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Propositions 

 

1. Multi'Omics approaches boost our understanding of organohalide respiration in marine sediments. 
(this thesis) 

 

2. Experimental studies are essential to validate predictions based on molecular data. 
(this thesis) 

 

3. Microbial activity depends on the surrounding environment, which in turn is reshaped. 

 

4. Artificial intelligence (AI) improves the efficiency of work within a given frame but does not enlarge 
the framework. 

 

5. Ethical rules and principles should be established prior to artificial intelligence (AI) development 
and application.  

 

6. Hate is the germ of being bad, but thankfully empathy stops its germination. 

 

7. Human history is the process of saving humanity from historical shackles. 
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Organohalide respiration (OHR) 

Since the second half of the 20th century, large amounts of halogenated compounds have been 

widely used and discharged to the environment, which raised increasing public concerns due to 

the persistence of especially polyhalogenated compounds in oxic environments threatening the 

health of human beings (Mohn and Tiedje 1992). In contrast, recalcitrant polyhalogenated 

organohalides were found disappearing in anoxic environments, apparently through 

biodegradation, and chemical measurements confirmed that the products were the result of 

reductive dehalogenation via the stepwise removal of halides, rather  than the complete 

mineralization of the compound into carbon dioxide (Bosma, et al. 1988, Esaac and Matsumura 

1980, Kuhn and Suflita 1989, Tiedje, et al. 1987). Subsequent studies revealed that reductive 

dehalogenation is the key biological process of transformation of halogenated compounds under 

anoxic conditions (Bosma, et al. 1988, DeWeerd, et al. 1991, Dolfing 1991, Mikesell and Boyd 

1990, Mohn and Tiedje 1990). The mechanisms of reductive dehalogenation utilizing 

halogenated compounds are well-demonstrated and classified into several processes. The first 

is hydrogenolysis, in which halides are replaced by hydrogen atoms (Figure 1.1A). The second 

is dihalo-elimination, also termed as vicinal reduction, in which two halogens from neighboring 

carbon atoms are removed, with the bond between the two carbon atoms being converted into 

a double bond after dehalogenation (Figure 1.1B). A third mechanism of reductive 

dehalogenation is that of thiolytic dehalogenation, which is associated with aerobic 

microorganisms, rather than anaerobes (Figure 1.1C). Noticeably, the first two processes have 

been shown to be used as terminal electron accepting processes for anaerobic respiration, 

conserving the energy for bacterial growth, which was thereafter termed organohalide 

respiration (OHR). Correspondently, bacteria able to perform OHR are referred to as OHRB 

(Adrian and Löffler 2016). Further, the key enzyme for OHR is reductive dehalogenase (RDase).   
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Figure 1.1 Reductive dehalogenation can proceed through several different mechanisms: 

Hydrogenolysis (A) and Dihalo-elimination (B) are typically observed in anaerobic 

microorganisms. Electron donors can be hydrogen gas or unknown sources for providing 2[H]. 

A third mechanism, thiolytic dehalogenation (C) is typically found in aerobes instead. “X” in 

blue represents the halogens, F, Cl, Br or I; “R” represents aliphatic or aromatic groups, but can 

also be, e.g., additional halogens or hydrogen. GSH: glutathione; GSSG: glutathione disulfide; 

Organohalide-respiring Bacteria (OHRB) 

In the early days of its discovery, microbial reductive dehalogenation of halogenated organic 

compounds in most cases was demonstrated in mixed cultures and cell-free systems (Gibson 

and Suflita, 1986; Apajalahti and Salkinoja-Salonen, 1987; Belay and Daniels, 1987; Bosma et 

al., 1988), and thus it was difficult to specify the particular bacteria that were responsible for 

the observed dehalogenating activity. Following the initial discovery, the isolation of OHRB 

has been of much importance to identify the organisms capable of reductive dehalogenation 

and corresponding mechanisms. Most of the OHRB are characterized by a versatile metabolism 

with respect to their ability to oxidise a wide range of electron donors such as, e.g., hydrogen, 
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formate, acetate and other organic compounds (Fincker and Spormann, 2017). Also, availability 

of OHRB isolates allowed to study the metabolic connection of reductive dehalogenation with 

other activities, e.g. sulfate reduction. Hitherto, many OHRB were isolated from various 

environments, and characterized with respect to their physiology, biochemistry and genetics, 

for example, the well-documented Dehalococcoides spp. and Desulfitobacterium spp. (Maymo-

Gatell et al., 1997; Drzyzga and Gottschal, 2002). In addition, recent studies provided new 

insight into the evolution of OHR, combining newly-identified genomic assemblies with the 

genomes of well-documented OHRB, and constructed a curated database of reductive 

dehalogenases, the key enzymes in reductive dehalogenation (Molenda et al., 2020). This e.g. 

suggested that the observed synteny of RDase genes for dehalogenating industrial organohalide 

pollutants most likely has been the result of multiple events of lateral transfer.  
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Figure 1.2 Phylogenetic analysis of OHRB based on entries available in the RDase database 

(https://rdasedb.biozone.utoronto.ca/). GToTree was employed to construct this phylogenetic 

tree using the concatenated sequences of 74 bacterial marker genes (Lee, 2019). Details 

regarding the selected OHRB representatives and their genomes are provided in Table 1.1. 

Currently known OHRB belong to three phyla, Chloroflexota, Firmicutes, and Proteobacteria 

(Figure 1.2). Among these OHRB, members of the genera Dehalococcoides and 

Dehalogenimonas belonging to the Chloroflexota, and Dehalobacter belonging to the 

Firmicutes are obligate OHRB, using hydrogen as the only electron donor for reductive 

dehalogenation as the only terminal electron accepting process. Other OHRB, including e.g. 

members of the Proteobacteria, such as Sulfurospirillum, and Desulfitobacterium spp. in the 

Firmicutes, are generalists, utilizing various organic compounds as electron donor for OHR, 

and are generally referred to as facultative OHRB (Adrian and Löffler, 2016). 
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Among the currently known obligate OHRB, Dehalococcoides spp. have the smallest genome 

size (1.2 - 1.5 Mbp), followed by Dehalogenimonas (1.5 - 2.0 Mbp) and Dehalobacter (2.7 – 

3.1 Mbp). For the versatile OHRB, Sulfurospirillum spp. have the smallest genomes (2.9 Mbp 

to 3.1 Mbp), which are similar in size as those of Dehalobacter spp. Interestingly, compared 

with other OHRB genomes, and particularly those of obligate OHRB, OHRB within the genus 

Sulfurospirillum only have a limited number of different RDase genes and over half of the 

genomes within the genus don’t encode any RDase gene, suggesting that RDase genes were 

acquired from the environment more recently (Türkowsky et al., 2018). Furthermore, 

Dehalobacter appears in the transitional stage in genome size to maintain a similar number of 

RDase genes as Dehalococcoides and Dehalogenimonas potentially using various 

organohalides for OHR. 

Reductive dehalogenases (RDases) 

Reductive dehalogenation is catalyzed by the reductive dehalogenase subunit A, normally 

termed as RdhA or RDase, and a number of RDases have been biochemically and genetically 

characterized. Overall, RDases exhibit a relatively low identity of less than 30 % in amino acid 

sequences with each other (Fincker and Spormann, 2017). This is illustrated by the alignment 

of well-studied representative RDases from Dehalococcoides mccartyi, Dehalobacter restrictus, 

Sulfurospirillum multivorans, Dehalogenimonas lykanthroporepellens, and Desulfomonile 

tiedjei (Figure 1.3). Despite the extensive differences in amino acid sequence between the full-

length proteins, these identified RDases share three conserved motifs, including a twin-arginine 

translocating signal motif (Tat) at the N-terminus and two Fe-S cluster-binding motifs (Fincker 

and Spormann, 2017; Atashgahi, 2019) Figure 1.3A). Usually, the respiratory RDase is 

accompanied by a membrane anchor protein B, also described as RdhB. It has been shown that 

RdhB supports the translocation of RDase to the periplasmatic face to facilitate access to the 
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organohalide substrates and to support the generation of a proton motive force across the 

cytoplasmatic membrane (Mansfeldt et al., 2014; Fincker and Spormann, 2017).



10   |   Chapter 1
 

 

 



General introduction and thesis outline   |   11   
 

 

Figure 1.3 Phylogenetic analysis of characterized RDases in RDaseDB that uses a 90 % amino 

acid pairwise identity cut-off for the identification of different RDases 

(https://rdasedb.biozone.utoronto.ca/). (A) Multiple sequence alignment of representative 

RDases. Arrows indicate the conserved residues in the Twin Arginine Translocation (Tat) motif, 

as well as in two Fe-S cluster binding motifs, FCXXCXXXCP and CXXCXXXCP. (B) 

Phylogenetic analysis of Rdase sequences. Tips of the phylogenetic tree were colored following 

the patterns in Figure 1.2. Dhc, Dehalococcoides; Dhg, Dehalogenimonas; Dsf, 

Desulfitobacterium; Dhb, Dehalobacter; Sul, Sulfurospirillum;  Nit, Nitratireductor; Dsm, 

Desulfomonile; Swa, Shewanella. 

Furthermore, phylogenetic analysis revealed that these RDases remained evolutionarily 

conserved at genus level, especially for proteins from members of the Dehalococcoides. RDases 

from Dehalogenimonas are most closely related to those of Dehalococcoides keeping in line 

with their genomic phylogenies (Figure 1.2 and 1.3B). This and the fact that both are obligatory 

OHRB suggests their common ancestral origin. Similarly, RDases from Desulfitobacterium spp. 

are most closely related to those of Dehalobacter. While isolates within the latter genus belong 

to the group of obligatory OHRB with more than 15 RDases in each genome (Table 1.1), 

genomes of the metabolically versatile Desulfitobacterium isolates encode a lower number of 

RDases, with D. hafniense DCB-2 harbouring the highest number of six. Both, Dehalobacter 

and Desulfitobacterium, belong to the same phylum, Firmicutes (Figure 1.2), and their close 

phylogenomic relationship suggests that they likely originated from a common ancestor. The 

question whether this difference in RDase gene number is due to gene expansion in 

Dehalobacter spp. or gene loss in Desulfitobacterium spp. has not been unequivocally solved, 

and requires further research. 

To date, two RDases have been structurally characterized, including PceA (PDB: 4UR3) from 

Sulfurospirillum multivorans and NpRdhA (PDB: 4RAS) from Nitratireductor pacificus pht-

3B (Bommer et al., 2014; Payne et al., 2015). Both RDases share common features with respect 

to  cobalamin (vitamin B12) binding and Fe-S clusters, essential features of most RDases 
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(Figure 1.4), in which the center of the cobalamin is located at the active site, binding directly 

to the halogenated compound, and the Fe-S clusters being involved in the transfer of the 

deprived electrons to the active site (van de Pas et al., 1999; Fincker and Spormann, 2017). 

Several configurational structures of RDases with various halogenated compounds were 

crystallized and submitted to the PDB protein data bank (https://www.rcsb.org/), including, for 

example, PceA in a complex with 2,4,6-tribromophenol (PDB ID: 5M2G), which provides a 

template for accurate homology modeling of newly-discovered RDases.  

Distinctively, PceA has been shown to be active as a dimer in contrast to the monomer of 

NpRdhA (Payne et al., 2015). Furthermore, PceA contains the Tat translocating signal peptide 

and is neighbored by anchor protein PceB, which indicates its role as a membrane-associated 

complex. In contrast, NpRdhA lacks these functional features, suggesting that it acts as a 

soluble cytoplasmic enzyme. 

As supported by the structural configurations shown in Figure 1.4, vitamin B12 (B12) was 

confirmed to be required for reductive dehalogenation. Obligate OHRB, e.g. Dehalococcoides 

and Dehalogenimonas, are B12 auxotrophic due to the lack of complete de novo B12 

biosynthesis pathways, indicating their dehalogenating activity depends on the environmental 

availability of B12. 
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Figure 1.4 Structure of RDase containing cobalamin (vitamin B12) and Iron-Sulfur (Fe-S) 

clusters in the monomer of NpRdhA (A and B, PDB ID: 4RAS) and dimer of PceA (C and D, 

PDB ID: 4UR3), respectively.  

RDase-associated electron transport chains (ETCs) 

Desulfomonile tiedjei was the first identified OHRB to dehalogenate 3-chlorobenzoate coupled 

to ATP synthesis (Mohn and Tiedje, 1992). Since then, many more OHRB were isolated and 

characterized, and the mechanisms of RDase-associated ETCs were gradually unveiled and 

divided into two types according to the dependence of quinones. For Dehalococcoides and 

Dehalogenimonas, their genomes lack the pathways needed for de novo quinone biosynthesis 

(Moe et al., 2009; Schipp et al., 2013). Further, the menaquinone inhibitor, 2-n-heptyl-4-

hydroxyquinoline N-oxide, HOQNO, cannot block the electron transfer from the hydrogenase 

to the RDase dechlorinating 1,2,3-trichlorobenzene of D. mccartyi CBDB1, which indicated 

the nonessential role of quinones to OHR (Figure 1.5A) (Jayachandran et al., 2004; Moe et al., 

2009; Schipp et al., 2013). The ETC of D. mccartyi strain CBDB1 is composed of Hup 

hydrogenase, CISM (complex iron-sulfur molybdoenzyme), and RDase, in which CISM has 
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been characterized as a well-known protein complex for respiratory redox reactions providing 

electron relay (Rothery et al., 2008; Kublik et al., 2016). The CISM connects Hup hydrogenase 

and RDase directly and functions in a similar role as quinones for the transfer of electrons. For 

many facultative OHRB, such as Sulfurospirillum and Desulfitobacterium, and some obligatory 

OHRB, such as Dehalobacter, quinones, instead of CISM, play an important role in electron 

transfer (Figure 1.5B) (Wang et al., 2018). It has, for example, been shown that HOQNO can 

effectively inhibit the reductive dehalogenation of D. restrictus and D. tiedjei (Schumacher and 

Holliger, 1996; Louie and Mohn, 1999). In addition, it was shown that menaquinone is reduced 

and oxidized by adding H2 or PCE in D. restrictus, respectively (Schumacher and Holliger, 

1996).  

 

 

Figure 1.5 Diagrams of electron transport chains in OHRB (in)dependent on quinones. The 

electron transport chains of Dehalococcoides mccartyi (A), Dehalobacter restrictus (B) and 

combined versatile OHRB (C), including Sulfurospirillum multivorans, Desulfitobacterium 
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dehalogenans and Desulfoluna spongiiphila, for OHR (Luijten et al., 2003; Kruse et al., 2013; 

Rupakula et al., 2013; Goris et al., 2015b; Goris et al., 2015a; Kruse et al., 2015; Kublik et al., 

2016; Peng et al., 2020). Hup: Ni-Fe hydrogen uptake hydrogenase with large (L) and small (S) 

subunits; CISM: complex iron-sulfur molybdoenzyme; MK/MKH2: menaquinones; ET?: 

electron transporter; LctP: lactate permease; Nuo: NADH dehydrogenase; Pox: pyruvate 

oxidase; ?ORase: oxidoreductase; Flavo-P: flavoprotein; grey cubes in RDase: two Iron-Sulfur 

clusters; grey rhombus: vitamin B12.  

With more versatile OHRB isolated and characterized (Kruse et al., 2013; Goris et al., 2014; 

Goris et al., 2015a; Peng et al., 2020), the diversity of OHR ECTs was further extended with 

the integration of diverse electron transporters and electron donors, such as lactate in addition 

to H2 as shown in Figure 1.5C. Mostly, these were quinol dehydrogenases that were found 

encoded in the same gene region as the RDase gene, such as FixABCX in D. hafniense. They 

were found expressed during OHR by transcriptomics and proteomics, suggesting their 

involvement as the intermediate shuttle in electron flow to the RDase (Prat et al., 2011; Peng et 

al., 2012). Noticeably, a quinol dehydrogenase complex, NapGH, was critical for nitrate 

respiration, which was found encoded adjacent to RDase (Kern and Simon, 2008; Goris et al., 

2014), indicating shared ECTs for different modes of anaerobic respiration. Henceforth, further 

studies will be needed to further extend our understanding of ETCs in OHRB. 

Aim and outline of this thesis  

Marine environments are a large reservoir of natural halogenated compounds, with currently 

over 5000 compounds being described, some of which have excellent medical potential to cure 

cancers, bacterial and viral infection, whereas, others, such as polybrominated diphenylethers, 

are toxic and accumulated over millions of years (Wiseman et al., 2011; Gribble, 2012; Gribble, 

2015). Recently, sequencing-based surveys revealed the potential activity of OHR in pristine 

marine environments of Aarhus Bay, which indicated that marine microbes drive the halogen 

cycle (Zinke et al., 2017; Jochum et al., 2018).  However, the eco-physiological verification of 
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OHR and identification of the responsible OHRB still remains in its infancy. Henceforth, 

research described in this thesis aimed to demonstrate OHR of Aarhus Bay marine sediments 

stepwise. We firstly verified the OHR potential on various halogenated compounds, and then 

further focused on PCE dechlorinating enrichments by means of metagenomic and -

transcriptomic analyses to clarify the diversity and activity of OHRB. The “Dilution-to-

extinction” principle guided the isolation of OHRB, and the obtained consortium was found to 

be capable of reductive dehalogenation that was achieved in an interactive manner by OHRB 

and non-OHRB. Finally, an OHRB representative strain from a genus not previously affiliated 

with OHR was further characterized to explore the role of OHR and interconnection with other 

metabolic pathways. 

       Chapter 2 firstly validates the reductive dehalogenation in marine sediments from Aarhus 

Bay on a range of organohalides, including chlorinated, brominated and iodinated compounds. 

The combination of molecular identification and sequence analysis revealed the responsible 

OHRB were likely from taxa other than the well-characterized OHRB. Moreover, deiodination 

of 2,4,6-triiodophenol (2,4,6-TIP) enriched for members of the Lokiarchaea. 

      Chapter 3 focuses on PCE dechlorinating cultures obtained from Aarhus Bay sediments, 

in which 16 metagenome-assembled genomes (MAGs) were found bearing RDase genes. 

MAGs were further classified into the class of Bacilli, and phyla of Bacteroidota, Synergistota, 

and Spirochaetota. Members of these taxa were rarely reported to date to catalyze reductive 

dehalogenation. Intriguingly, one MAG, designated as CH3_bin.26, closest to the genus 

Vulcanibacillus, carried 97 RDase genes, exceeding the RDase complement of 

Dehalococcoides. Thereinto, 84 RDase genes of CH3_bin.26 were found transcribed during 

PCE dechlorination. Moreover, the RDase-containing operons indicated diverse regulatory 

mechanisms for the expression of RDase genes. Further studies of these in response to 
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environmental stimuli suggested diverse modes of regulation of RDase genes could be the result 

of adaptation to challenging environments. 

      Chapter 4 reports on the isolation of a consortium that was composed of newly-classified 

OHRB and non-OHRB to catalyze the reductive debromination of 2,6-dibromiphenol (2,6-

DBP). Two MAGs, CH4_bin.3 belonging to Desulfoplanes codes for two putative RDase genes, 

and CH4_bin.4 belonging to Marinifilaceae has one. Interestingly, CH4_bin.5 belonging to 

Desulforhopalus carries a gene predicted to encode a tetrachloro-p-hydroquinone RDase (TPh-

RDase) that acts without energy conservation. The expression of all these RDase genes was 

found induced under debromination conditions. The CH4_bin.5 RDase gene was found most 

strongly expressed. Acetylene was identified as a specific inhibitor of RDase activity at post-

transcriptional level. Furthermore, the predicted metabolic association of the bins found in this 

enrichment provides more insights into possibilities for optimizing synthetic OHR communities 

for in situ bioremediation. 

      Chapter 5 describes a representative strain, Desulforhopalus singaporensis, which was 

characterized as a sulfate-reducing formatotroph to catalyze the reductive dehalogenation of 

brominated compounds. The genome of D. singaporensis bears the complete complement of de 

novo B12 biosynthesis genes. Formate, rather than H2, serves as the electron donor for the 

Wood-Ljungdahl pathway and OHR simultaneously to support cell growth. The genome 

analysis of D. singaporensis revealed it contains all genes necessary for poly-β-

hydroxybutyrate (PHB) production which agrees to previous observations, and suggests a role 

for the formed PHB that could serve as a long-chain carbon source for the growth of other 

community members. Further, phylogenomic analysis revealed metabolic differences between 

two isolates, D. singaporensis and D. vacuolatus, of which the latter exhibited closer phylogeny 

to MAG bin.5 (Chapter 4), from the same niche, suggesting that bacterial metabolism is shaped 
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by the local environments, and the RDase could be obtained by gene transfer from the 

environment.  

In Chapter 6 I provide a general discussion of the results described in this thesis and future 

perspectives. 
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Abstract 

Organohalide respiration (OHR), catalyzed by reductive dehalogenases (RDases), plays an 

important role in halogen cycling. Natural organohalides and putative RDase-encoding genes 

have been reported in Aarhus Bay sediments, however, OHR has not been experimentally 

verified. Here we show that sediments of Aarhus Bay can dehalogenate a range of 

organohalides, and different organohalides differentially affected microbial community 

compositions. PCE-dechlorinating cultures were further examined by 16S rRNA gene-targeted 

quantitative PCR and amplicon sequencing. Known organohalide-respiring bacteria (OHRB) 

including Dehalococcoides, Dehalobacter and Desulfitobacterium decreased in abundance 

during transfers and serial dilutions, suggesting the importance of yet uncharacterized OHRB 

in these cultures. Switching from PCE to 2,6-DBP led to its complete debromination to phenol 

in cultures with and without sulfate. 2,6-DBP debrominating cultures differed in microbial 

composition from PCE-dechlorinating cultures. Desulfobacterota genera recently verified to 

include OHRB, including Desulfovibrio and Desulfuromusa, were enriched in all microcosms, 

whereas Halodesulfovibrio was only enriched in cultures without sulfate. Hydrogen and 

methane were detected in cultures without sulfate. Hydrogen likely served as electron donor for 

OHR and methanogenesis. This study shows that OHR can occur in marine environments 

mediated by yet unknown OHRB, suggesting their role in natural halogen cycling. 

 

Keywords: Aarhus Bay marine sediments; tetrachloroethene (PCE); 2,6-Dibromophenol (2,6-

DBP); reductive dehalogenation; organohalide respiring prokaryotes; 16S rRNA gene amplicon 

sequencing 
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Introduction  

Halogenated organic compounds, also termed organohalides, can be man-made or of natural 

origin. Over 5000 organohalides with a natural origin have been reported (Gribble 1996, 

Gribble 2012, Gribble 2015). Marine environments are a large reservoir of natural 

organohalides, which are produced via biotic and abiotic mechanisms (Gribble 1996, Gribble 

2012, Gribble 2015). Marine organisms such as algae, sponges, corals and microorganisms  

recruit either substrate-specific halogenases or haloperoxidases to catalyse the biotic formation 

of organohalides (Atashgahi, et al. 2018, Bayer, et al. 2013, Gribble 2015, Gutleben, et al. 2019, 

Ozturk, et al. 2013, Wagner, et al. 2009, Wever and van der Horst 2013). Abiotic halogenation 

on the other hand occurs by photochemical reaction, volcanic eruption and Fenton-like 

mechanisms (Comba, et al. 2015, Leri, et al. 2014, Méndez-Díaz, et al. 2014). Some of these 

natural organohalides have excellent medical potential to cure cancers, and viral- and bacterial 

infections (Gribble 2015), whereas some are toxic such as polychlorinated dibenzo-p-dioxin 

(PCDDs) and polybrominated diphenyl ethers (PBDEs) (Wiseman, et al. 2011). Further, most 

of the highly halogenated natural organohalides, for example PBDEs, have been found 

precipitated and buried in marine sediments of millions of years of age (Hashimoto, et al. 1995, 

Moon, et al. 2007).  Accordingly, anaerobic dehalogenation likely occurs in marine sediments 

as the biggest anoxic environment on Earth, and thus contributing to the detoxification, 

decomposition and recycling of toxic/persistent organohalides (Ahn, et al. 2003, Häggblom, et 

al. 2003, Liu, et al. 2017, Peng, et al. 2020a). 

Halides are replaced by hydrogen through reductive dehalogenation that often is linked to a 

specific type of anaerobic respiratory metabolism termed organohalide respiration (OHR). In 

this process, organohalides serve as the terminal electron acceptors to conserve energy (Dolfing 

and Tiedje 1987, Mohn and Kennedy 1992, Smidt and De Vos 2004). This process has been 

documented in bacteria known as organohalide-respiring bacteria (OHRB) (Atashgahi, et al. 
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2016, Fincker and Spormann 2017, Smidt and De Vos 2004). OHR is mediated by reductive 

dehalogenase (RDase) enzymes (Adrian and Loeffler, 2016; Agarwal et al., 2017; Fincker and 

Spormann, 2017). Since the isolation of the first OHRB, Desulfomonile tiedjei (Dolfing and 

Tiedje 1987, Mohn and Tiedje 1990), a broad diversity of OHRB have been isolated, belonging 

to three phyla: Chloroflexota, Firmicutes, and Proteobacteria (Atashgahi, et al. 2016, Fincker 

and Spormann 2017, Türkowsky, et al. 2018). Members of the genera Dehalococcoides (Dhc) 

and Dehalogenimonas (Dhg) within the Chloroflexota, and Dehalobacter (Dhb) in the 

Firmicutes are obligate OHRB based on their restriction to OHR as the sole energy metabolism 

(Fincker and Spormann 2017, Holscher, et al. 2004, Maillard, et al. 2003, Moe, et al. 2009, 

Molenda, et al. 2016, Muller, et al. 2004). Members of Desulfitobacterium (Dsb) in Firmicutes, 

Sulfurospirillum (Sul) in Epsilonproteobacteria and various Desulfobacterota (previously 

Deltaproteobacteria) species including members of Geobacter (Geo), Desulfoluna and 

Desulfovibrio are considered as facultative OHRB that have a versatile metabolism including 

but not restricted to OHR (Liu and Haggblom 2018, Maphosa, et al. 2010, Peng, et al. 2020a). 

Intriguingly, up to 10 % of all available Desulfobacterota genomes were found to contain at 

least one putative RDase gene (Liu and Haggblom 2018). Accordingly, a recent genome-guided 

study experimentally verified OHR potential in three Desulfobacterota isolates (Liu and 

Haggblom 2018). 

Using degenerate primers based on sequences of well-characterized RDase genes, different 

RDase genes have been reported from subsea sediments of the Pacific Ocean close to Peru, 

Japan, Oregon (United States) and the eastern equator, that were diverse and phylogenetically 

distinct from their characterized counterparts from contaminated terrestrial environments 

(Futagami, et al. 2009, Futagami, et al. 2013). Application of various techniques such as 

(meta)genomics and (meta)transcriptomics have revealed an enormous diversity of RDase 

genes in marine sediments (Jochum, et al. 2017, Jochum, et al. 2018, Petro, et al. 2019a, Petro, 
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et al. 2019b, Zinke, et al. 2017). For instance, meta-transcriptomic analysis of deep subsea 

sediments from site M59, close to Aarhus Bay, in the Baltic sea led to the discovery of a 

trichloroethene (TCE) reductive dehalogenase (tceA)-like gene that was transcribed, indicating 

the potential for PCE or TCE dechlorination in deep sea sediments as previously described for 

other environments (Fung, et al. 2007, Magnuson, et al. 1998, Zinke, et al. 2017). Recently, 

single-cell genomics and metagenomics analyses revealed the presence of RDase genes in 

sulfate-rich sediments of Aarhus Bay (Fincker, et al. 2020, Jochum, et al. 2018). This begged 

the question whether there is actual OHR potential in marine sediments of Aarhus Bay that may 

prevent accumulation of organohalides and contribute to halide and CO2 recycling back to the 

sea. It is interesting to note that sulfate reduction has been reported to be the predominant 

bioprocess in near-surface Aarhus Bay marine sediments (Leloup, et al. 2009, Ozuolmez, et al. 

2020, Petro, et al. 2019b), in which reductive dehalogenation is likely to be inhibited by the 

produced and accumulated sulfide according to previous reports (Azizian, et al. 2010b, 

DeWeerd, et al. 1991, Mao, et al. 2017, Nelson, et al. 2002). Henceforth, taking the presence 

and absence of sulfate into consideration would add more insights to explore OHR potential in 

laboratory microcosms.  

In this study, we showed that cultures obtained from marine sediments from Aarhus Bay were 

capable of dechlorinating, debrominating and deiodinating organohalides, further corroborating 

above-mentioned (meta)genome based studies with respect to the predicted occurrence of OHR 

in marine sediments. Interestingly, the microbial communities in reductively dechlorinating and 

debrominating enrichment cultures were divergent, suggesting the coexistence of diverse 

OHRB. Furthermore, enriched microorganisms did not belong to the well-identified OHRB, 

suggesting the presence of novel dehalogenators in these pristine marine environments. 
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Materials and methods 

Chemicals 

PCE, TCE, cDCE, trans-dichloroethene (tDCE) vinyl chloride (VC), ethene (ETH), 2,4,6-

trichlorophenol (2,4,6-TCP), 2,6-dichlorophenol (2,6-DCP), 2,4- dichlorophenol (2,4-DCP), 

chlorophenol (CP), 2,6-DBP, 3-bromophenol (3-BP), 2-bromophenol (2-BP), 2,4,6-

triiodophenol (2,4,6-TIP), 2,6-diiodophenol (2,6-DIP), 2,4-diiodophenol (2,4-DIP), 2-

iodophenol (2-IP) and 4-iodophenol (4-IP), phenol, 1,4-dibromobenzene (1,4-DBB), 

bromobenzene (BB), and benzene were purchased from Sigma-Aldrich. Sulfate (0.5 M) and 

lactate (0.5 M) stock solutions were prepared by filter sterilization (syringe filter, 0.2 µm, 

mdimembrane, Ambala Cantt, India). All other (in)organic chemicals were of analytical grade. 
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Sediment collection and enrichment set-up 

 

 

Figure 2.1 Experimental outline of reductive dehalogenation by marine sediments from Aarhus 

Bay M5 station. This experiment was carried out in 5 steps as labelled by ①, ②, ③, ④ and 

⑤. “Sediments” stands for samples from near-surface marine sediments (3-35cm) of Aarhus 

Bay. Transfer volumes are 10% (v/v) in steps ①, ②, and ③, and 5% (v/v) in steps ④ and 

⑤. Curved arrows in step ③ indicate the transfer pattern in 10 fold dilutions. NS: sulfate-free; 

S in red: sulfate-amended; Blue boxes in serial dilutions indicate the highest dilution at which 

dechlorination of PCE to cDCE was observed. Consequently, these are also the cultures that 

were used for the subsequent transfer; Bold cross marks indicate cultures that were unable to 

dehalogenate DCP or DBP. 

Samples were kindly provided by Kasper U. Kjeldsen (Aarhus University). Specifically, 

samples were collected from a marine sediment core at station M5 in Aarhus Bay (56.103333 

N, longitude 10.457833 E), Denmark, and were depth-fractioned into two parts: 3-35 cm and 

36-68 cm. Ten grams of sediment from each fraction was transferred into 120 mL serum bottles 

containing 50 mL anoxic marine medium as previously described (Monserrate and Häggblom 

1997, Peng, et al. 2020a). Na2S·9H2O (0.48 g/L, 2 mM) was added as reducing reagent and 

Resazurin (0.005 g/L) as redox indicator. The bottle headspace was exchanged with N2 and CO2 
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(80 : 20 %, 140 KPa), bottles were sealed with Teflon-coated butyl rubber septa and aluminum 

crimp caps (GRACE, MD, USA) and incubated statically in the dark at 20 °C. Some 

organohalides were added to the marine medium separately and tested, including PCE, 2,6-

DBP, 1,4-DBB, 3-BP, 2,4,6-TCP, and 2,4,6-TIP with/without additional 5mM sulfate and 5mM 

lactate as the electron donor. Subsequently, experiments focused first on more detailed 

characterization of PCE dechlorination. The dechlorinating cultures were spiked with PCE (100 

µM) as electron acceptor and lactate (5 mM) serving as the electron donor and carbon source. 

One set of bottles received sulfate (5 mM) as an additional electron acceptor (designated “S”; 

bottles with only PCE were designated “NS”) (Figure 2.1). Two transfers were set as the initial 

step to enrich for PCE dechlorinating microorganisms. Cultures were transferred when the PCE 

was reductively dechlorinated to cDCE. For each transfer, 10 % (v/v) of the mother cultures 

was transferred to fresh medium (Figure 2.1), with cultures being designated PCE.NS.T1 and 

PCE.S.T1 for first transfers, and PCE.NS.T2 and PCE.S.T2 indicating the second transfer. 

Second transfers were subsequently 10-fold serially diluted (SD) according to the dilution-to-

extinction principle (NS.SD1, S.SD1; Figure 2.1). Highest dilutions for which dehalogenation 

was observed (NS.SD13, S.SD12, indicated by blue boxes in Figure 2.1) were used as inocula 

for a second series of 10-fold serial dilutions (NS.SD2, S.SD2; Figure 2.1). Highest dilutions 

with active dehalogenation (NS.SD24, S.SD24; Figure 2.1) after four spikes of 250 µM PCE 

and corresponding chemicals (5 mM lactate in NS, 5 mM lactate and 5 mM sulfate in S cultures) 

in the second serial dilution were used to inoculate a new set of transfers (NS.Tr1 and S.Tr1, 

Figure 2.1). These cultures were transferred once more to obtain duplicate sediment-free 

enrichment cultures (PCE.NS.Tr2.A/B and PCE.S.Tr2.A/B, Figure 2.1). In addition to 

dechlorination of the aliphatic organohalide PCE, the potential to dehalogenate aromatic 

organohalides was also investigated. To this end, 2,6-DBP and 2,6-DCP were selected as 

representative electron acceptors and injected into fresh cultures separately, to which microbes 
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were transferred from sediment-free PCE dechlorinating enrichments (PCE.NS.Tr2.A and 

PCE.S.Tr2.A). In order to obtain a comprehensive overview of PCE dechlorination and 2,6-

DBP debromination potential under both sulfate-free and sulfate-amended conditions, the test 

cultures (PCE and DBP) were further transferred to duplicate cultures (NS.PCE.A/B, 

NS.DBP.A/B, S.PCE.A/B and S.DBP.C/D). Due to the lack of debromination from 2,6-DBP 

under sulfate-amended conditions (S.DBP.C/D), a new set of duplicate cultures (S.DBP.A/B) 

was inoculated from the PCE culture (Figure 2.1). During the 5th part of the experiment 

“Dechlorination and Debromination”, duplicates of dechlorinating cultures were spiked five 

times with PCE (250 µM) and in the same way, debrominating cultures were also spiked five 

times with 2,6-DBP (100 µM). For the duplicate 2,6-DBP debrominating cultures, additional 

lactate (5 mM) and lactate/sulfate (5 mM) were also injected into the cultures from the second 

spike, based on the assumption that debromination was halted due to depletion of lactate. Before 

each spike, hydrogen and methane were measured in headspace samples, and 2 ml culture was 

sampled and centrifuged for 5 min at 8000 g. Supernatants were used for metabolite 

measurements, whereas pellets were used for DNA extraction.  

Chemical analyses 

Gas chromatography combined with mass spectrometry (GC-MS) was used to measure PCE, 

TCE and cDCE using an Rt®-Q-BOND column (Retek, PA, USA) and a DSQ MS (Thermo 

Fisher Scientific). Helium served as carrier gas with a flow rate of 2 ml/min. The split ratio was 

30 and the inlet temperature was 100 °C. The temperature program included 40 °C holding for 

1 min, followed by an increase by 40 °C/min to 260 °C and a final hold at this temperature for 

1.5 min. Hydrogen and methane were detected by a Compact GC (Global Analyzer Solutions, 

Breda, The Netherlands) with a pulsed discharge ionization detector (GC-PDD). Halogenated 

phenols, benzenes, benzene and phenol were measured using a Thermo Scientific Accela High-

performance liquid chromatography (HPLC) system equipped with an Agilent Poroshell 120 
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EC-C18 column and a UV/Vis detector (set at 210 nM for aromatic halogenated compounds). 

Short chain fatty acids were measured using a SHIMADZU LC2030 PLUS coupled with a 

Shodex SUGAR Series® SH1821 column. Sulfate was analysed by using a Thermo Scientific 

Dionex™ ICS-2100 Ion Chromatography System (Dionex ICS-2100). Sulfide was measured by 

a photometric method using methylene blue as described previously (Cline 1969). 

Genomic DNA isolation and quantitative PCR (qPCR) 

Genomic DNA was isolated from pelleted biomass using the DNeasy PowerSoil Kit (QIAGEN, 

Hilden, Germany) following manufacturer’s instructions. qPCR was used to quantify the copy 

number of 16S rRNA genes with primers targeting total bacteria (Muyzer, et al. 1993), and 

well-characterized OHRB, including Dehalococcoides (Smits, et al. 2004), Dehalogenimonas 

(Chen, et al. 2013), Dehalobacter (Smits, et al. 2004), Desulfitobacterium (Smits, et al. 2004), 

Geobacter (Amos, et al. 2007) and Sulfurospirillum (Sutton, et al. 2015). Furthermore, primers 

targeting well-characterized functional RDase genes tceA, vcrA, and bvcA were used as listed 

in Table S2.1. All reactions were performed in triplicate using a C1000 Thermal Cycler 

(CFX384 Real-Time system, Bio-Rad Laboratories, Hercules, CA, USA) with iQTM SYBR 

Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA) as outlined previously (Peng, et 

al. 2019). 

Analysis of microbial composition based on 16S rRNA gene amplicon sequences 

Barcoded amplicons of 16S rRNA genes were amplified targeting the V4 region of prokaryotic 

16S rRNA genes. The forward primer 515F (5’- GTGCCAGC[AC]GCCGCGGTAA-3’) and 

reverse primer 806R (5’-GGACTAC[ACT][ACG]GGGT[AT]TCTAAT-3’) (Caporaso, et al. 

2011, Walters, et al. 2016) were amended at the 5’-end with sample-specific barcodes. The PCR 

mixture (50 µL) was prepared containing 20 µL 5 × HF Green buffer (Thermo Fisher Scientific, 

the Netherlands), 1 μl (2 U) of Phusion hot start II High-Fidelity DNA polymerase (Thermo 
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Fisher Scientific), primer mix (500 nM for each forward and reverse primer), and 500 nM dNTP 

(Promega, USA), 10 ng DNA template and nuclease-free water (Promega, USA). The PCR 

conditions were: 98 °C, 30 s for pre-denaturation, followed by 25 cycles of 98 °C, 10 s for 

denaturation, annealing at 50 °C for 10 s, elongation at 72 °C for 10 s, and a final extension at 

72 °C for 7 min. Three μL of PCR product was analysed by electrophoresis on a 1 % (w/v) 

agarose gel. All samples were amplified in duplicate reactions, and duplicate PCR products 

were pooled and purified using CleanPCR (cleanNA, the Netherlands) according to the 

manufacturer’s instructions. The DNA concentration of the purified amplicons was measured 

by Qubit (Thermo Fisher Scientific). The purified amplicons were pooled in equimolar 

amounts, including PCR products prepared from synthetic Mock communities of known 

composition as positive control and nuclease-free water as negative control, and sent for 

sequencing by Hiseq2000 (GATC-Biotech GmbH, now part of Eurofins Genomics Germany 

GmbH, Konstanz, Germany). 

Analysis of microbial community diversity 

The raw sequence data was analyzed by NG-Tax 2.0 (Poncheewin, et al. 2019, Ramiro-Garcia, 

et al. 2016), which consists of three core processes: barcode-primer filtering, amplicon 

sequencing variants (ASV) picking and taxonomic assignment. Only the reads completely 

pairing with primers and barcodes were retained. A threshold of 0.1 % relative abundance was 

used on a per-sample basis to prevent the inclusion of spurious ASVs produced by sequencing 

and PCR errors. Taxonomic assignment was done based on Silva 132 SSU Ref (Edgar 2010, 

Yilmaz, et al. 2014). The generated BIOM (Biological Observation Matrix) and tree files were 

further organized to form phyloseq objects (McMurdie and Holmes 2013). Downstream 

analyses, including alpha and beta diversity, and microbial composition were performed by 

Microbiome and Phyloseq R packages (Lahti and Shetty 2017, McMurdie and Holmes 2013). 
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Statistical analysis 

Statistical analyses and graphics were performed in R (Team 2013) and the built-in libraries 

ggplot2, tidyverse, ggpubr and vegan. For microbial diversity analysis, alpha diversity was 

analysed using Phylogenetic diversity, Observed, Chao1, Shannon and Inverse Simpson 

indices. Student’s t-test was used to assess significance of observed differences in alpha 

diversity indices. The function adonis as implemented in vegan (Oksanen, et al. 2007) was used 

for permutational multivariate analysis of variance (PERMANOVA) to assess significance of 

observed differences in beta diversity based on UniFrac distances (Lozupone and Knight 2005, 

Lozupone, et al. 2011), in which the number of permutations was set to 999 by default. In 

addition, permutation tests for significance in CAPSCALE were also applied following the 

default settings. 

Results 

Reductive dechlorination of PCE in Aarhus Bay sediments 

Samples from a sediment core taken in Aarhus Bay and depth-fractionated were incubated in 

mineral marine medium with a range of organohalides separately in the presence (S) and 

absence (NS) of sulfate (Table 2.1). Our results revealed the dehalogenating potential of Aarhus 

Bay sediments for various chlorinated, brominated and iodinated compounds. The microbial 

composition of PCE dechlorinating cultures exhibited evident differences to cultures to which 

other organohalides had been added (Figure S2.1). Considering the discovery of tceA-like 

transcripts in sediments of Aarhus Bay (Zinke, et al. 2017), PCE dechlorination was initially 

selected for subsequent experiments to demonstrate OHR in Aarhus Bay sediments, followed 

up by experiments with 2,6-DBP. 

 



36   |   Chapter 2
 

 

Dechlorination of PCE to cDCE was observed with TCE as intermediate, within 15 days after 

inoculation with sediment obtained from Aarhus Bay (Figure 2.2A). After two transfers and 

two consecutive serial dilution series, the obtained enrichments still actively dechlorinated PCE 

to cDCE (Figure 2.2B). Thereinto, the most diluted dechlorinating cultures (the fourth cultures 

in the second serial dilution (NS/S.SD24)) were selected for two additional transfers aiming to 

enrich the responsible dechlorinating consortium. In the second transfer, cultures incubated in 

the presence (S) or absence (NS) of sulfate stably dechlorinated PCE to cDCE after three spikes 

of PCE (Figure 2.2C). The overall experimental workflow is shown in Figure 2.1, and results 

of transfers and serial dilutions are provided in Figure S2.2 and Figure S2.3, respectively. 

 

 

Figure 2.2 PCE dechlorination to cDCE in initial microcosms (A), serial dilutions (B) and 

further transfers (C) in the presence (S) and absence (NS) of sulfate. SD.24:the fourth (i.e. 10-

4 dilution) cultures in the second serial dilution in step 3 (Figure 2.1); Tr2: the second transfers 

in Step 4 (Figure 2.1). See also Figure 2.1 for a detailed scheme of the experimental set-up and 

history and relatedness of the different cultures. Vertical arrows indicate spikes of PCE. Data 

shown are average values, and error bars represent the standard deviation of the duplicates in 

Tr2. Error bars are not always visible due to small standard deviations. 
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Detection of known and putative OHRB by quantitative PCR (qPCR) and 16S rRNA gene 

amplicon sequencing 

qPCR analyses revealed the existence of well-known OHRB in the original sample, including 

Dhc, Dhb, Dsb, Geo and Sul ranging from 1.2 (0.8 SD) × 103 of Dhb to 1.5 (0.1 SD) × 106 of 

Geo per gram (Figure 2.3A), which accounted for less than 1 % of the total 16S rRNA gene 

copy numbers (9.2 (1.6 SD) × 108 ). Based on 16S rRNA gene amplicon sequence data, relative 

abundances of these OHRB together were less than 2 %, in line with the qPCR results. The 16S 

rRNA gene copy numbers and relative abundances of these well-characterized OHRB 

decreased during the enrichment procedure. In particular, Dsb was undetectable after the first 

serial dilution (Figure 2.3A). For all samples, including original sediment fractions and derived 

cultures, the 16S rRNA gene of Dehalogenimonas (Dhg) and well-characterized RDase genes 

vcrA, bvcA and tceA were below the detection limit. Apparently, the known OHRB were 

outcompeteted by other indigenous dehalogenators during PCE dechlorination. In contrast, the 

microbial community analysis indicated that certain bacteria, including Halodesulfovibrio in 

sulfate-free cultures, and Desulfovibrio in sulfate-amended cultures were enriched up to relative 

abundances of 16.0 (2.3 SD) % and 30.3 (1.7 SD) %, respectively, in Tr2.A/B cultures (Figure 

2.3B). Representative strains of both genera were recently shown to debrominate 2,6-DBP to 

phenol (Liu and Haggblom 2018). We therefore hypothesized that our enrichments might also 

possess the ability to debrominate 2,6-DBP to phenol, in line with results of the initial screening 

(Table 2.1). 
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Figure 2.3 Microbial community analysis of PCE-dechlorinating cultures by qPCR (A) and 

16S rRNA gene amplicon sequence data at genus level (B). 16S rRNA gene copy numbers per 

millilitre of the cultures except for the marine sediments (Sediments) that are defined per gram 

of wet sediment. Total: total bacterial 16S rRNA gene copy numbers; Dhc: Dehalococcoides; 

Dhg: Dehalogenimonas; Dhb: Dehalobacter; Dsb: Desulfitobacterium; Geo: Geobacter; Sul: 

Sulfurospirillum. Values and error bars represent the averages and standard deviations of the 

triplicate qPCRs, respectively. Values below the detection limit are shown as one copy per ml. 

The added horizontal dotted lines represent 103, 104 and 105 copy numbers, respectively. Only 

taxa that have a relative abundance > 5 % in at least one of the samples are shown. Duplicate 

enrichments are indicated by suffixes ‘A’ and ‘B’. T1 and T2: the first and second transfers in 

step 2 (Figure 2.1); SD12 and SD13: the second (10-2) and third (10-3) dilution cultures in the 

presence and absence of sulfate, respectively, in the first serial dilution in step 3 (Figure 2.1). 

See also Figure S2.2. 

Switching the electron acceptor from PCE to 2,6-DBP 

As mentioned above, debromination of 2,6-DBP was observed in the initial screening of the 

dehalogenation potential of Aarhus Bay sediment. Moreover, members of enriched genera were 

previously reported to have debromination potential as outlined above. Thus, we tested whether 

the PCE dechlorinating enrichments retained the capacity of the original sediment for reductive 

debromination. Indeed, PCE-dechlorinating enrichments debrominated 2,6-DBP under both 
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sulfate-free and sulfate-amended conditions. In contrast, the cultures failed to dechlorinate 2,6-

DCP (Figure 2.1), which was in agreement with the initial screening (Table 2.1). More detailed 

analyses of duplicate cultures revealed that 2,6-DBP was debrominated to phenol with 

bromophenol as intermediate (Figure 2.4A). Five spikes of 100 µM 2,6-DBP each were 

introduced into the cultures. In parallel incubations, PCE dechlorination to cDCE was shown 

to be maintained as well (Figure 2.4C).  

Hydrogen was produced and accumulated up to 29.53 µM after 10 days in sulfate-free cultures 

after the first spike of 2,6-DBP (Figure 2.4B). Then hydrogen was consumed alongside 

debromination, while methane accumulated after five spikes of 2,6-DBP up to 1.3 mM. In 

contrast, hydrogen and methane were not detected under sulfate-amended conditions (Figure 

2.4B). Lactate was utilized with the formation of propionate and acetate at an approximate ratio 

of 3:2.5 in sulfate-free cultures (Figure S2.4A), whereas only acetate was produced and further 

utilized in sulfate-amended cultures (Figure S2.4B). Similarly, hydrogen and methane were 

obviously produced in sulfate-free PCE-dechlorinating environments after the first 250 µM 

PCE spike, with particularly rapid hydrogen formation up to 245.13 µM (Figure 2.4D). Notably, 

hydrogen and methane were produced in sulfate-amended cultures up to a detectable level after 

the third PCE spike, but only at concentrations below 30 µM. Lactate degradation followed a 

similar trend in PCE dechlorinating cultures as in the 2,6-DBP incubations (Figure S2.4C&D). 

In all cultures where sulfate was added, this was reduced to sulfide. 
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Figure 2.4 Reductive debromination of 2,6-DBP in addition to PCE dechlorination. In parallel 

cultures, 2,6-DBP and PCE are dehalogenated into phenol (A) and cDCE (C), respectively. 

Methane and hydrogen (B, D) are measured throughout the experiment in the presence or 

absence of sulfate. Values and error bars shown in the figure are averages and standard 

deviation of duplicate cultures. Arrows indicate the spikes of PCE (black) and 2,6-DBP (grey-

dotted arrows for sulfate-free cultures, black for sulfate-amended cultures). 

Microbial diversity and phylum-level composition of dehalogenating enrichments 

To assess the microbial community structure in the different cultures, and particularly to 

compare PCE- and 2,6-DBP dehalogenating cultures, 16S rRNA gene amplicon sequencing 

was employed. ASV-based alpha diversity (Shannon index and phylogenetic distances) 

decreased significantly (p < 0.01) in 2,6-DBP debrominating cultures compared to the PCE 

dechlorinating cultures under the corresponding sulfate-free or sulfate-amended conditions 

(Figure 2.5A & B). Beta diversity analysis using weighted Unifrac (W-Unifrac) distances 

revealed that the microbial community structure was clearly reshaped by changing the electron 

acceptor from PCE to 2,6-DBP, especially in the absence of sulfate (Figure 2.5C). Further 

NMDS analysis was in agreement with W-Unifrac based ordination and displayed differences 
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of microbial composition during debromination and dechlorination under sulfate-free or 

sulfate-amended conditions (Figure 2.5D). Among all, sulfate-free debrominating cultures 

(NS.DBP) showed the biggest distance from the other three types, and the sulfate-amended 

cultures showed higher similarity regardless of the added organohalide (Figure 2.5C & D). 

Further microbial composition analysis (Figure 2.5E) showed that Proteobacteria was the 

predominant phylum accounting for 83 (6.6 SD) %  and 93 (2.6 SD) % in sulfate-amended 

dechlorinating (S.PCE) and debrominating (S.DBP) cultures, respectively. Firmicutes and 

Proteobacteria were the main phyla in sulfate-free dechlorinating cultures (NS.PCE) 

accounting for 52 (16 SD) % and 23 (14 SD) %, respectively, whereas Bacteroidetes was 

predominant in sulfate-free debrominating cultures with 83 (5.1 SD) %. 

 

Figure 2.5 Analysis of microbial diversity. Alpha diversity analysis as based on Shannon index 

(A) and phylogenetic diversity (B); beta diversity analysis including PCoA analysis of 

Weighted UniFrac distances (C), and non-metric multidimensional scaling (NMDS) analysis of 

Bray–Curtis dissimilarity (D) with a stress value of 0.08. The average relative abundances at 

phylum level were calculated for the chord plot corresponding to the four sample types (E). 

Duplicate cultures were included for each sample type, i.e. sulfate-free PCE dechlorination 

(NS.PCE, n=9: 5 times sampling, duplicates, 1 failed (B1) as the purified amplicon in low 

quality), sulfate-free debromination (NS.DBP, n=10: 5 times sampling, duplicates), sulfate-
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amended PCE dechlorination (S.PCE, n=10: 5 times sampling, duplicates) and sulfate-amended 

debromination (S.DBP, n=10: 5 times sampling, duplicates). Ellipses in C and D indicate the 

samples followed normal (dashed line) and t distribution (solid line) at a confidence level of 

0.95. n.s: not significant, p-value > 0.05; “*”: 0.01 < p-value < 0.05; “**”:  p-value < 0.01. PC1 

and PC2 (C) are the first two principal components, with percentage of variation explained in 

parentheses. 

Microbial community dynamics at genus and ASVs levels 

To elaborate in more detail on the microbial community changes associated with the enrichment 

of dechlorinating and debrominating cultures, comparisons were done at genus- and ASV level 

(Figure 2.6 & 7). Most notably, we observed the predominance of an unknown genus from 

Bacteroidetes_BD2_2 in sulfate-free debrominating cultures (NS.DBP) accounting for 83  (5.2 

SD) % in relative abundance (Figure 2.6), which included 11 ASVs (Figure 2.7A). Among 

these, ASV_1808309 accounted for > 50 % of all reads in this genus (Figure 2.7B). This was 

followed by Halodesulfovibrio enriched as the second-most predominant genus up to 6.9 (1.4 

SD) %. In contrast, Bacillus was the predominant genus with a relative abundance of 31 (18 

SD) % in sulfate-free dechlorinating cultures (NS.PCE), with ASV_18083010 and 

ASV_1808307 accounting for higher proportions than the other three ASVs (Figure 2.7B), and 

Halodesulfovibrio accounted for a relative abundance of 3.7 (1.4 SD) % (Figure 2.6). Notably, 

Clostridium_sensu_stricto_7 decreased in relative abundance from 70.9 to 1.3 % after the 5th 

addition of PCE in dechlorinating cultures in the absence of sulfate (Figure 2.6), which was 

mainly caused by the decrease of ASV_1808300 (Figure 2.7B). Desulforhopalus increased in 

relative abundance after the 4th spike and up to 3.9 % after the 5th spike in debrominating 

cultures (NS.DBP), and was stably maintained in dechlorinating cultures (NS.PCE) at 4.1 (1.8 

SD) % without sulfate addition. Similarly, Desulfuromusa showed an increasing trend in 

sulfate-free PCE dechlorinating cultures (NS.PCE) reaching up to 7.8 (2.1 SD) % after 5th 

spike. Unlike the trend under sulfate-free conditions, Desulfoplanes became the major genus 
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and was enriched up to 51 (5.8 SD) % after the 5th PCE spike (S.PCE) in the presence of sulfate. 

Similarly, in debrominating cultures, Desulfoplanes was observed at a stable and high relative 

abundance of 38 (5.4 SD) % (S.DBP). In addition, Desulfobacter and Bacillus increased in 

sulfate-amended dechlorinating cultures (S.PCE) reaching up to 17.8 % and 10.7 % 

respectively. Desulfovibrio accounted for 40 (4.1 SD) % in sulfate-amended debrominating 

cultures (S.DBP), whereas it represented only a small proportion in sulfate-amended 

dechlorinating cultures (S.PCE) at 1.1 (0.28 SD) % (Figure 2.6), which was the result of a lower 

relative abundance of ASV_180830167 (Figure 2.7B). Overall, several Desulfobacterota taxa, 

including Desulfobacter, Desulfobacterium, Desulfoplanes and Desulfovibrio were only 

present in sulfate-amended cultures, whereas Desulfomicrobium, Halodesulfovibrio and 

Methanogenium were only presented under sulfate-free conditions. 

 

Figure 2.6 Dynamics of microbial community composition during reductive dehalogenation 

under sulfate-free (NS) and sulfate-amended (S) conditions. Relative abundance of microbial 

taxa is shown at genus level with a cut-off at 1 % in at least one single sample. Samples are 

numbered from A1 to A5 and B1 to B5, indicating samples collected after each complete 

dehalogenation, prior to the spike of PCE or 2,6-DBP, respectively. B1 sampled from the 
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sulfate-free PCE dechlorinating cultures (NS.PCE) was absent due to the low quality of the 

PCR product that did not meet the sequencing requirements. 

 

 

Figure 2.7 Phylogenetic analysis (A) and dynamics of microbial composition (B) at ASVs 

level. The cut-off relative abundance of ASVs is set at 0.1 % in at least one single sample. ASVs 

belonging to the same genus are indicated by the same colour (top 10 genera) or letters. 

Alphabetic letters in Figure 2.6A: A, Desulfobulbaceae_; B, Desulforhopalus; C, 

Desulfobacterium; D, Halodesulfovibrio; E, Synergistaceae_uncultured; F, Acholeplasma; G, 

Mollicutes_EUB33-2_uncultured_; H, Desulfovibrionales_; I, Desulfomicrobium; J, 

Marinilabiliaceae_; K, Bacteroidetes_vadinHA17_; L, Lentimicrobiaceae_; M, 

VC2.1_Bac22_uncultured_; N, VC2.1_Bac22_; O, Bacteria_LCP-89_; P, Methanogenium; Q, 

Methanomicrobiaceae_; 

Discussion 

Putative RDase genes are being increasingly reported from metagenomic analyses of marine 

sediments. Considering the global distribution of organohalides in marine environments and 

their excellent potential as electron acceptors for anaerobic respiration, it is tempting to assume 

that OHR is occurring in Aarhus Bay sediments contributing to recycling halides, carbon and 

other nutrients. However, experimental verification of OHR potential in these sediments usually 
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has not been achieved. Recent metagenomic and single-cell genomic analysis revealed presence 

of putative RDase genes in Aarhus Bay sediments, indicating the possibility for alternative 

energy conservation through reductive dehalogenation in addition to sulfate reduction at the 

near-surface sulfate-rich zone (Jochum, et al. 2017, Jochum, et al. 2018). On this basis, we were 

inspired to investigate OHR potential and the eco-physiology of associated microbial 

communities. 

Reductive dehalogenation of various organohalides by Aarhus Bay marine sediments  

Similar to former studies of reductive dehalogenation in marine environments (Ahn, et al. 2003, 

Futagami, et al. 2009, Futagami, et al. 2013, Kaster, et al. 2014, Matturro, et al. 2016), we could 

show that pristine marine sediments from Aarhus Bay could reductively dehalogenate a range 

of organohalides, including PCE, 2,6-DBP, 1,4-DBB, 3-BP and 2,4,6-TIP (Table 2.1), 

suggesting the presence of multiple reductive dehalogenating microorganisms and 

corresponding RDase genes. Firmicutes were enriched in all dehalogenating cultures (Figure 

S2.1), with members of the Clostridiales being most predominant. These populations may serve 

as syntrophic partner to dehalogenating populations, for example as hydrogen producer as has 

been shown previously (Lin, et al. 2020, Merlino, et al. 2015, Yang, et al. 2019). Intriguingly, 

Lokiarchaeia belonging to Asgard archaea (Spang, et al. 2017, Zaremba-Niedzwiedzka, et al. 

2017), a recently described group of archaea linked to the origin of eukaryotes (Eme, et al. 

2017), were observed in the original sediment and enriched only in 2,4,6-TIP deiodinating 

cultures regardless of sulfate addition. To this end, it seems promising to employ reductive 

deiodination to enrich or even isolate strains from Lokiarchaeota, previously shown to bear 

putative RDase genes (Spang, et al. 2019). In addition, Anaerolineae, belonging to 

Chloroflexota, were sharply decreased in PCE dehalogenating cultures compared to incubations 

with other organohalides. Recently, metagenome assembled genomes (MAGs) revealed that 

Anaerolineae have the potential of reductive dehalogenation (Fincker, et al. 2020), however, 
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this has not been experimentally confirmed to date. Finally, members of the Bacteroidetes were 

enriched only in PCE dechlorinating cultures. Considering that to date there are no 

representative OHRB identified from this phylum, results presented here provide new leads for 

the isolation and characterization of yet unknown organohalide respiring prokaryotes.  

Microbial composition of PCE dechlorination enrichments  

Populations of well-characterized OHRB including Dhc, Dhb, Dsb, Geo and Sul (Adrian and 

Loeffler 2016, Atashgahi, et al. 2016, Atashgahi, et al. 2013, Azizian, et al. 2010a, Fincker and 

Spormann 2017) were found in the marine sediment studied here, but only at a low abundance 

below 106 16S rRNA gene copies/gram sediment. These microbes further decreased in 

abundance during transfers and serial dilutions indicating they are unlikely responsible for the 

PCE dechlorination under the conditions used in this study. We also did not detect known genes 

encoding the enzymes responsible for reductive dehalogenation of PCE and its metabolites, i.e. 

vcrA-, bvcA-, and tceA genes (Chen, et al. 2014, Smits, et al. 2004), suggesting the presence of 

other, variant sequences of RDase genes as previously indicated in subseafloor sediments 

(Futagami, et al. 2013). The lack of dechlorination beyond cDCE suggests that enzymes 

required for cDCE and VC dehalogenation were not enriched under the conditions used here as 

previously observed for other environments (Krajmalnik-Brown, et al. 2004, Scheutz, et al. 

2008). This is a common finding indicating likely evolution of VC-respiring Dehalococcoidia 

members due to anthropogenic contaminations in terrestrial environments (McMurdie, et al. 

2009). Microbial community analysis revealed that the original Aarhus Bay sediment sample 

contained two predominant genera with relative abundances over 5 % (Figure 2.3B), including 

an uncultured genus in the Anaerolineaceae belonging to the Chloroflexota, and the 

Desulfobacterota genus Desulfatiglans. Recent metagenomic data analysis revealed that 

members of the class Anaerolineae encoded putative RDase genes in their genomes, suggesting 

they might have the potential of reductive dehalogenation (Fincker, et al. 2020). Furthermore, 
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single-cell genomics has shown that Desulfatiglans-associated microorganisms contain 

putative RDase genes in their genomes (Jochum, et al. 2018). However, in contrast to canonical 

RDases, the encoded putative RDase proteins contain transmembrane domains at the N-

terminus but lacked a TAT signal peptide. Also, no accompanying RDase B gene was observed 

that normally encodes the membrane anchor for the catalytic subunit of RDases (Jochum, et al. 

2018). These putative RDases termed as hybrid RDases have not been shown to be functional 

(Atashgahi 2019). Intriguingly, the relative abundance of Anaerolineaceae and Desulfatiglans 

decreased to less than 1 % in our highly enriched cultures regardless of the presence of sulfate 

suggesting they might not be responsible for the observed dehalogenation. In contrast, 

Clostridium_sensu_stricto_7 belonging to the Firmicutes, and the Desulfobacterota genus 

Halodesulfovibrio were enriched in sulfate-free cultures, whereas other members of the 

Desulfobacterota including Desulfovibrio, Desulforhopalus, Desulfoplanes and an unknown 

genus in the Desulfobulbaceae became the predominant genera in sulfate-amended cultures 

(Figure 2.3B & Figure S2.3B). To our knowledge, Clostridium members have not been shown 

to mediate OHR and have been proposed to function as the hydrogen producers facilitating 

reductive dehalogenation (Lin, et al. 2020, Lo, et al. 2020, Yang, et al. 2019). In contrast, 

Desulfobacterota representatives, including Halodesulfovibrio marinisediminis and 

Desulfovibrio bizertensis, have been shown to debrominate 2,4,6-tribromophenol and 2,6-DBP 

into 4-bromophenol (4-BP) and phenol, respectively (Liu and Haggblom 2018). Furthermore, 

the genome of Desulforhopalus singaporensis was annotated to contain putative RDase genes 

(GenBank Accession: GCA_900104445.1), but OHR potential in this bacterium has not been 

experimentally verified (Lie, et al. 1999). Henceforth, we speculated that the well-identified 

OHRB might be outweighed by other potential dehalogenating microbes in our laboratory 

microcosms.  
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Switching organohalides from PCE to 2,6-DBP 

The sediments of Aarhus Bay were previously reported to have a high Br/Cl ion ratio, and a 

variety of brominated organic compounds have been identified, implying the potential for 

debromination may exist in the seafloor sediments (Christensen and Platz 2001, Jorgensen, et 

al. 2020, Zinke, et al. 2017). In addition, our initial assessment of dehalogenation capacity 

corroborated debrominating potential of Aarhus Bay sediments. Further, the genera enriched in 

PCE-dechlorinating cultures (Figure 2.2), like Desulfovibrio, have previously been reported to 

include strains that were characterized to debrominate 2,4,6-TBP and 2,6-DBP (Liu and 

Haggblom 2018). Interestingly, a recent study revealed the possibility of dechlorinating cultures 

to catalyze debromination (Xu, et al. 2022). Indeed, our results are in agreement, as PCE-

dechlorinating cultures showed the potential for 2,6-DBP debromination to phenol, whereas 

2,6-DCP was not dechlorinated (Figure 2.1). Similarly, Peng et al  found marine Desulfoluna 

strains were capable of reductive debromination but not reductive dechlorination (Peng, et al. 

2020a). This may indicate niche specialization of marine OHRB for reductive debromination 

that could gain more energy to support bacterial growth than that of reductive dechlorination 

(Xu, et al. 2022). The formation and consumption of hydrogen was observed in sulfate-free 

cultures (Figure 2.4), indicating that hydrogen likely served as the intermediate electron donor 

for OHR and methanogenesis (Azizian, et al. 2010a, Dolfing and Tiedje 1987) that occurred 

simultaneously as formerly reported (Aulenta, et al. 2002). On the contrary, methane was not 

generated in sulfate-amended cultures at first that might be due to the fact that sulfate-reducing 

bacteria outcompeted methanogens due to higher substrate affinity of sulfate-reducing bacteria 

to hydrogen than methanogens (Kristjansson and Schönheit 1983, Piché-Choquette and 

Constant 2019). With the sulfate reduced, methane was detected but at a low concentration 

below 30 µM (Figure 2.4B&D). Interestingly, reductive dechlorination and debromination were 

not influenced by the presence of sulfate, which was in line with recent reports of marine OHRB 
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belonging to sulfate-reducing bacteria (SRB) (Liu, et al. 2020, Liu and Haggblom 2018, Peng, 

et al. 2020a). It is likely that the marine OHRB have developed strategies for concurrent sulfate 

and organohalide respiration. 

Potential OHRB inferred from microbial community analysis 

Our results revealed that microorganisms that were previously discovered by metagenome and 

single-genome assembly as candidate OHRB, such as Desulfatiglans and its relatives (Fincker, 

et al. 2020, Jochum, et al. 2018), were not enriched in PCE dechlorination cultures, which might 

due to their inability to dechlorinate PCE under the conditions used for the experiments here 

(Figure 2.3 and Figure S2.3). Furthermore, some of the functionally characterized OHRB, for 

instance Dehalococcoides, that have been observed in Aarhus Bay sediments based on 

metagenomic analysis (Fincker, et al. 2020), and which strictly depend on hydrogen as electron 

donor and halogenated compounds as electron acceptor for energy conservation (Maymo-

Gatell, et al. 1997), were not enriched in our cultures. Their fastidious and restricted metabolism 

might have rendered them less competitive, being outcompeted by other, more versatile, 

OHRB, like RDase-containing sulfate reducers (Peng, et al. 2020a), in the defined mineral 

marine medium used in this study (Monserrate and Häggblom 1997). Changing the 

organohalide electron acceptors significantly reshaped the microbial community structure 

(Figure 2.5 & 2.6), suggesting that different microorganisms might be involved in the 

dehalogenation of the different chlorinated and brominated compounds tested in our study. 

Furthermore, the observed decrease in alpha diversity in debrominating cultures suggests that 

2,6-DBP or the debrominated phenol might inhibit growth of certain bacteria via the leakage of 

cellular components, such as K+ and ATP, or even cell membrane destruction (Cooper, et al. 

2015, Escher, et al. 1996, Heipieper, et al. 1991, Stasiuk and Kozubek 2008). Intriguingly, 

transfers of cultures from the initial screening able to dehalogenate 2,6-DBP were no longer 

able to debrominate 2,6-DBP. As the microbial community analysis revealed the apparent loss 
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of Desulfovibrio in comparison to the transfers from sulfate-amended dechlorinating cultures 

(Figure 2.1 & S2.5), a likely role of Desulfovibrio for reductive debromination can be 

hypothesized. Interestingly, members of the genus Bacillus were strongly enriched in sulfate-

free dechlorinating cultures. This genus has to date not been characterized to perform reductive 

dehalogenation. Interestingly, Lim et al. reported that members of the phylum Bacteroidetes 

were enriched in the presence of natural organohalides (Lim, et al. 2018). Similarly, we 

observed that members of this phylum were also enriched in sulfate-free debrominating 

cultures, but OHRB belonging to Bacteroidetes remain uncharacterized, providing leads for 

future attempts to isolate these organisms. 

Furthermore, members of several genera recently identified as OHRB were observed, including 

Desulfuromusa, Halodesulfovibrio and Desulfovibrio (Liu and Haggblom 2018). For each of 

these genera, several species-level amplicon sequencing variants (ASVs) were observed 

suggesting that the enriched populations were composed of more than one strain type, such as 

Desulfuromusa with two ASVs (Figure 2.7). To this end, future studies should aim to provide 

strain-resolved information by meta-omics, such as metagenomics and meta-transcriptomics. 

Genetic information of new OHRB can be disclosed from genome-resolved binning of 

metagenome data, providing leads regarding metabolic differences that can guide efforts 

towards isolation and further characterization of yet unknown dehalogenators. 

Conclusions 

In conclusion, this work verified the potential for OHR in Aarhus Bay sediments that have 

previously been shown to be a source of organohalides and putative RDase genes. This is of 

importance considering the increasing number of studies reporting occurrence of organohalides 

and putative RDase genes in marine sediments (Fincker, et al. 2020, Jorgensen, et al. 2020, 

Peng, et al. 2020a, Peng, et al. 2020b). Considering the diversity of organohalides naturally 
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produced in marine environments, OHR should play a key role in recycling halides and organic 

carbon back to the seawater.  

Data availability 

The nucleotide sequence data has been deposited in the European Bioinformatics Institute under 

accession number PRJEB50583. 
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Supplementary information 

 

Figure S2.1 Microbial composition of various organohalide-respiring cultures under sulfate-

free (NS) and sulfate-amended (S) conditions. Microbial community is analyzed at Phylum (A) 

and Genus (B) level. The cut-off relative abundance is set at 1 % for phylum and 3 % for genus. 

“Others” at genus level summarizes all taxa that are below the cut-off threshold (3 %). NS: non-

sulfate; S: sulfate-amended; 14DBB: 1,4-dibromobenzene; 3BP: 3-bromophenol; 246TIP: 

2,4,6-Triiodophenol. 
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Figure S2.2 PCE dechlorinating cultures of 1st two-time transfers (A: T1 and B: T2), 1st serial 

dilution (C: SD13 and SD12) and 2nd two-time transfers (D: Tr1). PCE.NS.SD13: the third 

bottle (10-3) as the highest dilution to maintain PCE dechlorination in the absence of sulfate in 

the first serial dilution. PCE.S.SD12: second bottle (10-2) as the highest dilution showing PCE 

dechlorination under sulfate-amended conditions. Tr1: First of the second two-time transfers. 

The arrows indicate spikes of PCE as well as lactate (NS) or lactate and sulfate (S).  
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Figure S2.3 Alpha diversity analysis based on Chao1 and Shannon index (A) and microbial 

composition of PCE dechlorinating cultures at phylum level (B). Top 16 phyla are shown. 

Remaining phyla are shown as “other”. 
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Figure S2.4 Metabolite concentrations in bottles amended with PCE (A,B) and 2,6-DBP (C,D) 

under sulfate-free (NS) and sulfate-amended (S) conditions.  “A” and “B” represent duplicate 

bottles. Data is shown as average values with standard deviation from duplicate cultures. 
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Figure S2.5 Dynamics of microbial composition at family level of four different cultures 

(NS_PCE, sulfate-free PCE dechlorination; NS_DBP, sulfate-free debromination; S_PCR 

sulfate-amended PCE dechlorination; S_DBP, sulfate-amended debromination). The cut-off of 

relative abundance was set at 1%. The duplicate cultures, S.DBP.CD, unable to debrominate 

2,6-DBP, were included. 
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Table S2.1 Primers used in this study. All primers target the 16S rRNA gene, except for vcrA 

and bvcA that target reductive dehalogenase genes. 

a The qPCR program was modified as 98°C for 5 min, followed by 40 cycles of 98°C for 15 s, 

68.2°C for 45 s. Melting curves were included from 55°C to 95°C with increments of 0.5°C 

and 10 s at each step. 

 

 

 

 

 

 

 

Target Name Oligonucleotide sequence (5´–3´) Reference for primer Reference for qPCR program 
Bacteria  Eub341F CCTACGGGAGGCAGCAG (Muyzer, et al. 1993) (Atashgahi, et al. 2013) 
 Eub534R ATTACCGCGGCTGCTGGC   
     
Desulfitobacterium Dsb406F GTACGACGAAGGCCTTCGGGT (Smits, et al. 2004) (Smits, et al. 2004) 
 Dsb619R CCCAGGGTTGAGCCCTAGGT   
     
Dehalococcoides Dco728F AAGGCGGTTTTCTAGGTTGTCAC (Smits, et al. 2004) (Atashgahi, et al. 2013) 
 Dco944R CTTCATGCATGTCAAAT   
     
Dehalobacter Dre441F GTTAGGGAAGAACGGCATCTGT (Smits, et al. 2004) (Atashgahi, et al. 2013) 
 Dre645R CCTCTCCTGTCCTCAAGCCATA   
     
Dehalogenimonas BL-DC-1243F 

BL-DC-1351R 
GGYACAATGGGTTGCCACCGG 
AACGCGCTATGCTGACACGCGT 

(Chen, et al. 2014) (Chen, et al. 2014)a 

     
Geobacter Geo196F GAATATGCTCCTGATTC (Amos, et al. 2007) (Azizian, et al. 2010) 
 Geo535R TAAATCCGAACAACGCTT   
     
Sulfurospirillum Sulfuro114F GCTAACCTGCCCTTTAGTGG (Sutton, et al. 2015) (Sutton, et al. 2015) 
 
 

Sulfuro421R 
 

GTTTACACACCGAAATGCGT 
 

 
 

 
 

tceA 
 
 

TceA1270F 
TceA 1336R 
 

ATCCAGATTATGACCCTGGTGAA 
GCGGCATATATTAGGGCATCTT 
 

(Ritalahti, et al. 2006) 
 
 

(Ritalahti, et al. 2006) 
 
 

vcrA Vcr1022F 
Vcr1093R 

CGGGCGGATGCACTATTTT 
GAATAGTCCGTGCCCTTCCTC 

(Ritalahti, et al. 2006) (Ritalahti, et al. 2006) 

     
bvcA Bvc925F 

Bvc1017R 
AAAAGCACTTGGCTATCAAGGAC 
CCAAAAGCACCACCAGGTC 

(Ritalahti, et al. 2006) (Ritalahti, et al. 2006) 
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Abstract 

Organohalide-respiring bacteria (OHRB) are keystone microbes in bioremediation of sites 

contaminated with organohalides and in natural halogen cycling. Known OHRB belong to 

distinct genera within the phyla Chloroflexota, Proteobacteria and Firmicutes, whereas 

information about novel OHRB mediating natural halogen cycling remains scarce. In this study, 

we applied a genome-resolved transcriptomic approach to characterize the identity and activity 

of OHRB from PCE-respiring cultures previously enriched from sediments of Aarhus Bay. 

Combining short- and long-read sequencing approaches, we assembled 37 high quality bins 

with over 75 % completeness and less than 5 % contamination. Sixteen bins harbored RDase 

genes, and were affiliated taxonomically to the class of Bacilli, and phyla of Bacteroidota, 

Synergistota, and Spirochaetota, that have not been reported to catalyze reductive 

dehalogenation. Among the 16 bins, CH3_bin.26, phylogenetically closely related to the genus 

Vulcanibacillus, contained an unprecedented 97 RDase genes. Of these, 84 RDase genes of 

CH3_bin.26 were transcribed during PCE dechlorination in addition to RDase genes from 

members of Synergistales (CH3_bin.15 and CH3_bin.32) and Bacteroidales (CH3_bin.18 and 

CH3_bin.24). Moreover, metatranscriptome analysis suggested the RDase genes were likely 

under the regulation of transcriptional regulators not previously associated with OHR, such as 

HrcA and SigW, which are known to respond to abiotic environmental stresses, such as 

temperature changes. Combined application of genomic methods enabled us to pinpoint novel 

OHRB from pristine environments not previously known to mediate reductive dechlorination 

and to provide evidence towards the diversity, activity and regulation of reductive 

dehalogenases.  

Keywords: Organohalide respiration; Metagenomics; Metatranscriptomics; RDase gene; 

Vulcanibacillus; Transcriptional regulators  
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Introduction 

Organohalide respiring bacteria (OHRB) can derive energy for growth from the use of reductive 

dehalogenation of halogenated compounds as terminal electron accepting process. They employ 

reductive dehalogenases (RDases) that catalyze the removal of halide(s) from the carbon 

backbone via respiratory electron transfer (Mohn and Tiedje, 1992; Adrian and Löffler, 2016). 

In the process of organohalide respiration (OHR), organohalides serve as the terminal electron 

acceptor for the electrons derived from, for example, hydrogen or lactate, through a membrane-

associated electron transport chain (ETC). In addition to RDases known from OHRB, reductive 

dehalogenation can also be catalyzed by another type of reductive dehalogenase, thiolytic, 

glutathione-dependent tetrachloro-P-hydroquinone RDase (TPh-RDase) as previously reported 

for biodegradation of chlorinated compounds (Xun et al., 1992a,b). In many cases, RDase gene-

containing gene clusters in OHRB are composed of genes encoding a transcriptional regulator, 

the RDase itself, and a potential electron transporter. Thereinto, three regulatory systems of 

RDase gene clusters have been characterized: CRP (cyclic AMP receptor protein) / FNR 

(fumarate and nitrate reduction regulator) superfamily, Two-Component Systems (TCS) and 

MarR (multiple antibiotic resistance regulator) (Gabor et al., 2006; Wagner et al., 2013). The 

minimum cassette of RDase gene clusters is usually composed of a gene encoding the 

catalytical subunit, rdhA, and a second gene, rdhB, coding for a cognate membrane-anchoring 

protein B (Smidt and De Vos, 2004; Fincker and Spormann, 2017; Wang et al., 2018). 

Organohalides are present as natural products in marine environments and other high salt 

environments (Gribble, 2015; Atashgahi et al., 2018; Peng et al., 2020a), which is why it is 

interesting to study their role in the geochemical carbon and halogen cycles and their potential 

eco-physiological importance. 

OHR exploration in marine sediments has been a long-term topic for several decades, which 

was mainly based on culture-dependent and molecular detection methods, such as dilution-to-
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extinction isolation, marker-gene amplicon sequencing and quantification (Smits et al., 2004; 

Lu et al., 2017; Bokulich et al., 2018). Recent research into the microbial composition of marine 

sediments, making use of metagenomic techniques and bioinformatics, revealed the presence 

of microorganisms from various phyla containing genes predicted to code for RDases, 

including, next to the commonly known phyla, such as Chloroflexota and Firmicutes, new 

archaeal phyla, Lokiarchaeota, Thorarchaeota, and Heimdallarchaeota belonging to the 

proposed Asgardarchaeota superphylum (Spang et al., 2019).  

Based on single-cell amplified genomes (SAGs) retrieved from sediment of Aarhus Bay, a 

putative RDase gene was found in the assembled genome DEH-C3, belonging to the 

Dehalococcoidia (Wasmund et al., 2016). Metatranscriptomic data from the surroundings of 

the initial sampling site revealed a high abundance of tceA-like gene transcripts implicating the 

potential for reductive dehalogenation in this marine sediment from Aarhus Bay (Zinke et al., 

2017). Moreover, five Desulfatiglans-related SAGs were found bearing putative RDase genes 

from the sulfate-rich subsurface of Aarhus Bay marine sediments, and it was speculated that 

OHR might be an alternative energy conservation strategy under sulfate-limiting conditions 

(Jochum et al., 2018). Nevertheless, although these analyses of extensive DNA and RNA 

sequence data indicated the existence of potential OHR in marine sediments of Aarhus Bay, 

unambiguous physiological proof remains pending, and the OHRB involved were not isolated 

nor unequivocally identified. 

In a previous study we have found that marine sediments from Aarhus Bay can dehalogenate a 

range of halogenated compounds, including tetrachloroethene (PCE), 2,6-dibromophenol (2,6-

DBP), 1,4-dibromobenzene (1,4-DBB), 3-bromophenol (3-BP), and 2,4,6-triiodophenol (2,4,6-

TIP) (Chapter 2). 16S ribosomal RNA (rRNA) gene amplicon sequencing revealed that 

members of the phyla Desulfobacterota, Firmicutes and Bacteroidota, such as Desulfovibrio, 

Desulfuromusa and Bacillus, were enriched in sediment-free PCE dechlorinating cultures. 
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Desulfovibrio and Desulfuromusa were recently shown to be capable of reductive 

debromination of 2,6-DBP to phenol (Liu and Haggblom, 2018). However, Bacillus spp. or 

members of the Bacteroidota have never been reported before to use organohalides as terminal 

electron acceptors.  

Thus, the aim of this study was to identify the OHRB involved in the dehalogenation of PCE 

aligning to the previously reported study (Chapter 2). To this end, we combined metagenomics 

and -transcriptomics of sediment-free PCE-dechlorinating enrichment cultures with 

physiological observations in order to identify the corresponding OHRB and their RDase genes 

for PCE dechlorination with(out) additional sulfate. This revealed the presence of a large 

number of genomic bins encoding putative reductive dehalogenases, as well as the expression 

of many of these genes that appeared to be under the control of transcriptional regulators not 

previously associated with OHR.  

Materials and methods 

Chemicals 

PCE, TCE, cDCE, VC, and ethene were purchased from Sigma-Aldrich. Stock solutions of 

lactate (0.5 M) and sulfate (0.5 M) were prepared separately by filter sterilization (syringe filter, 

0.2 µm, mdimembrane, Ambala Cantt, India). All other (in)organic chemicals were obtained in 

analytical grade or higher. 

Cultivation 

Cultures were incubated in marine medium under sulfate-free (NS) or sulfate-amended (S) 

conditions as described previously (Chapter 2). These cultures labelled as PCE_NS_Tr2_A/B 

(PCE.NS.Tr2.A/B, Chapter 2) and PCE_S_Tr2_A/B (PCE.S.Tr2.A/B, Chapter 2), grown in 50 

ml per bottle, were the same cultures as indicated in step 4 in the experimental outline of 
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Chapter 2 (Figure 2.1, Figure 3.1A). The cultures were obtained after three spikes (see below) 

that were applied when PCE was completely dechlorinated into cDCE. Each spike contained 

250 µM PCE and 5 mM lactate (NS and S), and 5 mM sulfate in S cultures. The actively 

dechlorinating cultures, PCE_NS_Tr3 and PCE_S_Tr3 (50 ml per bottle), respectively, were 

obtained after 5% transfer of PCE_NS_Tr2_A and PCE_S_Tr2_A. The remainders of 

PCE_NS_Tr2_A and PCE_S_Tr2_A were sacrificed for metagenome sequencing by Illumina 

(Novogene Europe, Cambridge, UK). PCE_NS_Tr2_B and PCE_S_Tr2_B cultures were used 

for metagenome sequencing by Nanopore separately (Novogene Europe). When 80% of the last 

of three spikes of 250 µM PCE was consumed, PCE_NS_Tr3 and PCE_S_Tr3 were transferred 

at 5 vol-% to PCE_NS_Tr4 and PCE_S_Tr4, respectively, in three replicates (100 ml per 

bottle). Similar to the cultures used for metagenome sequencing, three replicate cultures of 

PCE_NS_Tr4 and PCE_S_Tr4 were collected for metatranscriptome sequencing by Illumina 

(Novogene Europe) when 80% of PCE was dechlorinated into cDCE after the third spike. 

Analytical methods 

PCE, TCE, and cDCE were measured by Gas chromatography and mass spectroscopy (GC-

MS) installed with an Rt®-Q-BOND column (Retek, PA, USA) and a DSQ MS (Thermo Fisher 

Scientific). Hydrogen and methane were detected by compact GC (Global Analyzer Solutions, 

Breda, The Netherlands) with a thermal conductivity detector (GC-PDD). Organic acids, 

including lactate, acetate, and propionate, were measured by SHIMADZU LC2030 PLUS 

coupled with a Shodex SUGAR Series® SH1821 column. Sulfate was measured by Dionex™ 

ICS-2100 Ion Chromatography System (Thermo Scientific), and sulfide was analyzed 

photometrically as previously described (Cline, 1969). 
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DNA and RNA extraction 

Cultures used for DNA and RNA extraction were centrifuged at 10,000 g for 5 min, and then 

washed three times with 10 mM TE buffer (pH 7.0) to remove residual medium components. 

Washing of cultures for RNA extraction was done at 4 °C. DNA extraction was done by using 

the MasterPureTM Gram positive DNA purification Kit (Epicentre, WI, USA) to gain high 

quality and quantity DNA for metagenomic sequencing, including Illumina for short reads (PE 

150, NovaSeq 6000) and Oxford Nanopore for long reads. The RNA extraction was carried out 

following a bead-beating procedure (Egert et al., 2007). The isolated RNA was purified using 

RNeasy columns (Qiagen, Venlo, The Netherlands), and residual genomic DNA was 

subsequently digested by DNase I (Roche, Almere, The Netherlands). The obtained RNA 

samples were quality-checked by agarose gel electrophoresis and sequenced using Illumina for 

short reads (PE 150, NovaSeq 6000). 

Metagenome data analyses 

Metagenome sequence data were generated by Illumina sequencing in paired-end short reads 

(NovaSeq 6000) and Oxford Nanopore. The pipelines of MetaWRAP, OPERA-MS and Anvi’o 

were combined to process the raw data as outlined in the following (Figure S3.1) (Uritskiy et 

al., 2018; Bertrand et al., 2019; Eren et al., 2021). One of the duplicate cultures, 

PCE_NS/S_Tr2_A, was sent for paired-end Illumina sequencing. Cleaning of short reads was 

achieved through quality check and trimming using the “read_qc” module of MetaWRAP. Both 

forward and reverse sequencing of PCE_NS_Tr2_A yielded 33,352,593 reads, respectively, 

with 33,340,280 read pairs remaining after filtering for human genomic DNA contaminants and 

quality control. Raw and filtered read pairs of PCE_S_Tr2_A amounted to 26,516,123 and 

26,506,140, respectively. Co-assembly of the clean reads from both cultures was done using 

the “assembly” module of MetaWRAP. PCE_NS/S_Tr2_B cultures were used for Nanopore 
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sequencing. The number of filtered reads of PCE_NS/S_Tr2_B was 1,637,484 and 954,603, 

respectively. The short-read co-assembly was then combined with the Nanopore long reads 

using OPERA-MS (Figure S3.1). Subsequently, metatranscriptome sequences (see below for 

processing details) were introduced to improve the quality of the hybrid assembly by OPERA-

MS (Table S3.1). As a next step, the hybrid assembly was used for binning using the “binning” 

module of MetaWRAP separately with three commonly-used built-in binners: metabat2, 

maxbin2 and concoct. Further refining of bins was achieved using the “bin_refinement” 

module, and selection of bins using a cut-off at 50% completeness and 10% contamination. The 

abundance of the refined bins was determined using the “quant_bins” module in MetaWRAP, 

which uses Salmon to index the entire metagenomic assembly, and then reads from samples 

were mapped back to the hybrid assembly. The generated coverage estimates were used to 

calculate the abundance of each contig in each sample. Length-weighted average of a given 

bin’s contig abundances was used to calculate the bins’ abundances. Bin quality was further 

improved using the “reassemble_bins” module of MetaWRAP. The reassembled bins were then 

classified using the “classify_wf” module of GTDB-Tk (Rinke et al., 2021), and phylogenomic 

analysis of bins was performed on the Aanovi’o platform annotated with the “annotate_bins” 

module of MetaWRAP using the built-in PROKKA. To assess the genomic context of target 

genes, flanking genes were searched by setting “grep -A 6 -B 5” to fetch the first five upstream 

genes and first six downstream genes using the translated “.faa” format files. The obtained gene 

clusters were visualized by “gggenes” (https://github.com/wilkox/gggenes). 

Phylogenetic analysis of OHR bins  

Thirty-seven bins, also termed Metagenome-Assembled Genomes (MAGs) were retained after 

filtering using the “Bin_refinement” and “reassemble_bins” modules of MetaWRAP, with 

settings of > 75 % completeness and < 5 % contamination. These 37 MAGs were then 

phylogenomically analyzed following the Anvi’o workflow using the “--hmm-source 
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Bacteria_71”, and the output tree file was visualized by ggtree (Yu et al., 2017), which 

combined the bins’ abundance, transcripts, and their genome size. Bins of potentially 

reductively dehalogenating bacteria were identified using the curated HMM file of RDase 

genes, which includes reductive dehalogenases of OHRB and tetrachloro-p-hydroquinone 

(TPh) reductive dehalogenase (Xun et al., 1992b, a; Garber et al., 2020). To establish their 

evolutionary position, bins were taxonomically classified by “classify_wf” of GTDB (Chaumeil 

et al., 2020), and bins from the same phylum or class were collected together with selected 

representative genomes from the respective phylum from the GTDB database (Using GTDB 

v202) to construct phylogenetic trees using “GToTree” (Lee, 2019) using 74 bacterial single-

copy protein-coding genes (SCGs) for concatenated alignment. In addition, RDase entries from 

the Pfam database (PF13486, https://pfam.xfam.org/) were employed to retrieve all potential 

OHRB genomes related to bins at the phylum- or class-level. Similarly, 114 RDase protein 

sequences were collected from 16 bins, and multiple sequence alignments were done using the 

online Clustal Omega tool to construct a phylogenetic tree (Sievers et al., 2011).   

Metatranscriptome data analyses 

Similar to the processing of metagenome data, raw Illumina metatranscriptome sequence data 

was first cleaned through the removal of human genomic contaminants that may be introduced 

during samples preparation and extraction. Similarly, Salmon as built in the quant_bin module 

of MetaWRAP was also employed to calculate the abundance of bins based on transcript 

mapping to the respective contigs. Tuxedo packages (https://github.com/trinityrnaseq) were 

used for genome-guided RNA-seq analysis, including Tophat, Cufflinks, Cuffmerge and 

Cuffdiff (Figure S3.1). The hybrid assembly used for the binning (see above) was set as the 

template for aligning the RNA-seq data by Tophat. Cufflinks was used for assembling transcript 

structures from read alignments, and transcripts were counted based on Cuffdiff output, which 

was used for performing differential expression analysis. The abundance of standardized 
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transcripts was taken into account to construct expression profiles of functional genes under NS 

and S conditions. 

Functional analyses of metabolic pathways encoded in the different bins 

To evaluate the potential metabolism encoded in the 37 assembled bins, MagicLamp 

(https://github.com/Arkadiy-Garber/MagicLamp) was employed to search metabolic marker 

genes according to the established HMM files as described in “hmm-meta.txt” in the “hmms” 

directory (Garber et al., 2020). In our physiological experiments, we observed, alongside 

reductive dehalogenation, sulfate reduction as well as hydrogen and methane production, and 

relevant marker genes were selected. For sulfur metabolism, genes related to 

sulfide/sulfur/thiosulfate oxidation, sulfite/sulfate reduction, and thiosulfate disproportionation 

were retrieved. The initial step of sulfate reduction is the reduction of sulfate to sulfite with the 

formation of adenosine 5’-phosphosulfate (APS) as the intermediate, catalyzed by sulfate 

adenylyl-transferase (Sat) or adenylyl-sulfate kinase, and adenylyl-sulfate reductase (Apr) 

reducing APS to sulfite (Muyzer and Stams, 2008; Leloup et al., 2009; Anantharaman et al., 

2018). Sulfite reductase is the critical enzyme to catalyze the reduction of sulfite to sulfide, 

which is the limiting step for sulfate reduction (Bradley et al., 2011; Leavitt et al., 2015). Two 

types of sulfite reductase genes were taken into consideration, including those encoding 

dissimilatory sulfite reductase (dsr genes) and anaerobic sulfite reductase (asr genes) (Peck Jr, 

1961; Hallenbeck et al., 1989). Marker genes encoding enzymes involved in the halogen cycle 

were selected in addition to RDase and TPh-RDase genes, including genes encoding haloacid 

dehalogenase type II for organohalide breakdown, DMSO reductase type II PcrA/B for 

perchlorate reduction, and chlorite dismutase for chlorite reduction (Koonin and Tatusov, 1994; 

Hisano et al., 1996; Coates and Achenbach, 2004; Bender et al., 2005; Peng et al., 2017). 

Marker genes coding for hydrogenases were divided into three groups according to the metal 

content at active sites, i.e. [Ni-Fe]-hydrogenase, [Fe-Fe]-hydrogenase, and [Fe]-hydrogenase 
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(Lubitz et al., 2014; Piché-Choquette and Constant, 2019). For the well-studied [Ni-Fe]-

hydrogenases, eight subgroups, group 1, group 2a, group 2b, group 3a, group 3b, group 3c, 

group 3d, and group 4, and two subgroups of [Fe-Fe]-hydrogenases, group A and group B, were 

included (Lubitz et al., 2014; Piché-Choquette and Constant, 2019; Schoelmerich and Muller, 

2019). Metabolic genes responsible for methane production and oxidation were also searched 

against the assembled bins, which included pmoA, pmoB, pmoC, mmoB, and mmoD for methane 

oxidation, and mcrA, mcrB, and mcrG for methane production (Hakemian and Rosenzweig, 

2007; Evans et al., 2019). 

 Results 

PCE dechlorination to cDCE 

Stable, sediment-free PCE-dechlorinating cultures enriched from Aarhus Bay marine sediments 

(Chapter 2) were spiked three times with PCE at 250 µM (black arrows in Figure 3.1B). The 

cultures were grown with (S) and without (NS) sulfate. The NS/S_Tr2 cultures reductively 

dechlorinated PCE to cDCE, reaching a final concentration of 734.7 µM and 675.1 µM 

respectively, after 3 spikes of 250 µM of PCE, with TCE as intermediate (Figure 3.1B). The 

resulting biomass was collected for DNA isolation for metagenome sequencing after 

dehalogenation of the third spike of PCE (grey arrows in Figure 3.1B). Similarly, the 

PCE_NS_Tr4 and PCE_S_Tr4 cultures reductively dechlorinated PCE to final concentrations 

of 636.8 µM and 528.8 µM cDCE, respectively, after 3 spikes of 250 µM of PCE. Biomass was 

collected when 80% of the third spike was dehalogenated to cDCE and was used for RNA 

extraction for metatranscriptome sequencing, thus ensuring that the OHR-associated genes 

were active, especially the corresponding RDase genes. The cultures from the 4th transfer 

without sulfate fully dechlorinated the 1st spike of PCE within 14 days, whereas the full 

dechlorination of the 1st spike of PCE required 30-34 days in all other sulfate-amended cultures. 
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This is probably due to competition between sulfate and PCE as the final electron acceptor as 

was also observed in our previous study (Chapter 2). The electron donor and carbon source, 

lactate, was consumed with the formation of propionate and acetate at a ratio of around 2.5 : 1 

in cultures not amended with sulfate, whereas only acetate was produced in cultures where 

sulfate was added. 

 

Figure 3.1 Schematic diagram (A) of PCE dechlorinating cultures (B) sampled for meta- 

genome and -transcriptome sequencing. PCE_NS_Tr2_A/B: duplicate PCE dechlorinating 

sulfate-free cultures; PCE_S_Tr2_A/B: duplicate PCE dechlorinating sulfate-amended 

cultures; PCE_NS/S_Tr4_1/2/3: triplicate PCE dechlorinating cultures; black arrows in B 

indicate PCE spikes; grey arrows represent timepoints at which cultures were harvested. 

Abundance and expression of bins in PCE dechlorinating cultures 

Using the sequence data of both NS and S cultures, 37 assembled bins were retained based on 

completeness (>75 %) and contamination (<5%) thresholds (Table S3.2). Four of these bins, 

CH3_bin.15 (classified into genus Desulforhopalus), CH3_bin.22 (classified into 
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Desulfobacter), CH3_bin.34 (classified into Pseudodesulfovibrio) and CH3_bin.5 (classified 

into order Synergistales) had 100% completeness and no contamination according to the 

CheckM output (Parks et al., 2015; Uritskiy et al., 2018). The 37 assembled bins were classified 

into six bacterial phyla, Bacteroidota, Delongbacteria, Desulfobacterota, Firmicutes, 

Spirochaetota, and Synergistota, and one archaeal phylum, Halobacteriota, according to the 

taxonomic classification following the workflow of  GTDB-Tk (classify_wf) (Figure 3.2). The 

bins belonging to Delongbacteria and Halobacteriota did not encode any putative RDase genes, 

indicating that these organisms were probably not involved in the dechlorination of PCE. 

In the NS cultures, CH3_bin.17, classified into Clostridiaceae, and CH3_bin.5 classified as a 

member of Synergistales were dominant on average with 12299.6 and 3401.2 genome copies 

per million reads (reflecting how often a given bin is represented in the sequence data), 

respectively (Table S3.2), followed by CH3_bin.26 classified as member of Vulcanibacillus 

with 1831.6 genome copies. CH3_bin.21, classified into Desulfuromusa was the most highly 

expressed genome and accounted for 9101.4 genomic transcripts per million reads on average, 

followed by CH3_bin.15 classified as member of Desulforhopalus with 673.9 genomic 

transcripts per million reads. The genomes of CH3_bin.14 (classified into Desulfomicrobium) 

and CH3_bin.26 were also highly expressed with over 300 genomic transcripts per million 

reads. 

When sulfate was present, CH3_bin.19, belonging to Desulfoplanes, was the most abundant 

and highly expressed, accounting for 6076.2 genome copies and 1145.1 genomic transcripts per 

million reads, followed by CH3_bin.22 with 3103.4 copies and 106.5 transcripts per million 

reads. CH3_bin.34, belonging to Pseudodesulfovibrio was the third most abundant with 3095.2 

genome copies and 19.3 transcripts per million reads. CH3_bin.25, belonging to the same 

genus, had 333.7 transcripts as the second most highly expressed bin with 666.8 genome copies 

per million reads (details shown in Table S3.2). CH3_bin.26 belonging to the genus 
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Vulcanibacillus was annotated with 97 putative RDase genes. Transcriptomics was used to 

check whether these genes were indeed expressed in the cultures studied. Other genomic bins 

containing RDase genes, CH3_bin.5, CH3_bin.10 and CH3_bin.32, belonging to Synergistales, 

CH3_bin.15 from Desulfobacterota, CH3_bin.28 belonging to Melioribacteraceae, and 

CH3_bin.12, CH3_bin.18, CH3_bin.24 and CH3_bin.31 from Bacteroidales were present and 

expressed in all cultures during PCE dechlorination irrespective of the presence of sulfate, while 

all their correspondent RDase genes were also expressed (Fig 3.2; Table S3.4). In the sulfate 

amended cultures, CH3_bin.23 and CH3_bin.6, belonging to the order Bacteroidales, and 

CH3_bin.30, belonging to the Oceanispirochaeta, potentially contributed to the sulfate 

reduction, as evidenced by the detection of their genomic transcripts (Figure. 3.2, Table S3.2, 

and Table S3.4). In addition, the potential OHRB, CH3_bin.15 belonging to Desulforhopalus 

and CH3_bin.32 belonging to Synergistales, were also found to be expressed under sulfate-

added condition and their correspondent RDase gene transcripts were observed with on average 

65.3 (CH3_bin.15-RDase gene) and 145.5 (CH3_bin.32-RDase gene) transcripts per million 

reads, respectively (Table S4.4). 
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Figure 3.2 Phylogenomic tree of assembled bins constructed on the basis of 71 bacterial marker 

genes as implemented in Anvi’o. Tips of the tree labelled with the star symbol indicate bins 

containing RDase genes (“Potential OHRB”), with symbol size representing the number of 

RDase genes. Colors of tree tips indicate their classification at the phylum level. Areas shaded 

in grey indicate bins belonging to the same taxon at the level of Order (_O), Class (_C) or 

Family (_F). The combined heatmap in the outer circles in different colors indicate the presence 

of bins sourced from metagenomic (PCE_DNA) and meta-transcriptomic (PCE_RNA) data 

from cultures grown in the absence or presence of sulfate (NS/S). Transparency of the colors in 

the heatmap represents the abundance of a given bin (Unit: genome copies per million reads) 

in log10. The two outer circles bearing the same color pattern as the metagenomic samples 

indicate the presence and bar height represents the bin’s genome size as measured by the scaler 

(0-12 Mbp). 
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Phylogenomic position of bins representing potential OHRB  

To further assess the phylogeny of bins containing RDase genes and thus assumed to bear OHR 

potential, representative genomes of the different taxa were retrieved from the GTDB database 

to construct phylogenomic trees. Nine OHR-potential bins, CH3_bin.1, CH3_bin.12, 

CH3_bin.18, CH3_bin.23, CH3_bin.24, CH3_bin.28, CH3_bin.6, CH3_bin.31, and 

CH3_bin.35, belonging to Bacteroidota, were phylogenetically analyzed with representative 

genomes (Figure 3.3A). CH3_bin.1 and CH3_bin.12 belong to genus UBA12077, in which 

three out of six representative genomes were annotated as potential OHRB. CH3_bin.18 

belongs to genus SR-FBR-E99, and no RDase was found encoded in the genomes of any of the 

representatives. CH3_bin.23 was classified into family VadinHA17, which included four 

potential OHRB representatives from genera UBA9300, JAADHC01, SLNP01 and LD21, of 

which UBA9300 was most closely related to CH3_bin.23. CH3_bin.31 was phylogenetically 

close to Marinifilaceae, which contained genera Ancylomarina, Marinifilum, Ancylomarina_A, 

and Labilibaculum. Interestingly, we found RDase genes in Ancylomarina, Marinifilum, and 

Ancylomarina_A. CH3_bin.28 and CH3_bin.35 from family Melioribacteraceae were close to 

the potential OHRB family member, JAADIR01. CH3_bin.24 was classified to genus 

UBA12170 that has in total two OHRB candidates across the included representatives. 

CH3_bin.6 was in a close relationship with genus BM520, in which one of three representatives 

was noted as OHRB candidate. CH3_bin.13 was classified into genus Izemoplasma_B in the 

phylum Firmicutes, in which all five representative genomes were potential OHRB (Figure 

3.3B). CH3_bin.26 was affiliated with Vulcanibacillus, which has one isolate, V. 

modesticaldus, bearing one putative RDase gene. CH3_bin.32, belonging to the Synergistota, 

was close to Aminiphilus. In addition, CH3_bin.5 and CH3_bin.10 were phylogenetically close 

to Aminobacterium (Figure 3.3C). Within the Desulfobacterota, CH3_bin.15 was closest to 
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Desulforhopalus that has two OHRB of the ten genome representatives (Figure 3.3D). 

CH3_bin.30 from Spirochaeota was classified into Oceanispirochaeta (Figure 3.3E). 

Figure 3.3 Phylogenomic trees of phyla including bins containing RDase genes. Representative 

genomes at phylum level: Bacteroidota (A), Synergistota (C), Desulfobacterota (D), and 

Spirochaetota (E) and class level: Bacilli (B). Red circles filled with star indicate potential 

OHRB, whereas black-solid dots represent non-OHRB .Colored shades indicate branches and 

nodes containing bins that encode RDase genes, in line with the color patterns used in Figure 

3.1. 
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Genomic survey of metabolism agreeing to physiological observations during PCE 

dechlorination 

22 bins were found bearing metabolic genes for sulfur metabolism, of which CH3_bin.1, 

CH3_bin.12, CH3_bin.24, CH3_bin.28, CH3_bin.31, and CH3_bin.35 contained genes 

encoding both sulfate adenylyl-transferase (S_A_transferase) and adenylyl-sulfate kinase 

(A_S_kinase) to initiate the reduction of sulfate to sulfite with adenosine 5’-phosphosulfate 

(APS) as the intermediate. CH3_bin.14, CH3_bin.15, CH3_bin.16, CH3_bin.19, CH3_bin.22, 

CH3_bin.25, CH3_bin.27, CH3_bin.34, CH3_bin.8 and CH3_bin.9 were annotated with sulfite 

reductases catalyzing the further reduction of sulfite to sulfide (Figure 3.4D). Interestingly, 

there was no assembled bin bearing the complete gene set for sulfate reduction to sulfide. 

Metabolic marker-gene analyses revealed that there were two types of dehalogenases annotated 

to utilize organohalides, including RDase and TPh_RDase (Figure 3.4D). We identified 15 bins 

containing respiratory RDase genes and one TPh-RDase gene from CH3_bin.15 belonging to 

Desulforhopalus. Hydrogen was produced during lactate utilization and PCE dechlorination up 

to around 70 µM and consumed again after 26 days. Meanwhile, methane was also detected 

and accumulated to around 240 µM in the absence of added sulfate (Figure 3.4C). Probably, 

the produced hydrogen provided the electrons for reductive dehalogenation and 

methanogenesis under these conditions. Further genomic analysis revealed that marker genes 

encoding group A [Fe-Fe]-hydrogenases were abundant across the bins, for example, 

CH3_bin.30 and CH3_bin.13 carried five and four genes respectively, and several bins were 

also found to encode subgroup 1 and 4 type [Ni-Fe]-hydrogenases (Figure 3.4D). The higher 

numbers found of genes coding for [Fe-Fe]-hydrogenase suggested that they were likely the 

main contributors to hydrogen oxidation in accordance with previous results that [Fe-Fe]-

hydrogenases were more active and had higher turnover frequency than [Ni-Fe]-hydrogenases 

(Madden et al., 2012). In addition, CH3_bin.23, CH3_bin.31 and CH3_bin.6 had only [Fe-Fe]-
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hydrogenases, whereas, CH3_bin.10, CH3_bin.14, CH3_bin.15, CH3_bin.21 and CH3_bin.26 

only encoded [Ni-Fe]-hydrogenases. Genes coding for methyl-coenzyme M reductases (mcr) 

contributing to methane production were only found in CH3_bin.33, classified into 

Methanogenium, which contained two genes of each mcrA, mcrB, and mcrG. 

Figure 3.4 Metabolite detection and annotation of related marker genes. Utilization of lactate 

under sulfate-free, NS (A), and sulfate-amended, S (B) conditions. Hydrogen and methane were 

only detected in NS cultures (C); Marker genes involved in the cycling of sulfur, halogens, 

hydrogen and methane were searched against the bins and counted (D); Thereinto, specific 

marker genes were selected corresponding to physiological observations (D). Bars in figures A, 

B and C represent the standard errors of the duplicate cultures as described in Figure 3.1.  
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Phylogeny of RDases and their gene expression 

Most RDases from CH3_bin.26 were phylogenetically closely related to each other with respect 

to their amino acid sequences (Table S3.3). RDases from other bins, except CH3_bin.35, 

CH3_bin.15, CH3_bin.31 and CH3_bin.24, were in a close phylogenetic relationship to each 

other, but distant to the RDases from CH3_bin.26 (Figure 3.5), suggesting a different origin. 

RDase gene expression profiles were analyzed to specify their possible contributions to PCE 

dechlorination. No RDase gene transcripts were observed for CH3_bin.35, CH3_bin.1, 

CH3_bin.6, CH3_bin.10, CH3_bin.12, bin13, CH3_bin.23, CH3_bin.24, CH3_bin.28, 

CH3_bin.30, or CH3_bin.31. Hence, it is unlikely that those genes were involved in the 

dechlorination of PCE. In contrast, transcripts of several RDase genes of CH3_bin.26 were 

observed regardless of the presence of sulfate, including RDase3, RDase9, RDase21, RDase23, 

RDase43, RDase54, RDase58, RDase60, RDase61, RDase64, RDase75, RDase79 and 

RDase96. The RDase gene of CH3_bin.18 was transcribed only in PCE_S3 culture with 508.2 

transcripts, whereas, 23 RDase genes of CH3_bin.26 were only found expressed in PCE_NS3 

(Table S3.4). All the other RDase genes were expressed to different extents with and without 

sulfate. The genes from CH3_bin.15, and RDase36, RDase41, RDase42, RDase45, and 

RDase46 from CH3_bin.26, were expressed in all duplicate cultures (Figure 3.5). Notably, 84 

of the 97 RDase genes from CH3_bin.26 were found expressed during PCE dechlorination, 

which suggests the important role of CH3_bin.26 to dehalogenate PCE in the cultures described 

here. In addition, most RDase genes in CH3_bin.26 were found clustered together in one 

assembled contig, with less than five genes interval between every two RDase genes (Table 

S3.4). 
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Figure 3.5 Phylogenetic tree of RDases and their gene transcripts attached with corresponding 

gene clusters. The protein sequences of RDases were collected and aligned via online Clustal 

Omega. Stars at the nodes indicate that RDases were encoded on CH3_bin.26. RDases encoded 

on other bins are depicted by differently colored circles. The extended heatmap corresponding 

to the RDase node indicates gene transcript abundance (log10 transformed). The depicted gene 

clusters represent those RDase genes transcribed in both duplicates of NS and S, only in 

duplicates of NS, or only in S. RDase41/42, RDase45/46, and RDase6/7 are in the same cluster, 

respectively (Table S3.4).  

Diverse regulatory systems flanking RDase genes 

Similar to the genes encoding RDases, the neighboring genes coding for transcriptional 

regulators were subjected to further analysis. CRP / FNR and TCS were the main expressed 

transcriptional regulators, containing 22 and 9 members, respectively (Figure 3.6A). CRP, the 

cAMP-activated global transcriptional regulator, was represented by 12 members, divided 

further into three groups based on sequence similarities (Chandler, 1992). CRP-2 and CRP-3 

were represented by a higher number of transcripts compared to CRP-1 (Figure 3.6B). Five 

members of GlxR (Kim et al., 2004), a CRP-like regulator, were found expressed, with GlxR1-

3 exhibiting higher transcription levels compared to the rest. 

Nine two-component systems (TCS) were identified, of which NatR2 for regulating sodium ion 

extrusion (Ogura et al., 2007), WalR2 for cell wall metabolism and virulence, and RpfG for 

signaling response, were highly expressed (Figure 3.6B). Interestingly, four transcriptional 

regulators functioning as repressors were also highly expressed, including DtxR for inhibiting 

Diphtheria toxin production, HrcA for preventing heat-shock induction, SarZ for attenuating 

virulence, and AcrR for global stresses (Ma et al., 1996; Narberhaus, 1999; Pohl et al., 1999; 

Kaito et al., 2006). In addition, CysL, belonging to LysR-type regulators related with L-

Cysteine biosynthesis (Guillouard et al., 2002), and SigW, an extra-cytoplasmic function (ECF) 
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sigma factor responding to alkaline shock stress (Wiegert et al., 2001), were also induced during 

PCE dechlorination (Figure 3.6B). To better understand the regulons of these expressed 

transcriptional regulators, we obtained promoter sequences of RDase genes by defining 

intergenic regions shorter than 300bp between the RDase gene and the upstream gene (Table 

S3.5). There were 12 promoter sequences collected and each was found to contain binding sites 

following the consensus for CRP regulons of Escherichia coli (5’-TGTGACAAAATTCA*T-

3’, MX000093: CRP, PRODORIC) (Dudek and Jahn, 2022) (Figure 3.6C). In a similar way, 

predicted binding sites of FNR followed the consensus 5’-TT*T*CA**AA**AA-3’ according 

to the two promoters of RDase genes following the consensus for known FNR regulons 

(MX000004: Fnr, PRODORIC). The binding sites of GlxR, YpdB, and NatR were predicted 

based on their RDase genes’ promoters alignment. Two promoter candidates, RDase4 and 

RDase70 of CH3_bin.26, were assumed to be under the regulation of NtcA (MX000209: NtcA), 

of which only the promoter sequence of RDase70 was found to contain the binding site, 5’-

GTATAAATATAAAC-3’. 
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Figure 3.6 Classification and transcript abundance of expressed transcriptional regulators 

(A,B) and their predicted binding motifs (C). A) groups of transcriptional regulators, TCS, two-

component systems; CRP-FNR, CRP (cyclic AMP receptor protein) / FNR (fumarate and 

nitrate reduction regulator); ECF-Sigma (ECF-σ): Extra-cytoplasmic function sigma factor; 

PCE_NS2 and PCE_NS3: duplicate PCE dechlorinating cultures without additional sulfate; 

PCE_S2 and PCE_S3: duplicate PCE dechlorinating cultures with additional sulfate; The 

potential binding sites were identified on the basis of binding motif in the potential promoter 

regions and displayed in Weblogo (https://weblogo.berkeley.edu/logo.cgi).  

Discussion 

Our previous work demonstrated that marine sediments from Aarhus Bay can dehalogenate a 

broad range of organohalides, such as PCE, under sulfate amended and sulfate free conditions 

(Chapter 2), which for the first time provided physiological evidence of OHR for marine 

sediments of Aarhus Bay (Wasmund et al., 2014; Wasmund et al., 2015; Wasmund et al., 2016; 

Zinke et al., 2017; Jochum et al., 2018). Therefore, further pinpointing OHRB populations 

residing in Aarhus Bay marine sediments was the logical next step. To this end, we recruited 

metagenomics and -transcriptomics, yielding 37 assembled bins with high quality, of which 16 

bins were predicted to represent OHRB due to their genomic annotation with RDase genes. The 

taxonomic classification of these OHR bins unveiled a wide distribution of RDase genes among 

members of Bacteroidota, Snergistota, and Spirochaetota in addition to the well-known phyla, 

such as Firmicutes and Chloroflexota (Atashgahi et al., 2016). Gene expression analyses 

indicated that RDase genes of CH3_bin.26, CH3_bin.15, CH3_bin.24, CH3_bin.18, and 

CH3_bin.5 played the main role in PCE dechlorination, in which CH3_bin.26 was 

phylogenetically close to Vulcanibacillus modesticaldus, and bore an unprecedently high 

number of 97 different RDase genes, which is significantly more than the copy numbers in 

typical OHRB (e.g. Dehalococcoides mccartyi CG1 with 36 RDase genes (Molenda et al., 

2020)). In addition, most of the induced RDase genes were clustered with genes encoding 
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diverse regulatory systems suggesting their strong flexibility adapting to environmental 

changes or the availability of different organohalides. 

Wide distribution of RDases beyond well-characterized OHRB 

Most of the OHRB were isolated from organohalide-contaminated areas, such as soils, rivers 

and lakes (Wiegel and Wu, 2000; Lee and He, 2010; Chambon et al., 2013). They belong to the 

phyla Chloroflexota, Firmicutes, Desulfobacterota, and Proteobacteria (Atashgahi et al., 2016; 

Waite et al., 2020). Although pristine marine sediments have been shown to contain OHRB 

such as Dehalococcoides (Fincker et al., 2020), fewer OHRB were isolated from pristine marine 

environments, which might be due to the limited knowledge of their metabolic potential and 

limited methods for isolation. The employed integration of metagenomics and 

metatranscriptomics in this study allowed for the assembly of 15 OHR bins with high quality, 

some of which belonging to Bacteroidota, Spirochaetota, and Synergistota phyla that have 

never been reported to catalyze reductive dehalogenation. The average nucleotide identity 

(ANI) of these OHR bins was below 95% in all cases after running the “classify_wf” of GTDB, 

indicating they are novel genomes. Our further exploration together with representative 

genomes of these phyla revealed that 112 genomes of Bacteroidota, 15 genomes of 

Spirochaetota, and seven genomes of Synergistota are bearing RDase genes, with none of the 

corresponding isolates being physiologically characterized to perform OHR. To this end, it is 

noteworthy that our study using genome-resolved strategies discovered that the RDase genes 

from CH3_bin.18, classified into Bacteroidota, and from CH3_bin.5 and CH3_bin.32, 

classified into Synergistota, were expressed in PCE dechlorinating cultures (Table S3.2), and 

their genome abundances and genomic transcripts were in high numbers, suggesting that OHR 

potential exists in these phyla. The RDase genes in the other bins from the above phyla were 

not found expressed in our data, indicating that they were probably not involved in the 

respiration of PCE in our experiments. We found 32 representative genomes from the class 
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Bacilli that are annotated with RDase genes. CH3_bin.26 is closely related to Vulcanibacillus 

which has one isolate from a moderately hydrothermal vent containing one RDase gene 

(l'Haridon et al., 2006). In contrast, CH3_bin.26 was predicted to contain 97 RDase genes, a 

number that is higher than the maximum number of 36 currently reported for members of 

Dehalococcoides (Kube et al., 2005; Seshadri et al., 2005; Molenda et al., 2020). 

Desulfobacterota is a reclassified phylum from Deltaproteobacteria and well known for 

catalyzing sulfate reduction (Waite et al., 2020). Eighty-nine of the 939 representative genomes 

in the Desulfobacterota were found to carry RDase genes, similar to previously described 

strains of Desulfoluna, Desulfuromusa, and Desulfovibrio (Liu and Haggblom, 2018; Peng et 

al., 2020b). CH3_bin.21, classified into Desulfuromusa, had no annotated genes involved in 

OHR or sulfate reduction and had a high abundance when sulfate was absent as was also found 

in the preceding study (Chapter 2). CH3_bin.21 only has three group 4 [Ni-Fe]-hydrogenase 

genes, and could thus act as a potential hydrogen producer in our cultures. Noticeably, the 

higher numbers found of genes coding for [Fe-Fe]-hydrogenase suggested that they were likely 

the main contributors to hydrogen production in accordance with previous results that [Fe-Fe]-

hydrogenases were more active and had higher turnover frequency than [Ni-Fe]-hydrogenases 

(Madden et al., 2012). CH3_bin.15 was most closely affiliated with the genus Desulforhopalus, 

of which one putative OHRB is D. singaporensis (Lie et al., 1999). Noticeably, the deduced 

RDase from CH3_bin.15 does not belong to the canonical RDases associated with OHR, such 

as PceA from Dehalococcoides (Magnuson et al., 1998; Fung et al., 2007), and was more 

similar in sequence and size to TPh-RDase from Sphingobium chlorophenolicum (previously 

named as Flavobacterium sp.) that can dehalogenate tetrachlorohydroquinone thiolytically 

(Xun et al., 1992b, a). Of interest, the TPh-RDase from CH3_bin.15 was not reported for 

respiratory dehalogenation to conserve energy, however, the transcript data revealed TPh-

RDase bears potential biodegrading activity of PCE in the cultures studied here. Moreover, the 
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genomic abundance and transcript of CH3_bin.15 indicated its participation in PCE 

dechlorination. Thus, further metabolic analysis of CH3_bin.15 is essential. Altogether, marine 

sediments of Aarhus Bay are home to several new OHRB candidates with diverse RDase genes. 

RDase gene clusters 

Recently, an extensive genomic survey found that some RDase gene clusters lack genes 

encoding anchor protein B, or the N-terminus of RDase bears transmembrane domains, which 

could leave the RDase functioning in the cytoplasm or the C-terminus spanning towards the 

outer face of the membrane (Low et al., 2015; Atashgahi, 2019). In our study, we also observed 

some OHR bins without putative RdhB encoding genes, including CH3_bin.12, CH3_bin.1, 

CH3_bin.28, CH3_bin.32 and CH3_bin.6. Of these, transcripts of the RDase gene in 

CH3_bin.32 indicated the possible cytoplasmic dehalogenation that awaits further experimental 

confirmation.  In most cases, RDase genes were accompanied by diverse functional gene sets, 

such as cobamide cofactor biosynthesis pathway genes in Sulfurospirillum strains and 

molecular chaperones in Desulfitobacterium (Smidt et al., 2000; Goris et al., 2014; Goris et al., 

2017). Similarly, some RDase gene clusters found in the present study contained chaperone 

genes vicinal to genes encoding RDase3, RDase4, RDase35, RDase93 of CH3_bin.26 that 

could protect the RDase activity in a manner of maintaining structural integrity when exposed 

to harsh environments. Besides, there were several genes encoding electron transport 

complexes accompanying RDase genes, including RDase in CH3_bin.13, CH3_bin.31, RDase2 

in CH3_bin.24 and CH3_bin.35, and RDase4, RDase67, RDase69, RDase73, RDase82, and 

RDase84 in CH3_bin.26, which could form new electron transport chains to promote OHR in 

addition to the previously identified ones (Kublik et al., 2016; Wang et al., 2018).  

Furthermore, RDase genes were frequently flanked by genes coding for transcriptional 

regulators, which might timely and accurately regulate the expression of vicinal RDase genes 
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in response to the added organohalides. Three regulatory systems were previously 

characterized, including those of the CRP-FNR family, MarR and TCS (Smidt et al., 2000; 

Gabor et al., 2006; Mazon et al., 2007; Wagner et al., 2013; Goris et al., 2014). Expressed 

transcriptional regulators classified into CRP/FNR systems accounted for the largest numbers 

in our study, whereas, GlxR, as a new regulator, showed different regulons inferred from the 

promoter alignment as well as YpdB and NatR from the class of TCS. In addition, four negative 

regulators were found that could follow the modulation reported for MarR-type regulators 

(Wagner et al., 2013), but their binding sites were unclear and need further demonstration. 

Noticeably, ECF sigma factor, SigW, was also found transcribed during PCE dechlorination, 

which was rarely reported to regulate dehalogenation, and its DNA binding motif seems 

different from that in Bacillus subtilis (MX000079: SigW). Taken together, the newly-

discovered regulatory systems diversified the known modes of regulation of dehalogenation 

that could be the result of adaptation to challenging environments, and further molecular 

identification would substantially build up our understanding on reductive dehalogenation and 

its regulation in natural systems.    
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Supplementary Information 

 

Figure S3.1 Outline of metagenomic and meta-transcriptomic sequence processing and 

analyses. * Analyses of metatranscriptomic data was performed by tuxedo packages that 

include tophat (aligning reads), cufflinks (assembling transcripts), cuffmerge (merging 

transcripts) and cuffdiff (identifying differentially-expressed transcripts) (Trapnell, et al. 2012). 

Arrows in blue indicate stepwise analyses. Visualization of output data was achieved using R 

and the required packages, including ggplot2, ggtree, and gggenes. 

Data availability of supplementary tables 

The supplementary tables for this chapter are reposited at:  

https://git.wur.nl/afsg-microbiology/publication-supplementary-

materials/2023_chen_thesis_decoding_ohr_aarhus_bay.git). 

Table S3.1 Metagenomic assembly, using short and long read DNA sequences as well as short 

read metatranscriptome sequences 

Table S3.2 Metagenome Assembled Genomes (MAGs) with abundance of genomic copies and 

transcripts in per million reads unit 

Table S3.3 Protein sequences of RDases among bins 
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Table S3.4 Transcriptional profile of RDase genes in OHR bins 

Table S3.5 Predicted promoter sequences of RDase genes 
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Abstract  

Despite the fact that several potential organohalide-respiring bacteria (OHRB) were discovered 

in metagenome-assembled genomes (MAGs) in our previous study of marine sediments from 

Aarhus Bay, delineation of their roles and interactions are yet to be disentangled. Henceforth, 

obtaining corresponding pure cultures or more defined consortia would be highly instrumental 

for more detailed eco-physiological studies. To this end, we isolated a colony from an anaerobic 

slant tube culture inoculated with a stable PCE dehalogenating enrichment. Intriguingly, the 

derived culture exhibited debromination only, instead of PCE dechlorination, under sulfate-

reducing conditions. The culture was capable of conserving energy for growth via 

debromination of 2,6-dibromophenol (2,6-DBP). Analysis of 16S rRNA gene sequence data 

extracted from shot gun metagenome sequences revealed that a strain belonging to 

Desulforhopalus was the predominant member of the consortium at a relative abundance of 

29 %. Moreover, five bins (completeness > 85% and contamination < 3%) were assembled and 

all were identified as potentially new species (average nucleotide identity, ANI < 95%). Two 

bins from potential OHRB, CH4_bin.3 belonging to Desulfoplanes, and CH4_bin.4 belonging 

to Marinifilaceae, were found to encode reductive dehalogenase (RDase) genes, whereas 

CH4_bin.5 was found to contain a gene coding for thiolytic tetrachloro-p-hydroquinone (TPh-

) RDase bearing 23.4 % identity to TPh-RDase of Sphingobium chlorophenolicum. The 

expression of all three RDase genes was strongly-induced after adding 2,6-DBP. Acetylene, a 

known inhibitor of different redox-active metalloenzymes, was found to inhibit methanogenesis 

as well as reductive dehalogenation without affecting gene expression, suggesting post-

transcriptional inhibition. Phylogenomic analyses revealed the ecological importance of 

complementary roles of community members, including complete de novo vitamin B12 

biosynthesis, which agreed with physiological data. Altogether, the findings presented here 
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provided insight into the mutualism of the consortium and provided leads for synthetic OHR 

community optimization strategies for in situ bioremediation. 

Keywords: organohalide-respiring bacteria (OHRB), Reductive dehalogenase (RDase), 2,6-

dibromophenol debromination, Desulforhopalus, acetylene inhibition, phylogenomics 

Introduction 

Owing to recent technological and conceptual advances particularly regarding DNA and RNA 

sequence based approaches, an ever increasing number of studies is being conducted where 

such approaches provide substantial support for understanding the biological activity in 

underexplored biospheres, also expanding our knowledge on evolutionary aspects across the 

tree of life (Goodwin, et al. 2016, Schuster 2008, Zaremba-Niedzwiedzka, et al. 2017). Recently, 

accumulating evidence revealed the presence of RDase genes in marine sediments of Aarhus 

Bay, and detection of corresponding transcripts suggested the occurrence of organohalide 

respiration (OHR), further diversifying the spectrum of local energy-conserving mechanisms, 

especially under low nutrient conditions such as those prevailing in marine sediments (Jochum, 

et al. 2018, Zinke, et al. 2017). In addition, a high Br-/Cl- ratio alongside the depth of sediments 

suggested the prevalence of reductive debromination (Zinke, et al. 2017). On this basis, 

experiments described in chapter 2 of this thesis eco-physiologically validated the OHR 

potential of Aarhus Bay sediments on tetrachloroethane (PCE), 2,6-dibromophenol (2,6-DBP), 

3-bromophenol (3-BP), 1,4-dibromobenzene (1,4-DBB), and 2,4,6-triiodophenol (2,4,6-TIP)  

(Chapter 2). Subsequent metagenomic and -transcriptomic analyses allowed for the assembly 

of metagenome assembled genomes (MAGs), representing a diverse group of novel, potential 

organohalide respiring bacteria (OHRB), most of which showed induction of the expression of 

genes related to OHR in the presence of PCE (Chapter 3).  



110   |   Chapter 4
 

 

Reductive dehalogenation is catalyzed by reductive dehalogenases (RDases), which in general 

are classified into two types due to their differences in catalytic mechanism: 1) RDases in 

anaerobes, and particularly OHRB (Fincker and Spormann 2017, Mohn and Tiedje 1992); 2) 

thiolytic tetrachloro-p-hydroquinone (Tph)-RDase in aerobes (Apajalahti and Salkinoja-

Salonen 1987, Xun, et al. 1992a, Xun, et al. 1992b). Both enzymes require anoxic conditions 

for their catalytic activity (Ni, et al. 1995, Vogel and McCarty 1985). Beyond their role in the 

biotransformation of organohalides, respiratory RDases have been shown to be coupled to 

energy conservation for bacterial growth, which is not the case for TPh-RDase. Therefore, 

respiratory RDases have attracted more research interests. In spite of sequence dissimilarities, 

several functional motifs of respiratory RDases are conserved, including a twin-arginine 

translocation (Tat domain, RR) signal peptide, and two Iron-Sulfur cluster motifs (Fe-S1: 

FCXXCXXCXXXCP and Fe-S2: CXXCXXXCP) involved in the electron transfer from the 

electron donor to the catalytic site of the enzyme (Atashgahi 2019, Fincker and Spormann 2017, 

Jugder, et al. 2015, Kunze, et al. 2017). In addition, the operon that encodes the respiratory 

RDase, also named RdhA or RDase A, in most cases also encodes a second protein, RDase B, 

that acts as an anchor protein to localize RDase A to the outer face of the cytoplasmic membrane 

(Jugder, et al. 2015). TPh-RDases were classified into the Glutathione-S-Transferase (GST) 

superfamily, in which cysteine and serine are two conserved catalytic site residues that are 

critical for the catalytic activity of Tph-RDases that use glutathione as the reducing equivalent 

(McCarthy, et al. 1996). Interestingly, our previous data reported in chapter 3 revealed the 

presence of a TPh-RDase gene in CH3_bin.15, which was affiliated with the strictly anaerobic 

genus Desulforhopalus (Isaxons and Teske 1996, Lie, et al. 1999). Moreover, the TPh-RDase 

gene was also induced during PCE dehalogenation regardless of the additional sulfate. 

Nevertheless, a role of TPh-RDase under anoxic conditions and its relationship with the 

respiratory RDases found in other MAGs awaits further study.  
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The activity of respiratory RDases requires a corrinoid cofactor. Previous work on 

Dehalococcoides has shown that they lack de novo corrinoid biosynthesis capacity, and that 

absence of corrinoids abolished RDase activity (Kube, et al. 2005, Magnuson Jon, et al. 1998, 

Maymó-Gatell, et al. 2001, Yan, et al. 2016). Thus, members of Dehalococcoides require the 

supplementation of external corrinoids for reductive dehalogenation (Kube, et al. 2005). With 

more OHRB isolated and characterized, few OHRB, such as Sulfurospirillum multivorans, have 

been shown to not only utilize a range of different electron donors and carbon sources, but also 

self-supply the necessary corrinoid cofactor via a complete biosynthesis pathway (Goris, et al. 

2015). A recent coculture study of D. mccartyi strain 195 and S. multivorans achieved the 

complete PCE dehalogenation to ethene over three times faster as compared to a monoculture 

of D. mccartyi strain 195 without adding corrinoids (Kruse, et al. 2021). This was the first 

synthetic coculture establishment, which successfully showed the conceptual feasibility of 

synthesizing an OHR community, however, following a bottom-up approach for establishing 

defined synthetic consortia remains challenging due to the complex ecological and 

physiological interactions among the members and availability of cultured isolates. Moreover, 

to what extent such defined consortia can be successfully applied for in situ bioremediation 

remains uncertain (Garber, et al. 2020, Kapoore, et al. 2022). In comparison, a top-down 

approach that relies on establishing a robust consortium through enrichment appears to have 

less of these concerning issues (Bernstein 2019, Lawson, et al. 2019).  

Acetylene has wide inhibitory effects on microbial processes, i.e. methanogenesis, nitrogen 

fixation and reductive dehalogenation (Belay and Daniels 1987, Pon et al. 2003). Recent studies 

revealed that acetylene hydratase and nitrogenase of Pelobacter sp. strain SFB93 can ferment 

and reduce acetylene, respectively, (Akob et al. 2017), abating the inhibition of acetylene on 

reductive dehalogenation of PCE to ethene when incubated with Dehalococcoides (Mao et al. 

2017). However, it has not been shown to what extent this inhibitory effect of acetylene acts at 
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transcriptional, translational or enzyme level. In addition, whether the coexisting nitrogenase in 

OHRB can prevent the inhibition of reductive dehalogenation still remains elusive.     

In this study, we isolated a mutualistic consortium that is capable of reductive debromination 

of 2,6-DBP without adding external cobalamin, vitamin B12 (B12). Further genome-resolved 

analyses identified five novel bins, of which three were bearing RDase and TPh-RDase genes 

possibly involved in reductive debromination that was post-transcriptionally inhibited by 

acetylene. Metabolic pathway analysis confirmed that this consortium contains the complete de 

novo B12 biosynthesis pathway. Interestingly, further phylogenomic analyses suggested 

Marinifilum and Ancylomarina as new potential OHRB. 

Materials and methods 

Chemicals 

PCE, 2,6-DBP, 2,4-DBP, 2,4-6-DBP, 1,4-dibromobenzene (1,4-DBB), 1,2-DBB, 1,3-DBB, 

1,2,4-tribromobenzene (1,2,4-TBB), 2,6-dichlorophenol (2,6-DCP), 2,4-DCP, 2,4,6-TCP, 1,4-

dichlorobenzene (1,4-DCB), 1,2-DCB, 1,3-DCB, 1,2,4-TCB, benzene, 2,4,6-triiodiphenol 

(2,4,6-TIP), 2,4-DIP, 2,6-DIP, 2-IP, and 4-IP were purchased from Sigma-Aldrich. Stock 

solutions of sulfate (0.5 M), sulfite (0.5 M), thiosulfate (0.5 M), nitrate (0.5 M), formate (0.5 

M), acetate (0.25 M), pyruvate (0.5 M), and lactate (0.5 M) were prepared by filter sterilization 

(syringe filter, 0.2 µm, mdimembrane, Ambala Cantt, India). All other (in)organic chemicals 

were of analytical grade. 

Isolation and cultivation 

Marine medium was prepared for cultivation as previously described (Monserrate and 

Häggblom 1997, Peng, et al. 2020). The final growth medium was composed of 50 mL anoxic 

marine medium, Na2S·9H2O (0.48 g/L, 2 mM) serving as the reducing agent, and Resazurin 
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(0.005 g/L) as the redox indicator. The headspace of culture bottles was exchanged with N2/CO2 

(80 : 20%, 140KPa), and bottles were sealed with Teflon-coated butyl rubber septa and 

aluminum crimp caps (GRACE, MD, USA). Slant tubes contained 5 ml marine medium with 

0.8% low-melting point agarose (Sigma-Aldrich) and were incubated in the dark at 20 ℃. The 

isolation was initiated starting from the mother bottle, S.SD23 (third bottle of PCE 

dechlorination after two-time serial dilution with additional sulfate, details in Figure 2.2 of 

Chapter 2), and 200 µL was used to inoculate the anaerobic slant tube. Colonies were picked 

from the slant and transferred into liquid marine medium to check for PCE dechlorination in 

the presence of additional sulfate. The above-mentioned halogenated compounds were tested 

as the electron acceptors with lactate as the electron donor and carbon source. To study the 

growth of the community on 2,6-DBP (200 μM), hydrogen (20 mM) and acetate (5 mM) served 

as the electron donor and carbon source respectively. Acetylene (≈ 1.8 mM) was injected into 

the bottles and served as the inhibitor for microbial processes, including reductive 

dehalogenation. Prior to this growth measurement on H2/acetate as the sole electron donor and 

carbon source with 2,6-DBP as the electron acceptor, 2.5 ml actively debrominating culture was 

transferred three times (10% vol/vol) in a row to 48 ml fresh medium supplemented with 

H2/acetate and 2,6-DBP as described above and incubated to rule out the influence of residual 

medium components, especially lactate and sulfate. The generation of a B12 independent 

culture followed the same steps, i.e. three consecutive transfers and incubation to exclude 

residual B12 in the cultures.  

Analytical methods 

PCE, trichloroethene (TCE), cis-dichloroethene (cDCE), trans-dichloroethene (tDCE), ethene 

and acetylene were detected by gas chromatography combined with mass spectrometry (GC-

MS) with an Rt®-Q-BAND column (Retek, PA, USA) and DSQ-MS (Thermo Fisher Scientific). 
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Hydrogen gas was detected by Compact GC (Global Analyzer Solutions, Breda, The 

Netherlands) with a pulsed discharge ionization detector (GC-PDD). Thermo Scientific Accela 

High-Performance Liquid Chromatography (HPLC) system installed with an Agilent Poroshell 

120 EC-C18 column and a UV/Vis detector was used to measure halogenated phenols, and 

benzenes, benzene, and phenol. Organic acids were measured by SHIMADZU LC2030 PLUS 

coupled with a Shodex SUGAR Series® SH1821 column, including lactate, propionate, acetate 

and formate. Sulfate, sulfite, thiosulfate and nitrate were measured by using Thermo Scientific 

DionexTM ICS-2100 Ion Chromatography System (Dionex ICS-2100). Sulfide was analyzed 

by photometric method using methylene blue as described previously (Cline 1969). 

Scanning Electron Microscopy (SEM) 

The culture was sampled for field emission scanning electron microscopy (FE-SEM). Five ml 

culture was sampled and incubated with glutaraldehyde (2.5%) for 20 min, and then prefixed 

to the cover slide coated with poly-L-lysine for 2 h. After that, the cover slide was washed three 

times with 0.1 M sodium cacodylate (pH 7.2) and then 1 h fixed with 1% osmium tetroxyde in 

the same cacodylate buffer. Finally, the samples were dehydrated with various ethanol 

concentrations and incubated for 10 min at each step. Imaging of the sample was completed 

using a Magellan 400 instrument at the Wageningen Electron Microscopy Center (WEMC). 

DNA and RNA extraction and reverse-transcriptase quantitative PCR (RT-qPCR) 

The consortium cultures were first centrifuged at 10,000 × g for 5 min, the supernatant was 

discarded and the precipitates were then washed three times with 200 µL TE buffer (pH = 7.0, 

4 °C) on ice to remove any residual medium components that might interfere with downstream 

DNA and RNA extraction. For genomic DNA extraction, MasterPureTM Gram positive DNA 

purification Kit (Epicentre, WI, USA) was used, following manufacturer’s instructions. For 

RNA isolation, prior to the sample collection, cultures in eighteen bottles were grown with 
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additional lactate (15 mM) and sulfate (20 mM) to exponential phase for 72 h after transfer 

without any additional 2,6-DBP. Nine bottles were collected as the 0 hour samples. In the 

remaining nine bottles, three were kept as before without any injection, three replicate cultures 

were injected with 200 µM 2,6-DBP, and the last three were injected with 200 µM 2,6-DBP and 

with 1.8 mM acetylene together, and cells were collected and washed as described above. 

Collected biomass was mixed with 0.4 ml cold TE buffer (4 μl 2-mercaptoethanol), and 0.5 ml 

TRIzolTM reagent (Thermo Fisher Scientific) was added, followed by bead-beating for 3 min 

(3 times, 1 min per time with cooling on ice in between) at speed 5.5 ( FastPrep-24 5G, MP 

biomedicals, Irvine, CA, USA). After bead-beating, UltraPureTM phenol : chloroform : 

isoamyl alcohol in ratio of 25 : 24 : 1 in 200 μl (Thermo Fisher Scientific) was added and mixed 

by vortex. Then, the separated aqueous phase containing RNA was transferred to an RNeasy 

column (Qiagen, Venlo, The Netherlands) for purification followed by DNase I (Roche, Almere, 

The Netherlands) treatment to remove residual DNA. In order to check for purity of the obtained 

culture, a near-full length fragment of bacterial 16S ribosomal RNA (rRNA) gene was amplified 

using universal bacterial primers 27F/1492R (Table 4.1) and subjected to Sanger sequencing as 

previously described (Suzuki and Giovannoni 1996). Bacterial 16S rRNA gene-targeted qPCR 

was used for assessing the growth of the microbial community via the increase of 16S rRNA 

gene copy numbers using the general primers Eub341F/Eub534R (Table 4.1). RT-qPCR was 

introduced to measure the relative expression of RDase genes by using the One Step 

PrimeScript™ RT-PCR Kit (Perfect Real Time) (Takara Bio, Saint-Germain-en-Laye, 

Germany). Primers targeting RDase genes were designed using the NCBI primer design tool 

with the setting parameters, Expected PCR product sizes ranged from 75bp to 150bp and 

melting temperatures from 57 to 60 ℃ (Table 4.1). RT-qPCR targeting the bacterial 16S rRNA 

was used for normalization of RDase gene expression.  
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Table 4.1 Primers used in this study for (RT)-quantitative PCR 

Metagenome sequencing and analyses  

Metagenome sequence data was generated by Illumina paired-end short reads (PE150, 

Novaseq6000, Novogene) and PacBio long reads (Sequel, Novogene). The raw paired-end 

Illumina and PacBio reads were at first examined using the quality check module, “read_qc” of 

MetaWRAP. (Uritskiy, et al. 2018). Low-quality reads as well as human contaminant reads were 

removed. The raw PacBio long-read data was combined to improve the quality of assembly 

following OPERA-MS (Bertrand, et al. 2019). Considering the improved features of the hybrid 

assembly in comparison to the short-read assembly, including contigs’ N50, maximum contig 

size and number of contigs, the follow-up analyses were based on the hybrid assembly. 

“Kraken2” was used to identify the taxonomic composition of the community by mapping the 

clean Illumina reads against the SILVA database version 138 (Quast, et al. 2013, Yilmaz, et al. 

2014) and to calculate the relative abundance of 16S rRNA gene reads of each taxonomy over 

Target Name Oligonucleotide sequence (5´–3´) Purpose and (RT)-qPCR 
programs 

    

Bacterial 16S 
rRNA gene  

Eub341F 
Eub534R 

CCTACGGGAGGCAGCAG 
ATTACCGCGGCTGCTGGC 

qPCR bacterial abundance; 
see (Atashgahi, et al. 2013, 

Muyzer, et al. 1993)  
    
Bacterial 16S 
rRNA gene 

27F 
1492R 

AGAGTTTGATCMTGGCTCAG 
TACGGYTACCTTGTTACGACTT 

Universal for Bacteria 
Sanger Sequencing 

    
CH4_CH4_bin.3-
RDase1 

B3RD1-919F 
B3RD1-1044R 

GTCATGTCCGGAATGGGTGA 
GTCTATGGGCTTGGTCTCGG 

qPCR RDase genes 
 
Stage1: Reverse transcription 

42 ℃ 5 min 
  95 ℃ 10 s 

Stage2: PCR reaction 
95 ℃ 5 s 

  60 ℃ 20 s 
                40 Cycles 

   
CH4_bin.3-
RDase2 

B3RD2-479F 
B3RD2-598R 

CCAACACTGATGCCGCAAAT 
TGTGCTGGGTTTCGCTGTAT 

   

CH4_bin.4-
RDase 

B4RD-734F 
B4RD-864R 

CCGACTGGAGCGATTTTCCT 
CATGGCAGAATAACCGGCAC 

   
CH4_bin.5-TPh-
RDase 

B5TRD-282F 
B5TRD-430R 

CGGATCGCTTCGTCCTGAAT 
CCATCTGCTCAGTTGTTCGC 
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the total reads of the 16S rRNA gene. The resulting hybrid assembly was binned and refined 

using the MetaWRAP modules, “Binning module” combining metabat2, maxbin2 and concoct 

with the cut-off set at > 50 % completeness and < 10 % contamination, and “Bin_refinement” 

to improve the bin set. The abundance of the refined bins was quantified using the “quant_bins” 

module, and the relative abundance of each bin was calculated by mapping the Illumina data to 

a concatenated file of the five bins using default parameters. Bins were reassembled, 

taxonomically classified and annotated via the “classify_wf” workflow of GTDB-Tk and the 

“prokka” module of MetaWRAP, respectively (Rinke, et al. 2021). The relative abundance of 

bins was calculated using CoverM v0.6.1 (https://github.com/wwood/CoverM).  

Phylogenetic analysis of bins and inference of metabolic pathways  

There were five bins assembled, and their classification by GTDB-Tk revealed that all of them 

were new species as their average nucleotide identity (ANI) with entries in GTDB (v207) was 

lower than 95%. Fifty-two representative genomes most closely related to bins were extracted 

from the GTDB database (v207) and were included for phylogenetic analysis by GToTree (Lee 

2019). Metabolic traits associated with reductive dehalogenation were also inferred, including 

the metabolic genes encoding RDase (rdh), TPh-RDase (TPh-rdh), haloacid dehalogenase (hdh), 

pathways involved in the metabolism of sulfate, nitrate, hydrogen, nitrogen, acetylene, Wood-

Ljundahl pathway (WLP), de novo B12 biosynthesis and B12 transporters (Akob, et al. 2017, 

Arnoux, et al. 2003, Gopinath, et al. 2013, Greening, et al. 2016, Howard and Rees 1996, Jiao, 

et al. 2021, Jormakka, et al. 2003, Moore and Warren 2012, Ragsdale 2008, Søndergaard, et al. 

2016, van Vliet, et al. 2021). To this end, MagicLamp (Garber, et al. 2020) was used with the 

retrieved COG numbers of metabolic genes from the .gff format of bins and their related 

representative genomes to infer the metabolic potential of the consortium. The constructed 

phylogenetic tree was visualized and modified by ggtree (Yu, et al. 2017).  
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Results 

Debrominating potential of the isolated consortium 

In order to isolate members of the stable, sediment-free PCE dechlorinating enrichment derived 

from Aarhus Bay sediment (chapter 2), we inoculated a sample of this culture onto an anaerobic 

agar slant (Figure 4.1A). We were able to retrieve a single colony that developed after 69 days 

of incubation. After transfer to liquid medium, the derived culture exhibited debrominating 

activity of 2,4,6-DBP and 2,6-TBP to 4-BP and phenol, respectively, but was no longer able to 

dechlorinate PCE (Figure 4.1A). To better understand the physiological traits of the colony-

derived culture, different electron donors and carbon sources, such as H2/acetate and pyruvate, 

and various electron acceptors, such as sulfate and nitrate, and in particular a range of different 

halogenated compounds, were tested (Table 4.2). In line with the initial results, the culture only 

displayed debrominating potential rather than dechlorination or deiodination. While the colony-

derived culture was able to utilize sulfate, sulfite, and thiosulfate as electron acceptor, it was 

not capable of reducing nitrate. The culture was found to completely debrominate 2,6-DBP to 

phenol after nine days with the formation of  bromophenol as the intermediate (Figure 4.1B). 

Meanwhile, the added sulfate served as a competitive electron acceptor and was reduced to 

sulfide, in which lactate as the electron donor and carbon source was utilized with the 

production of acetate (Figure 4.1C). In line with what was observed for the incubation in the 

presence of sulfate, the reductive debromination also proceeded in the sulfate-free culture 

(Figure S4.1A), in which lactate was consumed fermentatively with the formation of propionate 

and acetate in a ratio of  roughly 2 : 1 (Figure S4.1B).  

In order to check for purity of the colony-derived culture, Sanger sequencing of a PCR product 

obtained using universal bacterial 16S rRNA gene-targeted primers 27F/1492R was attempted, 

however, the resulting sequence could not be resolved, indicating that the culture comprises a 
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mixed consortium rather than a pure culture. Further scanning electron microscopy (SEM) 

analyses confirmed the presence of diverse morphologies in the community (Figure S4.1C), 

albeit with a rod-shaped cell-type being predominant.  

Table 4.2 Physiological properties of the isolated consortium 

Compounds as e-donors and e-acceptors Utilization 

Compounds used as electron donor and/or carbon 
source 

 

H2
a + 

Formatea + 

Acetate - 

Lactate + 

Pyruvate + 

Fermentative growth on   

Lactate + 

Pyruvate + 

Compounds used as electron acceptor 
 

Sulfate + 

Sulfite + 

Thiosulfate + 

Nitrate - 

Halogenated compounds used as electron acceptorb  
 

2,6-Dibromophenol (2,6-DBP); 2,4-DBP; 2,4,6-DBP; + ; + c ; + c ; 

1,4-Dibromobenzene (1,4-DBB); 1,2-DBB; 1,3-DBB; 
1,2,4-TBB 

+ d ; - ; - ; - ; 

2,6-Dichlorophenol (2,6-DCP); 2,4-DCP; 2,4,6-TCP; - ; - ; - 

1,4-Dichlorobenzene (1,4-DCB); 1,2-DCB; 1,3-DCB; 
1,2,4-TCB; 

- ; - ; - ; - ; 

2,4,6-Triiodophenol (2,4,6-TIP); 2,4-DIP; 2,6-DIP; 2-
IP; 4-IP; 

- ; - ; - ; - ; - ; 

aused as the electron donor only in the presence of acetate as carbon source; btested with 

lactate as electron donor and carbon source;  

c4-bromophenol was formed as the final product rather than phenol; dbromobenzene was 

formed as the final product rather than benzene. 
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Figure 4.1 Schematic diagram of colony isolation and its reductive debromination of 2,6-

dibromophenol (2,6-DBP) in the presence of sulfate. The mother bottle (10-3) was selected from 

the second serial dilution in the presence of sulfate as previously described (Chapter 2). The 

colony-derived culture could completely debrominate 2,6-DBP to phenol, whereas 2,4,6- or 

2,4- brominated phenols were transformed into 4-bromophenol (4-BP) (A). Debromination of 

2,6-DBP to phenol (B) with the formation of 2-bromopenol (2-BP) as the intermediate, together 

with sulfate reduction to sulfide (C) to support the bacterial growth (OD600). Three replicate 

bottles were set for the reductive debromination of 2,6-DBP with additional sulfate. Data are 

presented as mean ± standard deviation (SD). Error bars indicate the SD. 

Bacterial growth supported by reductive debromination of 2,6-DBP 

Reductive dehalogenation has previously been shown to be either catalyzed by respiratory 

corrinoid-dependent RDase or non-respiratory glutathione-dependent TPh-RDase (Mohn and 

Tiedje 1992, Mohn and Tiedje 1990, Xun, et al. 1992a, Xun, et al. 1992b). To this end, reductive 

dehalogenation enabled by respiratory RDase as the terminal electron accepting process has 

been characterized to contribute to respiratory energy conservation for bacterial growth (Bosma, 
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et al. 1988, Mohn and Tiedje 1990). Previously, acetylene has been shown to inhibit reductive 

dehalogenation by Dehalococcoides (Pon, et al. 2003). Our experiments validated acetylene 

can specifically inhibit RDase activity without influencing other metabolic activities, including 

lactate consumption and sulfate reduction (Figure S4.2). We therefore measured the bacterial 

growth during 2,6-DBP debromination compared to a culture to which acetylene was added. 

H2/acetate was added as the electron donor and carbon source and 2,6-DBP as electron acceptor 

to the cultures, respectively, in which the bacteria grew from 2.06 (± 0.90) × 105 to 1.59 (± 0.16) 

× 107 16S rRNA gene copies / ml after the complete debromination of 200 µM 2,6-DBP in ten 

days (Figure 4.2). Simultaneously, in cultures to which acetylene was added reductive 

debromination of 2,6-DBP was completely stopped (Figure 4.2A), and the growth of the 

consortium was halted (Figure 4.2B). This finding suggested that one or more respiratory 

RDases were active as reductive debrominase of 2,6-DBP, contributing to the cell growth of 

the consortium. Intriguingly, cell growth came to a halt after four days with half of the added 

2,6-DBP debrominated, suggesting that the non-respiratory RDase, TPh-RDase, might have 

also contributed to the degradation of  2,6-DBP without bacterial growth as the output. Indeed, 

additional research is needed to further investigate this observation. 

 

Figure 4.2 Reductive debromination to support the growth of consortium. H2/acetate served as 

the electron donor and carbon source for 2,6-DBP debromination, and acetylene added to the 
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negative control (grey line) inhibited 2,6-DBP debromination (A). Quantitative PCR targeting 

the bacterial 16S rRNA gene was used to assess the cell growth with and without acetylene 

added (B). (CH)2: acetylene; three replicate bottles were set for the experiment, and data are 

presented as mean ± standard deviation (SD). Error bars indicate the SD.   

Desulforhopalus-dominated consortium for reductive debromination 

In order to further investigate the composition and metabolic potential of the consortium, 

metagenome sequencing, including short-read and long-read sequencing, was employed. 

Taxonomic assignment of 16S rRNA gene sequences derived from the metagenome dataset 

revealed that Desulforhopalus, classified into Desulfobacterota, accounted for the largest 

percentage with 29%, followed by populations of Klebsiella and Myroides with 8% each, and 

genera Mycoplasma (7%) and Endomicrobium (7%) (Figure 4.3A). In addition, 11% of the 

sequences were affiliated with the Bacterodia, while 10% belonged to Desulfobacterota other 

than Desulforhopalus. This overall aligned well with the community analyses of the original 

PCE-dechlorinating cultures (Chapter 2). To accurately decipher the taxonomy and genomic 

information, short and long metagenome sequence reads were assembled and binned into five 

genomes (MAGs) that were further classified using the GTDB-TK workflow. CH4_bin.1 was 

found to belong to the genus Oceanispirochaeta, CH4_bin.2 and CH4_bin.3 were affiliated to 

Desulfoplanes, CH4_bin.4 to the family Marinifilaceae, and CH4_bin.5 was affiliated with the 

genus Desulforhopalus (Table S4.1) . All five MAGs were identified as new species based on 

ANI values with most closely related species being lower than 95%. The reads of the five MAGs 

accounted for 95.96% of total reads, with CH4_bin.5 accounting for 65.62%, CH4_bin.3 

13.61%, CH4_bin.2 10.56% and CH4_bin.4 for 3.55%, leaving 4.04% of all reads unmapped 

(Figure 4.3B). Furthermore, CH4_bin.5 was characterized by 100% completeness and 0% 

contamination according to 120 bacterial single-copy maker genes. In summary, both 

approaches supported the notion that CH4_bin.5, identified as member of Desulforhorpalus, 

was the most abundant member of the consortium. 
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Figure 4.3 Relative abundance of microbial community members and the assembled bins 

within the colony-derived consortium. Microbial composition was calculated based on the 

mapping file generated from the clean raw Illumina reads against the SILVA database version 

138 (Quast, et al. 2013, Yilmaz, et al. 2014) (A). The hybrid assembly was binned into five 

novel bins, and the relative abundance of each bin was calculated based on its numbers of reads 

over the numbers of total reads (B). “Others” represent the assigned taxa with a relative 

abundance < 1% and unassigned taxa; F, family; g, genus. Com: completeness (%); Con: 

contamination (%); unmapped: reads were not binned.  

RDase genes and their expression during reductive debromination  

To further examine, which of the bins are responsible for the observed reductive debromination, 

MAGs were annotated, leading to the identification of three genes predicted to encode canonical 

corrinoid-dependent RDases, two of which were found on CH4_bin.3 and one on CH4_bin.4. 

A fourth gene, predicted to code for a thiolytic glutathione-dependent RDase was found on 

CH4_bin.5 (Figure 4.4A). Subsequently, the genomic context, i.e. the two neighboring genes 

upstream and downstream of each RDase gene, was included in the analysis. All three RDase 

genes encoding the catalytic subunit of respiratory RDases (RdhA) were accompanied by genes 

predicted to encode the cognate membrane anchor protein (RdhB) Interestingly, both RDase 
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genes found on CH4_bin.3 were accompanied by a gene predicted to code for a formate 

hydrogenase transcriptional activator, HyfR (Skibinski David, et al. 2002), suggesting both loci 

originated from the same ancestor. Another transcriptional regulator, Btr (Gaballa and Helmann 

2007), for siderophore bacillibactin production under iron-limiting conditions, was found 

encoded upstream of RDase in CH4_bin.4. Finally, upstream of the TPh-RDase encoding gene 

we observed a gene predicted to code for a transcriptional regulator, NoDD2, regulating 

nodulation factor production (Fellay, et al. 1998). Although these different regulators have been 

described with divergent functions, their roles are in general closely related with energy 

conservation and nutrient acquisition. As to the three predicted corrinoid-dependent RDases, 

three commonly conserved functional motifs were found, including a twin arginine signal 

peptide (RR), as well as two iron-sulfur cluster motifs, FCXXCXXCXXXCP and 

CXXCXXXCP, that were conserved in sequence and structural configuration for binding the 

iron-sulfur clusters to transfer electrons (Figure 4.4B). TPh-RDase was classified into the 

superfamily of glutathione-S-transferases (GST) that differ from respiratory RDase in sequence 

and conserved motifs. Sequence alignment of TPh-RDase in CH4_bin.5 to that of Sphingobium 

chlorophenolicum revealed that two catalytic site residues, cysteine (C) and serine (S), were 

conserved in sequence and simulated structure. All four RDases were predicted to be 

membrane-spanning enzymes, suggesting direct contact with substrates and dehalogenation in 

the extracytoplasmic space (Figure S4.3).  

As a next step, we analyzed the transcription of RDase genes using RT-qPCR. This analysis 

revealed that expression of all four RDase genes were induced several orders of magnitude 

within 30 min after the addition of 2,6-DBP. More specifically, the relative expression of the 

TPh-RDase gene increased up to 1.30 (± 0.16) × 104 fold compared to the control to which no 

organohalide was added. Similarly, expression of genes encoding the respiratory RDases, i.e. 

RDase-1 and RDase-2 of CH4_bin.3, and RDase of CH4_bin.4, increased by 3.04 (± 0.29) × 
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103, 2.63 (± 0.24) × 103, and 1.65 (± 0.20) × 103 fold, respectively (Figure 4.4C). Interestingly, 

we found that the inhibitor acetylene did not affect RDase gene expression, suggesting that 

inhibition acts post-transcriptionally. 
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Figure 4.4 The genomic context, conserved motifs and structures, and expression of RDase 

encoding genes identified in the bins. RDase genes with the two neighboring genes located up- 

and downstream (A). Amino acid sequence alignment of conserved motifs of the respiratory 

RDases of CH4_bin.3 and CH4_bin.4, and TPh-RDase of CH4_bin.5 and Sphingobium 

chlorophenolicum respectively displayed by EsPript 3.0, and corresponding superimposed 

structures as generated by PyMol (v.2.3.4) (see below for additional details) (B). Reverse-

transcriptase quantitative PCR was used to measure the expression of RDase genes from 

CH4_bin.3 (C) and CH4_bin.4 (D), and TPh-RDase gene from CH4_bin.5 (E), before (0 h) and 

30 min (0.5 h) after addition of 2,6-DBP only, no addition, and addition of 2,6-DBP and 

acetylene together. Expression values were normalized to 16S rRNA measurements. For the 

structures shown in B, respiratory RDase (PDB: 5m2g1, in salmon) from Sulfurospirillum 

multivorans was aligned as the best structural template (Kunze, et al. 2017). In the 

superimposed structure, CH4_bin.3-RDase1 is depicted in green, CH4_bin.3-RDase2 in cyan 

and CH4_bin.4-RDase in magenta. TPh-RDase (PDB: 7za5.1, in salmon) is shown as dimer as 

the structural basis for TPh-RDase of CH4_bin.5 in teal. FMN: Flavoprotein that can bind the 

flavin mononucleotide (FMN) as the prosthetic group; RDases: composed of RDaseA and 

anchor protein B; HyfR: transcriptional regulator of formate hydrogenase; RsxG: electron 

transporter; NapGH: electron transporter associated with periplasmic nitrate reductase. 

GlpABC: Anaerobic glycerol-3-phosphate dehydrogenase complex; Btr: transcriptional 

regulator; Fe-S: Ferredoxin with iron-sulfur clusters; TPh-RDase: none respiratory RDase; 

NoDD2: regulator for nodulation; ZupT: zinc transporter. Arrows indicate the conserved sites, 

in which some were labelled in the superimposed the structure. NoDBP: no 2,6-DBP added; 

DBP-(CH)2: both 2,6-DBP and acetylene added. Each treatment in C-E was set with three 

replicates and values represent mean ± standard deviation (SD). Error bars indicate the SD.   

Phylogenomic analyses of bins and closely-related representative genomes 

To gain a better understanding of the phylogenies and metabolic traits of bins compared to 

genomes of closely-related organisms, we constructed phylogenetic tree of bins and associated 

representative genomes, and subsequently investigated encoded metabolic traits related to the 

above-mentioned physiological data (Figure 4.5). As mentioned above, these MAGs were 

classified into four taxonomical groups, in which CH4_bin.1 was affiliated with the genus 

Oceanispirochaeta, CH4_bin.2 and CH4_bin.3 were assigned to the genus Desulfoplanes, 
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CH4_bin.4 was affiliated to the family Marinifilaceae, and CH4_bin.5 was assigned to the 

genus Desulforhopalus. The 15 representative genomes from Desulforhopalus, including 

CH4_bin.5, all bear the conserved metabolic genes for sulfate reduction, de-novo corrinoid 

biosynthesis, H2 metabolism, and Wood-Ljungdahl pathway (WLP). Interestingly, whereas 

CH4_bin.5 was predicted to encode a glutathione-dependent TPh-RDase, the genomes of three 

other Desulforhopalus members contained genes predicted to code for corrinoid-dependent 

respiratory RDases, suggesting that these strains might have OHR potential. Furthermore, 

whereas most Desulforhopalus spp. genomes included in our analysis encoded the complete 

WLP, two members, D. vacuolatus and CH4_bin.5 were found to lack the core genes of the 

WLP, including acsA, acsB and acsCD, coding for carbon monoxide dehydrogenase, acetyl-

CoA synthase and corrinoid iron sulfur protein (CFeSP), respectively (Zhuang, et al. 2014). 

Interestingly, the genome of one of the isolates, D. singaporensis, encodes all genes for the 

complete WLP indicating the co-occurrence of OHR potential with the assimilation of C1 

compounds. In contrast, CH4_bin.1, CH4_bin.2, CH4_bin.3 and CH4_bin.4 and their 

associated reference genomes were all found to lack the core genes for WLP, suggesting their 

incapability of one-carbon compound fixation.  

B12 is the required cofactor for corrinoid-dependent RDases linked with OHR (Yan, et al. 2016). 

Based on the analysis of bins, the de novo biosynthesis observed for the colony-derived 

consortium could be achieved by CH4_bin.3 and CH4_bin.5 separately, without the non-

essential cbiJ gene, in line with what we observed earlier in marine Desulfoluna strains capable 

of OHR (Peng, et al. 2020), or coordinatively achieved with CH4_bin.4 by providing the cbiJ 

gene missing in other bins. Hence, in summary, the genomic inferences in terms of predicted 

metabolic capacity of the colony-derived consortium sufficiently explain the observed OHR 

capacity of the consortium in the absence of added B12 (Figure S4.4).  
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All six genomes affiliated with the genus Marinifilum, including CH4_bin.4, were predicted to 

encode respiratory corrinoid-dependent RDases. Similarly, five out of six genomes affiliated 

with the closely related genus Ancylomarina were predicted to code for corrinoid-dependent 

RDases. Accordingly, these genera, as a subgroup within the Marinifilacease family, are 

predicted to comprise novel OHRB taxa. In addition, all included genomes of these taxa 

contained genes encoding type A and type B [Fe-Fe] hydrogenases for catalyzing H2 

metabolism, in contrast to Desulforhopalus spp. genomes that were predicted to encode [Ni-Fe] 

hydrogenases. Interestingly, as outlined above, the critical cbiH gene of de novo B12 

biosynthesis (Moore and Warren 2012), was found conserved among the members of both 

genera Ancylomarina and Marinifilum suggesting a symbiotic role in de novo B12 biosynthesis. 

Being closely related to Ancylomarina and Marinifilum, available genomes of the genus 

Labilibaculum were found to contain similar functional genes, such as genes coding for [Fe-Fe] 

hydrogenases and CbiH, but only two of the six genomes included here, namely L. antarcticum 

and L. filiforme, were predicted to encode corrinoid-dependent RDases.  

Physiological characterization of the consortium showed that the community was unable to 

reduce nitrate as the terminal electron acceptor, most probably due to the lack of genes encoding 

membrane-bound and periplasmic nitrate reductase (NarAB and NapAB) in these assembled 

bins. Similarly, the five bins retrieved from the consortium also were found to lack norAB, 

nosDZ, and nrfAH genes, indicating their inability of denitrification and ammonification, 

respectively (Simon 2002, Zumft 1997). Intriguingly, most of the reference genomes from the 

genera Desulforhopalus and Marinifilum were found to contain napAB, suggesting their 

potential to reduce nitrate to nitrite. Further, genes encoding the complete nitrogenase complex 

for nitrogen fixation were found in CH4_bin.2 and CH4_bin.5, suggesting their capability of 

fixing molecular nitrogen to produce ammonia in case of N-shortage. 
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Figure 4.5 Phylogenies of the assembled bins and most closely related reference genomes, and 

comparison of their metabolic genes. In addition to the five bins, 52 related representative 

genomes from the GTDB database (v207) were included for tree construction by GToTree 

following the default parameters (Lee 2019). Filled circles represent encoded functional genes 

or complete gene clusters. Open circles represent genes for which not the entire cluster was 

detected. Colors indicate the different phylogenies of bins and their closest relatives. D. 

formicivorans: Desulfoplanes formicivorans; rdh: RDase gene; TPh: TPh-RDase gene; hdh: 

haloacid dehalogenase gene; sat, aprAB, dsrA-K(ABCTMK), dsrD, asrABC, and phsABC for 

sulfate reduction (van Vliet, et al. 2021); narGH and napAB for nitrate reduction (Arnoux, et 

al. 2003);  norAB, nirBD, and nosDZ for denitrification (Zumft 1997); nrfAH for 

ammonification (Simon 2002); from sirC to cbiA for the complete anaerobic de novo corrinoid 

biosynthesis (Moore and Warren 2012). btuFCD encodes the ABC-type corrinoid transporter 

(Rupakula, et al. 2015); Four groups of [Ni-Fe] hydrogenases, 1, 2a, 3b, 3c, 3d, and 4, and two 

groups of [Fe-Fe] hydrogenases, A and B (Greening, et al. 2016, Schoelmerich and Muller 2019, 

Søndergaard, et al. 2016); fdh-αβγ, or fdhABG, codes for formate dehydrogenase (Ferry 1990, 

Jormakka, et al. 2003); fdhL codes for NAD+-dependent formate dehydrogenase (Lu, et al. 2010, 

Popov and Lamzin 1994); acsABCDE, folD, metF and fhs are critical genes for the Wood-

Ljungdahl pathway (WLP) (Borrel, et al. 2016, Ragsdale and Pierce 2008). 
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Discussion 

Research described in chapter 2 of this thesis supported the notion that microorganisms 

inhabiting marine sediments of Aarhus Bay were capable of using a variety of halogenated 

compounds, such as PCE and 2,6-DBP, as terminal electron acceptors for anaerobic respiration 

(Chapter 2). Henceforth, we set out to isolate the microorganisms responsible for this activity. 

This led to the isolation of a highly enriched consortium from an anoxic slant tube culture, 

which was characterized to dehalogenate brominated compounds rather than the chlorinated 

and iodinated compounds that the original enrichment was able to dehalogenate. The 

combination of short- and long-read metagenome sequence data generated in this study revealed 

that a population most closely affiliated with the genus Desulforhopalus was most abundant in 

this consortium, and five novel high quality MAGs could be assembled with > 85% 

completeness and < 2.5% contamination. Among these five MAGs, CH4_bin.3 and CH4_bin.4 

were affiliated with the genus Desulforplanes and family Marinifilaceae respectively, and were 

identified as potential OHRB based on the presence of respiratory RDase-encoding genes, 

whereas, the Desulforhopalus associated CH4_bin.5 was found to encode a non-respiratory 

TPh-RDase. Intriguingly, the transcription of all RDase genes was strongly induced when 2,6-

DBP was added, indicating that multiple strains simultaneously acted on this substrate, rather 

than outcompeting each other, at least for the duration of our studies that included multiple 

transfers. In addition, the consortium was found to have the genetic capacity for complete de 

novo B12 biosynthesis suggesting a symbiotic relationship for self-supplementing B12 to OHR.  

This consortium was isolated from a stable, sediment-free PCE dechlorinating enrichment 

culture propagated in the presence sulfate, and which was mainly composed of members of the 

genera Desulfoplanes, Desulfobacter, Bacillus and Desulforhopalus. Of interest, the 

consortium lost the ability to dechlorinate PCE, but instead retained the capability to 

debrominate 2,6-DBP concomitant with retaining populations of Desulfoplanes and 
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Desulforhopalus in the consortium, suggesting their role as potential debrominators, rather than 

being involved in the dechlorination observed in the original culture. This was further supported 

by the fact that, based on the metagenomic analyses of the consortium, both populations 

comprised a large proportion within the 2,6-DBP debrominating consortium described in this 

study (Figure 4.3), in which CH4_bin.3 classified into Desulfoplanes encoded two RDase genes, 

whereas CH4_bin.5 belonging to Desulforhopalus coded for a TPh-RDase, which was formerly 

characterized to catalyze glutathione-dependent thiolytic reductive dehalogenation in strictly 

aerobic bacteria (Xun, et al. 1992a). In contrast, our data suggest that the thiolytic RDase in 

CH4_bin.5 might function in anaerobes, and thus in anoxic environments. The sequence 

alignment and structural simulation of RDases reinforced their membrane-bound property 

(Figure S4.3), and conservation of catalytical motifs or residues (Figure 4.4). Interestingly, 

cysteine residues are essential and conserved in both types of enzymes. In corrinoid-dependent 

RDases a cysteine residue is recruited to bind B12, whereas in TPh-RDases the cysteine residue 

has been shown to form a covalent intermediate with glutathione during catalysis (Bommer, et 

al. 2014, McCarthy, et al. 1997). Acetylene was previously reported as a general inhibitor for 

many biological processes, such as methane production and fermentation, and OHR (DeWeerd, 

et al. 1991, Pon, et al. 2003). Therefore, we decided to assess whether we can use it in this study 

for the measurement of bacterial growth from OHR. To this end, our physiological data revealed 

that acetylene specifically inhibited reductive dehalogenation without inhibitory effects on 

sulfate reduction and lactate oxidation (Figure S4.2). Interestingly, we found CH4_bin.2 and 

CH4_bin.5 encode complete nitrogenase complexes (N2ases), NifHDK, which can reduce 

acetylene into ethene (Hyman and Daniel 1988). However, there was no ethene conversion from 

acetylene suggesting that N2ases were inactive, possibly due to the presence of ammonium in 

the marine medium (9 mM), which can completely inhibit N2ase activity (Dixon and Kahn 2004, 

Hübner, et al. 1993). Interestingly, recent studies revealed acetylene hydratase can allow 
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bacteria to utilize acetylene as carbon source to support OHR (Akob, et al. 2017, Mao, et al. 

2017). Nevertheless, we did not find this enzyme being encoded across the genomic assembly 

of the consortium. Notably, the inhibition by acetylene occurred at post-transcriptional level as 

the transcription of all RDase genes was highly-induced after adding 2,6-DBP (Figure 4.2). 

Unfortunately, the exact mechanism of acetylene inhibition still remains unresolved. It was 

reported that acetylene can target metalloenzymes, especially the metal cofactors Fe, Ni, Mo, 

and Cu, or bind directly with substrates and/or active sites (Hyman and Daniel 1988). It is thus 

tempting to speculate that the acetylene could target the iron-sulfur clusters or the catalytic sites 

of RDases to block the transfer of reducing equivalents, impeding RDase catalysis. 

Nevertheless, further experiments will be needed to elaborate the mechanism. 

Respiratory reductive dehalogenation catalyzed by corrinoid-dependent RDases has been 

shown to serve as the terminal electron accepting process to complete the electron transfer 

through a membrane-associated electron transport chain (ETC) coupled to proton motive force 

formation and ATP production (Kublik, et al. 2016, Kunze, et al. 2017, Wang, et al. 2018). 

Based on the five MAGs identified in this study, we propose ETCs and related activities in the 

2, 6-DBP debrominating consortium studied here (Figure 4.6). CH4_bin.3 harbors two RDases, 

RDase1 and RDase2 (Figure 4.4), and we assumed that both RDases are part of ETCs that allow 

usage of hydrogen or lactate as electron donor as observed for Dehalobacter restrictus and 

Desulfoluna spongiiphila, respectively (Kruse, et al. 2013, Peng, et al. 2020, Rupakula, et al. 

2013). The membrane-bound flavoprotein, binding flavin mononucleotide (FMN) that was 

found encoded adjacent to RDase1, is predicted to function in a similar way as RdhC in the 

electron transfer (Buttet, et al. 2018), which was initially hypothesized as transcriptional 

regulator of OHR in Desulfitobacterium dehalogenans (Smidt, et al. 2000). In addition to the 

FMN encoding gene, the RDase1 encoding gene is also accompanied by a gene coding for 

RsxG, homologous to RnfG, which has been shown to transfer electrons from the quinol pool 
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to nitrogenase (Koo, et al. 2003). Interestingly, a quinol dehydrogenase complex, NapGH, was 

predicted to be encoded downstream of RDase2 (Fincker and Spormann 2017, Kern and Simon 

2008), acting as electron carrier to pass the electrons from the menaquinol pool to RDase2. The 

NapGH complex usually transfers electrons to the NapAB complex for nitrate respiration (Kern 

and Simon 2008). Based on the MAGs identified in this study, the consortium lacks the NapAB 

complex, in line with the observation that the culture was not able to use nitrate as electron 

acceptor (Table 4.1). With lactate added as the organic carbon source and electron donor, the 

fact that OHR and sulfate reduction occurred simultaneously, indicated the electrons were 

shared (Figure 4.6A). Lactate was consecutively oxidized into pyruvate and acetate by lactate 

and pyruvate dehydrogenase, respectively, to release the electrons entering the menaquinol pool. 

It is tempting to speculate that part of the electrons from this pool are transferred to the sulfate 

reduction pathway. To this end it should be noted that we did not observe genes coding for 

QmoABC that was previously shown to enable the conversion of APS to sulfite (van Vliet, et 

al. 2021), and thus an alternative complex is needed to fulfil this role. Dsr proteins subsequently 

reduce the sulfite to sulfide. In the absence of sulfate, hydrogen was observed as the result of 

lactate fermentation, which then served as the intermediate electron donor that is oxidized by 

Ni-Fe hydrogen uptake-type hydrogenases (HupLS) to transfer the electrons to RDases through 

the above-mentioned electron carrier proteins. The ETC including the RDase encoded on 

CH4_bin.4 is proposed to function in a similar manner as outlined for CH4_bin.3 to generate 

and transport electrons for the generation of a proton motive force and ATP synthesis (Figure 

4.6B). Intriguingly, an anaerobic glycerol-3-phosphate (G3P) dehydrogenase complex (GPDH), 

GlpACB, which was previously characterized as the membrane-anchoring enzyme to catalyze 

G3P conversion into dihydroxyacetone phosphate achieving the electron flow through the 

cytosol to the membrane (Koekemoer, et al. 1995), was found encoded on CH4_bin.4. We 

therefore speculated that this GPDH complex transfers electrons to the RDase initiating the ETP 
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for OHR in this organism. Based on the model proposed here, further studies will be needed for 

the characterization and experimental validation of ETCs in the organisms studied here. In 

addition to the active respiratory RDases, the gene encoding the non-respiratory TPh-RDase 

from CH4_bin.5 was also highly expressed, suggesting an active role of this enzyme in the 

observed debromination of the 2,6-DBP to phenol (Figure 4.4E). The complete inhibition of 

reductive debromination by acetylene furthermore suggests that acetylene inhibited activity of 

both types of RDases. Finally, the Desulforhopalus population (CH4_bin.5) is proposed to act 

as the B12 provider for OHRB (CH4_bin.3, CH4_bin.4) due to its nearly-complete gene-set for 

de novo B12 biosynthesis except for cbiJ (Figure 4.6C), which was not required for OHR as 

previous described (Peng, et al. 2020). Moreover, CH4_bin.4 contains a cbiJ gene indicating 

that this might play a role in the complete B12 biosynthesis of the isolated consortium.  

In summary, we provide evidence that the debromination potential of the isolated consortium 

is associated with the respiratory RDases and TPh-RDase encoded on bins that were 

phylogenetically-affiliated with potentially novel species within the genera Desulfoplanes, 

Marinifilum and Desulforhopalus. Moreover, phylogenomic analyses inferred for the first time 

that members of Marinifilum and Ancylomarina are potential OHRB, reinforcing a yet 

underestimated diversity of OHRB in marine environments. In addition, acetylene exerted 

specific inhibition on reductive dehalogenation post-transcriptionally, and could serve as an 

indicator to clarify the relationship between OHR, nitrogen fixation and acetylene oxidation in 

ammonium-low or free environments. Furthermore, the distribution of genes encoding a 

complete de novo B12 biosynthesis pathway and physiological data supported the collaborative 

relationship within the consortium that deserves further study. 
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Figure 4.6 Proposed schematic overview of electron transport chains (ETCs) of organohalide 

respiration associated with sulfate reduction and de novo B12 biosynthesis. Electron transfer 

from lactate or H2 to the RDases and other proteins encoded on CH4_bin.3 to catalyze OHR 

and sulfate reduction (A). RDase of CH4_bin.4 follows a similar ETC pattern without sulfate 

reduction (B). In contrast, non-respiratory TPh-RDase of CH4_bin.5 transforms 2,6-DBP to 

phenol and provides the essential B12 for OHR to respiratory RDases (C). Color patterns used 

in this figure are in line with Figure 4.5. MKH2/MK: menaquinones; NapGH: periplasmic 

nitrate reductase; Flav-p: flavoprotein, which can bind with flavin mononucleotides (FMN); 

RsxG: electron transporter, homologous with RnfG (Koo, et al. 2003); Nuo: NADH 

dehydrogenase; Pox: Pyruvate dehydrogenase; LctP: lactate permease; LdhA: lactate 

dehydrogenase; SctP: sulfate permease; Sat: sulfate adenylyltransferase; AprAB: APS 

reductase; DsrABD: dissimilatory sulfite reductase; DsrMK: electron transport complex 

function with DsrABD; QmoABC: electron transport complex; Hup: [Ni-Fe] hydrogen uptake-

type hydrogenases, includes the large and small subunits; Glp: glycerol-3-phosphate (G3P) 

dehydrogenase complex; ET: ferredoxin as intermediate electron transporter; SirC-CbiA: 

complete B12 de novo  biosynthesis. Red arrows indicate the assumed electron flow, black 

dotted arrows indicate parallel electron flow in (A), and CbiJ as the supplementary from 

CH4_bin.4 (B) to CH4_bin.5 (C) to form a complete B12 biosynthesis pathway; “? 6e-”: 

unknown source of deprived electrons; “? QmoABC”: not found in genomic annotation, and 

could be replaced by another functionally similar complex;    
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Supplementary Information 

 

Figure S4.1 Reductive debromination of 2,6-dibromophenol (2,6-DBP) under sulfate-free 

conditions and scanning electron microscopy (SEM) of the consortium (related to Figure 4.1). 

2,6-DBP was debrominated into phenol with the formation of 2-bromophenol as the 

intermediate (2-BP) (A). Lactate was consumed with the formation of propionate and acetate 

(B). The consortium was visualized by SEM at various magnifications, 12000 X (left),  25005 

X (middle) and 65000 X (right) (C). The rod-shaped bacterium was measured in diameter 

(620.3 nm) and length (1.791 – 2.105 μm) as shown in green lines and letters. 
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Figure S4.2 Inhibition by acetylene specifically on reductive debromination of 2,6-DBP in the 

presence of sulfate reduction (related to Figure 4.2). Reductive debromination of 2,6-DBP in 

addition to sulfate as the electron acceptor, and metabolite measurement with lactate as the 

electron donor and carbon source in the absence of acetylene (A, B), and presence of acetylene 

(C, D) respectively. (CH)2: acetylene; downward arrow indicates the injection of acetylene; 

Dashed lines represent the metabolism of lactate and sulfate after the addition of acetylene. 

Three replicate bottles were set, and the data indicate the mean ± SD. Error bars represent the 

SD. 
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Figure S4.3 Transmembrane configuration prediction of RDases and Tph-RDase of assembled 

bins (related to Figure 4.4), including two RDases from CH4_bin.3 (A, B); one RDase from 

CH4_bin.4 (C) and TPh-RDase from CH4_bin.5 (D). The prediction of transmembrane 

configuration of the (TPh-) RDases was achieved by MemBrain (Feng, et al. 2020).   
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Figure S4.4 Reductive debromination of 2,6-DBP without additional B12 (related to Figure 

4.5). Reductive debromination of 2,6-DBP to phenol with bromophenol as the intermediate (A). 

Lactate served as the electron donor and carbon source and was consumed to form acetate, and 

sulfate as the electron acceptor was reduced into sulfide (B). 2,6-DBP: 2,6-dibromophenol; BP: 

bromophenol; The experiment was set with three replicate bottles, and the data indicate the 

mean ± SD. Error bars represent the SD. 

Table S4.1 Information of the assembled bins (MAGs) 

Bins Classification GC 
(%) N50 (bp) Size (bp) Abundance ANI 

a
 

(%) 

CH4_bin.1 g_Oceanispirochaeta 43.1 10840 5074027 392.735242 93.85 

CH4_bin.2 g_Desulfoplanes 51.4 199123 3841128 1567.138705 78.11 

CH4_bin.3 g_Desulfoplanes 50.3 87237 4114339 1983.865769 78.14 

CH4_bin.4 f_Marinifilaceae 38.6 43215 5488154 523.39148 N/A 
b
 

CH4_bin.5 g_Desulforhopalus 49.3 837424 3685696 9786.929752 76.45 
aANI: average nucleotide identity to the closest reference genome; 

bN/A: indicates novel genus without closely related reference genome;     
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Abstract  

Our previous enrichment studies and multi-omic data analyses indicated that members of the 

genus Desulforhopalus are capable of reductive dehalogenation (RD). Here, we studied 

organohalide respiration (OHR) in Desulforhopalus singaporensis, a sulfate reducer, as genome 

analysis predicted the presence of a respiratory reductive dehalogenase (RDase) gene. Our 

results revealed that D. singaporensis can debrominate 2,6-dibromophenol (2,6-DBP), 2,4-

DBP, and 2,4,6-tribromophenol to phenol and 4-bromophenol, respectively, regardless of the 

presence of vitamin B12 in the medium, due to its complete de novo biosynthesis of vitamin 

B12. Debromination of 2,6-DBP suppressed sulfate reduction in D. singaporensis. 

Interestingly, D. singaporensis was identified as a formatotroph using formate as the electron 

donor instead of H2 for the Wood-Ljungdahl pathway to conserve energy and fix CO2 leading 

to the formation of acetate. In addition, D. singaporensis gained more biomass under 

formatotrophic conditions in the presence of 2,6-DBP compared to the control without 

additional 2,6-DBP or in the presence of acetylene, previously shown to inhibit reductive 

debromination, respectively. Furthermore, RDase gene expression profiles showed that the 

acetylene inhibited RDase activity post-transcriptionally. Altogether, this study experimentally 

verified the OHR potential of D. singaporensis in the presence of formate, which served as the 

electron donor and was used in carbon assimilation through the Wood-Ljungdahl pathway. 

 

Key words: Desulforhopalus singaporensis; sulfate reducers; RDase gene; reductive 

debromination; Wood-Ljungdahl pathway. 
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Introduction 

With the advancement of DNA sequencing technology, microbiomes residing in a broad range 

of different pristine and man-made environments are increasingly being explored in order to 

establish the microbial composition and to discover novel microorganisms and metabolic 

pathways (Goodwin et al., 2016). Using sequence-based approaches, it has also been shown 

that reductive dehalogenases (RDases) are widely distributed in pristine marine sediments and 

that these enzymes are not restricted to the well-identified organohalide-respiring bacteria 

(OHRB) that belong to the phyla Chloroflexota, Firmicutes and Proteobacteria (among which 

the class Deltaproteobacteria, recently reclassified as Desulfobacterota phyl. nov.) (Waite et 

al., 2020). For example, also Asgard Archaea which have been proposed to have played a role 

in the evolution of eukaryotic cells, appear to have RDase encoding genes in their genomes 

(Fincker and Spormann, 2017; Atashgahi et al., 2018a; Spang et al., 2019; Waite et al., 2020). 

These findings reinforce the ecological importance of dehalogenation for the biogeochemical 

cycles of halogen and carbon. In our previous study we showed the enrichment of bacterial 

populations not previously associated with organohalide respiration (OHR) in anaerobic 

dehalogenating cultures derived from pristine marine sediments from Aarhus Bay illustrating 

the potential importance of OHR in these sediments (Chapter 2). The subsequent metagenomic 

analysis allowed the generation of several metagenome assembled genomes (MAGs), some of 

which were identified as potentially novel species of OHRB bearing RDase genes that were 

highly expressed as revealed by metatranscriptome sequencing and reverse-transcriptase 

quantitative PCR analysis of RNA extracted from cultures grown in the presence of halogenated 

compounds (chapter 4). Unfortunately, only a few isolated strains, close to the MAGs, are 

available to characterize their metabolic functions, especially their reductive dehalogenation 

(RD) potential. 
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OHRB are widely applied for in situ bioremediation of sites polluted with organohalides 

(Nijenhuis and Kuntze, 2016; Atashgahi et al., 2018b). All known OHRB are vitamin B12 

(B12)-dependent and require the addition of non-specific electron donors, such as glycerol and 

lactate (Payne et al., 2011; Zanaroli et al., 2015; Atashgahi et al., 2017). Accordingly, it would 

be economically interesting to employ versatile OHRB, especially strains that can grow 

autotrophically by assimilating CO2 or formate for in situ bioremediation (Yishai et al., 2016). 

Recent culture-independent studies, such as single-cell genomics and metagenomics, revealed 

a linkage between RD and the Wood-Ljungdahl pathway (WLP) among populations of marine 

Chloroflexota (Fullerton and Moyer, 2016; Sewell et al., 2017; Fincker et al., 2020), suggesting 

their potential for autotrophic OHR. Furthermore, the obligate OHRB Dehalococcoides 

mccartyi, using H2 as the electron donor, contains an incomplete WLP lacking four critical 

genes, metF (coding for methylene-tetrahydrofolate reductase, MTHFR), acsE (coding for 

methyltransferase, MeTr), fdh (coding for formate dehydrogenase, FDH), and acsA (coding for 

carbon monoxide dehydrogenase, CODH) (Maymo-Gatell et al., 1997; Holliger et al., 1999; 

Maymo-Gatell et al., 1999; Zhuang et al., 2014). In an experiment to verify potential 

autotrophic OHR, the lack of acsA caused CO accumulation, which inhibited the growth of D. 

mccartyi and attenuated RD, possibly as a result of inactivation of metalloenzymes, such as 

hydrogenases (Zhuang et al., 2014). Hence, having the complete WLP or, alternatively, the 

presence of CO oxidizers, could ameliorate side effects of CO accumulation on cell growth of 

OHRB. In contrast to the obligatory OHRB, some versatile OHRB, such as Desulfitobacterium 

hafniense DCB-2, contain a full set of genes for CO2-fixing WLP (Kim et al., 2012). However, 

to our knowledge, the potential for autotrophic OHR has not been experimentally verified. 

Newly-assembled RDase gene clusters revealed that RDase-encoding operons are frequently 

correlated with genes encoding proteins involved in nitrogen metabolism, such as the NtrC-
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type transcriptional activators (Zimmer et al., 2000; Bush and Dixon, 2012; Liu and Haggblom, 

2018), but their association with OHR has not yet been demonstrated.   

The aim of this study was to provide evidence that Desulforhopalus sp. populations that were 

enriched in dehalogenating cultures derived from Aarhus Bay marine sediment (chapter 4), are 

indeed capable of autotrophic RD using the WLP and that they are indeed B12 independent. 

Since we unfortunately did not obtain pure culture isolates from our cultures, we tested two 

available isolates, Desulforhopalus singaporensis DSM 12130 and Desulforhopalus vacuolatus 

DSM 9700, and tested them for their ability to use organohalides as terminal electron acceptor 

during OHR. Since only Desulforhopalus singaporensis 12130 was capable of OHR, this strain 

was further used in our study. We were able to demonstrate (i) the reductive debromination of 

2,6-DBP with priority over sulfate reduction when the organism was grown with lactate, and 

(ii) OHR with 2,6-DBP as electron acceptor with formate as the only source of carbon and 

electrons, under formatotrophic conditions. Finally, (iii) the concurrent respiratory 

debromination led to an increase in biomass concentration as compared to growth with formate 

only. 

Materials and methods 

Chemicals 

Chlorinated compounds, including tetrachloroethene (PCE), 2,6-dichlorophenol (2,6-DCP), 

2,4-DCP, 2,4,6-TCP, 1,4-dichlorobenze (1,4-DCB), 1,2-DCB, 1,3-DCB, 1,2,4-TCB, benzene, 

and brominated compounds, including 2,6-DBP, 2,4-DBP, 2,4-6-DBP, 1,4-dibromobenzene 

(1,4-DBB), 1,2-DBB, 1,3-DBB, and 1,2,4-tribromobenzene (1,2,4-TBB), and iodinated 

compounds, 2,4,6-triiodiphenol (2,4,6-TIP), 2,4-DIP, 2,6-DIP, 2-IP, and 4-IP, were purchased 

from Sigma-Aldrich. Stock solutions of sulfate (0.5 M), sulfite (0.5 M), thiosulfate (0.5 M), 

nitrate (0.5 M), formate (0.5 M), acetate (0.25 M), pyruvate (0.5 M), and lactate (0.5 M) were 
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prepared by filter sterilization (syringe filter, 0.2 µm, mdimembrane, Ambala Cantt, India). All 

other (in)organic chemicals were of analytical grade. 

Cultivation  

D. vacuolatus (DSM 9700) and D. singaporensis (DSM 12130) were purchased as lyophilized 

cultures from the Leibniz Institute DSMZ (German Collection of Microorganisms and Cell 

Cultures GmbH, Braunschweig, Germany). Lyophilized cultures were used taking account their 

sensitivity to low oxygen concentrations following the instructions “Handling of vacuum-dried 

anaerobic cultures”. Anoxic marine medium was prepared as previously described (Monserrate 

and Häggblom, 1997; Peng et al., 2020), with minor adjustments for cultivation of D. 

vacuolatus and D. singaporensis, respectively. The concentrations of NaCl were adjusted to 10 

g/L for D. vacuolatus and 5 g/L for D. singaporensis respectively (Isaxons and Teske, 1996; 

Lie et al., 1999; Kuever et al., 2015). In addition, D. vacuolatus was grown at 19 ℃ and D. 

singaporensis at 30 ℃. Resazurin (0.005 g/L) was added as the redox indicator and Na2S·9H2O 

(0.48 g/L, 2 mM) served as the reducing agent for maintaining anoxic conditions. 120 ml serum 

bottles were filled with 50 ml marine medium and the headspace was replaced with N2 / CO2 

(80:20 %, 140 Kpa). Bottles were sealed by teflon-coated butyl rubber septa and aluminum 

crimp caps (GRACE, MD, USA). The above-mentioned halogenated compounds (100 μM) 

were selected as the electron acceptors in combination with lactate as the electron donor and 

carbon source to assess the dehalogenating potential of both D. vacuolatus and D. 

singaporensis. 2,6-DBP (100 μM) was employed to test for OHR-supported cell growth of D. 

singaporensis with formate (10 mM) added as the electron donor and carbon source. 

Meanwhile, acetylene (1.8 mM) was tested as the specific inhibitor of reductive debromination 

and added to validate the role of reductive debromination for bacterial growth and expression 

of the RDase-encoding gene cluster. In addition, B12 (0.04 mg/L) was checked for its 
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indispensability for reductive debromination. To this end, residual amounts of B12 from mother 

cultures were removed through three consecutive transfers (10% vol/vol) and incubation. 

Analytical methods 

Gas chromatography coupled with mass spectrometry (GC-MS), using an Rt®-Q-BAND 

column (Retek, PA, USA) and DSQ-MS (Thermo Fisher Scientific) was used to measure PCE, 

trichloroethene (TCE), cis-dichloroethene (cDCE), trans-dichloroethene (tDCE), ethene and 

acetylene. All remaining chlorinated, brominated and iodinated compounds were measured 

using a Thermo Scientific Accella High-Performance Liquid Chromatography (HPLC) system 

installed with Agilent Poroshell 120 EC-C18 column and a UV/Vis detector. Meanwhile, 

SHIMADZU LC2030 PLUS coupled with a Shodex SUGAR Series® SH1821 column was used 

to measure the consumption and production of organic acids, including lactate, propionate, 

acetate and formate. Sulfate, sulfite, thiosulfate, and nitrate were detected using a Thermo 

Scientific DionexTM ICS-2100 Ion Chromatography System (Dionex ICS-2100). A 

photometric method using methylene blue was used to determine the accumulation of sulfide 

as previously described (Cline 1969). 

DNA and RNA extraction and reverse transcriptase quantitative PCR 

Cultures grown under different conditions were harvested by centrifugation at 10,000 × g for 

5 min, and the supernatants were discarded. Subsequently, the collected biomass was washed 

three times with 200 µL TE buffer (pH=7.0) on ice to remove residual medium components 

and metabolites that might interfere with downstream DNA and RNA extraction. Total genomic 

DNA was extracted from cultures of D. vacuolatus and D. singaporensis using the 

MasterPureTM Gram positive DNA purification Kit (Epicentre). For RNA extraction from 

triplicate cultures per condition, the collection of samples followed the same steps as described 

above for DNA extraction, but collection of biomass was done by centrifugation at 4 ℃. Cells 
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were disrupted using combined physical and chemical lysis. Collected biomass was mixed with 

0.4 ml cold TE buffer (4 μl 2-mercaptoethanol), and 0.5 ml TRIzolTM reagent (Thermo Fisher 

Scientific) was added, followed by bead-beating for 3 min (3 times, 1 min per time with cooling 

on ice in between) at speed 5.5 (FastPrep-24 5G, MP biomedicals, Irvine, CA, USA). After 

bead-beating, UltraPureTM phenol : chloroform : isoamyl alcohol in ratio of 25 : 24 : 1 in 200 

μl (Thermo Fisher Scientific) was added and mixed by vortex. Then, the separated aqueous 

phase containing RNA was transferred to an RNeasy column (Qiagen, Venlo, The Netherlands) 

for purification followed by DNase I (Roche, Almere, The Netherlands) treatment to remove 

residual DNA. For both DNA and RNA, prewarmed (50 ℃) nuclease-free water was added to 

the membrane as a final step to elute DNA or RNA. The extracted genomic DNA of D. 

singaporensis was used as the template for 16S rRNA gene targeted qPCR with primers 

Eub341F/Eub534R to determine growth under formatotrophic conditions with 2,6-DBP only 

and additional acetylene, respectively, compared to cultures without DBP and acetylene. 

Reverse-transcriptase (RT) qPCR was used to measure expression of RDase genes and other 

related genes by using the One Step PrimeScript™ RT-PCR Kit (Perfect Real Time) (Takara 

Bio, Saint-Germain-en-Laye, Germany). RT-qPCR targeting the bacterial 16S rRNA was used 

for normalization of RDase gene expression. Primers used for the analysis of gene expression 

were designed using the NCBI Primer-BLAST primer design tool 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/), setting the amplicon size range from 75 bp 

to 150 bp and the optimal temperature at 60 ℃. All primers used in this study are listed in Table 

5.1.   
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Table 5.1 Primers used in this study for (RT)-quantitative PCR 

Genome sequencing and analysis of Desulforhopalus vacuolatus 

D. vacuolatus was isolated in 1996 (Isaxons and Teske 1996), however, its genome had not 

been elucidated at the time this study was initiated. In order to facilitate understanding of its 

metabolic potential, we sequenced the genome of D. vacuolatus using Illumina (Novaseq6000, 

PE150, Novogene) shotgun sequencing using paired-end short reads of 150 bp. Recently, 

however, the genome of D. vacuolatus has also been published in the context of studying the 

sulfur metabolism of this organism (Ward, et al. 2021). Accordingly, we combined the 

assembled genome as the reference with our data to improve the quality of the assembly by 

using Unicycler (Wick, et al. 2017a, Wick, et al. 2017b). The raw paired-end sequence reads 

were first cleaned by the “read_qc” module of MetaWRAP (Uritskiy, et al. 2018), to remove 

low-quality reads. The clean reads were then used for co-assembly with the available genome 

of D. vacuolatus via Unicycler using default parameters. The final assembly was compared to 

previous ones by QUAST (Mikheenko, et al. 2018) using default settings, and its completeness 

and contamination was evaluated by checkM (Parks, et al. 2015). Genome statistics for the D. 

Target Name Oligonucleotide sequence (5´–3´) (RT)-qPCR programs 
Bacteria  Eub341F 

Eub534R 
CCTACGGGAGGCAGCAG 
ATTACCGCGGCTGCTGGC 

See the references 
(Atashgahi, et al. 2013, 
Muyzer, et al. 1993). 

    
16S rRNA  Ds-16S-F GGCGTGCTTAACACATGCAA Stage1: Reverse transcription 
 Ds-16S-R TAGCACACCTTTCGGTGAGT               42 ℃ 5 min 
                 95 ℃ 10 sec 
bEBP Ds-bEBP-F CCCGGCCATCTGTACTGTTT Stage2: PCR reaction 
 Ds-bEBP-R GTCAGCGCAGAGAGGACATT               95 ℃ 5 sec 
                 60 ℃ 20 sec 
RDase Ds-RDase-F GTCCGGCCATAACCAAGGAA               40 Cycles 
 Ds-RDase-R CTGGGCAAAGGCCATGACTA  
    
Sigma54 Ds-Sigma54-F 

Ds-Sigma54-R 
TCTGGGAATGGCGGTAGAGA 
TCAGCAGGGTGACATCGAAC 
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vacuolatus genome are listed in Table S5.1 along with those of 15 other representative genomes 

of Desulforhopalus spp. isolates and MAGs available in the GTDB database.  

Pangenomic and phylogenomic analyses 

Fifteen representative genomes of Desulforhopalus were included for pangenomic analysis, 

together with the updated genome of D. vacuolatus and the metagenome-assembled genome 

(MAG) CH4_bin.5 (chapter 4), using Anvi’o (Delmont and Eren 2018, Eren, et al. 2015). In 

addition, the metabolic genes responsible for RD, sulfate reduction (SR) and WLP were 

extracted from these genomes and compared following the default parameters of Anvi’o. 

Phylogenetic trees were constructed by GToTree based on a set 74 bacterial marker genes, and 

predicted metabolic pathways were analyzed using magicLAMP, prokka annotation, and 

KEGG retrieval (Garber, et al. 2020, Kanehisa and Goto 2000, Uritskiy, et al. 2018). Due to the 

limited completeness of the genome of Desulforhopalus sp002747825 (GCA_002747825.1), 

which did not meet the required number of bacterial marker genes, this genome was excluded 

from phylogenetic tree construction.   

Results 

Pangenomic analysis of Desulforhopalus representatives 

Our previous work revealed that several members of the genus Desulforhopalus potentially 

contribute to RD, with some being predicted to be OHRB candidates (chapter 3 and 4). To 

comprehensively assess the full genomic diversity and common features of currently available 

Desulforhopalus members, pangenomic analysis was carried out on the integrated platform, 

Anvi’o (Eren et al., 2015; Delmont and Eren, 2018). From the 21 genomes of Desulforhopalus 

available in GTDB at the time of analysis, we took 15 representative genomes into our analysis 

(https://gtdb.ecogenomic.org/). Furthermore, we included the recently genome-sequenced D. 
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vacuolatus, and CH4_bin.5 that we recently obtained from a highly enriched debrominating 

consortium (chapter 4) (Figure 5.1). The genome sizes ranged from 1.17 Mb for 

Desulforhopalus sp002747825 to 6.21 Mb for Desulforhopalus sp000961725, in which the 

former has genomic completeness of 66.67 % of the bacterial marker genes used for checkM 

analysis (Table S5.1). The conserved single-copy core gene (SCG) clusters among the genomes 

included in our analysis were restricted by the genome with the lowest completeness with only 

15 out of a total of 74 gene calls. Based on the phylogenomic analysis, CH4_bin.5 was most 

closely related to the genome of D. vacuolatus, which was isolated from the water-covered 

coast of Kysing Fjord neighbouring Aarhus Bay. Other genomes, including that of D. 

singaporensis that was isolated from Singapore, were found more distantly related (Isaxons and 

Teske, 1996; Lie et al., 1999; Kuever et al., 2015). In addition, both CH4_bin.5 and D. 

vacuolatus were found to carry the core genes for sulfate reduction, as the other 

Desulforhopalus members, but lacked most of the genes encoding proteins of the WLP (Isaxons 

and Teske, 1996), which to some extent also reflects their overall evolutionary conservation 

and geographic proximity of their isolation source. The pangenomic analysis revealed two 

OHRB candidates, D. singaporensis and De_sp013139415, based on the presence of genes 

predicted to code for respiratory corrinoid-dependent RDases (Figures 5.1, 5.2, 5.3A). By 

contrast, the strain represented by CH4_bin.5 was predicted to constitute a non-respiratory 

dehalogenator, bearing a thiolytic tetrachloro-p-hydroquinone RDase (TPh-RDase) (Xun et al., 

1992a, b). Interestingly, the closest relative to CH4_bin.5, D. vacuolatus, lacks any RDase gene, 

suggesting its incapability of RD. To this end, we could indeed confirm the ability of 

Desulforhopalus singaporensis to grow by using organohalides as terminal electron acceptor 

(see below for the corresponding growth experiments; Table S5.2), whereas Desulforhopalus 

vacualotus was not (Table S5.2). Of the halogenated compounds tested, Desulforhopalus 

singaporensis could only use 2,6-DBP, 2,4-DBP, and 2,4,6-DBP, but not any of the other 
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brominated, chlorinated or iodinated compounds tested (see below, Table S5.2). Finally, based 

on the genomic analysis and presence of the corresponding functional genes (Figures 5.1, 5.2), 

we hypothesized that D. singaporensis would be able to use organohalides as terminal electron 

acceptor while using the WLP simultaneously for cell growth and source of electrons.  

 

Figure. 5.1 Pangenomic analysis of representative genomes of Desulforhopalus. Genes were 

clustered across the pangenome and layers, including genome size (total length), GC content 

(%) and the metabolic traits, reductive dehalogenation (RD), sulfate reduction (SR) and Wood-

Ljungdahl pathway (WLP) were explicitly considered. Isolated strains, D. vacuolatus and D. 

singaporensis, and CH3_bin.5 (chapter 4) are depicted in shades of blue-grey, and all other 

MAGs available at GTDB are given in shades of magenta. Dark and light color within 

individual genome rings indicate presence or absence of genes, respectively. The outer ring 
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(SCG clusters) indicates the 15 single-copy core genes used for phylogenomic tree construction. 

“Whole” (in black) indicates presence of complete SR/WLP pathway genes or respiratory 

RDase; “Core” (in dark grey) for essential pathway genes or TPh-RDase; “None” (in light grey) 

indicates that a given pathway (SR/WLP) is not present; “De”: Desulforhopalus; “sp” with 9-

digit number is the strain-level taxon identifier taken from GTDB. 

Metabolic trait inferences of Desulforhopalus   

To get a more detailed understanding of potential metabolic traits of D. singaporensis and other 

members of the genus Desulforhopalus for which genomes were available, the involved critical 

genes were further analyzed in detail across all genus members, including the updated genome 

of D. vacuolatus and CH4_bin.5 (Figure 5.2). Most of the Desulforhopalus members were 

found to contain all essential genes for sulfate reduction, with the exception of sp013139415, 

which lacks dsrMK. Similarly, nearly all members carry the core genes for the WLP, except D. 

vacuolatus lacking acsA, acsB, acsC and acsD, and CH4_bin.5 which only contains acsA. 

Interestingly, only one genome, sp018821785, contains the genes encoding molybdenum-

containing formate dehydrogenases (FDHs), which are composed of three subunits, FdhA, 

FdhB, and FdhC, to catalyze the reversible conversion between H2 / CO2 and formate (Ferry, 

1990; Jormakka et al., 2003). By contrast, all other members appeared to lack one or all genes 

needed to encode functional FDHs, indicating their inability to initiate the WLP in the presence 

of H2 only. Instead, genes encoding the NAD+-dependent formate dehydrogenase (FdhL), 

which can consume the available formate to provide the electrons and the reducing equivalents 

in the form of NADH (Berrı et al., 2002), were found in most members except sp018821785 

and sp001750925. Further, all genomes investigated here were found to encode group 4 [Ni-

Fe] hydrogenases, whereas only the genome of D. singaporensis was found to lack the genes 

encoding group 1 [Ni-Fe] hydrogenases. Instead, the genome of D. singaporensis was found to 

be the only one to contain all genes needed to encode a [Fe-Fe] hydrogenase. Indeed, previous 

physiological studies revealed that D. singaporensis cannot use H2 as electron donor, whereas 
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D. vacuolatus has this potential (Isaxons and Teske, 1996; Lie et al., 1999; Kuever et al., 2015) 

conforming the absence of group 1 [Ni-Fe] hydrogenases in D. singaporensis. Therefore, 

formate, and not H2, was used as the electron donor in our more detailed physiological studies 

of D. singaporensis, especially targeting the WLP, as described below. 

Most of the genomes investigated here contained the complete gene set for de novo B12 

biosynthesis, cbi, including D. singaporensis and CH4_bin.5. In contrast, the B12 transporter 

genes, btuCDF (Korkhov et al., 2012), were found to be incomplete among all studied 

Desulforhopalus genomes, suggesting the inability of members of Desulforhopalus to import 

or export B12. 

It was reported that D. singaporensis can produce poly-β-hydroxybutyrate (PHB), and our 

genomic analysis confirmed that D. singaporensis has the complete biosynthesis gene set, 

including phbA (encoding acetyl-CoA acetyltransferase), phbB (encoding acetoacetyl-CoA 

reductase) and phbC (PHB synthase) (Amadu et al., 2021), whereas D. vacuolatus and 

CH4_bin.5 have none of these genes, indicating their inability of biosynthesizing PHB. 

Furthermore, most of the genomes analyzed here were found to contain the genes encoding 

transporter proteins for aromatic compounds and long-chain fatty acids, enabling cellular 

utilization or secretion of these molecules. 

Genetic evidence also indicated that D. singaporensis contains a periplasmic nitrate reductase 

(NapAB) that allows to use nitrate as terminal electron acceptor for energy conservation 

(Gonzalez et al., 2006), in agreement with previous studies (Lie et al., 1999; Kuever et al., 

2015). Further, the D. singaporensis genome encodes the nitrogenase complex (Burgess and 

Lowe, 1996), indicating its potential for fixing molecular nitrogen. The other genomes, 

excluding sp001750925, contain genes encoding an ammonium transporter that can import / 

export ammonium in the presence / absence of ammonium outside. 
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In summary, based on genome inferences, D. singaporensis as the representative isolate is 

predicted to bear a versatile metabolism, which could enhance its adaptability to environments 

with varying nutrient availability, and its metabolites could also synergistically support the 

growth of other members of microbial communities.      

 

Figure. 5.2 Phylogenetic analysis of Desulforhopalus members and their predicted metabolic 

traits. The representative genomes of Desulforhopalus were downloaded from GTDB and their 

phylogenies were analyzed and constructed by GToTree based on the alignment of 74 

concatenated bacterial marker genes (Lee 2019), excluding the sp002747825 automatically due 

to the low completeness (66.67 %) of marker genes. Color patterns indicate levels of genome 

completeness (Com) and contamination (Con). Filled circles indicate the presence of all genes 

needed to encode the complete enzyme complex or the complete metabolic pathway. Open 

circles and empty cells indicate that only some or none of the required genes are present, 

respectively. rdh encodes reductive dehalogenase; TPh-rdh encodes tetrachloro-p-

hydroquinone reductive dehalogenase; sat encodes sulfate adenylyltransferase; aprAB, APS 

reductase; dsr, dissimilatory sulfite reductase; fdh-αβγ, three subunits of formate 

dehydrogenase; fdhL codes for NAD+-dependent formate dehydrogenase; acsABCDE, folD, 

metF and fhs are critical genes for the Wood-Ljungdahl pathway (WLP); cbi, de novo vitamin 

B12 biosynthesis; phbABC, for synthesizing polymer poly-β-hydroxybutyrate (PHB); [Ni-Fe]-

g1, [Ni-Fe]-g4, and [Fe-Fe]-A, for groups 1 and 4 of [Ni-Fe] hydrogenases, and group A of [Fe-

Fe] hydrogenases, respectively; napAB and narGH for nitrate reduction; nifHDK, nitrogenase.  
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RDase gene operon and reductive dehalogenation potential of D. singaporensis 

Among the Desulforhopalus spp., D. singaporensis has the most versatile metabolism among 

all strains/genomes analyzed here, and was shown to be capable of RD, as confirmed 

experimentally using a range of chlorinated, brominated, and iodinated compounds (Table 

S5.2). Therefore, this strain was selected to more extensively verify predicted metabolic traits 

and to elucidate their potential interconnections. The configuration of the RDase operon 

suggested that its expression could be regulated by the bacterial enhancing binding protein 

(bEBP) as the transcriptional activator, in combination with sigma factor 54 (Bush and Dixon, 

2012; Liu and Haggblom, 2018), as shown in Fig 5.3A. Further sequence analysis revealed that 

bEBP contains three domains, the GAF domain (PF13185), the σ54-interacting domain 

(PF00158), and the HTH domain (PF02954). The GAF domain acts as the sensor to bind small 

ligands, such as aromatic compounds, and HTH binds to the promoter DNA (Bush and Dixon, 

2012). There are two bEBP recognition motifs in the promoter of the RDase gene in analogy to 

what has been proposed previously for the promoter of an rdhA gene in Desulfoluna 

spongiiphila (Liu et al., 2017), 5’-TGGCA-3’ and 5’-TTGCT-3’, which stabilizes the binding 

of the bEBP-σ54 complex to the promoter and initiates transcription of the downstream genes 

(Bush and Dixon, 2012). Interestingly, the sequence of the recognition site of bEBP is similar 

to that of NtrC, a nitrogen regulator protein, which activates the transcription of regulons under 

nitrogen-limiting conditions (Zimmer et al., 2000). The intergenic region between genes 

encoding bEBP and the RDase contains also an NtrC-recognition site, 5’-

GGTAAAACATGGC-3’ (blue highlight in the figure), that  partially overlaps with the 

proposed bEBP recognition motifs (bold black letters). It is tempting to speculate that the 

intergenic region is not only the promoter of RDase genes, but also the promoter of the bEBP 

gene itself, which indicates that there could be a trade-off strategy to regulate both genes in 

response to various conditions. Moreover, the gene adjacent to the RDase encoding rdhAB gene 
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cluster, was predicted to encode NapG that was reported to transfer electrons during nitrate 

respiration (Arnoux et al., 2003; Gonzalez et al., 2006). Altogether, the RDase activity is 

potentially under the regulation of the σ54-dependent transcriptional activator, bEBP, and might 

be functionally associated with nitrogen metabolism.  
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Figure 5.3 Genomic context of RDase genes and reductive debromination of 2,6-DBP in 

Desulforhopalus singaporensis. Genomic context of RDase genes (A), including bacterial 

enhancing binding protein, bEBP, composed of a GAF domain at N terminus, Sigma54 (σ54) -

interacting domain, and helix-turn-helix (HTH) domain at C terminus. The RDase A subunit 

constitutes an N-terminal twin arginine translocating domain, the dehalogenase core domain, 

and a C-terminal iron-sulfur cluster domain (4Fe-4S). Corresponding Pfam labels are provided 

(PF). Below the intergenic region between bEBP and RDase A genes is depicted. The 

underlined bold black letters represent the binding boxes of Sigma54, and letters highlighted in 

turquoise indicate the binding sites of bEBP. Reductive debromination was tested in the 

presence of sulfate as alternative electron acceptor and with lactate as electron donor and carbon 

source. Metabolites of debromination (2,6-DBP, 2-BP, phenol) are shown for cultures grown 

in the presence (B) and absence of B12 added with the medium (C). Compounds related to 

sulfate reduction (sulfate, sulfide) and lactate oxidation (lactate, acetate) are shown for cultures 

grown in the presence (D) and absence of 2,6-DBP (E). Three replicate bottles were set for the 

experiment, and data are presented as mean ± standard deviation (SD). Error bars indicate the 

SD.  

Debromination of 2,6-DBP 

Our experiments confirmed the ability of D. singaporensis to dehalogenate several different 

organohalides. Within 72 h, 2,6-DBP was completely converted to phenol with bromophenol 

(BP) as intermediate (Figure 5.3B) upon the consumption of lactate as the electron donor and 

carbon source (Figure 5.3D). In addition, D. singaporensis was able to debrominate 2,6-DBP 

to phenol without adding B12 (NoB12), which suggests it has complete B12 biosynthesis 

capacity (Figure 5.3C). Interestingly, the reduction of sulfate, which was added as a competitive 

electron acceptor, only started after the complete consumption of 2,6-DBP after 72 h, while 

sulfate reduction required a lag-phase of only 24 h when it was added as the sole terminal 

electron acceptor (Figure 5.3E). This was surprising because it has been typically observed 

before that RD is inhibited in the presence of sulfate (e.g., (Liu and Haggblom, 2018; Peng et 
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al., 2020)), although RD has larger redox potentials (210-470 mV) than sulfate reduction (SO42- 

/ HS-, -217 mV) and is therefore energetically more favorable (Adrian and Löffler, 2016).         

Acetylene inhibits reductive debromination post-transcriptionally 

Acetylene is a general inhibitor of many metabolic pathways, such as methanogenesis and RD 

(Hyman and Daniel, 1988; Pon et al., 2003) (chapter 4). To clarify the inhibitory effect of 

acetylene on RD in D. singaporensis, we added acetylene to the debrominating cultures. 2,6-

DBP debromination stopped immediately after the addition of 3 mL of acetylene (1.8 mM final 

concentration) (Figure 5.4A). In contrast, lactate utilization and sulfate reduction were not 

affected in comparison to the actively debrominating cultures where no acetylene was added 

(Figure 5.4B). Thus, we hypothesized that the acetylene was specifically targeting RD in D. 

singaporensis. To elaborate the inhibitory mechanism, we used RT-qPCR to measure gene 

expression. The RDase gene was transcribed at low constitutive levels when 2,6-DBP was 

absent, and expression was induced after the addition of 100 μM 2,6-DBP leading to a 6000-

fold increase after 2 h (Figure 4C). Hence, the added acetylene did not prevent the transcription 

of the RDase gene suggesting that inhibition acts post-transcriptionally. Meanwhile, we also 

measured the transcription of related genes, namely those encoding bEBP and σ54, in the 

presence of 2,6-DBP and 2,6-DBP/acetylene, respectively. Interestingly, the expression of 

genes encoding bEBP and σ54 was induced approximately 5-6-fold after 2 h without 2,6-DBP, 

whereas induction in the presence of 2,6-DBP was less pronounced. Addition of acetylene did 

not affect transcription of bEBP and σ54 encoding genes (Figure 5.4D and 5.4E).  
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Figure 5.4 Acetylene inhibition of reductive debromination of 2,6-DBP by D. singaporensis 

and expression of RDase and associated genes encoding potential regulatory proteins. 

Acetylene ((CH)2) was added after 48 hours (A) and the concomitant lactate oxidation, sulfate 

reduction and cell growth in OD600 was followed (B). Reverse-transcriptase quantitative PCR 

(RT-qPCR) of genes encoding RDase A (C), bEBP (D) and Sigma54 (E) at 0, 0.5 and 2 hours 

after addition of 2,6-DBP compared to cultures to which no 2,6-DBP was added (NoDBP) and 

cultures with additional acetylene (DBP-(CH)2). RT-qPCR targeting the bacterial 16S rRNA 

was used for normalization of gene expression. Each treatment in C-E was set with three 

replicates and values represent mean ± standard deviation (SD). Error bars indicate the SD. 

Debromination by D. singaporensis in the presence of formate 

In the pangenomic analysis, the WLP was discovered as conserved metabolic pathway across 

most members of Desulforhopalus, but there is no experimental confirmation yet of its 

functionality. Interestingly, all genomes included in this study, except sp018821785, lack one 

or all genes encoding subunits of formate dehydrogenase (FdhABC) that is required to reduce 

CO2 to formate with H2 as the electron donor, indicating the inability of all but one strain to 

metabolize H2 (Jormakka et al., 2003). This corresponds with our finding that D. singaporensis 

cannot use H2 and acetate as the energy and carbon source (Table S5.2). Alternatively, all but 

two genomes included in the present study carry a gene predicted to encode an NAD+-

dependent formate dehydrogenase (FdhL), which can oxidize one molecule of formate to 

generate NADH, and reduce another molecule of formate for further processing in the methyl 

branch of the WLP (Ragsdale, 2008; Ragsdale and Pierce, 2008). As expected, the added 

formate supported growth with the final product of acetate (Figure 5.5), conforming with a 

functional WLP in D. singaporensis for bacterial anabolism from formate. In addition, formate 

also served as the electron donor for 2,6-DBP debromination (Figure 5.5A). In this experiment, 

acetate was produced in minor amounts towards the end of the incubation . Compared to the 

experiment where only formate and no 2,6-DBP was added, the reductive debromination 

generated additional biomass at later time points from 192 h onwards (Figure 5.5B), which 
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suggests that the additional energy was being used for bacterial growth rather than carbon 

assimilation from formate to PHB as previously described (Lie et al., 1999). 

 

Figure 5.5 Reductive debromination of 2,6-DBP by D. singaporensis driven by the Wood-

Ljungdahl pathway (WLP) under formatotrophic conditions. Reductive debromination of 2,6-

DBP into phenol at the presence of formate serving as the electron donor Also shown is the 

utilization of formate and production of acetate in the presence or absence of 2,6 DBP (A). 16S 

rRNA gene-targeted quantitative PCR (qPCR) measuring growth of D. singaporensis under 

formatotrophic conditions in the presence (orange bars) or absence (blue bars) of 2,6-DBP (B). 

Three replicate bottles were set for the experiment, and data are presented as mean ± standard 

deviation (SD). Error bars indicate the SD. Statistical significance of differences between 

cultures grown in the presence or absence of 2,6-DBP was tested using student t’test. “***”: p-

value < 0.001; “**”: 0.001 < p-value < 0.01; “*”: 0.01 < p-value < 0.05; “n.s”: not significant. 
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Figure 5.6 Overview of the metabolic pathways of D. singaporensis. Genes involved in 

reductive debromination of 2,6-DBP, sulfate reduction, Wood-Ljungdahl pathway, de novo 

vitamin B12 biosynthesis, nitrogen fixation, poly-β-hydroxybutyrate biosynthesis and 

secretion, ammonium and large molecules transporters, and other functions are shown. Transfer 

of electrons obtained from lactate to RDase (solid red line), and transfer of electrons from 

formate to RDase (dotted red line). Blue arrow indicates the transcription of RDase genes, while 

the orange arrow indicates the transcription of the bEBP gene. The complete TCA cycle of D. 

singaporensis is shown in the blue-shaded area. CbiJ in grey-filled dashed circle is absent in 

the genome annotation of D. singaporensis. “?” means unknown source for electrons and 

electron transporter.   

Discussion 

Our previous study indicated the RD potential of sulfate-reducing Desulforhopalus (chapter 3 

and 4), but the verification at strain level was not yet carried out. Furthermore, Desulforhopalus 

affiliated bins retrieved from the PCE- and 2,6-DBP dehalogenating cultures, CH3_bin.15 and 

CH4_bin.5, respectively, only encoded thiolytic, non-respiratory RDases. To this end, our 

pangenomic analyses revealed that D. singaporensis was the only isolate bearing a respiratory 

RDase gene, concurrent with complete WLP and de novo B12 biosynthesis pathways. 

Accordingly, D. singaporensis was selected for more detailed studies towards the validation of 

genome-based predictions of its metabolic properties. Our results confirmed reductive 

debromination by D. singaporensis regardless of the addition of B12. Sulfate reduction was 

inhibited during debromination of 2,6-DBP and only started after 2,6-DBP was completely 

debrominated to phenol.   

Acetylene is known to inhibit organohalide respiration, which was confirmed here. In line with 

what was shown for the 2,6-DBP debrominating consortium studied in Chapter 4 of this thesis, 

acetylene inhibition of debromination in D. singaporensis was also shown to occur post 

transcriptionally. Interestingly, expression of associated genes predicted to encode regulatory 

proteins, including bEBP and Sigma54, was inhibited after adding 2,6-DBP (Figure 5.4). 
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Henceforth, we speculate that the global transcriptional regulating complex, bEBP-Sigma54, 

switches to upregulate the gene expression of RDase after binding with 2,6-DBP, consequently 

seizing to induce its own expression (Figure 5.6). Furthermore, we confirmed D. singaporensis 

as a formatotroph, with OHR leading to more biomass production compared to the sole 

formatotrophic condition. 

Pangenomic analysis revealed that CH3_bin.5 is phylogenomically closest to D. vacuolatus. 

and contains a gene encoding thiolytic tetrachloro-p-hydroquinone (TPh) which can act as an 

RDase (Xun et al., 1992b) and thus is an indication of potential for RD. Intriguingly, no RDase 

gene was found in the genome of the available isolate of D. vacuolatus. Accordingly, no RD 

was observed with this strain (Table S5.2). In contrast, a respiratory RDase gene was found 

only in D. singaporensis and sp013139415 (Figure 5.1), while all other Desulforhopalus 

genomes included in this study did not contain any RDase-encoding gene (Figure 5.2). It is thus 

tempting to speculate that the presence of RDase genes in Desulforhopalus spp. is likely the 

result of gene transfer from the surroundings. Unlike the most well-identified OHRB, D. 

singaporensis was unable to utilize H2 as the electron donor to promote OHR (Table S5.2), 

whereas D. vacuolatus can use H2 with acetate as energy and carbon sources (Isaxons and 

Teske, 1996; Lie et al., 1999; Kuever et al., 2015). These observations are in line with the results 

of our detailed comparative genomic analysis that revealed that the genome of D. singaporensis 

only encodes group 4 [Ni-Fe] and group A [Fe-Fe] hydrogenases but is devoid of the group 1 

[Ni-Fe] hydrogenase as opposed to the rest Desulforhopalus members, such as D. vacuolatus 

(Figure 5.2). Moreover, D. singaporensis recruited an NAD+-dependent formate dehydrogenase 

(FDH) to oxidize formate into CO2 and NADH, instead of H2, which can be produced by the 

respiratory FDHs under anoxic conditions (Popov and Lamzin, 1994; Jormakka et al., 2003). 

Under formatotrophic conditions, the increased reducing power provided by NADH could 

reinforce the resistance of D. singaporensis against oxic stresses (Berrı et al., 2002). Hence, we 
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could show that formate played a dual role in firstly providing electrons for OHR, and secondly 

promoting the WLP through its methyl branch (Zhuang et al., 2014; Borrel et al., 2016; Adam 

et al., 2019; Jiao et al., 2021). Of interest, D. singaporensis has the complete metabolic pathway 

for biosynthesizing PHB as extension from the WLP (Figure 5.6), which could be stored as 

carbon source, and made accessible for other members of a microbial consortium. This feature 

deserves further studies as it was beyond the scope of analyses described here.    

Dissimilar to previously identified marine OHRB (Liu and Haggblom, 2018; Peng et al., 2020), 

the reductive debromination by D. singaporensis inhibits sulfate reduction, which was 

subsequently initiated after complete debromination of 2,6-DBP (Figure 5.3). As a potential 

regulator of RDase gene expression, the NtrC-like activator bEBP has a GAF domain (Bush 

and Dixon, 2012), which can potentially bind with 2,6-DBP and form a complex with Sigma54 

to activate the expression of the RDase gene, whereas the transcription of other regulons was 

temporarily inhibited, including the expression of bEBP and Sigma54 encoding genes (Figure 

5.4). In addition to the binding sites of Sigma54 at the promoter of the RDase gene, we also 

identified NtrC type binding sites of bEBP, which overlapped with the Sigma54 recognition 

site, indicating their concerted and tight regulation of RDase gene expression. Moreover, the 

promoter of the RDase gene also overlapped with the promoter of the bEBP gene in the opposite 

direction, suggesting their competition for transcriptional initiation agreeing to the 

transcriptional data reported here. Accordingly, we speculate that the added 2,6-DBP 

preferentially binds with bEBP and Sigma54, forming a tripartite complex that specifically 

upregulates transcription of the RDase gene, while retarding other metabolic activities, which 

might also partially explain the inhibition of sulfate reduction after adding 2,6-DBP (Figure 

5.3). The decrease in 2,6-DBP concentrations via debromination gradually might have switched 

the global regulation by the bEBP-Sigma54 complex back to other functional genes. The 

molecular validation of the role of the bEBP-Sigma54 complex in regulating expression of the 
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RDase gene and other functions awaits further studies. Interestingly, bEBP, belonging to the 

NtrC type, was reported to upregulate nitrogen fixation to supplement the shortage of 

ammonium (Kim and Rees, 1994; Burgess and Lowe, 1996; Howard and Rees, 1996) in 

response to nitrogen limitation (Zimmer et al., 2000; Desnoues et al., 2003). D. singaporensis 

is predicted to contain a complete nitrogenase ( NifHDK, Figure 5.2). However, ammonium 

limitation did not initiate nitrogen-fixing activity in our experiments, and also acetylene 

inhibition of RD was not alleviated by N2ase activity converting acetylene to ethene at low 

concentrations of ammonium (Hardy et al., 1973). Altogether, these observations pointed 

towards lack of N2ase activity, and its induction appears to be fastidious. Furthermore, the gene 

downstream of the RDase genes, was predicted to encode NapG that was characterized for its 

role in electron transfer during nitrate respiration (Kern and Simon, 2008). This suggests that 

OHR of D. singaporensis is metabolically associated with nitrogen metabolism, similar to what 

has been reported for other OHRB such as Sulfurospirillum multivorans (Goris et al., 2014; 

Fincker and Spormann, 2017). Henceforth, the metabolic association of halogen and nitrogen 

cycles requires further investigation.  

In summary, we could show through comparative pangenome analyses that D. singaporensis is 

a metabolically versatile member of the genus Desulforhopalus. We demonstrated 

experimentally that the reductive debromination-associated OHR in D. singaporensis is 

associated with the WLP under formatotrophic conditions for catabolism and anabolism. 

Furthermore, we hypothesize based on genome analyses and transcriptional data that the global 

regulator system, bEBP-Sigma54 complex, could preferentially bind with 2,6-DBP, 

upregulating RDase activity towards 2,6-DBP, giving OHR priority over other metabolic 

activities, such as sulfate reduction. Further, NapG that is encoded next to the RDase was 

proposed to transfer electron to RDase for OHR. Altogether, these observations suggest 

associations of halogen and nitrogen metabolism in D. singaporensis. 
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Table S5.2 Physiological properties of Desulforhopalus isolates 

Compounds as e-donors and e-acceptors D. singaporensis D. vacuolatus 

Compounds used as electron donors and carbon sources 
  

H2

a
 - + 

Formate
a
 + + 

Acetate - - 

Lactate + + 

Pyruvate + + 

Fermentative growth on  
  

Lactate + + 

Pyruvate + + 

Compounds used as electron acceptors  
  

Sulfate + + 

Sulfite + + 

Thiosulfate + + 

Nitrate + - 

Nitrogen Fixationb - N/A 

Halogenated compounds used as electron acceptors
c
 

  

2,6-Dibromophenol (2,6-DBP); 2,4-DBP; 2,4,6-DBP; + ; + 
d
 ; + 

d
 ; 

-
e
 

1,4-Dibromobenzene (1,4-DBB); 1,2-DBB; 1,3-DBB; 1,2,4-
TBB 

- ; - ; - ; - ; 

2,6-Dichlorophenol (2,6-DCP); 2,4-DCP; 2,4,6-TCP; - ; - ; - ; 

1,4-Dichlorobenzene (1,4-DCB); 1,2-DCB; 1,3-DCB; 1,2,4-
TCB; 

- ; - ; - ; -; 

2,4,6-Triiodophenol (2,4,6-TIP); 2,4-DIP; 2,6-DIP; 2-IP; 4-IP; - ; - ; - ; -; 

aused as the electron donor only in the presence of acetate as carbon source; bnitrogen fixation activity under 
decreased gradients of ammonia, no activity detected; ctested with the lactate as the electron donor and carbon 
source; dformed 4-bromophenol as the final product rather than phenol; eNo reductive dehalogenation detected; 
N/A means not reported;  
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With the research described in this thesis, we aimed to provide new insight in the taxonomic, 

functional and genomic diversity of anaerobic, reductively dehalogenating microorganisms that 

occur in marine environments. Our research had been inspired by the discovery of a yet 

undiscovered diversity of organohalide-respiring bacteria (OHRB) in pristine subsurface 

marine environments (Jochum, et al. 2018, Sewell, et al. 2017, Zinke, et al. 2017), suggesting 

an important role of these organisms in local and global halogen cycles, and the potential for 

their recruitment for in situ bioremediation towards removing polluted organohalides in the 

future. This potential was further substantiated by the fact that transcriptome sequence data 

suggested in situ organohalide respiration (OHR) activity in pristine marine sediments (Zinke, 

et al. 2017). Research described in this thesis therefore started focusing on marine sediments, 

and more specifically those sampled from Aarhus Bay. Overall, we observed and further 

characterized a range of phylogenetically and functionally diverse reductively dehalogenating 

microorganisms, including populations predicted to be true OHRB that possess one or more 

respiratory, corrinoid dependent, reductive dehalogenases (RDases) as well as populations that 

bear thiolytic, glutathione dependent, non-respiratory RDases. We validated the predicted OHR 

potential physiologically on various halogenated compounds, which were found to shape the 

microbial composition of enrichment cultures differently. As part of the studies described in 

my thesis, the integrated application of multi-omics data analyses revealed potentially new 

members of OHRB in marine sediments of Aarhus Bay (Table 6.1), which were distinct from 

the previously well-identified OHRB (Chapters, 2 & 3), and one thiolytic TPh-RDase was also 

found in CH3_bin.5 affiliated with the anaerobic genus Desulforhopalus (Chapter 3). In 

addition, phylogenomic and transcriptional analysis in combination with physiological studies 

of the isolated consortium pointed towards an intricate relationship to allow for reductive 

dehalogenation to occur (Chapter 4), which can provide novel leads towards optimizing OHR 

synthetic consortia for future in situ bioremediation strategies. Even though we failed to obtain 
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pure culture isolates of reductively dehalogenating populations from the marine sediments of 

Aarhus Bay, studies of the type strain of Desulforhopalus, D. singaporensis, provided new 

insight with respect to interconnecting the versatile metabolism with reductive dehalogenation, 

including complete de novo B12 biosynthesis for OHR, preference of OHR over sulfate 

reduction, and a complete Wood-Ljungdahl pathway (WLP) for providing electrons to OHR 

for more biomass production (Chapter 5). Moreover, the complete WLP disarmed the CO 

inhibition on RDase activity as previously-described for Dehalococcoides mccartyi that only 

has an incomplete WLP (Zhuang et al., 2014). In addition, we confirmed the inhibition of 

RDase activity by acetylene, which was found to act post-transcriptionally. More importantly, 

the introduced multi-omics disclosed the potential metabolism of the putative OHRB, which 

can give more substantial guidance and selection for their isolation (Gutleben, et al. 2018).  

Table 6.1 Overview of MAGs assembled from marine sediments of Aarhus Bay representing 

potential OHRB 

MAGs1 Closest affiliation2 Phylum (GTDB) Numbers3 

CH3_bin.1 Bacteroidales_o1 Bacteroidota 1 
CH3_bin.12 Bacteroidales_o2 Bacteroidota 1 
CH3_bin.18 Bacteroidales_o3 Bacteroidota 1 
CH3_bin.23 Bacteroidales_o4 Bacteroidota 1 
CH3_bin.24 Bacteroidales_o5 Bacteroidota 2 
CH3_bin.6 Bacteroidales_o7 Bacteroidota 1 

CH3_bin.13 Izemoplasma_B_g Firmicutes 1 
CH3_bin.31 Marinifilaceae_f Bacteroidota 1 
CH3_bin.28 Melioribacteraceae_f1 Bacteroidota 1 
CH3_bin.35 Melioribacteraceae_f3 Bacteroidota 2 
CH3_bin.30 Oceanispirochaeta_g2 Spirochaetota 1 
CH3_bin.10 Synergistales_o1 Synergistota 1 
CH3_bin.32 Synergistales_o2 Synergistota 1 
CH3_bin.5 Synergistales_o4 Synergistota 1 
CH3_bin.26 Vulcanibacillus_g Firmicutes 97 
CH4_bin.3 Desulfoplanes_g Desulfobacterota 2 
CH4_bin.4 Marinifilaceae_f Bacteroidota 1 

1MAGs, metagenome-assembled genomes (MAGs) obtained from chapter 3 and 4 

2Closest affiliation, indicates the closest taxonomic affiliation of the MAGs predicted to 

represent OHRB 
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3Numbers, number of putative RDase genes (as based on counts of rdhA genes coding for the 

catalytic subunit of RDases. 

Wide distribution of RDase genes beyond the well-documented OHRB 

Advanced nucleic acid sequencing technology and corresponding bioinformatic innovations 

have strongly contributed to revolutionizing biological research, among which, not in the least, 

of marine microbiomes, where the taxonomy, metabolism, phylogeny and genetics of the 

overwhelming majority of yet uncultured microorganisms can be readily inferred from culture-

independent genome-resolved sequence data (Sunagawa, et al. 2015). For example, application 

of metagenomic and -transcriptomic analyses of marine sediments from Aarhus Bay allowed 

tracking RDase genes and their transcripts (Zinke et al., 2017; Jochum et al., 2018). 

Nevertheless, additional, dedicated, studies are needed to validate and specify predicted 

metabolic features, including the potential for OHR. Thus, the collected marine sediment 

samples were incubated with various organohalides, and physiological observations reinforced 

predicted versatile OHR activities, including dechlorination, debromination and deiodination 

(Chapter 2). Analysis of microbial composition based on 16S rRNA gene amplicon sequencing 

revealed that the enriched dehalogenating bacteria were taxonomically distinct from canonical 

OHRB, such as Dehalococcoides, Dehalogenimonas, and Dehalobacter. Moreover, the 

microbial composition exhibited significant differences when adding different organohalides. 

The subsequent metagenomic and -transcriptomic analyses allowed for the assembly of the 

genomes of potential OHRB and specified the gene expression profile of RDases responsible 

for tetrachloroethene (PCE) dehalogenation (Chapter 3). Thereinto, MAG CH3_bin.26, 

affiliated with the genus Vulcanibacillus, was found to contain 97 RDase genes (Table 6.1), a 

number that by far exceeds that previously reported for well characterized OHRB, including 

Dehalococcoides. Of these 97 RDases, 84 were expressed at different levels in the presence of 

PCE, whereas the remaining 13 genes were found inactive, suggesting their activity could be 
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specific for other organohalides. Interestingly, an isolate from this genus, Vulcanibacillus 

modesticaldus, was found having a single putative RDase gene (L'Haridon et al., 2006). 

Interestingly, most of the MAGs predicted to represent OHRB were classified into phyla that 

have to date not been considered as important with respect to OHR, including Bacteroidota, 

followed by the Synergistota and Spirochaeota respectively.Further, we found populations 

from the class of Bacilli as potential OHRB, which agreed to the results of 16S rRNA gene 

amplicon sequencing (Chapter 2). Intriguingly, phylogenetic analysis revealed all the genus 

representatives of Marinifilum and most of the Ancylomarina populations that were retrieved 

carried putative RDase genes (Chapter 4).  Considering that in the research descibed in this 

thesis we only studied marine sediments derived from Aarhus Bay, it is safe to assume that 

there will be more distinct, yet undisclosed OHRB from various phyla in other marine 

sediments around the globe, which could add new data to further our understanding of the 

evolution of RDase genes across the bacterial kingdom. Of interest, we found that a group of 

archaea, Lokiarchaeota, belonging to the Asgardarchaeota seen as the ancestor of eukaryotes 

(Spang et al., 2015), was enriched during reductive deiodination of 2,4,6-triodophenol 

(Chapter 2). This is in line with previous reports that MAGs of Lokiarchaeia contain putative 

RDase genes suggesting their potential for OHR (Spang et al., 2019). Intriguingly, searching 

for the Pfam entry RDase (PF13486) (Fincker and Spormann, 2017) against the most recent 

version of the GTDB database (release 207) unveiled its even wider distribution among 

members of the Asgardarchaeota (Table 6.2). 

Table 6.2 Overview of taxa in the Asgardarchaeota containing putative RDase genes  

NCBI Accession Asgardarchaeota Names1 
GCA_001563335.1 Thorarchaeota archaeon_SMTZ1-45 
GCA_001563325.1 Thorarchaeota archaeon_SMTZ1-83 
GCA_001940705.1 Thorarchaeota archaeon_AB_25 
GCA_002825465.1 Thorarchaeota archaeon_MP8T_1 
GCA_002825515.1 Thorarchaeota archaeon_MP11T_1 
GCA_003662765.1 Thorarchaeota archaeon1 
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GCA_004376265.1 Thorarchaeota archaeon2 
GCA_004524445.1 Thorarchaeota archaeon3 
GCA_004524565.1 Thorarchaeota archaeon4 
GCA_004524595.1 Thorarchaeota archaeon5 
GCA_008080745.1 Thorarchaeota archaeon6 
GCA_011364905.1 Thorarchaeota archaeon7 
GCA_016839345.1 Thorarchaeota archaeon8 
GCA_016839605.1 Thorarchaeota archaeon9 
GCA_016840245.1 Thorarchaeota archaeon10 
GCA_016840385.1 Thorarchaeota archaeon11 
GCA_016840825.1 Thorarchaeota archaeon12 
GCA_016840855.1 Thorarchaeota archaeon13 
GCA_016840965.1 Thorarchaeota archaeon14 
GCA_016841005.1 Thorarchaeota archaeon15 
GCA_016933575.1 Thorarchaeota archaeon16 
GCA_018238205.1 Thorarchaeota archaeon17 
GCA_018238375.1 Thorarchaeota archaeon18 
GCA_018238545.1 Thorarchaeota archaeon19 
GCA_018238825.1 Thorarchaeota archaeon20 
GCA_018335335.1 Thorarchaeota archaeon21 
GCA_001940645.1 Heimdallarchaeota archaeon_LC_3 
GCA_001940725.1 Heimdallarchaeota archaeon_LC_2 
GCA_001940755.1 Heimdallarchaeota archaeon_AB_125 
GCA_003144275.1 Heimdallarchaeota archaeon_B3_Heim 
GCA_015523565.1 Heimdallarchaeota archaeon1 
GCA_016839875.1 Heimdallarchaeota archaeon2 
GCA_016839945.1 Heimdallarchaeota archaeon3 
GCA_016839985.1 Heimdallarchaeota archaeon4 
GCA_016840095.1 Heimdallarchaeota archaeon5 
GCA_018238155.1 Heimdallarchaeota archaeon6 
GCA_018238545.1 Heimdallarchaeota archaeon7 
GCA_019056785.1 Heimdallarchaeota archaeon8 
GCA_019057375.1 Heimdallarchaeota archaeon9 
GCA_019057635.1 Heimdallarchaeota archaeon10 
GCA_019057815.1 Heimdallarchaeota archaeon11 
GCA_019058165.1 Heimdallarchaeota archaeon12 
GCA_004375715.1 Lokiarchaeota archaeon1 
GCA_004524365.1 Lokiarchaeota archaeon2 
GCA_004524545.1 Lokiarchaeota archaeon3 
GCA_004524725.1 Lokiarchaeota archaeon4 
GCA_005222975.1 Lokiarchaeota archaeon5 
GCA_005223125.1 Lokiarchaeota archaeon6 
GCA_008000775.1 Lokiarchaeota archaeon7 
GCA_008080735.1 Lokiarchaeota archaeon8 
GCA_011364925.1 Lokiarchaeota archaeon9 
GCA_011364975.1 Lokiarchaeota archaeon10 
GCA_013375475.1 Lokiarchaeota archaeon11 
GCA_013375485.1 Lokiarchaeota archaeon12 
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GCA_013375495.1 Lokiarchaeota archaeon13 
GCA_014728035.1 Lokiarchaeota archaeon14 
GCA_014729315.1 Lokiarchaeota archaeon15 
GCA_014730165.1 Lokiarchaeota archaeon16 
GCA_014730275.1 Lokiarchaeota archaeon17 
GCA_014730295.1 Lokiarchaeota archaeon18 
GCA_016839385.1 Lokiarchaeota archaeon19 
GCA_016839585.1 Lokiarchaeota archaeon20 
GCA_016839635.1 Lokiarchaeota archaeon21 
GCA_016839745.1 Lokiarchaeota archaeon22 
GCA_016839765.1 Lokiarchaeota archaeon23 
GCA_016839845.1 Lokiarchaeota archaeon24 
GCA_016839915.1 Lokiarchaeota archaeon25 
GCA_016840085.1 Lokiarchaeota archaeon26 
GCA_016840165.1 Lokiarchaeota archaeon27 
GCA_016840545.1 Lokiarchaeota archaeon28 
GCA_016840695.1 Lokiarchaeota archaeon29 
GCA_019057355.1 Lokiarchaeota archaeon30 
GCA_019057735.1 Lokiarchaeota archaeon31 
GCA_019057775.1 Lokiarchaeota archaeon32 
GCA_019057795.1 Lokiarchaeota archaeon33 
GCA_018238625.1 Lokiarchaeota archaeon34 
GCA_019057865.1 Lokiarchaeota archaeon35 
GCA_019057975.1 Lokiarchaeota archaeon36 
GCA_019058015.1 Lokiarchaeota archaeon37 
GCA_019058135.1 Lokiarchaeota archaeon38 
GCA_019058365.1 Lokiarchaeota archaeon39 
GCA_019058425.1 Lokiarchaeota archaeon40 
GCA_019058515.1 Lokiarchaeota archaeon41 
GCA_016839365.1 Hermodarchaeota archaeon1 
GCA_016839805.1 Hermodarchaeota archaeon2 
GCA_016839995.1 Hermodarchaeota archaeon3 
GCA_016840065.1 Hermodarchaeota archaeon4 
GCA_016840135.1 Hermodarchaeota archaeon5 
GCA_016840185.1 Hermodarchaeota archaeon6 
GCA_016840405.1 Hermodarchaeota archaeon7 
GCA_016840595.1 Hermodarchaeota archaeon8 
GCA_016839405.1 Gerdarchaeota archaeon1 
GCA_016840945.1 Gerdarchaeota archaeon2 
GCA_016840465.1 Baldrarchaeota Baldrarchaeum yapensis 

1archaeon, without specified names follow by the number as the suffix. 

Interestingly, RDase genes were found in 41 of a total of 89 Lokiarchaeota available in GTDB, 

26/53 members of the Thorarchaeota, 16/49 MAGs within the Heimdallarchaeota, 8/17 

members of the Hermodarchaeota, 2/3 members of the Gerdarchaeota, and 1/3 members of 
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the Baldrarchaeota. In total, 94 out of 229 Asgardarchaeota members were annotated bearing 

at least one RDase gene, which suggests their potential for OHR to conserve energy for growth. 

In addition, by widening the search to other archaeal phyla in GTDB, we also found putative 

RDase genes distributed in Euryarchaeota, Bathyarchaeota, Thermoplasmatota, 

Crenarchaeota, Verstraetearchaeota, Helarchaeota, Thaumarchaeota, Hodarchaeota, and 

Borrarchaeota (Table S6.1). It could become interesting to analyze the difference of RDase 

sequences from bacteria and archaea, in combination with detailed knowledge of their isolation 

source, which might provide further insight in phylogeny, evolution and biogeography of 

RDases and the corresponding microorganisms. Altogether, research described here has 

contributed to the notion that OHR is not restricted to the well-identified OHRB, but rather 

expands to a much broader diversity of bacterial and archaeal taxa, reinforcing its essential role 

in biological processes in a broad range of different pristine and polluted environments.  

Diverse transcriptional factors for OHR regulation 

RDase gene expression is largely regulated by transcriptional factors encoded in their vicinity 

(Gabor et al., 2006; Joyce et al., 2006; Mazon et al., 2007; Levy et al., 2008; Maucourt et al., 

2020). Normally, transcriptional factors are composed of at least two domains, a sensor domain, 

to receive ligands or signals, such as organohalides, and a DNA-binding domain binding to the 

specific DNA sequences upstream of target genes’ promoters. More specifically, upon the 

binding of the sensor domain to its cognate signal, the structure of transcriptional factors is 

allosterically rearranged, which subsequently leads to an active transcriptional factor that 

(in)activates the expression of the target genes. For the transcriptional regulation of OHR, 

currently two well-documented regulatory modes have been characterized that can be 

distinguished according to their different mode of regulation. To this end, CRP-FNR type 

regulators act as positive regulators, such as CprK in Desulfitobacterium spp. strains (Gabor et 

al., 2006; Joyce et al., 2006; Mazon et al., 2007; Levy et al., 2008), wheras MarR type regulators 
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act as negative regulators, such as RdhR in Dehalococcoides mccartyi (Krasper et al., 2016). 

Both types have been shown to be involved in the regulation of RDases for dehalogenating 

organohalides. Intriguingly, there exists a third mode for regulating reductive dehalogenation 

in OHRB, namely two-component systems (TCS) as proposed for Sulfurospirillum 

halorespirans, where the signal of binding PCE is transduced to phosphorylation of the 

transcriptional regulator that in turn regulations expression of the downstream RDase genes 

(Türkowsky et al., 2018). 

Our studies in Chapter 3 provided evidence suggesting that PCE dechlorinating bacteria 

employed these three main regulatory modes to activate the expression of RDase genes in our 

enrichment cultures. Thereinto, over half of the transcriptional factors we found associated with 

RDase genes belonged to different subtypes within the CRP-FNR type family of transcriptional 

regulators, including CRP, GlxR, FNR, NtcA and SdrP. The second most frequently observed 

group of regulators found in our data were TCS, including YpdB, NatR, WalR and RpfG. In 

addition, we observed four repressor-like regulators, DtxR, HrcA, SarZ and AcrR, which have 

been described to act in response to general stimuli caused by changing environments 

(Maucourt, et al. 2020). Interestingly, an extra-cytoplasmic function (ECF) sigma factor was 

predicted to be involved in regulation of RDase gene expression. Contrary to the primary sigma 

factor, Sigma70, ECF sigma factors were shown to only have retained the two DNA-binding 

domains, being wrapped by the cognate anti-sigma factor to inhibit its DNA binding activity 

(Helmann, 2002). We hypothesize that upon environmental stimuli, the ECF sigma factors will 

be released and become active to regulate the expression of target RDase genes. All these 

different transcriptional factors mentioned above were co-expressed differentially with their 

vicinal RDase gene induced by the PCE dechlorination. Although our metagenome- and 

transcriptome data provided evidence for the involvement of diverse regulatory mechanisms, 

additional molecular work is needed for unequivocal characterization of the proposed regulons. 
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In the case of Desulforhopalus singaporensis (Chapter 5), the transcriptional activator, named 

bacterial enhancing binding protein (bBEP) (Liu and Haggblom, 2018), is composed of three 

domains, GAF domain potentially binding with organohalides, HTH domain with DNA-

binding potential, and Sigma54-interacting domain, indicating a role for bEBP-Sigma54 

complex formation to initiate RDase gene transcription. Intriguingly, our data suggest that 

bEBP and Sigma54 act as self-repressor of their own gene expression during 2,6-DBP 

debromination. Nevertheless, also in this case, although we bioinformatically identified the 

putative DNA-binding sites of bEBP, further molecular demonstration is required also in this 

case to clarify the bEBP-mediated regulatory mode. 

Future perspectives 

In Chapter 2, we confirmed the predicted ability of Aarhus Bay marine sediments to use a 

variety of organohalides as terminal electron acceptor for OHR, and then focused on PCE 

dechlorinating and 2,6-DBP debrominating enrichments, respectively. As the results revealed, 

the different organohalides shaped the microbial structure differently, which led us to speculate 

that the different types of organohalides could likely enrich different dehalogenating consortia. 

A good example is that we observed the dehalogenation of 2,4,6-TIP can increase the growth 

of Lokiarchaeota, which were reported to contain RDase genes (Spang et al., 2019). Recently, 

accumulative evidence corroborate the Asgardarchaeota are ancestral to the Eukaryotes, 

however, availability of cultured representatives is still limited (Imachi et al., 2020). According 

to our study, a set of organohalides could be added into the medium as a selective electron 

acceptor to maintain the growth of organohalide respiring Asgardarchaeota members. 

Furthermore, OHR in Asgardarchaeota would certainly be worth further investigation as there 

might be extensive differences in terms of regulation and with respect to associated electron 

transport chains (ETCs), to just name two aspects. 
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In Chapter 3 and Chapter 4, we assembled MAGs representating potential OHRB belong to 

tax not previously associated with OHR. Some of these taxa have representative isolates, 

including e.g. Vulcanibacillus, Marinifilum and Ancytomarina. Thus, physiological and 

molecular characterization of OHR for these isolates could add substantially to our 

understanding of OHR, its regulation and interaction with other aspects of metabolism, in 

analogy to the studies described in this thesis for Desulforhopalus singaporensis (Chapter 5). 

Phylogenomic analysis of D. singaporensis revealed its versatile metabolism, integrating OHR 

with sulfate reduction, Wood-Ljungdahl pathway and nitrogen fixation, pointing towards its 

flexibility to adapt to environments with changing nutrient limitations. It might therefore be 

interesting to investigate the potential of D. singaporensis as a candidate member of defined 

OHR consortia for bioremediating organohalide-polluted marine environments.   

Supplementary table 

Table S6.1 RDases in Archaea 

The supplementary tables for this chapter are reposited at: 

(https://git.wur.nl/zhang268/2023_chen_thesis_decoding_ohr_aarhus_bay/-

/blob/main/PF13486_Archaea.xlsx)  

References 

Fincker M, Spormann AM. Biochemistry of catabolic reductive dehalogenation. Annu Rev 

Biochem 2017;86: 357-86. 

Gabor K, Verissimo CS, Cyran BC et al. Characterization of CprK1, a CRP/FNR-type 

transcriptional regulator of halorespiration from Desulfitobacterium hafniense. J 

Bacteriol 2006;188: 2604-13. 

Hayes RP, Moural TW, Lewis KM et al. Structures of the inducer-binding domain of 

pentachlorophenol-degrading gene regulator PcpR from Sphingobium 

chlorophenolicum. Int J Mol Sci 2014;15: 20736-52. 

Helmann JD. The extracytoplasmic function (ECF) sigma factors. 2002. 



196   |   Chapter 6
 

 

Imachi H, Nobu MK, Nakahara N et al. Isolation of an archaeon at the prokaryote-eukaryote 

interface. Nature 2020;577: 519-25. 

Jochum LM, Schreiber L, Marshall IPG et al. Single-cell genomics reveals a diverse metabolic 

potential of uncultivated Desulfatiglans-related Deltaproteobacteria widely distributed 

in marine sediment. Front Microbiol 2018;9: 2038. 

Joyce MG, Levy C, Gabor K et al. CprK crystal structures reveal mechanism for transcriptional 

control of halorespiration. J Biol Chem 2006;281: 28318-25. 

Krasper L, Lilie H, Kublik A et al. The MarR-type regulator Rdh2R regulates rdh gene 

transcription in Dehalococcoides mccartyi strain CBDB1. J Bacteriol 2016;198: 3130-

41. 

L'Haridon S, Miroshnichenko M, Kostrikina N et al. Vulcanibacillus modesticaldus gen. nov., 

sp. nov., a strictly anaerobic, nitrate-reducing bacterium from deep-sea hydrothermal 

vents. Int J Syst Evol Microbiol 2006;56: 1047-53. 

Levy C, Pike K, Heyes DJ et al. Molecular basis of halorespiration control by CprK, a CRP-

FNR type transcriptional regulator. Mol Microbiol 2008;70: 151-67. 

Liu J, Haggblom MM. Genome-guided identification of organohalide-respiring 

Deltaproteobacteria from the marine environment. mBio 2018;9: e02471-18. 

Maucourt B, Vuilleumier S, Bringel F. Transcriptional regulation of organohalide pollutant 

utilisation in bacteria. FEMS Microbiol Rev 2020;44: 189-207. 

Mazon H, Gabor K, Leys D et al. Transcriptional activation by CprK1 is regulated by protein 

structural changes induced by effector binding and redox state. J Biol Chem 2007;282: 

11281-90. 

Miyauchi K, Lee H-S, Fukuda M et al. Cloning and characterization of linR, involved in 

regulation of the downstream pathway for γ-hexachlorocyclohexane degradation in 

Sphingomonas paucimobilis UT26. Appl Environ Microbiol 2002;68: 1803-7. 

Molenda O, Tang S, Lomheim L et al. Extrachromosomal circular elements targeted by 

CRISPR-Cas in Dehalococcoides mccartyi are linked to mobilization of reductive 

dehalogenase genes. ISME J 2019;13: 24-38. 

Nunes-Alves C. Deep sequencing of the global oceans. Nat Rev Microbiol 2015;13: 397-. 

Ray S, Gunzburg MJ, Wilce M et al. Structural basis of selective aromatic pollutant sensing by 

the effector binding domain of MopR, an NtrC family transcriptional regulator. ACS 

Chem Biol 2016;11: 2357-65. 



General discussion   |   197   
 

 

Sewell HL, Kaster AK, Spormann AM. Homoacetogenesis in deep-sea Chloroflexi, as inferred 

by single-cell genomics, provides a Link to reductive dehalogenation in terrestrial 

Dehalococcoidetes. mBio 2017;8. 

Spang A, Saw JH, Jorgensen SL et al. Complex archaea that bridge the gap between prokaryotes 

and eukaryotes. Nature 2015;521: 173-9. 

Spang A, Stairs CW, Dombrowski N et al. Proposal of the reverse flow model for the origin of 

the eukaryotic cell based on comparative analyses of Asgard archaeal metabolism. Nat 

Microbiol 2019;4: 1138-48. 

Sunagawa S, Coelho LP, Chaffron S et al. Structure and function of the global ocean 

microbiome. Science 2015;348: 1261359. 

Türkowsky D, Jehmlich N, Diekert G et al. An integrative overview of genomic, transcriptomic 

and proteomic analyses in organohalide respiration research. FEMS Microbiol Ecol 

2018;94: fiy013. 

Zhuang WQ, Yi S, Bill M et al. Incomplete -pathway facilitates one-carbon metabolism in 

organohalide-respiring Dehalococcoides mccartyi. Proc Natl Acad Sci U S A 2014;111: 

6419-24. 

Zinke LA, Mullis MM, Bird JT et al. Thriving or surviving? Evaluating active microbial guilds 

in Baltic Sea sediment. Environ Microbiol Rep 2017;9: 528-36. 

 
 
 
 
 



 

 

 
 
 
 
 
 
 
 
 
 
 



 

 

 
Summary 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 



200   |   Summary
 

 

Summary 

Pristine marine environments have been reported to contain microorganisms capable of 

organohalide respiration (OHR). In addition, over 5000 natural halogenated compounds were 

discovered recently in marine sediments, indicating the importance of the marine environment 

to local and global halogen cycles. We therefore started the exploration of marine sediments 

from Aarhus Bay for their OHR potential. To this end, sediments were incubated with a variety 

of halogenated compounds, followed by eco-physiological characterization of potential 

organohalide respiring bacteria (OHRB) through enrichment, dilution-to-extinction, 

phylogenomic and transcriptomic analyses. 

Chapter 1 gave an overview of the current knowledge of OHR, including a summary of 

diversity and distribution of reductive dehalogenases (RDase), RDase-containing gene clusters, 

and RDase-based electron transfer chains. 

Chapter 2 verified the OHR potential of marine sediments of Aarhus Bay for chlorinated, 

brominated and iodinated compounds. The obtained tetrachloroethene (PCE) dechlorinating 

enrichment was found to be composed of bacteria distinct from the well-documented OHRB. 

Moreover, a switch in organohalides from PCE to 2,6-dibromophenol (2,6-DBP) significantly 

affected microbial composition. Of interest, we found that the reductive deiodination of 2,4,6-

triiodophenol (2,4,6-TIP) increased the relative abundance of Lokiarchaeota belonging to 

Asgardarchaeota, which are seen as the origin of eukaryotes.  

Chapter 3 introduced metagenomic and -transcriptomic analyses to pinpoint the 

dehalogenators responsible for PCE dechlorination under both sulfate-free and sulfate-amended 

conditions. Metagenome-assembled genomes (MAGs) bearing RDase genes were found to 

belong to phyla not previously associated with OHR, including Bacteroidota, Synergistota, and 

Spirochaetota. Furthermore, a MAG classified into Vulcanibacillus (CH3_bin.26) carried an 
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unprecedent number of 97 RDase genes, 84 of which were found to be expressed during PCE 

dechlorination. Noticeably, many transcriptional regulators were found encoded in the vicinity 

of RDase genes, such as extra-cytoplasmic factor (ECF-σ), SigW, and co-expressed with the 

adjacent RDase genes indicating the involvement of diverse regulatory systems in OHR. 

Chapter 4 reported the isolation of a consortium that is capable of reductive debromination of 

2,6-DBP to phenol. Thereinto, bins (MAGs) belonging to Desulfoplanes (CH4_bin.3) and 

Marinifilaceae (CH4_bin.4) were shown to contain respiratory RDase genes, the expression of 

which was induced in the presence of 2,6-DBP. Interestingly, the pangenomic analysis revealed 

most of the Marinifilum representatives are potential OHRB. Moreover, CH4_bin.5 belonging 

to Desulforhopalus was found predominant with a relative abundance of up to 29%. This bin 

contained a gene coding for a thiolytic, non-respiratory reductive dehalogenase, TPh-RDase, 

which was also highly-induced upon addition of 2,6-DBP. This constitutes the first report of a 

thiolytic RDase being active in an anaerobic microorganism. Further, CH4_bin.5 was predicted 

to encode a complete de novo vitamin B12 (B12) biosynthesis pathway, which was likely 

functioning as the B12 supplier for reductive dehalogenation of CH4_bin.3 and CH4_bin.4 in 

the consortium. This suggests that this isolated consortium executed reductive dehalogenation 

in a syntrophic manner. 

Chapter 5 describes studies of a representative strain, Desulforhopalus singaporensis, which 

was previously identified as a sulfate reducer that is unable to utilize H2 as the electron donor. 

We found that D. singaporensis bears the potential of reductive debromination of 2,6-DBP to 

phenol without adding B12. Interestingly, D. singaporensis has the complete Wood-Ljungdahl 

pathway (WLP), utilizing formate as electron donor for growth. In addition, OHR by D. 

singaporensis supported growth supplied with formate compared to the control without adding 

2,6-DBP. Notably, as CH4_bin.5, also D. singaporensis has a complete de novo B12 
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biosynthesis, and was shown to carry all genes necessary to synthesize poly-β-hydroxybutyrate. 

This metabolic versatility might qualify D. singaporensis as a new candidate for bioremediation 

of marine environments polluted with brominated compounds. 

Chapter 6 discussed the results as described in the thesis. Updated knowledge, remaining 

questions, and future perspectives with respect to OHR were also mentioned. In summary, this 

thesis provides new insights that contribute to our understanding of OHR and corresponding 

microorganisms in pristine marine environments. 
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