and membrane, and finally uptake their 

cell contents and degrade them, are often encoded (Moreira et al., 2021; Kizina et al., 2022). 

These proteins can include various secretion systems, hydrolytic enzymes, and motility-

associated proteins. Since the attack occurs outside of the host cell, the proteins involved have 

to be secreted. Although not an epibiotic predator, Myxococcus xanthus hunts in packs and uses 

a Tad-like secretion system. The Tad-like secretion system belongs to the type IV filament 

superfamily, which also includes the Type II secretion systems. It is primarily involved in 

adhesion and essential for initiating contact-dependent prey killing. This system allows the 

bacterium to form tight interactions with prey cells, leading to their intoxication and subsequent 

death. After the death of the prey cell, an atypical type III-like secretion system leads to cell 

lysis (Seef et al., 2021; Thiery et al., 2022; Kaimer et al., 2023). In Bdellovibrio bacteriovorus, 

a well-characterized predatory bacterium, genomic analysis has identified four inner-membrane 

and five outer-membrane secretion systems (Barabote et al., 2007). Type I and type II secretion 

systems, as well as the twin-arginine translocation (Tat) system, are involved in transporting 

proteins, the tat system specifically being involved in translocating proteins across the inner 

membrane (Barabote et al., 2007; Bratanis et al., 2020). The genome of Candidatus 

Velamenicoccus archaeovorus also encodes a Sec secretion system and a type II secretion 

system (Kizina et al., 2022). 

Hydrolytic enzymes like proteases, e.g., elastase-like serine protease, DNases, RNases, and 

lipases, are encoded in genomes of predatory bacteria like Bdellovibrio bacteriovorus. These 

are not only involved in degrading the prey’s cellular components but can also inhibit and 
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reduce the biofilm formed by other bacteria (Monnappa et al., 2014; Bratanis and Lood, 2019; 

Bratanis et al., 2020). Candidatus Velamenicoccus archaeovorus has a very large multienzyme 

surface protein with glycosyl transferases, glycosyl hydrolases, and peptidases involved in 

degrading the prey’s cell wall (Kizina et al., 2022). These large proteins are common 

throughout Omnitrophota (West-Roberts et al., 2023). 

To locate and find their prey, predatory bacteria have evolved different strategies. Myxococcus 

xanthus hunts in packs and uses two types of mobility, the “adventurous” and the “social” 

mobility, in which cells work together. Adventurous motility ensures directional movement of 

the cells toward prey, while social motility enables cooperation between cells within a swarm, 

increasing predation efficiency. The protein AglZ, located in the inner membrane, is part of the 

Agl-Glt machinery and plays an important role in adventurous -motility and gliding motility in 

general in Myxococcus xanthus (Kåhrström, 2014; Rombouts et al., 2023). Candidatus 

Velamenicoccus archaeovorus is not flagellated, and unlike Myxococcus xanthus, it lacks the 

Agl-Glt machinery essential for gliding motility. Nevertheless, it expresses two stator proteins, 

MotD and MotB, which are typically associated with flagellar motility. These proteins may also 

be involved in processes other than motility, such as predation (Kizina et al., 2022). 

Bdellovibrio bacteriovorus has been shown to use a set of chimeric fiber proteins from the 

mosaic adhesive trimer (MAT) superfamily located on its surface. These proteins are trimeric 

β-helices with diverse terminal domains that resemble bacteriophage tail fibers involved in 

recognizing and possibly attaching to its prey by creating a stable contact point. Once cell-cell 

contact is established between predator and prey, Bdellovibrio bacteriovorus invades its prey 

and releases a vesicle into the host’s periplasm. Inside this versicle are MAT proteins and a 

homolog of CpoB, a protein involved in cell division (Caulton et al., 2024; Du Toit, 2024). The 

predator produces peptidoglycan hydrolases, which belong to the penicillin-binding protein 

four family. These peptidoglycan hydrolases modify the prey’s peptidoglycan, which leads to 

the rounding of the prey cell, turning it into the round and osmotically stable “bdelloplast” 

(Lerner et al., 2012) when two genes coding for N-acetylglucosamine deacetylases involved in 

modifying the peptidoglycan of the prey were deleted. The prey cells’ peptidoglycan structure 

remained, resulting in a "bacterial ghost"- a hollow shell lacking cytoplasmic content (Lambert 

et al., 2016). Candidatus Velamenicoccus archaeovorus uses a large multienzyme surface 

protein containing glycosyl hydrolases and peptidases to degrade the polysaccharide 

components of its prey's outer membrane. After predation, it leaves behind empty cells, as 

observed in Methanothrix (Kizina et al., 2022). 
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The genome of Bdellovibrio bacteriovorus also shows indications for lateral gene transfer and 

is also shaped by mobile genetic elements (Gophna et al., 2006). Mobile genetic elements are 

selfish fragments of DNA that can move within and between genomes and are unable to 

replicate by themselves. These mobile genetic elements include e.g. plasmids, bacteriophages, 

transposons, and group I and group II introns (Lambowitz and Belfort, 1993; Frost et al., 2005). 

Group I introns are self-splicing sequences found in the genomes of bacteria, as well as in the 

nuclear rDNA genes of protists, fungal mitochondria, and bacteriophages (Reinhold-Hurek and 

Shub, 1992; Haugen et al., 2005). Group I introns have also been found in archaea by 

bioinformatics studies based on homology search using covariance models (Nawrocki et al., 

2018). They can self-splice from precursor RNA, leaving the exons joined together and 

avoiding the disruption of the host gene function. On the DNA level, group I introns can transfer 

to intronless alleles of the same gene via a process called “homing”. A homing endonuclease, 

a site-specific endonuclease encoded in some group I introns, recognizes the sequence of the 

intronless gene and cuts a double-strand break in the DNA. The DNA breaks are then repaired 

by the cell's homologous recombination machinery, which uses the intron-containing version 

of the gene as a template. There are four families of homing endonucleases, the Cys box, 

LAGLIDADG, GIY-YIG, and HNH families, which are based on conserved amino acid motifs 

(Haugen et al., 2005; Hausner et al., 2014). Group I introns were found to be relatively rare in 

bacteria. Simikania negevensis and Coxiella burnetii, both of which are obligate intracellular 

pathogens, are suggested to have obtained group I introns in their 23S rRNA genes from 

eukaryotic host cells (Nesbø and Doolittle, 2003). In archaea, group I introns were found in 

multiple archaeal phyla, showing they are broadly distributed across the archaeal domain 

(Nawrocki et al., 2018). In Candidatus Velamenicoccus archaeovorus, a group I intron is 

inserted into the 23S rRNA, encoding a LAGLIDADG/HNH homing endonuclease. This 

enzyme facilitates the mobility of the intron by inducing double-strand breaks in intron-less 

genes, promoting the spread of the intron through homologous recombination (Stoddard, 2005; 

Kizina, 2017). 

 

In this study, the predatory “lifestyle” of Candidatus Velamenicoccus archaeovorus is 

investigated based on transcriptomic data as well as high-resolution micrographs and FISH. 

The hypothesis is proposed that the transcriptome of attached Candidatus Velamenicoccus 

archaeovorus cells differs from that of free-living cells, with differentially expressed genes 
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encoding proteins involved in predatory activity. Of particular interest was confirming a 

previous finding that the bacterial intron can be detected in archaeal cells. 

 

4.2 Material and Methods 
 

Microscopic techniques 

For cell identification and visualization, catalyzed reporter deposition-fluorescence in situ 

hybridization (CARD-FISH) was used (Pernthaler et al., 2004). To increase signal brightness, 

helper oligonucleotides were designed and added for each side of the HRP-labelled OP3-565 

probe. The probes and helper concentrations in the working solution was ~8,4 pmol/µl.  

Table 1: Oligonucleotide probes used for CARD-FISH, targeting Candidatus Velamenicoccus archaeovorus, 

Archaea, and Bacteria. Horseradish peroxidase (HRP). 

Name Sequence (5′–3′) Position Target FA (%) Detection Reference 

OP3-565 TACCTGCCCTTT

ACACCC 

608–626 Candidate OP3 LiM 30 HRP  (Rotaru et al., 

2012) 

ARCH-915 GTGCTCCCCCGC

CAATTCCT 

915–934 Archaea 35 HRP (Stahl and 

Amann, 1991) 

MX825 TCGCACCGTGGC

CGACACCTAGC 

825-847 Methanosaetaceae 50 Atto488 (Raskin et al., 

1994) 

EUB338 I GCTGCCTCCCGT

AGGAGT 

338–355 Most Bacteria 35 HRP (Amann et al., 

1990) 

EUB338 II GCAGCCACCCGT

AGGTGT 

338–355 Planctomycetales 35 HRP (Daims et al., 

1999) 

EUB338 III GCTGCCACCCGT

AGGTGT 

338–355 Verrucomicrobiales 35 HRP (Daims et al., 

1999) 

H548-A AATAAATCCGA

GTAACGC 

590–608 Candidate OP3 LiM 

(helper) 

  (Kizina, 2017) 

H548-C AATCAATCCGA

GTAACGC 

590–608 Candidate OP3 LiM 

(helper) 

  (Kizina, 2017) 

H583-TC CTCCCCACTTGT

CAGGCCGCC 

626–647 Candidate OP3 LiM 

(helper) 

  (Kizina, 2017) 

H583-CT CCTCCCACTTGT

CAGGCCGCC 

626–647 Candidate OP3 LiM 

(helper) 

  (Kizina, 2017) 
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Table 2: Oligonucleotide probes used for CARD-FISH and FISH, targeting the group I intron in Candidatus 

Velamenicoccus archaeovorus. 

Name Sequence (5′–3′) Position Target FA 

(%) 

Detection Reference 

hen1-2235 CCGCCAAGTAGTAG

CCGATT 

2235– 

2255 

Intron in 23S rRNA 

of OP3 LiM 

20 HRP (Kizina, 

2017) 

hen2-2309 AACTTTCCACGGTG

ACTTGT 

2309– 

2329 

Intron in 23S rRNA 

of OP3 LiM 

20 HRP or 

Atto594 

(Kizina, 

2017) 

hen3-2538 TCTTTATCATTTCTG

CCAGTTCG 

2538– 

2561 

Intron in 23S rRNA 

of OP3 LiM 

20 HRP (Kizina, 

2017) 

hen2-rc2309 ACAAGTCACCGTGG

AAAGTT 

2309– 

2329 

Reverse complement 

of hen2 

20 Atto594 (Kizina, 

2017) 

hen2-2309+4bp AAACTTTCCAACGG

TGAACTTGTA 

2309– 

2329 

hen2 + 4 random 

basepairs 

20 Atto594 (Kizina, 

2017) 

 

 

1 mL of the enrichment culture was fixed with formaldehyde (1.3% [wt/vol]) for 60 min at 

room temperature. 1-5 µL of fixed culture were dried on a glass slide and, after drying, rinsed 

carefully with 1 ml of 1× PBS (pH 7.4). Cells were embedded in 0.1 % [wt/vol]) low-melting 

agarose to reduce cell loss during the washing steps. After air drying, permeabilization was 

performed for 60 min at 37°C by lysozyme treatment (10 mg/mL) and proteinase K treatment 

(200 µg/ml) for 2 minutes at room temperature. Endogenous peroxidases were deactivated by 

incubating the samples in 0.1 M HCl for 1 min at RT, washing them with 1x PBS, and 

incubating them in 3% H2O2 for 10 minutes at RT. The probes were hybridized for 160 minutes 

at 46 °C, and for CARD-FISH, signals were amplified by incubating with tyramides (Alexa-

594 for red and Alexa-488 for green) at 46°C for 45 min in the dark, and then the preparation 

was stained with DAPI (1 μg/mL). To visualize lipids and other hydrophobic compounds, the 

cells were stained with Nile Red (5 µg/ml) in PCR water for 15 minutes and washed 2x for 10 

minutes with MilliQ water. Cells were embedded in Citifluor-Vectashield (4:1 [vol/vol]). 

Images were obtained with superresolution structured illumination microscopy (SR-SIM) using 

a confocal laser scanning microscope (CLSM; Zeiss LSM 780, Zeiss, Oberkochen, Germany) 

or an epifluorescence microscope (Nikon Eclipse 50i; Nikon, Tokyo). 
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Transcriptome analysis 

To separate the aggregated cells containing the attached Candidatus Velamenicoccus 

archaeovorus from the small free-living cells, differential centrifugation was performed using 

a SW28 ultracentrifuge rotor (Beckman, Palo Alto, CA). The majority of cells were collected 

in a 10 kS pellet by centrifugation at 7,800 rpm for 20 min (10,000 S). The supernatant was 

centrifuged again at 27,000 rpm (96,467x g) for 160 min (100S) and should contain all cells 

present in the supernatant. This pellet was resuspended in 0.5 ml TE and centrifuged at 12,400 

rpm (16,331x g) for 3 min (10,000 S), resulting in a pellet of 100S aggregates, which contained 

the attached Candidatus Velamenicoccus archaeovorus cells. The 100S cells in the supernatant 

contained very small cells, most of which were the free-living Candidatus Velamenicoccus 

archaeovorus cells. RNA and DNA were extracted using the RNA PowerSoil® Total RNA 

Isolation Kit and the RNA PowerSoil® DNA Elution Accessory Kit (Qiagen, Hilden, 

Germany). NGS sequencing was performed by the Max Planck-Genome-centre Cologne, 

Germany (https://mpgc.mpipz.mpg.de/home/). RNA was analyzed using Illumina HiSeq (150 

bp reads) (Illumina, San Diego, CA, SRA accession SRR30230645 Bioproject 

PRJNA1129558). Large DNA reads representing the 100kS cells were obtained with HiFi reads 

on a PacBio Sequel (Pacific Biosciences, Menlo Park, CA, SRA accession SRR29679608, 

Bioproject PRJNA1129558). For metatranscriptomic analyses, rRNA reads were removed 

using SortMeRNA v4.3.4 (Kopylova et al., 2012). The non-rRNA reads were trimmed with 

quality 30 using bbduk within bbmap v38.93 (https://sourceforge.net/projects/bbmap/) and then 

mapped with Bowtie2 v2.4.4 (Langmead and Salzberg, 2012) onto the genes of proteins 

annotated using Bakta v1.4.2 with its database v3.1 for bacterial genomes (Schwengers et al., 

2021) present in the 10kS cell metagenome. Transcripts per million (TPM) were calculated in 

R using the total mapped reads to a gene. The fold change was calculated by either dividing the 

attached cells TPM (100S aggregates) by the free-living cells (100S cells) or the reverse 

direction. 

 

 

 

 

 

https://mpgc.mpipz.mpg.de/home/
https://sourceforge.net/projects/bbmap/
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4.3 Results and Discussion 
 

4.3.1 Structured illumination micrographs show Candidatus Velamenicoccus 

archaeovorus attached to morphologically different cells 

 

Catalyzed reporter deposition-fluorescence in situ hybridization (CARD-FISH) targeting 

Candidatus Velamenicoccus archaeovorus revealed small coccoid-shaped cells either free-

living or attached to other cells in fluorescent microscopic and confocal laser scanning images 

(Kizina et al., 2022). To obtain additional information, structured illumination microscopy was 

applied. It provides a spatial resolution of approxiamately 100 nanometers (Gustafsson, 2005). 

Using the CARD-FISH probe OP3-565 (Table 1), Candidatus Velamenicoccus archaeovorus 

was imaged attaching to morphologically different cells. Large filaments were annotated as 

Methanothrix filaments based on their morphology and hybridization with probe MX825 (Table 

1), which targets Methanosaetaceae (Figure 1 A, Supplementary figure 3 and 4). Candidatus 

Velamenicoccus archaeovorus formed clusters around round-shaped large cells (Figure 1 B and 

Supplementary figure 1 D-F) and attached also to thin filaments. These long small filaments 

visible in Figure 1 C (Supplementary figure 1 G-I and Supplementary figure 5) can be assigned 

to Anaerolinaceae based on the morphology of described species and the presence of 

Anaerolinaceae genomes LiM8, LiM9, LiM11 and LiM29 (McIlroy et al., 2017).  

Images of the CARD-FISH and DAPI-stained cells display the clusters of small coccoid cells 

surrounding larger round cells, best seen in Figure 1 B (Supplementary figure 1). The CARD-

FISH probe signals (Figure 1 and Supplementary figure 1 B, E, and H) confirm the identity of 

these small cells as Candidatus Velamenicoccus archaeovorus. Notably, the CARD-FISH 

signals of the cells interacting with their prey are brighter compared to the signals from cells 

not in direct contact with other bacteria, indicating a higher ribosome content. The large cells 

have been identified as bacteria by bacterial probe EUB338 I-III (Kizina, 2017). A notable 

feature of the 16S rRNA of Candidatus Velamenicoccus archaeovorus is a sequence that does 

not hybridize in FISH experiments with EUB338 I-III (Rotaru et al., 2012). A combination of 

the CARD-FISH probes Arch-915 and EUB338 I-III (Table 1) amplified with the same 

tyramide demonstrated in combination with OP3-565 that the large cell surrounded by 

Candidatus Velamenicoccus archaeovorus is either an archaeon targeted by Arch-915 or 

bacteria targeted by EUB338 I-III (Figure 2).  
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The large number of Candidatus Velamenicoccus archaeovorus cells around the central cell 

suggests that the cells are actively proliferating. Proliferation requires many resources and 

metabolic activity, which usually results in a larger ribosome content. CARD-FISH signals of 

the attached cells are brighter than the signals of cells that are not attached. This indicates that 

attached cells have higher ribosome contents, which could be due to higher metabolic activity. 

Genome analysis of Candidatus Velamenicoccus archaeovorus revealed that it also has the 

ability to live syntrophic on either hydrogen or formate, indicating that its attachment could 

also be syntrophic or more complex depending on the environment and available resources 

(Kizina, 2017). 

 

 

 



Chapter 4 - New insights into the biology of Candidatus Velamenicoccus archaeovorus 

142 
 

 

Figure 1: Structured illumination micrograph of the limonene-degrading methanogenic enrichment culture 

visualized as a maximum intensity projection. This overlay shows signals of OP3-565 CARD-FISH hybridized 

cells that identify the cells as Candidatus Velamenicoccus archaeovorus (yellow) and DAPI-stained cells (cyan). 

The scale bar is 1 µm. Individual channels are shown in Supplementary figure 1. 
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Figure 2: Epifluorescence micrograph of the limonene-degrading methanogenic enrichment culture. (A) DAPI 

stained cells. (B) Signals of EUBI-III and ARCH-915 CARD-FISH hybridized cells, which identify cells as 

Archaea or Bacteria. (C) Signals of OP3-565 CARD-FISH hybridized cells identify the cells as Candidatus 

Velamenicoccus archaeovorus. (D) Overlay. The scale bar is 10 µm. 

 

4.3.2 Structured illumination micrographs of Nile Red stained cells  

Nile Red is a stain for hydrophobic compounds, including lipids. This stain reveals cell 

structures, like membranes, in more detail, revealing the cell’s volume. Morphologically 

distinct cells could be visualized, revealing the complexity of the limonene-degrading 

methanogenic enrichment culture (Supplementary figure 7). Methanothrix filaments can be 

identified by their characteristic morphology, while small coccoid-shaped cells, consistent with 

the morphology of Candidatus Velamenicoccus archaeovorus, were also visible and observed 

attached to other cells (Supplementary figure 5, 6, and 7). 

In Methanothrix, the filament, as well as the spacer plugs, structures that separate the cells 

within the filament, are stained by the Nile Red (Figure 3, Supplementary figure 2 and 7), 

indicating that these structures also contain larger amounts of hydrophobic compounds. 
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Candidatus Velamenicoccus archaeovorus cells or cell assemblages are attached to the 

filaments, showing a strong OP3-565 signal and strong Nile Red staining (Figure 3, 

Supplementary figure 2 and 3). This indicated that these attached cells are metabolically active 

and predating on the filament. The strong Nile Red staining is indicative of a large amount of 

lipids or other hydrophobic compounds. More Candidatus Velamenicoccus archaeovorus cells 

with weaker CARD-FISH signals were also attached to the filament and Candidatus 

Velamenicoccus archaeovorus cells in the free-living state were detected with even weaker 

signals (Figure 3 and Supplementary figure 2 and 3). The Nile Red stained area in the images 

was larger than the probe-stained area of the cells. This suggested that the tyramide dye was 

preferentially labeling intracellular targets.  
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Figure 3: Structured illumination micrograph of the limonene-degrading methanogenic enrichment culture 

visualized as a maximum intensity projection. Nile Red stained hydrophobic compounds (red), signals of OP3-

565 CARD-FISH hybridized cells, which identify the cells as Candidatus Velamenicoccus archaeovorus (green) 

and DAPI stained cells (blue), are shown in this overlay. The scale bar is 10 µm. Individual channels are shown in 

Supplementary figure 2. 
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4.3.3 SR-SIM images visualize the presence of a predator group I intron molecule in 

prey cells 

 

The group I intron containing a homing endonuclease inserted in the 23S rRNA of the 

Candidatus Velamenicoccus archaeovorus was targeted using CARD-FISH probes hen2-2309 

(Figure 4 and Supplementary figure 8) as well as hen1-2235 and hen3-2538 (Figure 6 and 

Supplementary figure 9). The probe hen2-rc2309 is the reverse complement of the probe hen2-

2309 (Table 2), which also targets the intron and was used as a control (Figure 6 and 

Supplementary figure 9). The probe hen2-2309 (Table 2) showed clear signals within cells of 

Methanothrix filaments as well as in other cells within the community (Figure 4 and 

Supplementary figure 8). Some of the Methanothrix cells with a hen2-2309 had Candidatus 

Velamenicoccus archaeovorus cells attached to them. The modified probe, hen2-2309+4bp 

(Table 2), with four additional random base pairs, was initially not expected to bind the target 

site. However, signals were still observed in some cells hybridized with hen2-2309+4bp (Figure 

5 and Supplementary figure 10). These unexpected signals may result from partial binding of 

the probe, possibly influenced by secondary structures at the intron target site. 

The probes hen1-2235 and hen3-2538 (Table 2) target different regions of the intron and also 

revealed signals within cells of Methanothrix filaments, which have small cells attached to them 

(Figure 6 and Supplementary figure 9). The cells positive with the hen1-2235 and hen3-2538 

signals did not show any signals of the probe hen2-rc2309, the reverse complement of hen2-

2309 (Figure 6 and Supplementary figure 9). This indicates that the probes targeting the intron 

specifically bind to the intron's sequence, and the observed signals are not due to nonspecific 

binding of the probes. Furthermore, the whole cell is stained, indicating that multiple copies of 

the intron are present within the cells within Methanothrix filaments. Possibly, these are cells 

to which Candidatus Velamenicoccus archaeovorus has attached and into which the intron was 

passed. An alternative explanation is the uptake of extracellular intron RNA, however, this 

process likely needs energy and intact cells. The occurrence of the intron primarily in dead cells 

indicated a strong link to the physical interaction during predation.  

Mobile genetic elements, specifically group I introns, have been described to have a potential 

for horizontal gene transfer (Hausner et al., 2014). Spreading into new hosts is a hallmark of 

introns. During the attack on Methanothrix cells by Candidatus Velamenicoccus archaeovorus, 

some cells may die, potentially hindering the intron’s ability to insert itself into new sequences. 

However, since the intron can self-splice, it might still find a new host outside the dead cells. 
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There is no evidence that intron RNA manipulates host metabolism, as it leaves the host’s genes 

functional. Currently, there is no support for a role of introns in the predation mechanism of 

Candidatus Velamenicoccus archaeovorus. Although it is known that non-coding RNA 

molecules can have an inhibitory action on the prey metabolism by modulating gene expression 

or interfering with essential metabolic pathways. These non-coding RNA molecules are also 

present in extracellular RNA (Ghosal et al., 2015; Pita et al., 2020; Tosar et al., 2021; Borniego 

and Innes, 2023). 

 



Chapter 4 - New insights into the biology of Candidatus Velamenicoccus archaeovorus 

148 
 

 

Figure 4: Structured illumination micrograph of the limonene-degrading methanogenic enrichment culture 

visualized as a maximum intensity projection. Signals of hen2-2309 -CARD-FISH, targeting the group I intron 

found in the 23S rRNA of OP3 LiM (magenta), signals of OP3-565 CARD-FISH hybridized cells which identify 

the cells as Candidatus Velamenicoccus archaeovorus (yellow) and DAPI stained cells (cyan) are shown in this 

overlay. The scale bar is 5 µm. Individual channels are shown in Supplementary figure 8. 
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Figure 5: Structured illumination micrograph of the limonene-degrading methanogenic enrichment culture 

visualized as a maximum intensity projection. Signals of hen2-2309+4bp signals, probe targeting the intron in the 

23S rRNA of OP3 LiM with four random basepairs (magenta), signals of EUBI-III and ARCH-915 CARD-FISH 

hybridized cells, which identify cells as Archaea or Bacteria (yellow) and DAPI stained cells (cyan) are shown in 

this overlay. The scale bar is 1 µm. Individual channels are shown in Supplementary figure 10. 
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Figure 6: Structured illumination micrograph of the limonene-degrading methanogenic enrichment culture 

visualized as a maximum intensity projection. Signals of hen1-2235 and hen3-2538 CARD-FISH signals, targeting 

the intron in the 23S rRNA of OP3 LiM (yellow), hen2-rc2309 reverse complement signal (magenta), and DAPI 

stained cells (cyan) are shown in this overlay. The scale bar is 1 µm. Individual channels are shown in 

Supplementary figure 9. 
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4.3.4 Transcriptomic analysis of Candidatus Velamenicoccus archaeovorus 

 

Transcriptomes of the 100kS pellet with large cells and attached small cells and of the 100S 

cells comprising small cells were compared. The datasets comprised 1239904 (100kS pellet) 

and 888607 (100S cells) reads, of which 796976 (100kS pellet) and 119346 (100S cells) 

mapped to protein sequences in the genome of Candidatus Velamenicoccus archaeovorus, 

respectively. 

Free-living Candidatus Velamenicoccus archaeovorus  

The metatranscriptomic analysis of the 100S cells fraction containing Candidatus 

Velamenicoccus archaeovorus in a free-living state revealed 203 proteins with at least two-fold 

higher expression level. The annotation of these genes revealed a participation in a variety of 

stress responses.  

Nutrient acquisition and membrane transport by beta-barrel outer membrane pore 
 
Free-living Candidatus Velamenicoccus archaeovorus cells transcribe an 18-strand beta-barrel 

outer membrane pore almost 4 times as much as attached cells (Figure 7). These proteins are 

often substrate-specific. The OpdK protein from Pseudomonas aeruginosa has an 18-stranded 

beta-barrel with a pore size of approximately 8 Å and is involved in the transport of small acids 

(Biswas et al., 2008). In Myxococcus xanthus, an 18-strand β-barrel pore is involved in 

exporting large molecules like polysaccharides from the periplasm to the extracellular 

environment, which is important for biofilm formation and surface motility (Schwabe et al., 

2022). In Escherichia coli and Pseudomonas aeruginosa, outer membrane proteins play a 

crucial role in adhesion to epithelial cells. Similarly, Acinetobacter baumannii, a pathogen 

responsible for pneumonia, uses outer membrane pores to invade epithelial cells (Krishnan and 

Prasadarao, 2012). 

Although these examples involve bacteria that are pathogenic to humans and attack epithelial 

cells, they illustrate that outer membrane pores can be involved in adhesion and invasion 

processes. In free-living Candidatus Velamenicoccus archaeovorus, the increased transcription 

of these pores might allow the bacterium to quickly attach to prey bacteria. Additionally, these 

outer membrane pores could be used to acquire nutrients from the environment, which is 

important for survival during periods of nutrient deprivation. 
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The upregulated membrane-associated protein with peptidoglycan-binding domains OmpA and 

LysM is also involved in nutrient acquisition. The outer membrane protein A (OmpA) is an 

eight-stranded beta-barrel protein that has been studied in Gram-negative bacteria and is known 

for its role in multiple processes, including membrane stability, biofilm formation, and infecting 

other cells (Smith et al., 2007). OmpA stabilizes the bacterial outer membrane by anchoring it 

to the peptidoglycan layer, resulting in stability of the cell and protection against environmental 

stresses (Park et al., 2012; Samsudin et al., 2016; Paulsson et al., 2021). In Acinetobacter 

baumannii, OmpA facilitates biofilm formation and is indicated to be a factor involved in 

adherence to epithelial cells as well as fungal filaments (Gaddy et al., 2009). In Escherichia 

coli, OmpA has been linked to virulence by assisting bacterial adhesion to and invasion of host 

cells (Wu et al., 2009). These studies show the versatility of OmpA and its upregulation in free-

living Candidatus Velamenicoccus archaeovorus could improve its cell’s stability, making it 

more resistant to environmental stressors. It could also be involved in the attachment to other 

cells, as free-living cells would be ready to attach quickly to their prey when they find it. In 

pathogenic bacteria, LysM domains can bind to the peptidoglycan of host cell walls and act as 

virulence factors, as it has been described in pathogens, e.g., Staphylococcus aureus (Buist et 

al., 2008; Mesnage et al., 2014). 

Sensing the environment and stress response 

A histidine kinase and an anti-sigma factor antagonist showed a 3- to 4-fold upregulation in 

expression in free-living Candidatus Velamenicoccus archaeovorus (Figure 7). Proteins like 

the histidine kinase are involved in signal transduction, sensing, and adapting to different 

factors in the environment (Bhate et al., 2015). The anti-sigma factor antagonist plays a role in 

regulating stress responses in Gram-negative bacteria by modulating the activity of sigma 

factors, which control the expression of stress-response genes. These antagonists bind to anti-

sigma factors, releasing sigma factors to activate transcription of genes (Bastiaansen et al., 

2017; Bishop et al., 2017). A protein annotated as sporulation initiation phosphotransferase F 

and likely shifting cells into dormancy is upregulated in free-living Candidatus 

Velamenicoccus archaeovorus. While sporulation is traditionally associated with Gram-

positive bacteria, e.g., Bacillus subtilis, recent studies indicate that some Gram-negative 

bacteria are also able to form spore-like structures or enter dormancy when environmental 

conditions become unfavorable (Stephenson and Hoch, 2002; Tocheva et al., 2013). For 

example, the predatory Gram-negative bacterium Myxococcus xanthus is known to form stress-

resistant structures called myxospores in response to nutrient limitation or other environmental 

stressors (Kaiser et al., 2010). Studies on Enterobacter species, Klebsiella pneumoniae, and 
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Escherichia coli have shown that these bacteria can enter a reversible dormant state in response 

to stress, such as osmotic pressure (Sachidanandham and Yew-Hoong Gin, 2009). Therefore, 

the upregulation of the sporulation initiation phosphotransferase F in free-living Candidatus 

Velamenicoccus archaeovorus cells may indicate its involvement in a stress response 

mechanism, potentially contributing to dormancy as a response to a nutrient-limited 

environment. The anti-sigma factor antagonist, histidine kinase, as well as the sporulation 

initiation phosphotransferase F upregulated in the free-living cells underline their stressed state, 

likely due to nutrient limitation. 

The upregulation of the site-specific DNA-methyltransferase (Figure 7), suggests that DNA is 

methylated to protect it, which could be beneficial for survival under nutrient-deprived 

conditions. Methylation protects bacterial DNA from oxidative stress or other environmental 

damage, ensuring genetic stability. It can also change the expression pattern of genes, letting 

the cells adapt to changing environmental conditions (Nye et al., 2020; Ramaloko and Osei 

Sekyere, 2022). 

Ribosome recycling factors, also upregulated in the free-living Candidatus Velamenicoccus 

archaeovorus (Figure 7), are involved in the final step of protein synthesis, known as ribosome 

recycling. Without ribosome recycling, ribosomes would remain bound to the mRNA and 

tRNA, wasting cellular resources and energy. By facilitating the release of mRNA and tRNA, 

ribosome recycling factors help cells avoid unnecessary translation and make ribosomes 

available for new protein synthesis. Under conditions where nutrients are limited these factors 

might contribute to the survival of the cells by saving resources (Kiel et al., 2007).  

The upregulation of phage tail fiber protein and phage minor tail protein in free-living predatory 

bacteria may reflect an adaptive response, possibly linked to a secretion system that shares 

structural similarities with bacteriophage tails. These proteins might assist as attachment 

molecules in predation. This upregulation may help the bacterium remain prepared for 

interactions with prey (Pukatzki et al., 2007).  

The filamentation induced by cAMP protein Fic, also upregulated in free-living cells, has been 

shown to be involved in a variety of processes. In pathogenic bacteria, they are involved in 

disarming host defenses by modifying host GTPases through AMPylation. They are also part 

of toxin-antitoxin systems, which are stress response mechanisms in bacteria. These systems 
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allow the bacteria to enter a dormant state to survive harsh conditions (Cruz and Woychik, 

2014). 

Overall, the upregulated expression of these proteins coincides with the 'dormancy' of free-

living cells, as observed by decreased ribosome content in FISH images. These 'free-living' 

cells are not attached to prey and have to survive in a nutrient-deprived state by reducing their 

metabolic activity, protecting their DNA as well as sensing their environment for nutrients or 

prey. They also need to remain prepared to attack prey when it becomes available and 

transport nutrients into the cell. 

 

Figure 7: Logarithmic fold change of transcripts per million (TPM) of free-living vs. attached Candidatus 

Velamenicoccus archaeovorus cells. 
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Attached-living Candidatus Velamenicoccus archaeovorus 

Attachment and motility 

In Candidatus Velamenicoccus archaeovorus, the upregulated proteins involved in type IV pili 

assembly are possibly involved in attaching to the prey, even inserting components into the 

prey. In Bdellovibrio bacteriovorus, type IV pili are involved in predation by helping the 

predator attach to prey cells (Chanyi and Koval, 2014). Proteins such as PilE, PilM, and PilO 

are essential for pilus biogenesis, enabling the formation and extension of type IV pili. PilT, an 

ATPase also present in Candidatus Velamenicoccus archaeovorus, allows the retraction of pili, 

enabling bacteria to pull themselves towards their target, a process known as “twitching 

motility” (Mattick, 2002; Giltner et al., 2010). Prepilin-type cleavage proteins process precursor 

pilins, preparing them for integration into functional pili (Dupuy and Pugsley, 1994). In 

pathogens, type IV pili are involved in adhesion to host tissues and can also be cytotoxic, 

potentially delivering toxins to host cells via secretion systems (Nudleman and Kaiser, 2004).  

In attached Candidatus Velamenicoccus archaeovorus, upregulated proteins annotated as stator 

proteins MotB, MotD, and the M-ring protein are usually involved in the anchoring the bacterial 

flagellum to the cell membrane (Figure 8). However, in non-flagellated bacteria, these proteins 

can also facilitate ion transport and may contribute to other membrane-associated processes, 

potentially facilitating nutrient transport (Takekawa et al., 2021).  

Proteins involved in secretion systems, like alkaline protease secretion protein AprF, type II/IV 

secretion system ATP hydrolase TadA/VirB11/CpaF, TadA subfamily, type II secretion system 

core protein G, and protein-export membrane protein SecG are also upregulated in attached 

Candidatus Velamenicoccus archaeovorus (Figure 8). In Pseudomonas aeruginosa, a secreted 

protease contributes to its virulence by degrading host proteins (Filloux, 2011). The cell-

contact-dependent killing of Myxococcus xanthus relies on a combination of Tad- and type III-

like protein secretion systems, which work together to induce prey cell death and lysis (Thiery 

et al., 2022). In attached Candidatus Velamenicoccus archaeovorus cells, these upregulated 

proteins could be involved in similar mechanisms, such as attaching to prey as well as secreting 

compounds into the prey cell. 
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The 23S rRNA is upregulated in the attached fraction of cells, likely due to the presence of a 

group I intron within its sequence, which includes a homing endonuclease. This intron-

containing sequence was not recognized as rRNA during bioinformatics analysis and, therefore, 

was not filtered out. The upregulation of the 23S rRNA may be attributed to the presence of the 

intron in Candidatus Velamenicoccus archaeovorus and its prey, e.g., Methanothrix, leading to 

a higher number of transcripts mapping to the 23S rRNA region. These mobile genetic elements 

are ribozymes capable of excising themselves from RNA transcripts. Given that the intron has 

been observed in prey cells, it might play a role in a predatory mechanism (Nielsen and 

Johansen, 2009). 

 

Furthermore, proteins involved in cell wall degradation are upregulated as well in attached 

Candidatus Velamenicoccus archaeovorus, like the N-acetylmuramoyl-L-alanine amidase, 

polysaccharide deacetylase, Peptidoglycan D,D-transpeptidase MrdA and Peptidoglycan-N-

acetylglucosamine deacetylase. The N-acetylmuramoyl-L-alanine amidase is known to be able 

to degrade peptidoglycan (Vermassen et al., 2019), and the polysaccharide deacetylase ensures 

the proper localization and function of the Type IV secretion in Legionella pneumophila 

allowing it to manipulate host cellular processes (Boamah et al., 2023). Bdellovibrio 

bacteriovorus uses a peptidoglycan-D,D-transpeptidase, to modify its prey’s cell wall, making 

it stable for it to replicate within the prey’s periplasm (Kuru et al., 2017). In Streptococcus 

pneumoniae, the peptidoglycan N-acetylglucosamine deacetylase modifies the bacterial cell 

wall's peptidoglycan, making it more resistant to lysozyme degradation, a possible defense 

mechanism of the prey cell (Vollmer and Tomasz, 2002). 

Outer membrane efflux proteins are part of a tripartite exporter of cytosolic compounds. Its 

primary task is to transport any dangerous compound out of the cell (Kumawat et al., 2023). 

This makes it a potential defense mechanism for Candidatus Velamenicoccus archaeovorus 

(Figure 8). It could also transport compounds to the outside, which harm or weaken the prey. 

The ABC transporter ATP-binding protein is involved in transporting a variety of substrates, 

including substrates, across the cytoplasmatic membrane (Akhtar and Turner, 2022). These 

could play a role in acquiring nutrients, which then allows Candidatus Velamenicoccus 

archaeovorus to proliferate.  

The cell division protein FtsB is involved in cell division, indicating that Candidatus 

Velamenicoccus archaeovorus has enough nutrients and energy to proliferate, as can also be 

seen in the SR-SIM images (Figure 1) (Kureisaite-Ciziene et al., 2018). 
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Overall, the attached Candidatus Velamenicoccus archaeovorus cells express proteins 

involved in cell membrane degradation, proteins for the uptake of nutrients, and proteins 

indicating proliferation and metabolic activity (Figure 8). This is consistent with SR-SIM 

images, which show brighter CARD-FISH signals for attached cells, reflecting their higher 

metabolic activity. 

 

Figure 8: Logarithmic fold change of transcripts per million (TPM) of attached vs. free-living Candidatus 

Velamenicoccus archaeovorus cells 
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Supplementary material 
 

 

 

Supplementary figure 1: Structured illumination micrograph of the limonene-degrading methanogenic enrichment 

culture visualized as a maximum intensity projection. (A, D, and G) DAPI stained cells. (B, E, and H) Signals of 

OP3-565 CARD-FISH hybridized cells, which identify the cells as Candidatus Velamenicoccus archaeovorus. (C, 

F and I) Overlays of the OP3-565 CARD-FISH and DAPI signals. Scale bar is 1 µm. 
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Supplementary figure 2: Structured illumination micrograph of the limonene-degrading methanogenic enrichment 

culture visualized as a maximum intensity projection. (A) Nile Red stained hydrophobic compounds. (B) Signals 

of OP3-565 CARD-FISH hybridized cells which identify the cells as Candidatus Velamenicoccus archaeovorus. 

(C) DAPI stained cells. (D) Overlay. Scale bar is 10 µm. 
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Supplementary figure 3: Structured illumination micrograph of the limonene-degrading methanogenic enrichment 

culture visualized as a maximum intensity projection. (A) Nile Red stained hydrophobic compounds. (B) Signals 

of OP3-565 CARD-FISH hybridized cells which identify the cells as Candidatus Velamenicoccus archaeovorus. 

(C) DAPI stained cells. (D) Overlay of DAPI and OP3-565 CARD-FISH. Scale bar is 1 µm. 
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Supplementary figure 4: Structured illumination micrograph of the limonene-degrading methanogenic enrichment 

culture visualized as a maximum intensity projection. (A) Nile Red stained hydrophobic compounds. (B) Signals 

of MX825 hybridized cells which identify the cells as Methanothrix. (C) DAPI stained cells. (D) Overlay. Scale 

bar is 1 µm. 
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Supplementary figure 5: Structured illumination micrograph of the limonene-degrading methanogenic 

enrichment culture visualized as a maximum intensity projection. (A) DAPI stained cells. (B) Nile Red stained 

hydrophobic compounds. (C) Overlay. Scale bar is 1 µm. 
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Supplementary figure 6: Structured illumination micrograph of the limonene-degrading methanogenic enrichment 

culture visualized as a maximum intensity projection. (A) DAPI stained cells. (B) Nile Red stained hydrophobic 

compounds. (C) Overlay. Scale bar is 1 µm. 
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Supplementary figure 7: Structured illumination micrograph of the limonene-degrading methanogenic enrichment 

culture visualized as a maximum intensity projection. Different morphologies are visible, visualizing the 

complexity of the enrichment culture. (A) DAPI stained cells. (B) Nile Red stained hydrophobic compounds. (C) 

Overlay. Scale bar is 1 µm. 



Chapter 4 - New insights into the biology of Candidatus Velamenicoccus archaeovorus 

172 
 

 

Supplementary figure 8: Structured illumination micrograph of the limonene-degrading methanogenic enrichment 

culture visualized as a maximum intensity projection. (A) DAPI stained cells. (B) Signals of hen2-2309 -CARD-

FISH targeting the group I intron found in the 23S rRNA of OP3 LiM. (C) Signals of OP3-565 CARD-FISH 

hybridized cells, which identify the cells as Candidatus Velamenicoccus archaeovorus (D) Overlay. Scale bar is 5 

µm. 
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Supplementary figure 9: Structured illumination micrograph of the limonene-degrading methanogenic enrichment 

culture visualized as a maximum intensity projection. (A) DAPI stained cells. (B) hen1-2235 and hen3-2538 

CARD-FISH signals, targeting the intron in the 23S rRNA of OP3 LiM. (C) hen2-rc2309 reverse complement 

signal. (D) Overlay of the hen1-2235 and hen3-2538, hen2-rc2309 and DAPI signals. Scale bar is 1 µm. 
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Supplementary figure 10: Structured illumination micrograph of the limonene-degrading methanogenic 

enrichment culture visualized as a maximum intensity projection. (A) DAPI stained cells. (B) hen2-2309+4bp 

signals, probe targeting the intron in the 23S rRNA of OP3 LiM with 4 random basepairs. (C) Signals of EUBI-III 

and ARCH-915 CARD-FISH hybridized cells which identify cells as Archaea or Bacteria. (D) Overlay. Scale bar 

is 1 µm. 
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Chapter 5: Discussion 
 

In this study, a limonene-degrading methanogenic enrichment culture was characterized, and 

a metagenome-assembled genome (MAG) assigned to the Syntrophobacteraceae family was 

identified as responsible for the initial step of limonene degradation. Additionally, the 

predatory bacterium Candidatus Velamenicoccus archaeovorus, a known member of this 

enrichment culture, was visualized. Analyzing the lifestyle of Candidatus Velamenicoccus 

archaeovorus added a new trophic level to this bacterium, shown to prey on Methanothrix and 

on other microorganisms. 

 

 

5.1 Trophic interactions in the limonene-degrading methanogenic 
enrichment culture  

The microbial community in the limonene-degrading methanogenic enrichment culture 

demonstrates a complex trophic structure, with key physiologies shown in Figure . The primary 

degrader, identified as Syntrophobacteraceae LiM6, initiates limonene degradation, and 

eventually, with other syntrophs, produces key intermediates such as acetate, formate, 

hydrogen, and carbon dioxide. Acetate is utilized by the acetoclastic methanogen Methanothrix 

soehngenii LiM3, while formate and hydrogen are consumed by methanogens such as 

Methanoregula LiM1, Methanoculleus LiM2, and Methanospirillum LiM14. Biomass 

generated by these processes is the basis for a new trophic level, the predation by Candidatus 

Velamenicoccus archaeovorus, which preys on the filamentous methanogens like Methanothrix 

soehngenii and other microorganisms, lysing and consuming cell mass. Fermenters like 

Lentimicrobium LiM4, Anaerolineaceae LiM8, LiM9, and LiM11, Aminobacteriaceae LiM16, 

and Mesotoga LiM7 ferment amino acids and sugars derived from cell material to produce 

alcohols and fatty acids. These substrates are then utilized by syntrophs (e.g., Syntrophales 

LiM10), contributing to the production of hydrogen, acetate, formate, and carbon dioxide, thus 

closing the microbial loop within the limonene-degrading methanogenic enrichment culture 

(Figure 1). The focus of this study was on the initial limonene degradation by 

Syntrophobacteraceae and the predatory behavior of Candidatus Velamenicoccus 

archaeovorus, elucidating their roles within the microbial community. The roles of other 

community members were described based on metatranscriptomic and metaproteomic data, as 
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well as their metabolic similarities to relatives in other methanogenic cultures or other 

environments. 

  

 

 

Figure 1: Overview of the main physiologies in the limonene-degrading methanogenic enrichment culture. 

Limonene is initially degraded by LiM6 (Syntrophobacteraceae), producing formate, acetate, hydrogen, and CO2 

utilized by methanogens to produce methane and CO2. Biomass is lysed and degraded by, e.g., Candidatus 

Velamenicoccus archaeovorus. The resulting dissolved organic matter (DOM) is fermented, and the products (fatty 

acids and alcohols) are again used by syntrophs to produce acetate, hydrogen, formate, and CO2. These compounds 

are consumed by methanogens that convert them into methane and CO2, closing the microbial loop.  

 

5.2 Necromass in methanogenic communities and its consumers 
 

Necromass, the dead microbial biomass, represents a reservoir of organic matter that can 

support a variety of microorganisms, especially in energy-limited environments such as 

methanogenic systems. This necromass consists of proteins, carbohydrates, and other 

biopolymers released from dead cells and serves as a critical source of nutrients and energy 
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for other microorganisms (Dong et al., 2018). In the limonene-utilizing enrichment culture, it 

primarily originates from the predatory behavior of Candidatus Velamenicoccus 

archaeovorus, which attaches to and attacks other cells, consuming them but also releasing 

necromass into the system (Figure 2). 

The degradation of necromass is further carried out by hydrolytic and fermentative bacteria 

that break down complex macromolecules like proteins, lipids, and polysaccharides into 

simpler compounds. In the limonene-degrading methanogenic enrichment culture presented 

here, necromass degradation likely plays a significant role by providing substrates for various 

community members, introducing another trophic level to the community. This process not 

only recycles biomass but also creates niches for other bacteria to thrive, increasing the 

complexity and stability of the microbial ecosystem (Bradley et al., 2018). 

 

 

Figure 2: Thin section TEM images of an aged limonene-degrading enrichment culture showing a large amount of 

cell membrane remains. Small, coccoid-shaped cells were assigned to Candidatus Velamenicoccus archaeovorus 

based on morphology, which were still intact. Scale bar is 500 nm (Kizina et al., 2022). 

Members of Anaerolineaceae have been described to be involved in the degradation of 

carbohydrates and cellular components, such as amino acids, producing metabolites like 
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acetate and hydrogen. These products are crucial for methanogens, supporting syntrophic 

interactions within the microbial community (Yamada et al., 2005). 

In the limonene-degrading methanogenic enrichment culture, members of the Anaerolineaceae 

family (LiM8, LiM9, and LiM11) may perform similar metabolic roles as reported in previous 

studies. The detection of glycerol kinase in the metaproteome in all three members and 

dihydroxyacetone kinase subunits in LiM9 and LiM11 suggests the potential use of glycerol, 

likely derived from the lipid membranes of dead cells, as a substrate (Vizoso Pinto et al., 2004; 

Gonzalez et al., 2008; Sohlenkamp and Geiger, 2015). The metaproteomic detection of 

maltodextrin-binding protein in Anaerolineaceae LiM8 and LiM11, as well as an ATP-

dependent 6-phosphofructokinase detected in Anaerolineaceae LiM9, indicates that 

carbohydrates are also utilized as substrates. Furthermore, the ATP-dependent 6-

phosphofructokinase, glycerol kinase as well as the dihydroxyacetone kinase subunits are 

indicative of fermentative metabolism (Hansen et al., 2002; Clomburg et al., 2022). This 

suggests that members of Anaerolineaceae may play a key role in fermenting available 

substrates derived from necromass producing metabolites that sustain methanogenic processes. 

A member of the genus Lentimicrobium LiM4, present in the limonene-degrading 

methanogenic enrichment culture, may be involved in fermenting carbohydrates. A starch-

binding protein associating with the outer membrane was detected in the metaproteome, which 

in other members of the Bacteroidota phylum, is involved in the binding of starch (Tuson et 

al., 2018). The fructose-bisphosphate aldolase detected in Lentimicrobium LiM4 is involved in 

glycolysis and the pyruvate:ferredoxin oxidoreductase is involved in fermentation, indicating 

that it ferments carbohydrates possibly derived from the necromass in the enrichment culture 

(Ma et al., 1997; Shams et al., 2014). Other members of the genus Lentimicrobium have also 

been described to ferment glucose, ribose, sucrose, maltose, mannose, pyruvate, and starch, 

producing metabolites such as acetate, malate, propionate, formate, and hydrogen (Sun et al., 

2016). 

In Aminidesulfovibrio aminophilus LiM27 (formerly known as Desulfovibrio aminophilus) 

multiple proteins like amino acid ABC transporter substrate-binding protein, branched-chain 

amino acid ABC transporter substrate-binding protein and alanine dehydrogenase indicate that 

it takes up and ferments amino acids, which are probably derived from the necromass. 

Aminidesulfovibrio aminophilus has been shown to ferment amino acids like serine, glycine, 

and cysteine in the absence of sulfate, producing acetate and propionate, further supporting the 

syntrophic interactions within the culture (Baena et al., 1998). 
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Spirochaetes (LiM30, LiM13 and LiM20) are well-adapted to scavenge and contributing to the 

degradation of necromass, which is underlined by the metaproteomic detection of D-galactose-

binding periplasmic protein (LiM13), D-ribose transporter subunit (LiM13), peptide ABC 

transporter substrate-binding protein (LiM13) and branched-chain amino acid ABC transporter 

substrate-binding protein (LiM13). The proteins involved in these processes were detected in 

the metaproteome in the Spirochaete LiM13 indicating that it is more active in necromass 

degradation than Spirochaete LiM30 and LiM20. 

 

Especially in hydrocarbon-contaminated environments, Spirochaetes have been shown to 

ferment proteins and carbohydrates, producing acetate, ethanol, and hydrogen, which serve as 

key metabolites for other microbial processes, such as sulfate reduction by Desulfobacterium 

species. This metabolic interaction highlights the role of Spirochaetes in necromass recycling 

and maintaining the flow of nutrients and electron donors within anaerobic microbial 

communities (Dong et al., 2018). 

 

5.3 Comparison with other methanogenic hydrocarbon-degrading 
communities 
 

Across diverse hydrocarbon-degrading methanogenic environments, the archaeal communities 

responsible for methane production, for example Methanothrix, Methanoculleus, and 

Methanomicrobiales, remain relatively consistent regardless of the hydrocarbon substrate. 

In contrast, the bacterial populations in these communities show diverse compositions 

depending on the specific hydrocarbons involved. For instance, Smithella species have been 

identified as the primary degraders of n-alkanes under methanogenic conditions (Ji, Liu, et al., 

2020; Ji, Zhou, et al., 2020). A toluene-degrading methanogenic enrichment culture inoculated 

from anoxic sediment from a gas condensate-contaminated aquifer identified 

Desulfosporosinus as the primary degrader of toluene. Desulfosporosinus activates the toluene 

via fumarate addition. Along with other syntrophic bacteria like Syntrophaceae and 

Desulfovibrionales, hydrogen, formate, and acetate were produced and used by methanogens 

to produce methane (Fowler et al., 2014). A naphthalene-degrading methanogenic enrichment 

culture originally established from oil reservoir production waters identified an unclassified 
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species of Clostridiaceae as the primary degrader of naphthalene (Toth et al., 2018). The 

naphthalene is activated via carboxylation, leading to CoA-thioesterification and further 

degradation. Additionally, bacteria belonging to Desulfuromonadales were suggested to play a 

potential but unclear role in naphthalene degradation (Toth et al., 2018). A methanogenic 

microbial community enriched from environments contaminated with various polycyclic 

aromatic hydrocarbons was studied for its ability to degrade specific compounds such as 

naphthalene, 2-methylnaphthalene, phenanthrene, and anthracene under methanogenic 

conditions. Distinct microbial profiles were observed depending on the type of hydrocarbon. 

Naphthalene and 2-methylnaphthalene favored bacteria such as Alicycliphilus and Thauera, 

while Methanomethylovorans and Methanobacterium dominated among the methanogens. The 

degradation of naphthalene and 2-methylnaphthalene likely occurred through carboxylation, 

producing intermediates such as 2-naphthoic acid (Ye et al., 2019).  

 

Microbial limonene degradation has been studied in a horizontal-flow anaerobic bioreactor 

inoculated with anaerobic sludge sourced from a poultry slaughterhouse wastewater treatment 

system (Pozzi et al., 2024). The bioreactors contained three different support media, coal, 

polyurethane foam, and gravel, which provided surfaces for microbial communities to attach 

and grow. As the experimental setup of this experiment might allow traces of oxygen to be 

present, for example as oxygen was not removed from the limonene by degassing, this system 

is not directly comparable to the anaerobic enrichment culture of this study. Therefore, it can 

be viewed as a transition system to oxic systems with minimal traces of oxygen. The microbial 

community degrading the limonene was dominated by Synergistetes (43–57%), Proteobacteria 

(32–42%), Firmicutes (7–8%), and Acidobacteria (2–3%), while Actinobacteria, 

Bacteroidetes, and Chloroflexi appeared in lower abundances (1–2%). Synergistaceae was the 

most prevalent family across all these support media, indicating its importance in the microbial 

consortium, though the specific role of Synergistaceae in limonene degradation is less clear. 

This family is generally involved in syntrophic interactions, assisting in the breakdown of 

complex organic molecules by producing intermediates like hydrogen and acetate. The primary 

degradation of limonene was attributed to Pseudomonas species (10.6–18.4%) due to their 

metabolic versatility. Pseudomonas species are known for their metabolic versatility and 

Pseudomonas putida as well as Pseudomonas fluorescens have been shown to be able to 

metabolize limonene aerobically (Chatterjee and Bhattacharyya, 2001; Bicas et al., 2008). They 

likely initiated the breakdown of limonene through pathways that involve enzymes capable of 
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transforming terpenes, although the study does not explicitly identify the specific enzymes 

involved in limonene degradation. However, other studies suggest that enzymes such as 

limonene monooxygenase or cytochrome P450 enzymes are often involved in the initial 

oxidation of limonene to more degradable intermediates like p-cymene (Harder and Probian, 

1995; Eaton, 1997). Although syntrophic interactions between bacteria and methanogenic 

archaea, such as Methanothrix and Methanospirillum, were involved in the process, methane 

production remained low in the bioreactor. This was possibly due to the incomplete anaerobic 

digestion of limonene, with intermediate compounds like p-cymene accumulating in the system 

and possibly inhibiting full conversion to methane (Trujillo-Reyes et al., 2024). Despite 

achieving over 95% limonene removal, methane generation was minimal in the horizontal-flow 

anaerobic bioreactor (Pozzi et al., 2024). 

The limonene-degrading methanogenic enrichment culture shows both similarities and unique 

differences compared to other hydrocarbon-degrading methanogenic communities. Like other 

systems, it involves syntrophic interactions between bacteria and methanogens, with primary 

degraders breaking down the hydrocarbon and producing intermediates such as hydrogen, 

formate, and acetate that methanogens, like Methanothrix and Methanospirillum, metabolize to 

methane. However, a key distinguishing feature of this culture is the presence of Candidatus 

Velamenicoccus archaeovorus, a predatory bacterium, which introduces a novel trophic level 

not observed in other systems. This predatory interaction adds complexity to the ecosystem, 

creating new ecological niches that can influence the structure and function of the microbial 

community. While it shares core methanogenic and syntrophic processes with other 

hydrocarbon-degrading communities, the unique trophic dynamics make this system 

particularly interesting. 
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5.4 Novel insights into anaerobic limonene degradation under methanogenic 

conditions  
 

Within the limonene-degrading methanogenic enrichment culture, a novel enzyme, 

limonenylsuccinate synthase, and pathway were disclosed, shedding new light on the 

biochemical processes that catalyze anaerobic terpene degradation. While limonene 

degradation has previously been observed under denitrifying conditions, for example by 

enzymes such as limonene dehydrogenase (Puentes-Cala et al., 2018), this study marks the first 

description of limonene metabolism in methanogenic environments.  

The limonenylsuccinate synthase is a fumarate-adding enzyme that activates limonene by 

catalyzing its addition to fumarate, forming limonenylsuccinate as a key intermediate. This 

enzyme belongs to the same family as benzylsuccinate synthases, which are key players in the 

anaerobic degradation of various hydrocarbons, including aromatic compounds like toluene, 

xylenes, and cresols, as well as aliphatic compounds such as n-alkanes and cycloalkanes 

(Callaghan, 2013; Heider et al., 2016). 

Phylogenetic analysis places limonenylsuccinate synthase on a distinct evolutionary branch 

within this family of benzylsuccinate synthases, suggesting an adaptation specifically for 

handling the larger and more complex structure of limonene. This evolutionary divergence is 

characterized by key modifications in the substrate-binding pocket of the enzyme, which allows 

it to accommodate limonene’s bulky molecular structure, a feature not seen in enzymes 

specialized for smaller aromatic substrates. 

These discoveries further emphasize the adaptability of methanogenic microbial communities 

to metabolize diverse organic compounds, even under energy-limited conditions where electron 

acceptors like nitrate or sulfate are absent. The presence of such specialized enzymes suggests 

that methanogenic systems may play an important role in the anaerobic degradation of plant-

derived hydrocarbons, particularly in environments rich in natural terpenes such as wetlands, 

peatlands, and engineered anaerobic digesters. This, in turn, contributes to carbon cycling in 

both natural and engineered anaerobic environments. 
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5.5 Omnitrophota: origins, classification, and characteristics 

One particularly unique member of the limonene-degrading methanogenic enrichment culture 

is the predatory Candidatus Velamenicoccus archaeovorus, which belongs to the candidate 

bacterial phylum Omnitrophota within the Planctomycetota-Verrucomicrobiota-Chlamydiota 

(PVC) superphylum. Omnitrophota represents a diverse group of ultra-small (<0.3µm) bacteria 

found in various habitats, including water, sediments, soils, and anoxic environments (Seymour 

et al., 2023). Despite their broad environmental distribution, Omnitrophota is not completely 

understood due to challenges in cultivation. Its members have mostly been studied through 

metagenomics and single-cell genomics. This phylum is characterized by reduced metabolic 

capacities, small genome size, and a host-associated or symbiotic lifestyle (Seymour et al., 

2023). Within Omnitrophota, Candidatus Velamenicoccus archaeovorus is a significant 

representative, particularly due to its predatory lifestyle and its interaction with its prey, which 

consists of archaea and bacteria in the limonene-degrading methanogenic enrichment culture. 

 

 

Phylogenetically, Omnitrophota is divided into six major classes - Velamenicoccia, 

Omnitrophia, Gorgyraia, Aquiviventia, and two unnamed clades, 2-02-FULL-51-18 and 4484-

213 (Figure 3) - each showing genomic reduction that ranges from 0.86 to 3.20 Mb (Seymour 

et al., 2023) (Seymour et al., 2023). This reduction is characteristic of bacteria with highly 

specialized host-associated or symbiotic lifestyles (Toft and Andersson, 2010). The 

Velamenicoccia class is notable for host-dependent and parasitic traits, including species like 

Candidatus Velamenicoccus archaeovorus, which shows metabolic versatility by relying on 

acetogenesis via the Wood-Ljungdahl pathway and likely utilizing carbon monoxide as an 

alternative substrate (Seymour et al., 2023). This reflects the metabolic flexibility seen across 

Omnitrophota members, with some capable of acetogenesis while others are facultative 

fermenters or mixotrophs. Omnitrophia, on the other hand, demonstrates more complex 

metabolic capabilities, including aerobic respiration and partial denitrification pathways. 

Gorgyraia species are largely anaerobic, relying on acetogenesis, while Aquiviventia species 

appear more adapted to oxic environments, capable of aerobic respiration and diverse metabolic 

functions. The two unnamed clades, 2-02-FULL-51-18 and 4484-213, are less understood but 

exhibit phylogenetic divergence from the other classes, indicating unique evolutionary 

pathways. 
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Figure 3: Maximum-likelihood phylogenetic tree of 204 Omnitrophota species representatives. The tree was 

constructed using the Bac120 marker gene set and confirms that Omnitrophota is part of the Planctomycetota-

Verrucomicrobiota-Chlamydiota (PVC) superphylum. It reveals six distinct classes within Omnitrophota 

originating from different environments (Seymour et al., 2023). 

 

 

Recent studies have expanded the understanding of Omnitrophota's metabolic potential, 

revealing its capacity for both aerobic and anaerobic respiration, as well as fermentative 

lifestyles (Perez-Molphe-Montoya et al., 2022). The discovery of new clades, including several 
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novel genomes from groundwater ecosystems, emphasizes the metabolic diversity within the 

phylum. Some members of Omnitrophota, exhibit the Wood-Ljungdahl pathway and are key 

players in nitrogen and sulfur cycling, suggesting their involvement in carbon fixation and 

organic matter degradation in oligotrophic environments. This metabolic versatility, observed 

across different environmental gradients, highlights the ecological resilience of Omnitrophota, 

particularly in groundwater and aquatic systems (Perez-Molphe-Montoya et al., 2022). 

5.6 A group I Intron in the limonene-degrading enrichment culture 
 

The limonene-degrading methanogenic enrichment culture not only contains the predatory 

bacterium Candidatus Velamenicoccus archaeovorus but also contains a genetic element - a 

Group I intron located in the 23S rRNA gene of this predator. This intron was visualized using 

Fluorescence in situ Hybridization (FISH) which revealed its horizontal transfer to its prey, 

Methanothrix soehngenii, a filamentous acetoclastic methanogen. The horizontal transfer of 

this Group I intron into Methanothrix is a novel observation that sheds light on the interplay 

between predation, genetic exchange, and microbial evolution within complex methanogenic 

ecosystems. Group I introns are ribozymes, which means they have catalytic properties, 

enabling them to self-splice from RNA transcripts, leaving the host gene functional. These 

introns are typically found in rRNA, tRNA, and mRNA genes across a variety of organisms, 

including bacteria, archaea, fungi, and even in some viral genomes (Cech, 1988). In prokaryotic 

systems, these elements are less common but have been increasingly recognized for their role 

in genomic plasticity, horizontal gene transfer, and metabolic adaptation in diverse 

environments (Hausner et al., 2014). 

Group I introns are believed to have ancient origins, dating back to the early stages of RNA 

evolution (Cech, 1988). They likely played a role in early molecular evolution, influencing the 

development of RNA-based genetic systems. The catalytic properties of Group I introns, 

particularly their self-splicing mechanism, suggest that they may have contributed to the 

transition from RNA-based life forms to the more complex DNA-RNA-protein systems 

observed today (Woodson and Chauhan, 2009). Over time, these introns evolved from selfish 

elements to become integral parts of some microbial genomes. Group II introns, a different type 

of RNA enzymes, have been described to have functional roles, such as regulating gene 

expression or contributing to genome stability by assisting in the repair of DNA (Lambowitz 

and Zimmerly, 2011). 
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Group I introns likely originated as selfish genetic elements, relying on horizontal gene transfer 

to propagate themselves across species (Goddard and Burt, 1999). Their persistence in 

microbial genomes suggests that they can provide selective advantages, such as enabling 

genome adaptation under stress conditions or enhancing the efficiency of gene expression 

through precise RNA splicing mechanisms (Edgell et al., 2000). In archaea and bacteria, Group 

I introns often include genes for homing endonucleases, enzymes that further promote intron 

mobility and insertion into new genomic sites. Introns can contribute to the evolutionary 

adaptability of microbial communities, allowing organisms to respond to environmental 

stressors (Edgell et al., 2000). 

In this limonene-degrading culture, the presence of a Group I intron within the genome of 

Candidatus Velamenicoccus archaeovorus suggests potential roles in shaping the dynamics of 

the microbial community. Specifically, Group I introns have been implicated in promoting 

genome rearrangements (Hausner et al., 2014). These properties can lead to more genetic 

diversity and may provide an evolutionary advantage, especially in competitive or nutrient-

limited environments, such as those found in methanogenic ecosystems. The ability of Group I 

introns to mediate gene mobility and exchange could foster metabolic flexibility in Candidatus 

Velamenicoccus archaeovorus, potentially contributing to its predatory lifestyle and 

interactions with other community members. 

 
 

 

5.7 Outlook and future directions 
 

The limonene-degrading methanogenic enrichment culture provides many aspects for further 

exploration.  

The limonenylsuccinate synthase identified in this culture could be analyzed in regard to its 

structure. However, heterologous expression of fumarate-adding enzymes in common systems 

like E. coli can be problematic due to issues such as improper folding and post-translational 

modifications. Aternative expression systems such as Azoarcus or Thauera species, which are 

more closely related to anaerobic hydrocarbon-degrading bacteria, could be explored (Achong 

et al., 2001; Heider et al., 2016). Expression in these systems may allow for the biochemical 

characterization of limonenylsuccinate synthase, providing insights into its kinetics, substrate 
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specificity, and structural features. Additionally, the structure could be revealed through 

crystallization or predictive models like AlphaFold giving insights into the enzyme's active site 

architecture and its evolutionary adaptations to limonene’s unique structure. 

To enhance our understanding of the interactions within the limonene-degrading microbial 

community, creating a FISH probe specifically targeting Syntrophobacteraceae would allow 

for more precise visualization this primary limonene degrader in situ. Probes targeting other 

key member in the community could be considered, to visualize each community member and 

understand its role. It would complement the metagenomic data and help identify potential 

physical associations between community members. 

An in-depth analysis of the existing metagenomic, metatranscriptomic, and metaproteomic 

datasets could enhance the understanding of the community’s interactions. By examining gene 

expression and protein presence, how these organisms contribute to the breakdown of organic 

matter and support syntrophic interactions within the community can be elucidated.  

The discovery of a Group I intron in Candidatus Velamenicoccus archaeovorus opens up a new 

perspective on horizontal gene transfer and genetic exchange in methanogenic ecosystems. 

Future studies could explore the prevalence and role of such introns in other methanogenic or 

hydrocarbon-degrading systems. Understanding how these genetic elements influence 

microbial evolution, genomic stability, or gene regulation could provide insights into the 

adaptive strategies of microorganisms in energy-limited environments. 

Co-cultivation experiments involving Candidatus Velamenicoccus archaeovorus and its prey, 

such as Methanothrix soehngenii, could help clarify the ecological role of this predator. 

Controlled studies in co-culture systems may allow for a detailed analysis of predator-prey 

dynamics, including how predation impacts biomass turnover and overall community structure. 

Such studies could also investigate how necromass recycling affects methanogenesis and other 

syntrophic interactions within the community. 

Given the identification of limonene degradation pathways in this system, it would be valuable 

to investigate the presence of limonenylsuccinate synthase and similar enzymes in other 

environments, such as citrus waste or terpene-rich ecosystems, where natural plant-derived 

hydrocarbons are abundant. Bioinformatics searches through environmental metagenomic 

databases could reveal whether similar metabolic strategies exist in different contexts, 

potentially leading to novel discoveries of hydrocarbon-degrading microbial communities in 

industrial or natural settings. 
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While metagenomic analyses have provided a wealth of information, cultivating and 

characterizing this culture in the laboratory remains essential to confirm hypotheses generated 

from bioinformatics. By isolating individual members of the community and studying their 

metabolism under controlled conditions more experimentally validated insights can be 

revealed.  
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