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Abstract

Anaerobic microbial metabolism of dichloromethane (DCM; CH:Clz), quaternary
amines, and methanol has important implications for carbon and nitrogen cycling in
oligotrophic environments and the atmospheric flux of climate-active trace gasses.
A novel, strictly anaerobic member of the Peptococcaceae family, strain DCMEF, is the
dominant organism in a DCM-fermenting enrichment culture (DFE) and one of very
few known bacteria capable of fermenting DCM to the innocuous end product
acetate. Long read, whole genome sequencing provided a single, circularised 6.44
Mb chromosome for strain DCMF, which contains 5,772 predicted protein-coding
genes including an abundance of MttB superfamily methyltransferases. Genomic
comparison of anaerobic, DCM-degrading bacteria provided a relatively small core

genome, including the Wood-Ljungdahl pathway.

Strain DCMF is the first non-obligate anaerobic DCM-degrading bacterium. Genomic,
physiological and proteomic experiments confirmed that it is an anaerobic
methylotroph, able to metabolise DCM, methanol, and methyl groups from
quaternary amines via the Wood-Ljungdahl pathway. The quaternary amine choline
was converted to glycine betaine, which was demethylated to sarcosine with a
glycine betaine methyltransferase, then reductively cleaved to methylamine and
acetate. Methanol (via a methanol methyltransferase) and DCM were fermented to
acetate. Comparative proteomics revealed a methyltransferase system that was
significantly more abundant in cells grown with DCM than glycine betaine. The
novel, putative DCM methyltransferase genes are highly conserved between
anaerobic DCM-degrading bacteria. Genomic and physiological evidence support
placement of strain DCMF in a novel genus, for which we propose the name

‘Candidatus Formamonas warabiya’.

Cohabiting bacteria in the DFE community have persisted despite repeated attempts
to isolate strain DCMF, yet strain DCMF-free enrichments demonstrated that most
are unable to utilise DCM, quaternary amines, or methanol. Five MAGs were
generated from the long-read sequencing data and a metaproteogenomic approach
suggested that the cohabiting organisms persist in the culture via necromass

fermentation, i.e. oxidation of carbohydrates, proteins, and sugars released from



expired strain DCMF cells. The DFE culture is a long-term stable-state community
that highlights interactions between foundation species and supporting bacteria, as

well as important pathways of carbon and nitrogen cycling.
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1. Introduction

1.1 Dichloromethane is a toxic pollutant

Dichloromethane (DCM; CHCl;) is a chlorinated one-carbon compound (Figure 1.1)
that has been used extensively in industry and domestically over the past century.
It belongs to a group of widely used chemicals (organochlorines) that are
notoriously toxic and recalcitrant environmental pollutants. Within the
chloromethanes - tetrachloromethane (CCls), trichloromethane (CHCI3, commonly
known as chloroform), DCM, and chloromethane (CH3Cl) - all except chloromethane
have been classed as priority pollutants by the U.S. Environmental Protection
Agency, the Ministry of Environmental Protection of China, and the European

Commission (Huang et al., 2014).

DCM is a non-polar, volatile liquid that is only slightly water-soluble (13 g I'1) but
miscible with many organic solvents under standard conditions. While these
properties have made it valuable for use in industry, they have also contributed to
its recalcitrance as a pollutant. Within industry, DCM has primarily been used in
paint strippers, as a process and extraction solvent, and in the manufacturing of
pharmaceuticals (WHO Regional Office for Europe, 2000). It has also been used in
aerosols, foam blowing of polyurethane, metal degreasing, cleaning products, as an
adhesive or sealant, and to decaffeinate coffee (WHO Regional Office for Europe,

2000).

Cl
I

.C
HY/
¥ Cl

Figure 1.1 Chemical structure of dichloromethane.

1.1.1 Natural and anthropogenic sources of dichloromethane

DCM production globally, including all anthropogenic and natural sources, is
estimated to exceed 900 gigagrams per year (Gg y'1) (Gribble, 2010). In the post-
WWII industrial boom, global DCM production increased over six-fold from 93 Gg in

1



1960 to 570 Gg in 1980 (Brooke and How, 1994; Hi Valley Chemical, 2020). DCM
continues to be widely used, with over 118 Gg y! still being produced in the U.S.
(United States Environmental Protection Agency, 2017).
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Figure 1.2 Map of the U.S. showing National Priority List sites containing DCM (red circles)
and releases of DCM to the environment according to the 2016 Toxic Release Inventory
(blue circles). Image was taken from TOXMAP (US National Library of Medicine, 2019) on
19/11/181.

The extensive use of DCM, as well as historically lax attitudes to chemical storage,
handling, and disposal, have led to widespread environmental contamination. DCM
is one of the most frequently encountered subsurface pollutants in industrial areas
(Shestakova and Sillanpda, 2013). In 2019, it was present at 30% of the National
Priority List sites within the U.S. and its territories (Figure 1.2); these sites are
chosen for the concentration and toxicity of contaminants present (US National
Library of Medicine, 2019). More locally, Australia reported 0.15 Gg of DCM
emissions across 168 sites from 2017-2018, the vast majority of which were to the
atmosphere (Australian Government - Department of the Environment and Energy,
2019). Atmospheric concentrations of DCM have increased 38-69% in the last
decade alone, due to its frequent use and release into the air (Hossaini et al., 2015b;

Leedham Elvidge et al., 2015). Although DCM contributes to only a small fraction of

1 Unfortunately, the TOXMAP site was closed in December 2019, so a more up-to-date image could
not be obtained.



the atmospheric chlorine pool (~0.7%) (Laube et al,, 2008), anthropogenic activity
accounts for 90% of the tropospheric abundance of DCM (Montzka et al, 2011).

Due to its density and polarity, DCM that is released into the environment tends to
sink down through the vadose zone and the groundwater until it reaches an
impermeable geological structure such as bedrock or clay (Figure 1.3). Large
quantities of organochlorines (including DCM) may form a dense, non-aqueous
phase liquid (DNAPL) source zone, due to their immiscibility with the surrounding
groundwater. As the groundwater flows over this DNAPL zone, small quantities of

the pollutant are solvated and transported in the direction of the flow, forming a

dissolved plume that moves away from the initial site of contamination (Figure 1.3).

Figure 1.3 Schematic of organochlorine, i.e. DCM, release into the environment. Due to its
density and polarity, DCM sinks to the bottom of the water table, forming a pool of dense, non-
aqueous phase liquid (DNAPL). Small quantities of DCM are picked up as groundwater flows
over the DNAPL, forming a dissolved plume of decreasing solvent concentration that spreads

away from the site. Figure adapted from Koenig et al (2014).

As well as anthropogenic sources, approximately 30% of all DCM is of natural origin
(Gribble, 2010). The bulk of this is oceanic sources and biomass burning (Gribble,
2010), e.g. the former was estimated to contribute 68 Gg y-! of DCM (Kolusu et al,
2017). Trace amounts of DCM are also released from volcanic activity, marine
macroalgae, and wetlands (Gribble, 2010). Production from tropical terrestrial

mangrove swamps was estimated at 1- 2 Gg y! (Kolusu et al, 2018), while



macrophytes have been estimated to contribute 0.32 Gg y! to environmental DCM
emissions (Baker et al, 2001). It should be considered that environmental sources
of DCM may be even larger than the reported estimates, as they do not take DCM

sinks (i.e. microbial degradation) into account.

DCM is also produced from the microbial reductive dechlorination of
trichloromethane (CHClz, commonly known as chloroform; Eq. 1) by Dehalobacter
and Desulfitobacterium lineages (Grostern et al.,, 2010; Ding et al,, 2014; Wong et al.,
2016). Anaerobic co-metabolism of trichloromethane by genera such as
Acetobacterium, Clostridium, Methanosarcina, and Pantoea can also produce DCM
(Egli et al,, 1988; Galli and McCarty, 1989; Mikesell and Boyd, 1990; Bagley and
Gossett, 1995; Baeseman and Novak, 2001; Shan et al., 2010). Trichloromethane is
even more toxic and a more common pollutant than DCM, present at ~36% of all
National Priority List sites (US National Library of Medicine, 2019). Therefore, new
DCM-contaminated sites continue to emerge alongside legacy sites, and its
degradation is often a crucial step in the remediation of sites contaminated with

higher-chlorinated methanes.
CHClz + Hz = CH2CI2 + H* + CI- Eq. 1

1.1.2 Adverse health and environmental effects of

dichloromethane
DCM is a problematic pollutant because of the adverse effects it has on the natural
environment. Organic solvents such as DCM are known to challenge cell membrane
integrity, causing leakage or even complete lysis (Sikkema et al, 1995; Rodriguez
Martinez et al, 2008; Sherry et al, 2014; Lueders, 2017). The compound is
inhibitory to microorganisms. When released into the soil, it can inhibit indigenous
enzyme activity, although this inhibition has been shown to abate over time
(Kanazawa and Filip, 1986). As a methane analogue, DCM can also inhibit
methanogenesis via competitive binding to key enzymes. Minimum inhibitory
concentrations of as low as 1.8 mg 11 (21 uM) DCM have been noted in anaerobic
sludge cultures (Stuckey et al, 1980), although other systems had minimum
inhibitory concentrations around twice as high (Stuckey et al., 1980; Yu and Smith,
2000). Numerous studies have investigated the ICso of DCM (the concentration at

which 50% of function, i.e. gas production, is lost), with results ranging from 8 - 204
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mgl1 (94 -2,400 pM) (Bauchop, 1967; Thiel, 1969; Mack, 1973; Stuckey et al., 1980;
Vargas and Ahlert, 1987; Byers and Sly, 1993; Sanz et al., 1997; Yu and Smith, 2000).
However, the diminishing inhibitory effect of continuous DCM amendment on

methanogenesis has also been observed in culture (Thiel, 1969; Stuckey et al., 1980;

Vargas and Ahlert, 1987).

Yuetal (2000) proposed inhibition of methanogenesis by chloromethanes can occur
via direct and indirect mechanisms. In the former, the compounds preferentially
bind to intracellular reduced corrinoid or porphinoid enzymes, due to their
analogous structure to methane. Due to their difference in redox potential,
trichloromethane (+0.56 V) has a higher affinity for these enzymes than DCM (+0.49
V) and is thus more inhibitory (Yu and Smith, 2000). Indirect inhibition of
methanogenesis is only demonstrated by trichloromethane and chloroethenes (i.e.
not DCM), as they can also bind free intracellular corrinoids/porphinoids, which
shifts the equilibrium of these cofactors away from protein-bound to free-form and
creates intermediates that redirect electron flow away from methanogenesis to
dechlorination. Direct, competitive inhibition of methanogenesis like that caused by
DCM is more effective and hence chloromethanes are more inhibitory to

methanogens than chloroethenes (Yu and Smith, 2000).

As well as the harmful effects that DCM can have on the environment, it is dangerous
to human health and classed as a possible (group 2B) carcinogen (International
Agency for Research on Cancer, 1986). Exposure to DCM may adversely affect the
central nervous system and reproductive system in humans, and is also associated
with kidney and liver toxicity (Agency for Toxic Substances and Disease Registry,
2000; Starr et al, 2006; Evans and Caldwell, 2010; Olvera-Bello et al, 2010).
Sustained inhalation can be fatal (e.g. Stewart and Hake, 1976; Bonventre et al,
1977; Hall and Rumack, 1990). There have also been reports of carbon monoxide

poisoning, following metabolism of DCM within the body (Fagin et al.,, 1980).

1.2 Microbial transformation of dichloromethane

For terrestrial sites contaminated with organohalides such as DCM, bioremediation
is an attractive option for pollutant removal. The practice of stimulating indigenous

microorganisms (biostimulation) or applying exogenous microbial cultures



(bioaugmentation) has gained increasing favour in the remediation industry over
the past few decades due to its ability to be carried out in situ, cost-effectiveness,

and efficacy.

1.2.1 Aerobic dichloromethane transformation

Under aerobic conditions, a wide range of bacteria are capable of degrading DCM,
most commonly methylotrophs. Species from the genera Albibacter (Doronina et al.,
2001), Ancylobacter (Firsova et al., 2009), Bacillus (Wu et al.,, 2007), Gottschalkia
(Firsova et al., 2010), Lysinobacillus (Wu et al., 2009), Paracoccus (Doronina et al.,
1998), Methylophilus (Bader and Leisinger, 1994), Methylopila (Brunner et al,
1980), and Methylobacterium (La Roche and Leisinger, 1990) are all capable of using
DCM as a sole source of carbon and electrons. A comprehensive review of aerobic

DCM-degrading strains is available from Muller et al (2011).

Aerobic dehalogenation reactions are catalysed by a DCM dehydrogenase from the
glutathione S-transferase family (La Roche and Leisinger, 1990). The
dehydrogenase is encoded by dcmA and expression is regulated by demR (La Roche
and Leisinger, 1990, 1991). DCM dehalogenases are split into two groups, A and B,
which differ primarily in their kinetic properties. Group B enzymes, such as the one
found in Methylophilus leisingeri DM11, dechlorinate DCM significantly faster under
substrate saturation conditions (Scholtz et al., 1988). Although catalytic activity of
Group A DcmA enzymes is typically low, it is highly inducible and can comprise 12-
20% of total cell protein (Kohler-Staub and Leisinger, 1985). The more efficient
Group B enzymes represent a lower percentage (~7%) of the total protein

(Leisinger and Braus-Stromeyer, 1995).

Aerobic dechlorination with DcmA requires glutathione as a cofactor and results in
the formation of a S-chloromethyl glutathione conjugate, which likely undergoes
non-enzymatic hydrolysis to form S-hydroxymethyl glutathione. Decomposition of
this compound produces formaldehyde, a central metabolite of methylotrophic
bacteria; hydrochloric acid; and regenerates free glutathione (Stucki et al., 1981)

(Figure 1.4). Thus, the overall reaction can be described by Equation 2.

CH2Clz + H20 = CH20 + 2 H* + 2 CI Eq. 2



GSH | H,0 | 0
Cl—C—H %» GS—C—H %» GS—C—H —— =
L HCI c|:| HCI L GSH H H
DcmA

Figure 1.4 Aerobic degradation of dichloromethane is catalysed by DcmA, a glutathione

S-methyltransferase.

DcmA was initially thought to be the only requirement for aerobic DCM
dechlorination, but later work showed that additional genes and proteins may also
be required (Kayser et al., 2000; Kayser and Vuilleumier, 2001; Kayser et al., 2002;
Vuilleumier, 2002). For example, an efficient DNA repair system is necessary to
negate the genotoxic effects of DcmA-mediated DCM transformation (Kayser et al.,

2000; Kayser and Vuilleumier, 2001).

1.2.2 Anaerobic dichloromethane transformation

Fewer bacteria have been observed to degrade DCM under anaerobic conditions.
This is often crucial for natural attenuation, given the propensity of DCM to form
DNAPL zones with low oxygen availability and redox potential. While anaerobic
respiration of DCM is theoretically possible, no organisms with this metabolism
have been identified. Rather, this compound can be utilised as a sole source of
carbon and electrons by some strains of Acinetobacter and Hyphomicrobium under
denitrifying conditions (Melendez et al, 1993; Freedman et al, 1997). Other
consortia degrade DCM under methanogenic conditions (Freedman and Gossett,

1991; Stromeyer et al.,, 1991).

Only two bacteria capable of transforming DCM under fermentative conditions have
been characterised: Dehalobacterium formicoaceticum strain DMC and ‘Candidatus
Dichloromethanomonas elyunquensis’ strain RM (Magli et al., 1996; Kleindienst et
al, 2017). D. formicoaceticum is the only DCM-fermenting bacteria currently
isolated in pure culture, and has only recently come under renewed interest after a
20 year gap in the literature (Magli et al, 1996; Chen et al, 2017b). It was enriched
from a mixed culture in a charcoal-packed fixed bed reactor fed with contaminated
anaerobic groundwater (Stromeyer et al, 1991) and isolated in the mid 1990s
(Magli et al, 1996). DCM fermentation resulted in the formation of formate and

acetate in a 2:1 molar ratio (Eq. 3). Studies with cell-free extracts and 13C-labelled



DCM indicated that this transformation likely occurred via the Wood-Ljungdahl
pathway (Magli et al.,, 1996, 1998; Chen et al,, 2020), which genome sequencing later

confirmed is present in its entirety (Chen et al.,, 2017b).
3 CHzClz + 4 H20 + CO2 = CH3COO- + 2 HCOO- + 9 H* + 6 CI- Eq.3

The Wood-Ljungdahl pathway is typically found in anaerobic acetogens and is used
to convert Hz and CO2 into acetate. It is suggested to be one of the first metabolic
cycles to evolve on early Earth (Fuchs, 1989; Wood, 1991; Russell and Martin, 2004;
Berg et al, 2010; Weiss et al,, 2016). The exact mechanism by which the chlorine
moiety of DCM is removed from the molecule remains unknown, but Magli and
colleagues showed that DCM is mostly transformed into 5,10-
methylenetetrahydrofolate, which enters the pathway and can then be
simultaneously oxidised to formate and reduced to acetate (Figure 1.5) (Magli et al,

1996, 1998).

3CH,Cl, + 3FH,

I\GHCI

—2 CH,=FH, + CH,=FH,—

N 4[H] 2[H]
2 CH=FH, CH,-FH,
co,
‘ 2[H]
2 CHO-FH, CH,-/Co/-E 4
> 2ATP — [CO]
2 HCOOH CH,CO-SCoA
CH,CO-PO,
| »atP
CH,COOH

Figure 1.5 Proposed schema of the transformation of DCM to formate and acetate by

Dehalobacterium formicoaceticum strain DMC. Taken from Mégli et al (1998).

‘Ca. Dichloromethanomonas elyunquensis’ strain RM is a more recent discovery
enriched from pristine river sands in Puerto Rico (Kleindienst et al, 2017). A
genome sequence is also available for this organism, although it has proven resistant

to isolation and exists in a enrichment culture, RM (Kleindienst et al., 2016, 2017).
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Initially thought to ferment DCM to acetate in a manner similar to D.
formicoaceticum (Kleindienst et al, 2017), further investigation showed that ‘Ca.
Dichloromethanomonas elyunquensis’ in fact completely mineralises DCM to Hz and
CO2 (Eq.4) (Chen etal, 2020). These products are then used by homoacetogens and
methanogens present in the enrichment, explaining the observed acetate (Eq. 5) and

methane (Eq. 6) formation, respectively (Chen et al,, 2020).

CH2Cl2 + 2H20 > CO2+2H2+2Cl- + 2 H* Eq. 4
2 CO2 + 4 Hz & CH3COO- + H* + 2 H20 Eq.5
C02+4H29CH4+2H20 Eq.6

Unlike D. formicoaceticum, ‘Ca. Dichloromethanomonas elyunquensis’ encodes
reductive dehalogenases in its genome, as well as the full set of genes for the Wood-
Ljungdahl pathway (Kleindienst et al., 2016). Reductive dehalogenases are enzymes
found in organohalide respiring bacteria that catalyse the transfer of electrons to an
organohalide compound acting as the terminal electron acceptor of a respiratory
chain (reviewed in Jugder et al.,, 2016). Proteomics of culture RM revealed that two
reductive dehalogenases were among the most abundant proteins expressed by ‘Ca.
Dichloromethanomonas elyunquensis’, alongside four corrinoid-dependent
methyltransferases. All proteins for the Wood-Ljungdahl pathway were also

expressed (Kleindienst et al., 2019).

The difference in fermentation end products and presence of reductive
dehalogenases strongly suggest that ‘Ca. Dichloromethanomonas elyunquensis’
utilises the Wood-Ljungdahl pathway for DCM metabolism differently to D.
formicoaceticum. This was supported by carbon-chlorine isotope work that
indicated unique C—Cl bond-breaking mechanisms likely operated in the two
organisms - Sn2 in D. formicoaceticum and Sn1 in ‘Ca. Dichloromethanomonas
elyunquensis’ (Chen et al, 2018). In summary, D. formicoaceticum utilises the Wood-
Ljungdahl pathway primarily in both oxidative and reductive directions, whilst ‘Ca.
Dichloromethanomonas elyunquensis’ utilises it exclusively in the oxidative

direction (Chen et al.,, 2020).

There are a handful of other reports of anaerobic bacteria capable of transforming

DCM, including Dehalobacterium species (Trueba-Santiso et al, 2017) and two



Dehalobacter species (Justicia-Leon et al., 2012; Lee et al, 2012). The former
fermented DCM to formate and acetate, similar to D. formicoaceticum, but had the
distinguishing additional capability to dehalogenate dibromomethane to near
completion (Trueba-Santiso et al, 2017, 2020). Both Dehalobacter species were
identified in DCM-degrading enrichment cultures but, upon further study,
disappeared in favour of other novel DCM-metabolising organisms. The
Dehalobacter reported by Justicia-Leon et al (2012) existed in the enrichment RM,
which became dominated by the novel DCM-degrading organism ‘Ca.

Dichloromethanomonas elyunquensis’ (Kleindienst et al., 2017).

The other Dehalobacter species whose growth was linked to DCM transformation
was enriched in a parent culture to this study - the methanogenic, DCM-fermenting
culture DCMD (Lee et al, 2012). The Archaeal population in DCMD was dominated
by a hydrogenotrophic methanogen from the genus Methanoculleus and
Dehalobacter sp. growth was inhibited by addition of excess hydrogen. This
suggested that hydrogen was a product of DCM fermentation and utilised by
Methanoculleus in a syntrophic interaction with the Dehalobacter species (Lee et al.,
2012). Following removal of the methanogens from culture DCMD, hydrogen levels
in the culture likely rose, preventing the growth of the Dehalobacter sp. and enabling
growth of the novel, non-hydrogenogenic, DCM-fermenting Peptococcaceae

described in this thesis, strain DCMF (Holland et al., 2019).

1.3 Microbial metabolism of quaternary amines

1.3.1 Significance and distribution of quaternary amines

There are no reports in the literature of anaerobic bacteria capable of metabolising
both DCM and quaternary amines, though some methylotrophs capable of aerobic
DCM degradation could also utilise methylated amines and methane for growth
(Brunner et al, 1980; Doronina et al, 2000). Quaternary amines (also known as
quaternary ammonium cations) are amines with four organic groups attached to the
central nitrogen moiety. Unlike primary, secondary, and tertiary amines, they retain
their positive charge regardless of the surrounding pH. Both choline (Figure 1.6 G)
and glycine betaine (also known as trimethylglycine, Figure 1.6 D) are quaternary

amines that play significant roles in environmental and human contexts.
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Trimethylamine (Figure 1.6 A) is a tertiary amine whose metabolism is linked to

that of the quaternary amines via a number of microbial processes.

Al CH3 BI c.
| N
N N CH;—NH,
CHS/ \CH3 CH3 CH3
D. E. FI
0 CH 0 0
HaC CHj | 3
\N/\)J\ N\)L H\)J\
He” @ oH H OH Hee”™ OH
G.
HsC( CHs

N
RN

Figure 1.6 The chemical structure of the methylated amines: trimethylamine (A),
dimethylamine (B), methylamine (C); the methylated glycines: glycine betaine
(trimethylglycine, D), dimethylglycine (E), sarcosine (methylglycine, F); and choline (G).

Choline and glycine betaine are environmentally significant osmolytes and their
metabolism is closely linked throughout nature (Neill et al,, 1978; King, 1984). The
former is predicted to be more abundant in the environment, although
predominantly as a part of larger molecules such as the eukaryotic phospholipids
phosphatidylcholine and sphingomyelin. Evidence for the rapid bacterial uptake of
choline (Snipes et al.,, 1974; Salvano et al., 1989; Kiene, 1998; Lucchesi et al., 1998),
along with bioinformatic analysis showing the near ubiquity of a biochemical
pathway to oxidise choline to glycine betaine in soil and water environments,
suggest that this compound is a critical precursor to glycine betaine (Wargo, 2013).
While some bacteria can harness energy from choline, preference appears to be
given to the conversion into glycine betaine when communities are under osmotic

stress (Kiene, 1998).

Glycine betaine is a compatible solute capable of protecting proteins in saline
environments. It has been shown to act as a osmoregulant in bacteria (Galinski and
Triiper, 1982; Imhoff, 1986; Csonka, 1989), marine algae (Blunden et al, 1982),
marine invertebrates (Beers, 1967), plants (Larher et al, 1982), and even some

vertebrates (Yancey et al, 1982). Glycine betaine is also an important source of
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nitrogen, comprising up to 20% of the total nitrogen in hypersaline environments
(King, 1988b). Both choline and glycine betaine have been suggested to play an
accessory role in shaping microbial communities, based on their limited availability

in the environment and importance for coping with osmotic stress (Wargo, 2013).

In addition to their roles in the environment, both compounds are important for
human and animal health. For humans, choline is an essential nutrient that has roles
in cell membrane integrity and lipid metabolism (Sheard and Zeisel, 1989; Zeisel,
2000), while glycine betaine can act as a methyl donor in the liver and as a protective
osmolyte in the kidney (Craig, 2004). Both compounds are precursors of
trimethylamine and trimethylamine N-oxide, readily converted by gut microflora
(Martinez-del Campo et al, 2015). In excess, the former compound can cause
trimethylaminuria (also known as fish odour syndrome) (Mitchell and Smith, 2001),
while the latter has recently been linked to increased risk of cardiovascular disease
(Wang et al, 2011). Thus, manipulation of gut microflora and promotion of
microbial metabolic pathways that do not transform choline and glycine betaine
into trimethylamine/trimethylamine N-oxide may be a novel therapeutic approach

worthy of exploration.

1.3.2 Anaerobic microbial metabolism of choline and glycine

betaine
Fermentation of choline to trimethylamine and acetate has been reported in
sulphate-reducing bacteria (Hayward and Stadtman, 1959; Fiebig and Gottschalk,
1983; King, 1984), Clostridia (Bradbeer, 1965; Moller et al., 1986), and Pelobacter
species (Schink, 1985; Jameson et al, 2019). Early studies reported acetaldehyde
was an intermediate metabolite of choline fermentation (Hayward, 1960), but it was
not until much later that the reaction mechanism was revealed as a novel glycyl
radical enzyme: choline-trimethylamine lyase (Figure 1.7) (Craciun and Balskus,
2012). The conversion is catalysed by the cut (choline utilisation) cluster of genes
within a bacterial microcompartment (Kuehl et al, 2014; Jameson et al, 2016b;
Herring et al., 2018). This gene cluster is found in a diverse yet unevenly distributed
range of bacterial taxa, particularly those found in the human gut and marine

ecosystems - reflecting two environments where choline is relatively abundant and
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organisms are subject to significant osmotic stress (Martinez-del Campo et al., 2015;

Jameson et al., 2016a).

choline-trimethylamine
lyase

choline

choline
dehydrogenase 2 [H]

betaine
aldehyde _
glycine

betaine aldehyde + phosphate petaine
dehydrogenase N 2MH] 4+9 [H] reductase
complex

/2D trimethylamine + acetyl phosphate
Tr . Tr

trimethylamine + acetaldehyde

glycine
betaine

glycine betaine
methyltransferase

red

dimethylglycine

Figure 1.7 Schema of anaerobic quaternary amine metabolism. Redox cofactors are
represented as electron equivalents [H] entering or leaving reactions. Tr, thioredoxin; red,

reduced; ox, oxidised.

As mentioned above, there is also a near-ubiquitous pathway in soil and water
bacteria to transform choline into the osmoprotectant glycine betaine (Wargo,
2013). This conversion is typically a two-step process via the intermediate betaine
aldehyde (Figure 1.7). Oxidation of choline is catalysed by a membrane-bound
choline dehydrogenase and the resulting betaine aldehyde is oxidised by a soluble
betaine aldehyde dehydrogenase (Landfald and Strom, 1986; Choquet et al., 1991;
Boch et al., 1994). Alcaligenes species appear to be an exception to this, encoding a

soluble choline oxidase that performs both steps (Ohta-Fukuyama et al., 1980).

Providing that glycine betaine isn’t simply stored as an osmoprotectant, there are
three broad mechanisms for its metabolism in anaerobic bacteria: (1)
demethylation to dimethylglycine; (2) reductive cleavage to trimethylamine and
acetyl phosphate, which requires an external electron donor; (3) a combination of
both demethylation and reductive cleavage, in which the reducing equivalents for
reductive cleavage are generated from oxidation of the released methyl group(s)
(Figure 1.7). These mechanisms are limited to organisms with the Wood-Ljungdahl
pathway, which is used for methyl group oxidation, i.e. acetogenic bacteria (Miiller
etal, 1981; Eichler and Schink, 1984), sulphate-reducing bacteria (Heijthuijsen and
Hansen, 1989; Ticak et al,, 2014), and methanogenic archaea (Watkins et al., 2014).
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Bacteria capable of growth via demethylation of glycine betaine include
Eubacterium limosum (Miiller et al., 1981) and numerous Acetobacterium species
(Eichler and Schink, 1984; Tanaka and Pfennig, 1988; Kotsyurbenko et al., 1995).
Demethylation is catalysed by a glycine betaine methyltransferase (MtgB; Figure
1.7). Ticak et al (2014) were the first to report that a non-pyrrolysine member of
the widespread trimethylamine methyltransferase (MttB) family was in fact a
glycine betaine methyltransferase. The enzyme is a corrinoid dependent
methyltransferase (MT1) that transfers the methyl group from glycine betaine onto
a cognate corrinoid protein (CoP), from which a second methyltransferase (MT2)
transfers it onto tetrahydrofolate (THF) (Ticak et al, 2014; Visser et al, 2016;
Lechtenfeld et al.,, 2018). MtgB homologs were found in a large number of species,
particularly within the Firmicutes and alpha proteobacteria, indicating that glycine
betaine demethylation may be more widespread than initially observed (Ticak et al,
2014). Both E. limosum and Acetobacterium woodii produce dimethylglycine (Figure
1.6 E) without further demethylating this product to sarcosine (also known as
methyl glycine; Figure 1.6 F), suggesting that their enzymes are specific to glycine
betaine alone (Miiller et al., 1981; Lechtenfeld et al,, 2018).

The second mechanism of anaerobic glycine betaine metabolism is reductive
cleavage to trimethylamine and acetyl-phosphate (Figure 1.7). This is essentially a
modified Stickland fermentation, a reaction that couples the oxidation and
reduction of amino acids to organic acids (Nisman, 1954). Glycine betaine acts as
the electron acceptor, and hydrogen, formate or various amino acids such serine can
act as the electron donor. A range of fermentative bacteria, including numerous
clostridial species (Naumann et al, 1983; Moller et al, 1986), Haloanaerobacter
salinarius (Mouné et al., 1999), and Peptoclostridium acidaminophilum (previously
Eubacterium (Galperin et al., 2016)) (Zindel et al, 1988) perform reductive cleavage
of glycine betaine. Desulfuromonas acetoxidans is uniquely able to use reducing
equivalents generated by the oxidation of acetate (produced from the reductive
cleavage of glycine betaine) to CO:; in the reductive cleavage, negating the

requirement for an external electron donor (Heijthuijsen and Hansen, 1989).

Thirdly, Sporomusa species are unique in combining the demethylation and

reductive cleavage mechanisms (Moller et al., 1984; Visser et al., 2016). Sporomusa
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ovata An4 demethylated a small proportion of glycine betaine to dimethylglycine
and then sarcosine, producing reducing equivalents via the oxidation of the
removed methyl groups to CO; via the Wood-Ljungdahl pathway. These were then
funnelled into reductive cleavage of the majority of the glycine betaine to
trimethylamine (Méoller et al., 1984; Visser et al., 2016). Interestingly, S. ovata H1
was grown with dimethylglycine, trimethylamine was still amongst the end
products, indicating that a portion of the dimethylglycine was methylated to form

glycine betaine for reductive cleavage to trimethylamine (Moller et al., 1984).

1.4 Microbial utilisation of methanol

Methanol is widely distributed in the terrestrial biosphere from the breakdown of
pectin and lignin in plant cell walls (Schink and Zeikus, 1980). Significant
concentrations of methanol have also been measured in the ocean (50 - 400 nM)
(Galbally and Kirstine, 2002; Singh et al.,, 2003; Williams et al., 2004; Kameyama et
al, 2010; Beale et al., 2011, 2013), much of which originates from atmospheric flux
(Yang et al, 2013). Globally, sources and sinks of methanol are approximately
equivalent, at 340 and 270 Tg y1, respectively (these values are in balance according
to the margin of error on the authors’ calculations) (Heikes et al, 2002). This
suggests that methanol is both widely available to microorganisms and widely used

by them.

Methanol can be utilised by numerous aerobic and facultatively anaerobic
methylotrophic bacteria, which convert it to formaldehyde via a methanol
dehydrogenase (Kolb, 2009). Anaerobically, the dominant pathway for methanol
transformation is via methanol methyltransferases. Similar to glycine betaine
methyltransferases, these enzymes are found in acetogenic bacteria, sulphate-
reducing bacteria, and methanogenic archaea, which compete against each other for
methanol in anoxic environments (Oremland and Polcin, 1982). Methanol
methyltransferases are mechanistically similar to their glycine betaine
counterparts, comprising an MT; (MtaB), MT, (MtaA), and CoP (MtaC), which
ultimately transfer the methyl group onto THF in bacteria or coenzyme M in archaea
(van der Meijden et al., 1983a, 1983b, 1984a, 1984b; Stupperich and Konle, 1993;
Sauer et al, 1997). While methanol methyltransferase systems have been well-
studied in methanogens, their bacterial counterparts are less thoroughly explored.
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Acetogenic bacteria capable of growth on methanol include Butyribacterium
methylotrophicum (Lynd and Zeikus, 1983), Eubacterium limosum (van der Meijden
et al.,, 1984b), Moorella thermoacetica (Daniel et al., 1990), Acetobacterium woodii
(Bache and Pfennig, 1981), and Sporomusa ovata (Moller et al., 1984). Detailed
studies have only recently been published for the latter two organisms (Visser et al,
2016; Kremp et al., 2018), characterising their use of the Wood-Ljungdahl pathway
for further metabolism of the methyl-THF produced by the methanol

methyltransferase.

Amongst sulphate-reducing bacteria, species of Desulfosporosinus (Klemps et al,
1985), Desulfobacterium (Szewzyk and Pfennig, 1987; Schnell et al, 1989),
Desulfotomaculum (Fardeau et al., 1995; Liu et al., 1997; Tebo and Obraztsova, 1998;
Goorissen et al, 2003; Balk et al., 2007), and Desulfovibrio (Nanninga and Gottschal,
1987; Qatibi et al, 1991) have all been shown to utilise methanol as an electron
donor for sulphate reduction. However one unique sulphate-reducing bacterium,
Desulfotomaculum kuznetsovii, in fact encodes enzymes for both methanol

dehydrogenases and methanol methyltransferases (Sousa et al., 2018).

1.5 Links between volatile organic compound cycling and

the climate

Although seemingly disparate substrates, the microbial metabolism of choline,
glycine betaine, DCM, and methanol are all closely linked to carbon and nitrogen
cycling, with potential impacts for global climate. The latter two compounds have a
direct effect on atmospheric chemistry, while the former two have an indirect effect
via their close links to methylated amines and methane. DCM, methanol, methane,
and methylated amines are all volatile organic compounds with atmospheric

impacts.

In anaerobic ecosystems, both choline and glycine betaine are readily transformed
into trimethylamine, which is then utilised almost exclusively by methanogens
(King, 1984, 1988a). Trimethylamine is thought to be responsible for the bulk of
methane production in intertidal mudflats and saltmarshes (Oremland et al, 1982;
King et al., 1983). Within these environments, sulphate-reducing bacteria typically

outcompete acetoclastic and hydrogenotrophic methanogens for these substrates
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because of the higher energy yield from sulphate reduction compared to
methanogenesis (Fenchel and Blackburn, 1979; Morris and Whiting, 1986).
Production of trimethylamine therefore has a significant impact on methane flux in
such environments because it is a non-competitive substrate. More recently, three
strains of Methanococcoides have also been reported that can use glycine betaine
directly as a substrate for methanogenesis (Watkins et al, 2014). Methylated amine
particles in the atmosphere have also been implicated in global climate via their
enhancement of aerosol particle nucleation (Almeida et al, 2013; Yao et al, 2018),
which influences cloud seeding (Almeida et al, 2013; Intergovernmental Panel on
Climate Change, 2013). Thus, microbial metabolism of methylated amines and

glycines both directly and indirectly affects the cycling of climate-active trace gasses.

DCM has recently been recognised as a potent greenhouse gas with an increasing
negative impact on stratospheric ozone levels (Hossaini et al., 2017). It is a so-called
very short-lived substance (VSLS), having a lifetime of around five months (Montzka
etal, 2011). Over 80% of chlorinated VSLSs such as DCM are predicted to reach the
troposphere (Carpenter and Reimann, 2015), which can affect atmospheric
chemistry on a regional and global scale. Halogenated VSLSs in particular have a
disproportionately large effect on radiative forcing and climate because their
breakdown into reactive chlorine species leads to ozone depletion at lower, climate-

sensitive altitudes (Hossaini et al., 2015a).

VSLSs were overlooked in the Montreal Protocol, as they were thought to play only
a minor role in ozone depletion due to their relatively short atmospheric lifetime.
However, industrial activity, particularly from developing countries, has caused
tropospheric measurements of DCM to increase over the last decades (Carpenter
and Reimann, 2015; Hossaini et al,, 2015a, 2015b; Leedham Elvidge et al.,, 2015),
leading researchers to reconsider the effect that this chemical may have on the
ozone layer if environmental releases continue at this rate. If left unchecked,
increasing DCM emissions may delay the return of Antarctic ozone to pre-1980
levels by up to a decade (Hossaini et al., 2017). The relative importance of DCM and
other VSLSs also continues to increase as the observed and projected decreases in
longer-lived anthropogenic chlorocarbons (e.g. those banned by the Montreal

Protocol) reduce their effect on the atmosphere.
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Finally, methanol is a ubiquitous background volatile organic carbon compound and
the second-most abundant organic gas in the atmosphere after methane (Heikes et
al, 2002). Methanol is a significant sink for hydroxy radicals in the atmosphere
(Singh et al.,, 1995), a reaction that produces formaldehyde (Millet et al., 2006) and
carbon monoxide (Duncan et al., 2007). Oxygenated hydrocarbon species such as
methanol can also influence atmospheric ozone formation through reactions with
nitrous oxides (Finlayson-Pitts and Pitts, 2000). Thus, microbial metabolism of
methanol, DCM, and quaternary amines reported in this thesis has wider

implications for the climate.
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1.6 Research aims and chapter summary

Despite the prevalence of DCM-contaminated sites worldwide, many of which are
anaerobic, relatively little is known about anaerobic microbial metabolism of DCM.
The overarching aim of this work was therefore to characterise a novel, DCM-
fermenting organism (strain DCMF) enriched from a contaminated aquifer near
Botany Bay, Sydney, Australia (Holland et al, 2019). Strain DCMF exists within a
DCM-fermenting enrichment (DFE) culture, where it is thought to be the only
species capable of directly metabolising DCM. DFE is a non-methanogenic culture
that was enriched from the previously reported DCM-fermenting culture DCMD (Lee
etal, 2012; Holland et al, 2019). Investigation of the role of strain DCMF, potential
mechanisms of DCM and wider substrate metabolism, and the role of the non-
dechlorinating DFE cohabitants is organised into four chapters, the aims of which

are summarised below:

1. Whole genome sequencing of the novel, DCM-fermenting bacterium (strain
DCMF) and genomic comparison with the two other anaerobic DCM-
metabolising bacteria;

2. Characterisation of DCM, quaternary amine and methanol metabolism in
strain DCMF;

3. Comparative proteomic analysis of strain DCMF cells grown on DCM, glycine
betaine, choline and methanol, with particular focus on highly abundant
proteins in DCM-grown cells that may be implicated in DCM dechlorination;

4. Exploration of the role of the wider bacterial community in the DCM-

fermenting enrichment culture (DFE).

Although anaerobic DCM-degrading bacteria are known to utilise the Wood-
Ljungdahl pathway for DCM transformation, the enzyme(s) catalysing the initial
dechlorination step remain unknown (Magli et al, 1998; Kleindienst et al., 2019;
Chenetal, 2020). In order to investigate possible pathways for DCM transformation
by strain DCMF, we determined that a detailed and accurate genome annotation was
necessary. Chapter 2 reports the assembly of a complete, circular genome for strain
DCMF was achieved via long-read PacBio sequencing technology. Extensive manual
curation of the genome was carried out to ascertain the presence of potential

metabolic pathways. The genome of strain DCMF was then compared to the
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available genomes of two other anaerobic DCM-degrading bacteria (D.
formicoaceticum and ‘Ca. Dichloromethanomonas elyunquensis’), to assess areas of
commonality and difference between them. The core genome of the three bacteria
was relatively small, with the Wood-Ljungdahl pathway and an F:Fo-type ATP
synthase being the key features shared between all three. Strain DCMF appears far

closer to D. formicoaceticum in terms of shared genomic traits.

Stable isotope work using 13C-labelled DCM and bicarbonate in Chapter 3 confirmed
that DCM is metabolised via the Wood-Ljungdahl pathway in strain DCMF. This
chapter then investigated the ability of strain DCMF to metabolise substrates other
than DCM, a capability that was suggested by the presence of a wide range of MttB
superfamily methyltransferases and glycine/betaine/sarcosine reductases in the
genome. It reports the ability of strain DCMF to utilise the quaternary amines
choline and glycine betaine for growth, as well as the one-carbon compound
methanol. Genome-based metabolic models for growth on these compounds are

suggested.

The revelation that strain DCMF could also metabolise quaternary amines and
methanol provided the opportunity to perform comparative proteomics analysis,
which is reported in Chapter 4. This work revealed a putative DCM
methyltransferase gene cluster that was significantly more abundant in cells grown
with DCM than glycine betaine and highly conserved amongst anaerobic DCM-

degrading bacteria.

Finally, the role of the wider bacterial community in the DFE culture is investigated
in Chapter 5. lllumina 16S rRNA amplicon sequencing showed how the relative
abundance of the cohabitants shifts over batch cultivation cycles and
metaproteogenomics revealed the presence of genes and proteins for metabolism
of carbohydrates, sugars, and amino acids. We therefore propose that the
cohabitants persist in the DFE culture via necromass recycling, i.e. metabolism of

components of expired strain DCMF cells.

This work paves the way for identification of a DCM-dechlorinating enzyme active
under anoxic conditions, which would be of interest to the bioremediation industry
for assessing and monitoring bioremediation potential and/or efficacy at

contaminated sites. The establishment of a new taxonomic group involved in DCM,
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quaternary amine and methanol transformation also has implications for the flux of
climate-active trace gasses from coastal subsurface environments. Exploration of
the role of the non-dechlorinating community in an anaerobic DCM-metabolising
culture also demonstrates the importance of a keystone species (strain DCMF) as
the sole, primary substrate degrader, on which all other organisms are dependent
(as they persist via oxidation of necromass components). This has implications for
understanding community dynamics and carbon and nitrogen cycling in

contaminated groundwater sites and beyond.
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2 Whole genome sequencing of a novel
Peptococcaceae bacterium and genomic
comparison of anaerobic DCM-degrading
bacteria

2.1 Introduction

Bacteria capable of dechlorinating the toxic environmental contaminant
dichloromethane (DCM; CH2Clz) are of great interest for potential bioremediation
applications. Anerobic DCM transformation is of particular importance for
remediating contaminated sites, as DCM is denser than water and thus migrates
downwards in groundwater to anoxic zones. To date, only two bacteria capable of
anaerobically metabolising DCM have been characterised and genome sequenced -
Dehalobacterium formicoaceticum strain DMC (Magli et al.,, 1996, 1998; Chen et al.,
2017b) and ‘Candidatus Dichloromethanomonas elyunquensis’ strain RM
(Kleindienst et al., 2016, 2017). Although the former ferments DCM to formate and
acetate, while the latter completely mineralises it to H2 and CO2, both organisms
utilise variations of the Wood-Ljungdahl pathway for the transformation (Magli et
al, 1996, 1998; Chen et al., 2020). However, the enzyme(s) responsible for the initial

dechlorination step are unknown.

This chapter reports the whole genome sequencing and assembly of a novel, DCM-
fermenting bacterium, strain DCMF. The bacterium is the dominant organism in a
non-methanogenic, DCM-fermenting enrichment culture (DFE). In order to
investigate possible pathways for DCM transformation within strain DCMF, it was
determined that a detailed and accurate genome annotation was necessary. As it can
be difficult to assemble a high-quality genome from a mixed culture and no closely
related reference genome was available, a thorough genome sequencing and
assembly strategy was sought to overcome these challenges. The genome was then
compared with strain DMC and strain RM, with the aim of identifying areas of
similarity that might provide clues to the DCM dechlorination mechanism employed
by these bacteria. We also sought any evidence of horizontal gene transfer between
the three organisms. In light of the findings, suggestions are made regarding the

evolution and ecological niche of each anaerobic DCM-degrading bacterium.
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2.2 Materials and Methods

2.2.1 Culture medium

DFE cultures were grown in anaerobic minimal mineral salts medium that
comprised (g 11): CaCl2.2H20 (0.1), KCI (0.1), MgCl2.6H20 (0.1), NaHCO3 (2.5), NH4Cl
(1.5), NaH2PO4 (0.6), 1 ml of trace element solution A (1000x), 1 ml of trace element
solution B (1000x), 1 ml of vitamin solution (1000x), 10 ml of 5 g1-! fermented yeast
extract (100x), and resazurin 0.25 mg I-1. Trace element solutions A and B were
prepared as described previously (Wolin et al, 1963), as was the vitamin solution
(Adrian et al, 1998). Medium was sparged with N2 during preparation and the pH
was adjusted to 6.8 - 7.0 by a final purge with N2/CO: (4:1). Aliquots were dispensed
into glass serum bottles that were crimp sealed with Teflon faced rubber septa (13
mm diameter, Wheaton) before the medium was chemically reduced with sodium
sulphide (0.2 mM). DCM (1 mM) was supplied as the sole electron source via a glass

syringe. All cultures were incubated statically at 30°C in the dark.

2.2.2 Preparation of spent media as a co-factor solution

A stock fermented yeast extract solution was prepared by inoculating anoxic yeast
extract (5 g I'!) in defined minimal mineral salts medium (described above,
excluding DCM) with the DFE culture. The culture was incubated for one week at
30°C before being filter sterilised. The filtered, spent media was re-inoculated with
DFE and incubated for a further week, to ensure that growth was no longer possible
on the fermented yeast extract (i.e. that it had been energetically exhausted). The

spent media was then filter-sterilised again before use.

2.2.3 DNA extraction

Genomic DNA was extracted as previously described (Urakawa et al., 2010). Briefly,
cells were lysed with lysis buffer and bead-beating, before DNA was extracted with
phenol-chloroform-isoamyl, precipitated using isopropanol, and resuspended in
molecular grade water. The nucleic acid concentration was quantified using a Qubit

instrument and assay as per the manufacturer’s instructions (Life Technologies).

2.2.4 Illumina genome sequencing

DNA was prepared with the Nextera XT library prep kit (Illumina). Sequencing was
carried out on an [llumina MiSeq with a v2 500-cycle kit (2 x 250 bp run) at the
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Ramaciotti Centre for Genomics (UNSW Sydney, Australia). Three MS110-2 libraries
were used for the run. Library size ranged from 200 - 3000 bp, with an average of
955 bp. Raw reads were trimmed and filtered with SolexaQA (DynamicTrim.pl and
LengthSort.pl) (Cox et al., 2010) and then submitted to the NCBI Sequence Read
Archive with the identifier SRR5179547.

2.2.5 Pacific Biosciences SMRT sequencing

A MagAttract HMW DNA kit (Qiagen) was used to extract high-molecular weight
genomic DNA, followed by purification using AMPure PB beads (Beckman Coulter).
DNA concentration and purity were checked by Qubit and NanoDrop instruments,
respectively. A 0.75% Pippin Pulse gel (Sage Science) was performed by the
Ramaciotti Centre for Genomics (UNSW Sydney, Australia) to further verify
integrity. A SMRTbell library was prepared with the PacBio 20 kb template protocol
excluding shearing (Pacific BioSciences). Additional damage repair was carried out

following minimum 4 kb size selection using Sage Science BluePippin.

Whole genome sequencing was performed on the PacBio RS II (Pacific Biosciences),
employing P6 C4 chemistry with 240 min movie lengths. DNA was initially
sequenced using two Single Molecule Real Time™ (SMRT) cells. A third SMRT™ cell
was added to compensate for low quality data from the first two, due to degraded
DNA yield from the sample. The SMRTbell library for this cell was prepared with the
PacBio 10 kb template protocol, without size selection, and a lower input (3,624 ng)
of DNA was used. In total, the three SMRT cells yielded 463,878 subreads from
169,180 ZMW, with a combined length of 1,712,588,985 bp. Reads were submitted
to the NCBI Sequence Read Archive with the identifier SRR5179548.

2.2.6 Genome assembly and annotation

An overview of the genome sequencing, assembly, and annotation pipeline is
provided in Figure 2.1. PacBio subreads were assembled using HGAP3 (Chin et al,
2013) as implemented in SMRT Portal. In-house software, SMRTSCAPE (SMRT
Subread Coverage & Assembly Parameter Estimator;
http://rest.slimsuite.unsw.edu.au/smrtscape) was used to predict optimal HGAP
settings for several different assemblies with different predicted genome size and
minimum correction depths (Table S1). The assembly with the greatest depth of

coverage used for seed read error correction that still yielded a full-length (6.44 Mb)
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intact chromosome was selected for the draft genome. This corresponded to:
minimum read length 4,010 bp; minimum seed read length 8,003 bp; minimum read
quality 0.86; minimum 10x correction coverage. The genome was corrected with
Quiver (Chin et al, 2013) using all subreads and circularised by identifying and
trimming overlapping ends, then annotated in-house using Prokka (Seemann,

2014).

Based on draft annotation, the genome was re-circularised to have its break-point
in the intergenic region between the 3’ of two hypothetical genes. To ensure that the
ends were jointed correctly, the re-circularised genome was subjected to a second
round of Quiver correction to make sure the manually joined region was of high
quality, and every base was covered by long reads spanning at least 5 kb 5’ and 3’
(Figure S1 B). Filtered Illumina reads were mapped onto the Quiver-corrected
genome using BWA-MEM v0.7.9a (Li, 2013) and possible errors were identified with
Pilon (Walker et al, 2014). Manual curation was then performed to check any
discrepancies between the PacBio and Illumina data and correct small indels. Raw
PacBio reads were mapped onto the completed genome with BLASR (Chaisson and
Tesler, 2012). The corrected genome was re-annotated with Prokka and uploaded
to the Integrated Microbial Genomes and Microbiomes (IMG/M) system of the Joint
Genome Institute (JGI) for independent annotation (Chen et al., 2019).

Twenty-nine pairs of fragmented genes and four truncated genes were subject to
additional manual curation and correction where a pyrrolysine or selenocysteine
residue had been erroneously translated as a stop codon (Table S2). The IMG
annotation was publicly updated to reflect these manual annotations, and this
annotation was used for all genomic analyses. The genome has subsequently been

re-annotated by NCBI.
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Figure 2.1 Research pipeline for strain DCMF genome sequencing, assembly, and

annotation.

2.2.7 16S rRNA gene identification and phylogeny

The strain DCMF 16S rRNA gene consensus sequence was searched against the NCBI
prokaryotic 16S rRNA BLAST database as well as the 16S rRNA gene sequences of
the two other known anaerobic DCM-degrading bacteria (absent from that
database), strain DMC (NCBI locus tags CEQ75_RS05455, CEQ75_RS05490,
CEQ75_RS13675, CEQ75_RS13970, CEQ75_RS17045) and strain RM (KU341776.1).
The closest phylogenetic relatives and an outgroup, Moorella perchloratireducens

strain An10 (NR_125518.1), were aligned with MAFFT program v.7 (Kuraku et al,
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2013) and a neighbour-joining tree constructed with 1000 bootstraps resampling a
200PAM/k = 2 scoring matrix using 1,365 nucleotides. This was performed using
Archaeopteryx (Han and Zmasek, 2009), as well as manual curation. In addition,
strain DCMF 16S rRNA gene sequences were mapped to taxa using the SILVA

Alignment, Classification and Tree Service (Pruesse et al., 2012) with default values.

2.2.8 Strain DCMF genomic analysis

CheckM (Parks et al, 2015) was used to assess the completeness and contamination
in the strain DCMF genome. Whole genome taxonomic analysis was carried out with
the GTDB-Tk (Genome Taxonomy Database toolkit) (Chaumeil et al., 2019). SPADE
(Mori et al,, 2019) was used to analyse repeat regions in the genome, using default

parameters.

The 81 full-length predicted trimethylamine methyltransferase protein sequences
were aligned with MAFFT v7.310 (Katoh et al, 2002) and a Maximum-Likelihood
tree (1000 bootstraps) inferred by [QTree v1.6.1 using ModelFinder (Nguyen et al.,
2015; Kalyaanamoorthy et al, 2017). Global pairwise percentage identities were
calculated using GABLAM v2.28.2 (Davey et al, 2006) from an all-by-all BLAST
2.5.0+ blastp search (Camacho et al., 2009).

Putative selenocysteine-containing proteins were verified via multiple lines of
evidence. The presence of a selenocysteine insertion sequence (SECIS) was
confirmed in either the IMG annotation or via bSECISearch (Zhang and Gladyshev,
2005). Glycine/betaine/sarcosine reductase genes were checked for the presence of
the conserved cysteine(s) present either before (CxxU in GrdA) (Kreimer and
Andreesen, 1995) or after (UxxCxxC in GrdBFH) the selenocysteine residue (Wagner
etal, 1999).

In order to determine the substrate specificity of predicted
glycine/betaine/sarcosine reductases, the amino acid sequences encoding the two
subunits of B component (GrdB/F/H and GrdE/G/I) were aligned with those from B
components of known substrate specificity from Clostridium sticklandii,
Peptoclostridium acidaminophilum, Peptoclostridium litorale, and Sporomusa ovata
An4 with MUSCLE in UGENE v1.32 (Okonechnikov et al, 2012). An unrooted
Maximum Likelihood tree (1000 bootstraps) was inferred by IQ-Tree v1.6.1 using
ModelFinder (Nguyen et al, 2015; Kalyaanamoorthy et al, 2017) and visualized in
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iTOL v4.4.2 (Letunic and Bork, 2019), with the clustering of the proteins used to

infer the substrate specificity of those from strain DCMF.

2.2.9 Genomic comparison of anaerobic dichloromethane-

degrading bacteria

The genomes of strain DCMF (IMG 2718217647), strain DMC (GenBank
CP022121.1) and strain RM (GenBank LNDB00000000.1) were uploaded to the
MicroScope platform (Médigue et al, 2019) for independent annotation for the
purpose of comparative genomic analysis. The following analyses were all
performed automatically by the platform. Protein localisation was predicted with
PSORTb v3.0.2 (Yu et al, 2010). Genome completeness and contamination were
assessed with CheckM (Parks et al., 2015). Putative CRISPR (clustered regularly
interspaced short palindromic repeats) arrays were identified with
CRISPRCasFinder (Couvin et al, 2018) and Cas (CRISPR-associated) genes were
identified with MacSyFinder (Abby et al., 2014).

Genome-wide synteny statistics were calculated with the MicroScope ‘PkGDB
Synteny Statistics’ tool. Orthologous genes were defined by MicroScope as those
gene couples satisfying either: bi-directional best hit (BBH) status, or a blastp
alignment threshold of minimum 35% sequence identity along 80% of the length of
the smaller protein. Clusters of adjacent orthologous genes were defined as syntons,
and all possible chromosomal rearrangements (e.g. inversions, indels) were
permitted within a synton. The gap parameter (i.e. the maximum number of

consecutive genes not involved in a synton) was set to five genes.

Functional classification of genes was implemented by eggNOG-mapper v1.0.3
(Huerta-Cepas et al., 2017) using the eggNOG database v4.5.1 (Huerta-Cepas et al,,
2016). In order to normalise results to the differing genome sizes, each class was
reported as a percentage of the individual organism’s total genome. The average
genome percentage of each eggNOG class was also calculated (n = 3), and values
more than one standard deviation from the class mean were assigned as

significantly different.

The core and pan genomes were analysed using the ‘Pan/Core-Genome’ tool, based
on MICFAMS (MicroScope gene families) computed with an algorithm implemented
in SiLiX software (Miele et al, 2011). This clusters homologous genes utilising the
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“The friends of my friends are my friends” principle - if two homologous genes are
clustered and one of them is already clustered with another gene, then all three will
be clustered into the same MICFAM. A MICFAM is considered part of the core

genome if it contains as least one gene from every compared genome.

Genes of interest from each genome were listed by keyword searching for
“methyltransferase” or “transposase”, respectively, in any of the fields: Gene
annotations, COG, EGGNOG, FigFam results, TIGRFams, or InterPro. Results were
manually curated; for methyltransferases, only those putatively involved in
methylamine or unknown substrate metabolism were included in the final list (e.g.

RNA and DNA methyltransferases were excluded).

For analyses outside of the MicroScope platform, the GenoScope annotation of each
genome was still used for consistency. The average nucleotide identity (ANI) tool
from the Kostas lab (Rodriguez-R and Konstantinidis, 2014) was used to calculate
ANI  values between strain DCMF and strain DMC. CompareM
(https://github.com/dparks1134/CompareM) was used to calculate the two-way
average amino acid identity (AAI) between the anaerobic DCM degraders and other
related bacteria in the family Peptococcaceae. PHASTER (Arndt et al, 2016) and
Prophage Hunter (Song et al,, 2019) were used to identify putative prophage regions
in the genomes. Genomic islands were predicted by IslandViewer 4 (Bertelli et al,

2017).
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2.3 Results

2.3.1 Genome assembly and annotation

Attempts were initially made to sequence the dominant, DCM-degrading organism
using Illumina short read technology, which yielded 5,040,903 filtered read pairs
for a total of 1,827,383,271 bp. However, the presence of the additional organisms
in the DFE culture and lack of a reference genome hindered this approach. A PacBio
long read strategy was subsequently used to assemble a full-length gap-free circular
genome for strain DCMF. Trimmed and filtered [llumina reads (average 242x
coverage) were used for final, minor error correction. The final genome assembly
had an average of 132x PacBio coverage (min >50x) and no regions of unusual read
depth (Figure S1 A). The genome was circularised at overlapping ends and every
base was covered by long reads spanning at least 5 kb 5" and 3’ (Figure S1 B). In
addition to these assessments, CheckM evaluated the genome as 98.98% complete

with a contamination rate of 2.73%.

The strain DCMF genome is 6,441,270 bp long and has a G+C content of 46.44%
(IMG/]JGI genome ID 2718217647; GenBank accession CP017634.1). IMG
annotation initially revealed 5,801 predicted protein-coding genes. Manual curation
of the 29 pairs of genes fragmented by the presence of the amino acids pyrrolysine
and selenocysteine (encoded by in-frame UAG and UGA stop codons, respectively;

Table S2) brought this total down to 5,772 protein coding genes.

2.3.2 16S rRNA gene and whole genome phylogeny

The strain DCMF genome contains four full-length 16S rRNA genes (IMG locus tags
Ga0180325_11664, 11677, 113771, 114507), which share 99.87% identity when
aligned. Based on the consensus 16S rRNA gene sequence, the closest relative to
strain DCMF was Dehalobacterium formicoaceticum strain DMC (93.62% identity),
suggesting that strain DCMF may be the first cultured representative of a novel
genus. This was closely followed by Dehalobacter restrictus strain PER-K23 (88.89%
identity), Desulfosporosinus acidiphilus strain SJ4 (88.81% identity) and ‘Ca.
Dichloromethanomonas elyunquensis’ strain RM (88.36%; Figure 2.2). The lowest
taxonomic rank of SILVA classification was the family Peptococcaceae. Strain DCMF

shared an even higher (94.58%) percentage nucleotide sequence identity with a
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recently discovered anaerobic, glycine betaine-degrading organism, ‘Candidatus
Betaina sedimentti’ (Jones et al, 2019). However, as the only 16S rRNA gene
sequence available for this organism was a 240-bp fragment from [llumina amplicon
sequencing (accession number MK313791), rather than a full-length gene, this
organism was not included in the 16S rRNA phylogenetic tree (Figure 2.2).

Desulfosporosinus orientis DSM 765 (NR_074131.1)
83 Desulfosporosinus lacus STP12 (NR_042202.1)

Desulfosporosinus acidiphilus SJ4 (NR_116868.1)

Desulfitobacterium hafniense DCB-2 (NR_074996.1)
100 100 Desulfitobacterium dehalogenans ATCC 51507 (NR_074128.1)
=51 E Dehalobacter restrictus PER-K23 (NR_121722.1)
100 Dehalobacter sp. UNSWDHB (KUB95747.1)
100 'Candidatus Dichloromethanomonas elyunquensis' RM (KU341776.1)
5L Syntrophobotulus glycolicus DSM 8271 (NR_074993.1)

— Dehalobacterium formicoaceticum DMC (NZ_CP022121.1 1119300-1121479)

91

100 DCMF
Desulfitispora alkaliphila AHT17 (NR_116807.1)
94 ’ Desulfitibacter alkalitolerans sk.kt5 (NR_042962.1)

Desulfotomaculum gibsoniae DSM 7213 (NC_021184.1 1268172-1269704)
Desulfofarcimen acetoxidans DSM 771 (NR_102777.1)
Desulfotomaculum nigrificans CO-1-SRB (NC_015565.1 437107-438646)
Pelotomaculum thermopropionicum S| (AP009389.1 1049070-1050595)

Thermincola sp. JR (GUB15244 1)

0.0t Moorella perchloratireducens An10 (NR_125518.1)

69

47
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Figure 2.2 16S rRNA gene phylogenetic tree of strain DCMF with closely related bacteria
(94-87% identity). The three known DCM-fermenting bacteria are underlined. GenBank
accession numbers are provided in parentheses. Numbers indicate percentage of branch
support from 1000 bootstraps. The scale bar indicates an evolutionary distance of 0.01 amino
acid substitutions per site. Sequences were aligned in MAFFT program v.7 and a neighbour-
joining tree (1000 bootstraps) resampling a 200PAM/k =2 scoring matrix was inferred using

Archaeopteryx, with manual curation.

Whole genome taxonomic analysis of strain DCMF with the GTDB-Tk also identified
its closest relative as strain DMC. However, it placed the organism within the novel
family taxon Dehalobacteriaceae (order Dehalobacteriales, class Dehalobacteriia,
phylum Firmicutes). This is a result of the GTDB re-classifying a wide range of
bacterial taxa based on its analysis pipeline, including splitting the traditional class
of Clostridia (which includes the family Peptococcaceae) into a variety of more
specific, monophyletic classes (Parks et al, 2018). In essence, the GTDB-Tk result

confirms the taxonomic placement indicated by 16S rRNA gene analysis, but with
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taxonomic names specific to its platform. A comparison of NCBI and GTDB taxonomy
for the family Peptococcaceae can be found at:

https://gtdb.ecogenomic.org/searches?q=%25peptococcaceae%25&s=al.

2.3.3 Genomic features of strain DCMF

Several pertinent metabolic pathways were identified in the strain DCMF genome,
including a full set of genes for the Wood-Ljungdahl pathway (Dataset S1). No
reductive dehalogenases were identified in the genome by any of the three
independent annotation pipelines. The genome also contains an abundance of
methylamine methyltransferase genes (96 in total), including 82 copies of
methyltransferases in the MttB superfamily (Dataset S1). The MttB superfamily
(InterPro entry IPR038601) contains trimethylamine and quaternary amine
methyltransferases, as well as many of uncharacterised substrate specificity. There
is a high diversity amongst the predicted MttB superfamily proteins, with an average
amino acid sequence identity of only 30.3%. A number of genes annotated as di- and

monomethylamine methyltransferases are also encoded in the genome.

The diversity of MttB superfamily protein sequences and scarcity of characterised
representatives makes it difficult to predict the substrate range of all putative MttB
superfamily proteins encoded in the strain DCMF genome. However, the top five
highest percentage identity homologs to glycine betaine methyltransferase (MtgB)
genes from Acetobacterium woodii, Desulfitobacterium hafniense Y51, Sporomusa
ovata An4 and S. ovata H1 and the proline betaine methyltransferase (MtpB) from
Eubacterium limosum ATCC 8486 formed a distinct clade in the phylogenetic tree
(Figure 2.3).

Associated with the presence of these methyltransferase genes are all five genes
necessary to synthesise and utilise pyrrolysine (Dataset S1), a non-canonical amino
acid residue present in 23 of the 96 total methylamine methyltransferases in the
genome. In a maximum likelihood phylogenetic tree constructed from the 81 full-
length predicted MttB superfamily proteins (one truncated copy was omitted), the
pyrrolysine-containing copies tend to cluster together at the bottom of the tree
(Figure 2.3). The pyrrolysine gene cluster in strain DCMF includes the dedicated
tRNA (pyIT), tRNA synthetase (pylSc and pylSn), and associated biosynthetic
enzymes (pylBCD).
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mttB DCMF Ga0180325 114148 trimethylamine---corrinoid protein Co-methyltransferase

W DCMF Ga0180325 115429 tril inoid protein C
mttB DCMF Ga0180325 113830 tr d protein C

mttB DCMF Ga0180325 113424 trimethylamine---corrinoid protein Co-methyltransferase

mttB DCMF Ga0180325 114069 tri inoid protein Ct
mttB DCMF Ga0180325 114890 trimethylamine---corrinoid protein Co-methyltransferase
mttB DCMF Ga0180325 114963 tril i inoid protein C
mttB DCMF Ga0180325 115469 tri i inoid protein Ct
mttB DCMF Ga0180325 115415 tri i inoid protein C
i id protein C

[mtt8 DCMF Ga0180325 115483 trimethylamine-corrinoid

mttB DCMF Ga0180325 111273 trimethylamine---corrinoid protein Co-methyltransferase
WMF Ga0180325 114318 trimethylamine---corrinoid protein Co-methyltransferase
mttB DCMF Ga0180325 113659 tri i inoid protein C
mttB DCMF Ga0180325 112971 trimethylamine---corrinoid protein Co-methyltransferase
mttB DCMF Ga0180325 113661 tril i inoid protein C:
mttB DCMF Ga0180325 115637 trimethylamine---corrinoid protein Co-methyltransferase
mttB DCMF Ga0180325 113763 trimethylamine---corrinoid protein Co-methyltransferase
mttB DCMF Ga0180325 114735 inoid protein C
mttB DCMF Ga0180325 111154 trimethylamine---corrinoid protein Co-methyltransferase
mttB DCMF Ga0180325 114458 trimethylamine---corrinoid protein Co-methyltransferase
mttB DCMF Ga0180325 115518 tril i rinoid protein C
mttB DCMF Ga0180325 114737 tril i rinoid protein C
mttB DCMF Ga0180325 114459 tril i rinoid protein Ci
mttB DCMF Ga0180325 111152 tril y inoid protein Ci
mttB DCMF Ga0180325 114448 trimethylamine---corrinoid protein Co-methyltransferase
mttB DCMF Ga0180325 11437 tril y i rinoid protein Ci

mttB DCMF Ga0180325 115426 tril inoid protein C
mttB DCMF Ga0180325 115467 trimethylamine---corrinoid protein Co-methyltransferase

mttB DCMF Ga0180325 113762 trimethylamine---corrinoid protein Co-methyltransferase
mttB DCMF Ga0180325 114474 tri i inoid protein C
mttB DCMF Ga0180325 114152 tri i inoid protein C
mttB DCMF Ga0180325 114153 tri i inoid protein C
mttB DCMF Ga0180325 113827 tr rinoid protein Ci
mttB DCMF Ga0180325 115430 i id protein Ci
mttB DCMF Ga0180325 1145 tril i inoid protein C
mttB DCMF Ga0180325 115653 trimethylamine---corrinoid protein Co-methyltransferase
mttB DCMF Ga0180325 114447 tril i inoid protein Ci
mttB DCMF Ga0180325 115414 trimethylamine---corrinoid protein Co-methyltransferase
mttB DCMF Ga0180325 115413 tri inoid protein C
mttB DCMF Ga0180325 115897 tri i inoid protein C
mttB DCMF Ga0180325 115638 trimethylamine---corrinoid protein Co-methyltransferase
mttB DCMF Ga0180325 113623 tr rinoid protein C
mttB DCMF Ga0180325 113619 tri i rinoid protein Ci

mttB DCMF Ga0180325 113625 trimethylamine---corrinoid protein Co-methyltransferase

mttB DCMF Ga0180325 115494 trimethylamine---corrinoid protein Co-methyltransferase

mttB DCMF Ga0180325 111932 tr i rinoid protein C
mttB DCMF Ga0180325 114648 trimethylamine---corrinoid protein Co-methyltransferase

mttB DCMF Ga0180325 115353 trimethylamine---corrinoid protein Co-methyltransferase
- mttB DCMF Ga0180325 111796 Tr y inoid
mttB DCMF Ga0180325 112449 Tri finoid
[ mttB DCMF Ga0180325 115807 tri id protein C
oo L mitB DCMF Ga0180325 113359 trimethylamine---corrinoid protein Co-methyltransferase
mitB DCMF Ga0180325 115531 tri inoid protein C
Kl mttB DCMF Ga0180325 112722 Tri i rinoid
572 mttB DCMF Ga0180325 112298 Tril y rinoid

mttB DCMF Ga0180325 111747 Tril i rinoid
mttB DCMF Ga0180325 115206 tril il inoid protein Ct
mttB DCMF Ga0180325 115779 trimethylamine---corrinoid protein Co-methyltransferase
mttB DCMF Ga0180325 111611 trimethylamine---corrinoid protein Co-methyltransferase

mttB DCMF Ga0180325 115204p05 trif i inoid protein C
mttB DCMF Ga0180325 111620p21 tri i inoid protein C
mttB DCMF Ga0180325 115329p30 tril i inoid protein C

mttB DCMF Ga0180325 115328 tr inoid

mttB DCMF Ga0180325 114324p25 trimethylamine---corrinoid protein Co-methyltransferase

mttB DCMF Ga0180325 111278p79 tri i inoid protein Ci

mttB DCMF Ga0180325 111622p23 tri i inoid protein Ci

mttB DCMF Ga0180325 114888p89 tril i inoid protein C

mttB DCMF Ga0180325 114725 trimethylamine---corrinoid protein Co-methyltransferase
mttB DCMF Ga0180325 115773p74 tril i inoid protein C

mttB DCMF Ga0180325 111485p86 trimethylamine---corrinoid protein Co-methyltransferase
mttB DCMF Ga0180325 114961p62 tr i rinoid protein C

mttB DCMF Ga0180325 115804p05 tri inoid protein C

mttB DCMF Ga0180325 113361p62 trif i rinoid protein C

mttB DCMF Ga0180325 114729p30 tr rinoid protein C

Figure 2.3 Phylogenetic tree of all predicted MttB superfamily methyltransferases in
strain DCMF. Amino acid sequences were aligned with MAFFT and a Maximum Likelihood tree
computed in IQ-Tree. The top five highest percentage amino acid identity homologs to known
glycine betaine methyltransferase (MtgB) proteins from Acetobacterium woodii,
Desulfitobacterium hafniense Y51, Sporomusa ovata An4 and S. ovata H1 are highlighted in green,

and those to the proline betaine methyltransferase (MtpB) from Eubacterium limosum ATCC
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8486 in blue. The 23 pyrrolysine-containing MttB proteins are highlighted in yellow and cluster
together at the bottom of the tree.

The presence of all genes required for de novo corrinoid biosynthesis (Dataset S1)
is pertinent both to certain Wood-Ljungdahl pathway proteins and the MttB
superfamily methyltransferases, which require a corrinoid cofactor to function
(Burke and Krzycki, 1997; Ferguson et al, 2000). However the genes for methionine
synthesis (metH and metE), required to form S-adenosylmethionine, which is in turn
used as a methyl donor during corrin ring formation (Deeg et al., 1977), were not
identified in the genome. Strain DCMF may be using a novel route for de novo

biosynthesis of this amino acid.

Additionally, five clusters of glycine/sarcosine/betaine reductase complex genes
were found (Dataset S1). Four of these clusters include the thioredoxin reductase
(trxB) and thioredoxin I (trxA) necessary for electron transfer to the substrate
reductase, and the genome also encodes transporter genes necessary to import
these compounds into the cell (Dataset S1). Components A (grdA) and B
(grdBE/FG/HI) of the glycine/sarcosine/betaine reductase complex contain an
integral selenocysteine residue, as does the formate dehydrogenase
(Ga0180325_.112876, 112877, 112878s80) encoded in the strain DCMF genome.
Accordingly, the genome harbours the full complement of genes necessary for
biosynthesis and incorporation of the unusual amino acid selenocysteine (selABD,
serS; Dataset S1). All predicted selenocysteine-containing proteins also contain the
SECIS downstream of the UGA stop codon, necessary for translating it as a

selenocysteine residue instead.

2.3.4 Genomic comparison of anaerobic DCM-degrading bacteria
A genomic comparison was carried out between the three anaerobic DCM-
degrading bacteria for which genome sequences are available: strain DCMF, D.
formicoaceticum strain DMC and ‘Ca. Dichloromethanomonas elyunquensis’ strain
RM. Strain DCMF has the largest genome of the three, at 6.44 Mb, followed by strain
DMC at 3.77 Mb and then strain RM at only 2.08 Mb (Table 2.1). Strain DMC (43.5%)
and strain RM (43.2%) share a similar G+C content, while strain DCMF is slightly
higher (46.4%; Table 2.1).
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Table 2.1 Genome characteristics for the three anaerobic DCM-degrading bacteria.

Strain DCMF Strain DMC Strain RM
GenBank Accession CP017634.1 CP022121.1 LNDB00000000.1
IMG Taxon ID 2718217647 2811995020 nd?
Genome size (bp) 6,441,270 3,766,545 2,076,422
G+C content (%) 46.4 43.2 43.5
Contigs 1 1 53
Total genes 5,885 nd 2,395
Protein coding genes 5,772 3,935 2,323
Total rRNA genes 12 17 1
16S rRNA genes 4 5 1
Total tRNA genes 59 55 45
Completeness (% )" 98.98 95.63 92.47
Contamination (%)’ 2.73 2.55 4.44
Reference This study and (Chenetal, (Kleindienst et
(Holland et al, 2017b) al, 2016)
2019)

anot described
bAs determined by CheckM.

Strain DCMF had 77.19% average nucleotide identity (ANI) to its closest relative,
strain DMC. Given that ANI offers robust resolution primarily above 80% values
(Rodriguez-R and Konstantinidis, 2014), average amino acid (AAI) analysis was
instead carried out to evaluate genomic distance between the anaerobic DCM
degraders and other members of the family Peptococcaceae (Table 2.2). Strain DCMF
and strain DMC were confirmed as each other’s closest relative (two-way AAI value
66.54%). However contrary to the 16S rRNA gene phylogenetic analysis, AAI placed
strain RM further away from both strain DCMF (53.10%) and strain DMC (53.09%)).
Instead, Thermincola potens |R was the next closest relative to strain DCMF (55.21%
AAI), while the taxon with the highest AAI to strain RM was Dehalobacter sp. CF
(70.04%; Table 2.2), which was expected based on the analysis reported by
Kleindienst et al (2017).
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Table 2.2 Average amino acid (AAI) identity table of strain DCMF, strain DMC, strain RM

and other related bacteria from the Peptococcaceae family. Bacteria are listed in order of

highest to lowest AAI to strain DCMF and only the species with the highest AAI value was taken

from each genus. Cells are colour coded from lowest (red) to highest (green) AAIL

Strain DCMF

Dehalobacterium
formicoaceticum DMC

Thermincola potens JR

Desulfosporosinus orientis

DSM 765

1%]
< %) 2
S < 2
< = 3
g = &
> 7] S S
< 15 ~
g S £
g S S
= =2 = 2
S IS S 5
¥ 59_ IS =
.| 358 |2
s s2 |8~ |8
35| £E8| 88| &
=P 8 s = SN
S S £ S s S B
o | T2 | 80| 8o
QO | AS | QA | QA

Dehalobacter sp. CF

RM

Desulfitibacterium
metallireducens DSM 15288

Dichloromethanomonas

Candidatus
elvunquensis’

Syntrophobotulus glycolicus

DSM 8271

Strain DCMF

Dehalobacterium
formicoaceticum DMC

Thermincola potens JR

Desulfosporosinus
orientis DSM 765

Desulfotomaculm
nigrificans CO-1-SRB

Pelotomaculum
thermopropionicum SI

Desulfofarcimen
acetoxidans DSM 771

Desulfitobacterium
hafniense DCB-2

Dehalobacter sp. CF

‘Candidatus
Dichloromethanomonas
elyunquensis’ RM

Desulfitibacterium

metallireducens DSM 53.17 | 52.85 | 52.64
15288
Syntrophpbotulus
glycolicus DSM 8271 52.50 | 53.68 | 52.52 | 57.85 | 52.07 52.09 | 58.28 | 62.79

63.77 | 58.10

The overall synteny of genes in each genomes was also compared. Strain DCMF and

strain DMC share 614 syntons (clusters of adjacent or near-adjacent genes, as

defined in Section 2.2.9) with each other, over double what each organism shares

with strain RM (292 and 261 syntons for strain DCMF and strain DMC, respectively;

Figure 2.4). However, when considered as a proportion of genome size, strain RM

contains a higher proportion of genes in synteny with the other two organisms

(39.32% and 43.64%), than they do with it (17.11 and 24.56%). This suggests that

strain RM has a more streamlined genome optimised for DCM dechlorination only,

while strains DCMF and DMC encode additional metabolic pathways to this.
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39.32% (865)

261 syntons (1 —45, 3.9)

\, |

24.57% (983)

Figure 2.4 Synteny analysis comparing the strain DCMF, strain DMC, and strain RM
genomes. Between each pair of arrows is written the number of syntons (minimum - maximum
genes per synton, average number of genes per synton). Each directional arrow is also labelled
with the percentage of CDS (absolute number of CDS) in the genome that are in syntons with the

organism that the arrow is pointing to.

The eggNOG functional annotation of each genome was compared to analyse
whether any particular groups of genes were responsible for the variation in
genome size between the three organisms. Strain DCMF had a significantly higher
proportion of genes from orthologous groups involved in metabolism, including
those in the classes for energy production and conversion; amino acid transport and
metabolism; coenzyme transport and metabolism; inorganic ion transport and
metabolism; and secondary metabolite biosynthesis, transport and catabolism.
Strain RM, on the other hand, had a higher abundance of orthologous groups for
cellular processes and signalling, being over-represented in the classes of cell
wall/membrane/envelope biogenesis; cell motility; posttranslational modification,
protein turnover, chaperones; signal transduction mechanisms; and intracellular
trafficking, secretion, and vesicular transport (Figure 2.5). Each of the three
organisms had a similar proportion of genes that were either classified into
orthologous groups of unknown function (23 - 26%), or unclassified by eggNOG (14
- 18%).
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Figure 2.5 Abundance of genes classified into each eggNOG group, as a percentage of each
organism’s genome. Genes were classified with eggNOG v4.5.1 and eggNOG-mapper v1.0.3 and
are reported as the percentage of each organism’s total gene count in order to normalise
between the differently sized genomes. Values >1 SD (*) or <1 SD (*) from the group mean (n =

3) are marked.

2.3.5 The core and pan genome of anaerobic dichloromethane-

degrading bacteria

The core and pan genome of the three DCM-dechlorinating bacteria was analysed
based on MicroScope gene families (MICFAMs, explained in Section 2.2.9). As the
anaerobic DCM-degrading bacteria likely represent three different genera, the
analysis was run with permissive alignment parameters of minimum 50% amino
acid identity and 80% amino acid alignment coverage. This resulted in a core
genome of 611 MICFAM (containing 2,491 genes) (Figure 2.6), as opposed to only
47 MICFAM (containing 146 genes) when the amino acid identity threshold was
80% (data not shown).
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Glycine/betaine/sarcosine reductases
MttB superfamily methyltransferases
Cobalamin biosynthesis

Pyrrolysine biosynthesis
Selenocysteine biosynthesis
Ethanolamine BMC

S-layer genes
CRISPR-Cas clusters

Strain DMC
1827

Wood-Ljungdahl pathway
F,Fo-type ATP synthase
Sporulation genes

Strain DCMF
3509

Reductive dehalogenases

Strain RM
1204

Gas vesicle genes
Propanediol BMC

Rnf complex
Flagellum genes
Chemotaxis-associated genes

Figure 2.6 Proportional Venn diagram of the core, variable and pan genome of strain
DCMF, strain DMC, and strain RM. Values are the number of MICFAM (MicroScope gene
families) in each segment. Annotated unique and common genes/pathways of interest in the
genomes are also shown, based on manual curation and data from Chen et al (2017b) and

Kleindienst et al (2016, 2017, 2019).

In addition to the MICFAM analysis, pathways and gene clusters of interest (e.g.
those hypothesised to be involved in DCM transformation or metabolism of other
substrates) in the three genomes were manually inspected and curated to reveal
those in common between the anaerobic DCM-degraders. There are a number of key
features shared between all three species, including genes for the Wood-Ljungdahl
pathway, an F1Fo-type ATP synthase, and sporulation (Figure 2.6; Dataset S1). Strain
DCMF and strain DMC again have more in common with each other than with the
more distantly related strain RM. The former two organisms have the potential for
metabolism of substrates other than DCM, as they encode genes for MttB family
methyltransferases (involved in methylated amine, glycine betaine, and proline

betaine metabolism), glycine/betaine/sarcosine reductases, and an ethanolamine-
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utilising (EUT) bacterial microcompartment (BMC) (Dataset S1). The strain DCMF

genome also encodes a propanediol-utilising (PDU) BMC (Figure 2.6; Dataset S1).

There is evidence for motility in strain DCMF and strain RM (genes for a flagellar
and chemotaxis), and for an S-layer enveloping strain DCMF and strain DMC. Strain

DCMF also contains genes for gas vesicle formation (Figure 2.6; Dataset S1).

2.3.6 Evidence of mobile genetic elements amongst the anaerobic

dichloromethane-degrading bacteria
Strain DCMF was the only organism that definitively contained prophage in its
genome, as predicted by both PHASTER and Prophage Hunter. Twenty-six of the
putative proteins in this region (spanning nucleotides 957,144 - 1,004,373) had hits
against the virus and prophage database, according to PHASTER, with a further 20
proteins identified only as hypothetical (Table 2.3). All other results for strain
DCMF, strain DMC and strain RM were conflicting between PHASTER and Prophage
Hunter, making it difficult to conclusively state the presence or absence of prophage
in the genomes. Both genomes contain a number of ambiguous or incomplete
prophage regions (Figure 2.7). In addition to this, three active prophage were
predicted with relatively high scores by Prophage Hunter in the strain DMC genome,
despite not being identified at all by PHASTER (Table 2.3). The putative prophage in
both strain DCMF and strain DMC genomes may represent novel viral taxa, as they
shared remarkably low identity (<1% query coverage in the majority of cases) with
other bacteriophage, based on the blastn search results offered by the two
programs. Thus, “closest hit” data is not reported, as it is likely irrelevant. Prophage

induction in strain DCMF was not attempted.
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Table 2.3 Summary of prophage identified in the strain DCMF, strain DMC and strain RM
genomes by two bioinformatics methods. Columns on the left show results from PHASTER
(Arndt et al, 2016) and those on the right from Prophage Hunter (Song et al, 2019). Only
prophage regions reported as intact (PHASTER classification) or active (Prophage Hunter

classification) are shown.

PHASTER Prophage Hunter
Region Proteins? ScoreP | Region Proteins¢ Scored
Strain 957144 - 49 (26) 130 957144 - 70 0.85
DCMF 1004357 1004373
Strain - - - 460639 - 13 0.87
DMC 473846
589065 - 28 0.90
618657
185348 - 53 0.91
1925422
Strain - - - - - -
RM

a Number of PHASTER-predicted proteins in the region (number of these with hits in the virus and
phage database).

b PHASTER scores putative prophage regions as incomplete (<70), questionable (70 - 90), or intact
(>90). See http://phaster.ca for details on scoring criteria.

¢ Number of Prophage Hunter-predicted proteins in the region

d Prophage Hunter scores putative prophage regions as ambiguous (0.5 - 0.8) or active (0.8 - 1.0).

There was similar diversity amongst the CRISPR-Cas loci in the three bacteria. The
strain DCMF genome contains a single Type [-B system with 117 repeats. Strain DMC
is more unusual, containing four CRISPR-Cas loci: a Type I-B system (59 CRISPR
repeats, followed by a further 73 identical repeats), a Type II-A system (33 repeats),
Type III-D (95 repeats) and a Type III-B system (54 repeats). In stark contrast to
this, the strain RM does not contain any CRISPR-Cas loci (Figure 2.7).

In keeping with the elevated number of CRISPR-Cas loci in strain DMC, it also
contained the highest proportion (3.2% of CDS in the genome; 122 genes) of
predicted transposases. Notably, a number of these surround the Type II-A CRISPR-
Cas loci described above (Figure 2.7). Strain DCMF contained the second highest
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proportion of predicted transposases in its genome (1.2%, 77 genes), followed by

strain RM (1.0%, 22 genes).

Both the strain DCMF and strain DMC genomes contained numerous (16 - 20)
genomic islands (GIs), while strain RM contained less (Figure 2.7). IslandViewer4
initially predicted eight GIs in the latter’s genome, however after discounting those
that passed across contig boundaries, only four were considered for the analysis
(Table 2.4). Although a predicted GI spanning many of the smaller contigs towards
the end of the strain RM genome was discounted, the shortest 27 contigs (which
represent only 2% of the total genome) did encode eight of the predicted 22
transposons. Indeed, the GIs in all three organisms tended to be associated with
transposases and putative prophage regions, confirming the GI prediction from

IslandViewer4 (Figure 2.7).

Table 2.4 Genomic islands (GIs) present in the strain DCMF, strain DMC, and strain RM

genomes. Genomic islands were predicted by IslandViewer4.

Min. Max. Min. Max.
# length length Total CDS CDSin CDS in
Organism | GIs (bp) (bp) in GIs GI GI
Strain DCMF | 20 5,923 72,170 528 7 72
Strain DMC 16 4,225 90,984 533 7 94
Strain RM 4 9,488 34,163 81 15 32
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Figure 2.7 The genomes of (A) strain DCMF, (B) Dehalobacterium formicoaceticum strain
DMC, and (C) ‘Candidatus Dichloromethanomonas elyunquensis’ strain RM annotated
with genes for putative metabolic pathways and elements associated with horizontal
gene transfer. From inside to outside, rings are as follows: 1. Length scale; 2. GC content; 3. GC
skew; 4. Forward strand; 5. Reverse strand; 6. Transposases (red); 7. CRISPR-Cas loci (Cas genes
in navy, CRISPR repeats in blue); 8. Prophage regions (intact in purple, ambiguous in maroon);
9. Genomic islands (olive). Genes on the forward and reverse strands (rings 4 and 5) are mostly
in black, with the following groups of interest highlighted: rRNA (yellow), tRNA (orange), Wood-
Ljungdahl = pathway genes (light green), methyltransferases (light blue),
glycine/betaine/sarcosine reductase clusters (pink), and ethanolamine- and propanediol-
utilising bacterial microcompartment genes (dark green). Contig boundaries are shown as grey

lines (strain RM only).
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2.4 Discussion

2.4.1 Optimisation for a high-quality genome assembly from a
mixed culture

Early enrichments of the DFE culture, reported in Holland et al (2019), were
analysed via denaturing gradient gel electrophoresis and showed a dominant band
corresponding to strain DCMF. Based on the 16S rRNA gene sequence retrieved
from this analysis, strain DCMF appeared to be an organism with comparatively few
cultured relatives. Thus, whole genome sequencing was carried out in order to learn
more about its role and function in the DFE community. The other organisms in the
enrichment culture and lack of a reference genome hindered attempts to assemble
the novel genome from short read sequences only, making the long-read capability
of PacBio sequencing indispensable for this effort. Although long reads are prone to
a higher proportion of sequencing errors than short reads, a series of checks were
put in place to ensure that a high quality, uncontaminated genome assembly was

obtained.

The use of SMRTSCAPE to predict the optimal HGAP settings allowed rapid
comparison of various assembly parameters. By increasing the minimum correction
coverage from 6x to 10x, the total size of the assembly (including contaminant
organism DNA) decreased from ~16 Mb to ~8.8 Mb, while the size of the strain
DCMF genome remained relatively stable at around 6.4 Mb. Increasing the minimum
correction coverage one step further to 11x resulted in a significant reduction of the
strain DCMF genome to 1.9 Mb, indicating that much of the assembly was likely

being lost to overzealous correction (Table S1).

2.4.2 Phylogeny of the novel dichloromethane-degrading

bacterium
Based on all available analyses, strain DCMF appears to be a novel taxon. The typical
16S rRNA gene identity threshold for bacteria in the same genus is 94.5% (Yarza et
al., 2014). Strain DCMF is on the borderline of this, sharing 94% identity with its
closest relative, strain DMC (Figure 2.2). Furthermore, strain DCMF shares 66.54%
AAI with strain DMC (Table 2.2), which is at the lower end of the 65-72% AAI genus
boundary proposed by Konstantinidis and Tiedje (2007), but within the more recent
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boundary of 55-60% proposed by Rodriguez-R and Konstantinidis (2014). GTDB-
Tk analysis suggested that strain DCMF be placed in the family Dehalobacteriaceae,
again with strain DMC as its closest relative, but did not class it within the same
genus, while the lowest available taxonomic classification the SILVA database
(based on the 16S rRNA gene) was the family Peptococcaceae. As a whole, this
information suggests that strain DCMF does not fall into any pre-existing genus. At
the very least, it certainly represents a novel species, as the genomic data falls below
the threshold values of 98.7% 16S rRNA gene identity, 94% ANI, and 85-90% AAI
(Rodriguez-R and Konstantinidis, 2014) with all closely related bacteria. Therefore,
we propose that strain DCMF represents a novel taxon within family Peptococcaceae
(NCBI taxonomy) or Dehalobacteriaceae (GTDB taxonomy). Taxonomic
classification is revisited in Chapter 3, with phenotypic results considered alongside

the genomic analysis.

2.4.3 An overview of genomes encoding anaerobic
dichloromethane degradation: is size indicative of greater

metabolic potential?
The large size of the strain DCMF genome distinguishes it from the two other
anaerobic DCM-dechlorinating bacteria, strain DMC and strain RM (Table 2.1).
When assembling a genome de novo from a mixed culture, sequences from co-
habiting organisms can be erroneously incorporated into the assembly. This
likelihood was mitigated by our assembly strategy of increasing stringency. The
consistent sequencing coverage across the final genome (Figure S1) strongly
indicates that there was no such mis-assembly. The CheckM contaminant rate of 2%
further confirms that the large strain DCMF genome is not inflated due to
contamination. Analysis of repeated sequence motifs with SPADE showed that they
comprise just 21,395 bp (0.03%) of the total strain DCMF genome, which also rules
this out as a source of the large genome size. The manually curated IMG annotation
predicted 5,772 protein coding genes, giving a gene density of approximately 0.9
genes per kilobase, which is consistent with normal bacterial gene density (Koonin

and Wolf, 2008).

The analysis of the abundance of genes classed into the various eggNOG groups

showed that strain DCMF was primarily enriched for genes involved in metabolism,
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particularly those involved in ‘energy production and conservation’ and ‘amino acid
transport and metabolism’ (Figure 2.5). This could further explain its larger genome
compared to the other two anaerobic DCM-degrading bacteria, particularly as strain
DCMF encodes a large array of MttB superfamily methyltransferases and genes
involved in the metabolism of quaternary amines. Both in terms of synteny (Figure
2.4) and the core/pan genome (Figure 2.6), strain DCMF appears to encompass
many of the genetic elements from the other two bacteria plus additional, unique
traits. The core/pan genome analysis showed that it has the highest proportion of
species-specific genes (62.83%), followed by strain RM (57.35%) and then strain
DMC (51%; Figure 2.6). A similar pattern was seen in the synteny analysis carried
out, where both strain DMC and strain RM contain a far higher proportion of syntons

with strain DCMF, than it does with either organism (Figure 2.4).

2.4.4 Central carbon and energy metabolism

The strain DCMF genome suggests that it dechlorinates DCM via incorporation into
the Wood-Ljungdahl pathway as has been reported for strains DMC and RM (Magli
et al, 1998; Kleindienst et al,, 2019). All genes for this pathway were identified
within the genome, as well as those linking acetyl coenzyme A (CoA) to pyruvate and
central carbon metabolism within the cell (Dataset S1). DCM catabolism via the
Wood-Ljungdahl pathway would likely result in the production of acetate, and
possibly formate, although it is also possible for the pathway to be used in complete
mineralization of DCM into Hz and CO; (Chen et al, 2020). The strain DCMF genome
encodes a cytoplasmic formate dehydrogenase (Ga0180325_112876, 112877,
112878s80) that could theoretically oxidise the formate to CO2, in line with initial
reports that formate did not accumulate during DCM degradation (Wong, 2015).
Maégli et al (1996) found that, despite the presence of formate dehydrogenase
activity in cell extracts, strain DMC could not further metabolise the formate it
produced, and instead accumulated it with acetate in a 2:1 molar ratio. Conversely,
formate doesn’t accumulate in the RM consortium that strain RM is present in and
formate dehydrogenase was identified in the proteome of DCM-fed cultures,
indicating that it likely transforms all formate into CO; (Kleindienst et al, 2017,
2019).
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All three DCM-metabolising bacteria encode an F1Fo-type ATPase in their genome
(Figure 2.6), suggesting that they could employ a chemiosmotic mechanism for
energy conservation alongside substrate-level phosphorylation of DCM (Dataset
S1). Evidence for ATPase activity has been detected in cell-free extracts of strain
DMC and via proteomics in strain RM (Chen et al., 2017b; Kleindienst et al., 2019;
Maégli et al, 1998). Strain DCMF and strain RM may generate a proton- or sodium-
motive force for this ATPase via the Rnf complex, an ion-motive ferredoxin-NAD
oxidoreductase encoded in both genomes (Figure 2.6; Dataset S1). The Rnf complex
is of particular importance given the absence of any recognizable electron-
bifurcating hydrogenases in the genome. Typically, the complex pumps ions out of
the cell, catalyzing electron transfer from reduced ferredoxin to NAD* (Biegel et al,
2009; Biegel and Muller, 2010), while the ATPase uses the flow of ions back into the
cytoplasm to convert ADP to ATP. However, these two transmembrane protein
complexes can also act in reverse in order to balance the pool of reduced electron

carriers within the cell (e.g. Lechtenfeld et al., 2018).

2.4.5 The abundance of methyltransferases in strain DCMF may
indicate a key role in dichloromethane and wider

metabolism

The protein responsible for the dechlorination of DCM remains elusive within
anaerobic DCM-degrading bacteria. However, there is growing evidence that a
novel, corrinoid-dependent methyltransferase is responsible for transforming DCM
into 5,10-methylene-THF, which then enters the Wood-Ljungdahl pathway (Magli et
al, 1998; Chen et al, 2018; Kleindienst et al, 2019). Strain DCMF encodes an
abundance of predicted methyltransferase proteins (96) in its genome, hinting at a
key role in metabolism (Dataset S1). The majority are for a methyltransferase
system comprised of a methyltransferase 1 (MT1), which transfers a methyl group
from the substrate onto a cognate corrinoid protein (CoP), from which the
methyltransferase 2 (MTz) transfers the methyl group to the final receiving

compound.

The majority (82) of the methyltransferases in strain DCMF were members of the
MttB superfamily (i.e., an MT1). This group of proteins is named after its founding

member, a trimethylamine:corrinoid methyltransferase (mttB) discovered in
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methanogenic Archaea and notable for containing the non-canonical amino acid
pyrrolysine (Ferguson and Krzycki, 1997; Paul et al., 2000; Krzycki, 2004). The MttB
superfamily is widespread among Bacteria and Archaea, although most genes do not
encode the pyrrolysine residue (Srinivasan, 2002; Ticak et al, 2014). Some non-
pyrrolysine members of the family have since been demonstrated to act on glycine
betaine (Ticak et al, 2014) and proline betaine (Picking et al, 2019), providing
growing support that the pyrrolysine-free majority of this family catalyse

demethylation of quaternary amines, or perhaps an even wider array of substrates.

The large number (82) of MttB superfamily methyltransferases in the strain DCMF
genome is unusual and implies a certain level of functional redundancy amongst
them. It is more than double the number of MttB family genes in Eubacterium
limosum SA11 (39), which was previously reported to be the highest of any bacterial
genome (Kelly et al,, 2016). There is relatively high sequence diversity between the
MttB family predicted protein sequences in strain DCMF (average pairwise amino
acid sequence identity of 30.3%). This is congruent with their potential ability to
demethylate a wider array of substrates and could also be due to diversification to
accommodate cobalamin cofactors with various upper and lower ligands (Visser et
al, 2016). It has previously been shown that the chloromethane dehalogenase
CmuAB is functionally similar to the methylamine methyltransferase MtaA (Studer
et al., 2001). Moreover, four corrinoid-dependent methyltransferases were highly
expressed in the proteome of DCM-mineralising strain RM (Kleindienst et al., 2019).
The array of MttB superfamily genes in strain DCMF, along with its complete
corrinoid biosynthetic pathway therefore raises the question of whether some of

these proteins may be linked to DCM metabolism.

The high abundance of methyltransferases in the proteome of DCM-grown strain
RM cells suggests that anaerobic DCM transformation may be mechanistically more
similar to the aerobic dechlorination of chloromethane than DCM. Distinct from the
aerobic glutathione S-transferase enzymes involved in aerobic DCM dechlorination,
the chloromethane dehalogenase CmuAB is a two-step methyltransferase system
(Vannelli et al, 1999). CmuA is a bifunctional methyltransferase and corrinoid-
binding protein that transfers the methyl group of chloromethane onto itself, from

which CmuB then transfers it to THF, generating methyl-THF (Vannelli et al., 1999;
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Studer et al, 2001). Given that the four abundant corrinoid-dependent
methyltransferases from ‘Ca. Dichloromethanomonas elyunquensis’ had relatively
high identity homologs in D. formicoaceticum, yet lacked similarity to any previously
characterised methyltransferases (Kleindienst et al, 2019), perhaps a similar
system to the chloromethane methyltransferases functions within anaerobic DCM-

dehalogenating bacteria.

It is worth noting that strain RM is unique among the three anaerobic DCM-
degrading species in encoding reductive dehalogenase genes in its genome (Figure
2.6). A proteomic study showed that two of the three dehalogenases were expressed
by the organism during growth on DCM (Kleindienst et al., 2019). Furthermore, it
was recently reported to completely mineralise DCM to Hz and CO;, rather than
producing acetate and/or formate as an end product (Chen et al, 2020). These
findings, coupled with a recent dual carbon-chlorine isotopic analysis of DCM
dechlorination in strain DMC and strain RM, support distinct DCM dechlorination
mechanisms operating in the DCM-degrading bacteria (Chen et al,, 2018; Kleindienst
et al, 2019). Based on its lack of reductive dehalogenases and greater genomic
similarity to strain DMC than strain RM (Figure 2.4, Figure 2.6), strain DCMF is
predicted to transform DCM via a mechanism more similar to the former than the

latter organism.

2.4.6 Strain DCMF and strain DMC may not be obligate

dichloromethane fermenters
Strains DCMF and DMC both encode MttB superfamily genes (82 and 23,
respectively), as well as other methyltransferases putatively involved in methylated
amine, quaternary amine, DCM, or other unknown substrate metabolism (Dataset
S1). Conversely, strain RM lacks any genes from the MttB superfamily, although four
corrinoid-dependent methyltransferases were among the most abundant proteins
in DCM-grown cells (Kleindienst et al., 2019). Based on the following arguments, we
hypothesise that these genes are involved in the metabolism of methylated amines,

glycine betaine, or sarcosine.

Notably, 23 of the 96 methylamine methyltransferase genes in strain DCMF contain
the pyrrolysine residue, identifiable as an in-frame UAG (amber) stop codon. To

date, only verified trimethylamine methyltransferases have possessed this residue,
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suggesting strain DCMF may be capable of trimethylamine metabolism. The
pyITSBCD gene cluster to synthesise and incorporate pyrrolysine is limited to a small
number of bacterial genera. These include Desulfotomaculum, Desulfitobacterium,
and Thermincola (Gaston et al, 2011) - all members of the Peptococcaceae family
and close relatives of strain DCMF based on 16S rRNA phylogeny and AAI analysis.
Strain DMC also encodes the pyl genes and some methyltransferases with
pyrrolysine residues, but strain RM does not (Figure 2.6). A model for growth on
methylated amines has been shown in Sporomusa sp. strain An4, in which
trimethylamine is demethylated in a stepwise manner to ammonium (Visser et al.,
2016). The methyl groups are transferred on to THF, forming CH3-THF, which is
then funnelled into the Wood-Ljungdahl pathway to produce COz and reducing
equivalents (Visser et al., 2016).

Further, Ticak et al (2014) demonstrated that a non-pyrrolysine MttB homolog in
Desulfitobacterium hafniense Y51 was in fact a glycine betaine methyltransferase,
mtgB. Glycine betaine methyltransferase systems (including the MT1, MT2, and CoP
outlined above) have also been found in S. ovata An4 (Visser et al, 2016), S. ovata
DSM 2662, and Acetobacterium woodii (Lechtenfeld et al., 2018). In S. ovata An4, the
same genes were proposed to further demethylate the resulting dimethylglycine to
sarcosine (Visser et al, 2016). Non-pyrrolysine MttB superfamily members have
also been shown to demethylate proline betaine to N-methyl proline in Eubacterium
limosum ATCC8486 (Picking et al, 2019) Thus, the presence of non-pyrrolysine
MttB superfamily genes in strains DCMF and DMC suggests they may be able to
demethylate one or more quaternary amines. This discovery drove the testing of

glycine betaine as a substrate, reported in Chapter 3.

There is further evidence for the potential metabolism of glycine betaine in the
strain DCMF and strain DMC genomes due to the presence of
glycine/betaine/sarcosine reductase genes (Figure 2.6; Dataset S1). The reductase
complex consists of three components: the selenocysteine-containing component A
(GrdA); a two- or three-subunit substrate-specific component B, one of which
contains a selenocysteine residue (GrdBE for glycine, GrdFG for sarcosine, GrdHI for
betaine); and component C, which is post-translationally combined into a single

protein (GrdCD) (Andreesen, 2004). Reductive cleavage of glycine betaine or

51



sarcosine results in trimethylamine or methylamine, respectively, plus acetyl
phosphate. Some clusters of these genes in the strain DCMF and strain DMC genomes
also harbour the thioredoxin I and thioredoxin reductase necessary for electron
transfer to the glycine betaine/sarcosine reductase, and both organisms contain the
genes for synthesising and incorporating selenocysteine into the selenoproteins

(Figure 2.6; Dataset S1).

Of the five B components in strain DCMF, Ga0180325_114802 (GrdG) and
Ga0180325_114803s (GrdF) are likely specific to sarcosine, as they clustered with
the sarcosine reductase genes from Sporomusa sp. An4, while
Ga0180325_11115251 (Grdl) and Ga0180325_115252s54 (GrdH) clustered with
the glycine betaine reductases (Figure 2.8). One of the remaining B components is
likely a pseudogene (Ga0180325_11855s), as it lacks the required UxxCxxC motif
after the selenocysteine residue to protect against accidental oxidation (Parther,
2003). The substrate-specificity of the remaining two B components
(Ga0180325_114453 and Ga0180325_114454s56; Ga0180325_114684 and
Ga0180325_114685s86) is unclear, as they did not cluster with any of the annotated

reductase genes (Figure 2.8).
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Figure 2.8 Unrooted Maximum Likelihood trees of predicted glycine/betaine/sarcosine
reductase complex B proteins from strain DCMF with those of known function from other
bacteria. The substrate specificity of A. predicted GrdB/F/H (selenocysteine-containing) and B.

GrdE/G/I proteins from strain DCMF (bold text) was inferred via the construction of Maximum

Likelihood trees with proteins of known substrate specificity (GrdBE proteins are specific to

glycine; GrdFG to sarcosine, and GrdHI to glycine betaine). Numbers indicate percentage of
branch support from 1000 bootstraps.
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Finally, the genomes of strain DCMF and strain DMC also appear to contain genes
for the formation of bacterial microcompartments (BMCs; Figure 2.6; Dataset S1).
These are self-assembling proteinaceous structures within the cytoplasm that
contain an enzymatic core, typically functioning to protect the cell from toxic or
volatile intermediates resulting from certain metabolic processes (reviewed in
Kerfeld et al, 2018). Based on the classification scheme proposed by Axen et al
(2014), the ethanolamine BMCs in both strains appear to be EUT2D-type loci, while
the propanediol locus in strain DCMF is subtype PDU1. Although all three BMC gene
clusters appear to be complete, they differ slightly from the typical EUT2D and PDU1
types described previously (Axen et al., 2014). EUT2D-type loci typically encode an
MttB superfamily methyltransferase (Axen et al,, 2014), which is absent from the
gene cluster in strain DMCF and strain DMC, although clearly abundant throughout

the rest of the genomes.

It is worth considering whether BMCs may have some function in DCM
dechlorination instead of, or as well as, in the catabolism of their stated compounds.
BMCs are known to protect the intracellular environment from toxic metabolic
intermediates and could perhaps act similarly for DCM. DCM is a toxic chemical that
may affect cell membrane integrity, as has been reported for a variety of other
lipophilic hydrocarbons (Sikkema et al, 1995). It can also adversely affect various
corrinoid- and porphinoid-dependent enzymes by competitively binding to them
(Yu and Smith, 2000). Given the importance of a corrinoid cofactor to the acetyl-CoA
synthase / corrinoid iron-sulphur protein reaction in the Wood-Ljungdahl pathway,
it may be necessary for the cells to keep cytoplasmic concentrations of DCM
relatively low or risk a similar inhibitory effect. There is also precedent for
cobalamin recycling within BMCs, which would be required by the corrinoid-
dependent methyltransferases implicated in DCM transformation (Magli et al,
1998; Kleindienst et al, 2019). The PDU BMC is able to internally recycle the
adenosylcobalamin cofactor required by its signature enzyme (Johnson et al., 2001;
Bobik, 2007). In summary, the encapsulation of DCM in a BMC until it has been

dechlorinated could ameliorate toxic effects.
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2.4.7 Evidence for mobile genetic elements in dichloromethane-

dechlorinating bacteria
Horizontal gene transfer appears to be important for DCM-degradation in oxic
environments (Vuilleumier et al, 2009; Muller et al, 2011) and is frequently
involved in the spread of reductive dehalogenase genes amongst anerobic
organohalide-respiring bacteria (reviewed in Liang et al., 2012). In accordance with
this, Kleindienst et al (2019) suggested that horizontal gene transfer may have also
been involved in the acquisition of the reductive dehalogenase genes found in the
strain RM genome. The incidence of horizontal gene transfer within the three
anaerobic DCM-degrading bacterial genomes was thus investigated to determine
whether it may have been involved in the spread of any other gene clusters.
However, little association was found between mobile genetic elements
(transposases, prophage regions, genomic islands) and genes for the Wood-
Ljungdahl pathway, methyltransferases, glycine/betaine/sarcosine reductase

complexes, or BMCs (Figure 2.7).

Nonetheless, the analysis revealed that strain DMC has likely been subject to higher
levels of invasion from bacteriophage than the other two anaerobic DCM-degrading
bacteria. As could be expected, there was a loose association between regions
denser with transposons and those predicted to be prophage regions and/or
genomic islands (Figure 2.7). This was particularly pronounced in strain DMC,
which had the highest number of transposases encoded in its genome (112).
Furthermore, strain DMC had a higher number and variety of CRISPR-Cas loci in
strain DMC, compared to the other two species. In fact, the type II-A CRISPR-Cas
locus in strain DMC (3404717 - 3412916 bp) was flanked by transposase genes
(Figure 2.7) suggesting that it may have been entirely acquired via horizontal gene
transfer, as has been observed previously (Godde and Bickerton, 2006; Tyson and
Banfield, 2008; Heidelberg et al., 2009; Horvath et al,, 2009; Portillo and Gonzalez,
2009). Overall, it seems likely that strain DMC has been subject to greater
evolutionary pressure from invading DNA, although we were unable to perceive any

effect of this on the putative metabolic pathways encoded in its genome.
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2.4.8 The evolution and unique environmental niches of

anaerobic dichloromethane-degrading bacteria
The three anaerobic DCM-degrading bacteria were each enriched or isolated from
unique environments: strain DCMF from contaminated groundwater near marine
coastal waters, strain DMC from enrichments originally from an anaerobic fixed-bed
charcoal reactor remediating polluted groundwater (Stromeyer et al, 1991; Magli
et al, 1995, 1996), and strain RM from pristine freshwater river sediment
(Kleindienst et al., 2017). These discrete contexts may help to understand some of

the genetic differences between the organisms.

For example, strain DCMF is unique in harbouring the genes for gas vesicle
production (Figure 2.6; Dataset S1). Gas vesicles occur almost exclusively in aquatic
bacteria, which use them to move through the water column to depths of optimal
light, oxygen or salinity (reviewed in Walsby, 1994). Their putative presence in
strain DCMF suggests that the organism may have primarily evolved in the nearby
marine environment (the sampling site sits adjacent to Botany Bay, Sydney,
Australia). Further evidence for the possible marine evolution of strain DCMF comes
from its putative ability to consume the common osmoprotectant glycine betaine.
Biomass turnover in marine environments could be reasonably expected to provide

a constant source of this compound.

The fact that strain RM is the only one of the three organisms to have been
enriched/isolated from a pristine environment seems at odds with the fact that it
appears to be an obligate DCM-degrading bacterium, both physiologically and
genomically. It does not have any of the MttB superfamily methyltransferases,
glycine/betaine/sarcosine reductases, or the BMC genes present in strain DCMF and
strain DMC (Figure 2.6). However, there are a growing number of reports of
organohalide-respiring bacteria being isolated from pristine environments, which
is hypothesised to be a result of naturally produced organohalides (Atashgahi et al,
2017). For example, oceanic sources are estimated to produce 68 Gg of DCM per
year (Kolusu et al, 2017). Sources of DCM in pristine ocean environments may
include marine macrophytes (Baker et al, 2001) and phytoplankton (Ooki and
Yokouchi, 2011); coastal mangrove forests, particularly in tropical latitudes (Kolusu

etal, 2017, 2018); and flux from the atmosphere (Moore, 2004), all of which may
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contribute to the evolution of DCM-degrading bacteria even in pristine

environments.

The natural production of trace amounts of DCM from geothermal activity (Gribble,
2010) may also provide clues to the long-term evolution of anaerobic DCM-
metabolising bacteria. The Wood-Ljungdahl pathway is generally agreed to be one
of the oldest, if not the first, metabolisms on Earth (reviewed in Fuchs, 2011; Martin,
2012), and the geothermally active early Earth could plausibly have been rich in
organic molecules such as DCM, fuelling the evolution of metabolism. Furthermore,
whilst reductive dehalogenases in organohalide respiring bacteria show signs of
rapid evolution in response to organochlorine pollution (Maillard et al., 2005; West
etal,2008; McMurdie etal.,, 2009,2011; Tangetal, 2016), the three anaerobic DCM-
degrading bacteria lack similar evidence of genomic plasticity (Figure 2.7). It is
therefore suggested that anaerobic organisms capable of DCM degradation may in
fact represent an ancient metabolism that has persisted from some of the first life
forms on the planet to the present day, rather than a more recent response to
anthropogenic pollution. As such, detailed study of their metabolism may provide

valuable insight into life on early Earth.

2.5 Conclusions

Strain DCMF is a novel organism that harbours a large, relatively unique genome.
Both long and short read genome sequencing technology were used to complement
each other and assemble a single, circular chromosome for the organism, despite the
low-level presence of other bacteria in the enrichment culture. Strain DCMF likely
represents a novel genus within the family Peptococcaceae (NCBI taxonomy) or
Dehalobacteriaceae (GTDB taxonomy), although this will be further discussed in the

following chapter.

The strain DCMF genome suggests that it transforms DCM via the Wood-Ljungdahl
pathway, as the other two anaerobic DCM-metabolising bacteria (D.
formicoaceticum strain DMC and ‘Ca. Dichloromethanomonas elyunquensis’ RM) are
thought to do. Genomic analysis and comparison to these two species revealed that
strain DCMF and strain DMC may also encode the ability to metabolise additional

substrates, such as methylamines, glycine betaine, and ethanolamine.
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Analysis of genomic traits including the core/pan genome of the anaerobic DCM-
degraders, genomic synteny, and regions of putative horizontal gene transfer
supported the 16S rRNA and whole genome phylogenetic analysis finding that strain
DCMF is more similar to strain DMC than to strain RM. Examined as a whole, the
genomes of these organisms raise interesting questions about their evolution and
ecological niches, including the possibility that anaerobic DCM utilisation is one of

the oldest metabolisms on the planet.
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3 Strain DCMF is a one carbon specialist that is
able to grow on a variety of methylated
compounds

3.1 Introduction

To date, strain DCMF, Dehalobacterium formicoaceticum, and ‘Candidatus
Dichloromethanomonas elyunquensis’ have all been described as obligate DCM-
degrading bacteria that utilise the Wood-Ljungdahl pathway for metabolism of DCM
(Magli et al,, 1996; Kleindienst et al., 2017; Holland et al, 2019). Early work with
13C-labelled DCM involving cell suspensions of Dehalobacterium formicoaceticum
strain DMC showed that DCM was incorporated into tetrahydrofolate (THF) forming
methylene-THF, which was further transformed to formate and acetate in a 2:1
molar ratio (Magli et al, 1998), while ‘Candidatus Dichloromethanomonas
elyunquensis’ strain RM completely mineralises DCM to Hz, CO2 and CI- (Chen et al,
2020).

As discussed in the previous Chapter, strain DCMF contains genomic hints that it
may be able to utilise a wider range of substrates, including an abundance of
methyltransferases, particularly from the MttB superfamily, and a number of
glycine/betaine/sarcosine reductase complex gene clusters. No anaerobic bacteria
able to metabolise both DCM and quaternary amines have previously been
identified, although there is precedent amongst aerobic methylotrophs capable of
utilising DCM, methylated amines, and methanol for one-carbon metabolism
(Brunner et al.,, 1980; Doronina et al., 2000). The metabolism of methylated amines
and glycines is closely linked, particularly in coastal subsurface environments (King,
1984, 1988a). The dominant route of choline and glycine betaine metabolism
produces trimethylamine, utilised almost exclusively by methanogens and thus
linked to emission of the greenhouse gas methane into the atmosphere (Oremland
et al, 1982; King et al, 1983; Gibb et al, 1999). Methanol is also a known
methanogenic substrate, and therefore understanding microbial cycling of choline,
glycine betaine, and methanol is important for accurately quantifying methane flux

from the subsurface.
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The aim of this chapter was to investigate the growth of strain DCMF on DCM and
other substrates. Work with 13C-labelled compounds confirmed that the Wood-
Ljungdahl pathway is central to DCM metabolism, and it was found that strain DCMF
is in fact a one carbon (C1) specialist, i.e. an anaerobic methylotroph. The bacterium
is able to utilise choline, glycine betaine (trimethylglycine), dimethylglycine,
sarcosine (methylglycine) + Hz, and methanol for growth. A genome-based
metabolic model for the transformation of each of these substrates is suggested and
mass balances provide support for the putative metabolic pathways, showing that
the Wood-Ljungdahl pathway is central to metabolism of all substrates by strain
DCMF. The bacterium is proposed as a novel genus and species within the family

Peptococcaceae, ‘Candidatus Formamonas warabiya’.

3.2 Materials and Methods

3.2.1 Culture medium

DFE cultures were grown in minimal mineral salt medium as described in Section
2.2.1. The dilution to extinction principle was utilised in both liquid medium and
semi-solid agar shakes (0.6% low-melting agarose, w/v) in attempts to isolate strain
DCMF. Attempts were also made to isolate strain DCMF by streaking the culture onto

anaerobic agar plates (1% agarose, w/v) with 5 mM glycine betaine.

To investigate the requirement for exogenous bicarbonate during DCM degradation,
cultures were buffered with 3-morpholinopropane-1-sulfonic acid (MOPS, 4.2 g1-1)
in place of NaHCO3, either with or without 4 mM NaHCOs.

To analyse the fate of the carbon from DCM, the substrate was replaced with 13C-
labelled DCM ([!3C]DCM). To analyse the assimilation of inorganic carbon, the
culture was transferred into MOPS-buffered medium and amended with 5 mM

NaH!3COs.

To test alternative growth substrates, DCM was replaced with the following
compounds (5 mM unless stated otherwise): carbon monoxide (2 mM), choline,
N,N,N-trimethylglycine (commonly known as and referred to herein as glycine
betaine; tested with and without 10 mM Hz), N,N-dimethylglycine, N-methylglycine
(commonly known as and referred to herein as sarcosine; tested with and without
10 mM Hz), methanol, trimethylamine. Cultures amended with choline, glycine
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betaine, and trimethylamine were also amended with the following compounds as
electron acceptors (15 mM unless otherwise stated): fumarate (80 mM, tested with

trimethylamine only), NaNOz, NaNO3, Na2SO3 and NazS0a.

3.2.2 Fluorescence in situ hybridisation (FISH) microscopy

Fluorescence in situ hybridisation (FISH) was carried out with a strain DCMF-
specific oligonucleotide probe (Dcmé623, 5’-/Cy3/CTCAAGTGCCATCTCCGA-3’)
designed using ARB (Ludwig et al,, 2004). An established probe (Eub338i, 5’-/6-
FAM/GCTGCCTCCCGTAGGAGT-3’) targeting all bacteria was also used (Amann et al,
1990). FISH was carried out as per an established protocol for fixation on a
polycarbonate membrane, using minimal volumes of reagents (Ferrari et al, 2008).
Cells were fixed both with the protocol for Gram negative cell walls (Amann et al,
1990) and Gram positive cell walls (Roller et al., 1994). Hybridisation was carried
out with a formamide-free buffer, as the Dcm623 probe was shown to be unique to
strain DCMF when the nucleotide sequence was searched against all 16S rRNA genes
found in the PacBio sequencing data reported in Chapter 2. Cells were
counterstained with VECTASHIELD® Antifade Mounting Medium containing 1.5 ug
ml! 4,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA,
USA). Prepared membranes were placed on glass microscope slides for examination
on an Olympus BX61 microscope equipped with an Olymus DP80 camera. Images
were captured and overlaid using Olympus cellSens Dimension software v2.1. Strain
DCMF cell length and width was determined from a sample of 20 cells using the

linear measurement tool within the program.
3.2.3 Analytical techniques

3.2.3.1 Gas chromatography

DCM was quantified using a Shimadzu GC-2010 gas chromatograph with flame
ionisation detector (GC-FID). Gaseous headspace samples (100 ul) were withdrawn
directly from culture flasks with a lockable, gas-tight syringe and injected directly
into the GC. The inlet temperature was 250°C, split ratio 1:10, FID temperature
250°C. The GC was equipped with a GS-Q column (30 m x 0.32 mm; Agilent
Technologies) and the carrier gas was helium (3 ml min-1). The oven temperature
was initially 150°C and then raised by 30°C min-! to 250°C. A minimum three-point

calibration curve was used. DCM concentrations are reported as the nominal
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concentration in each serum bottle, calculated from the headspace concentration
using the Henry’s Law dimensionless solubility constant as per the OSWER (Office
of Solid Waste and Emergency Response) method: H = 0.107 for DCM (US EPA,
2001).

Acetate, formate and methanol were analysed using the same GC-FID, equipped with
a DB-FFAP column (30 m x 0.32 mm x 0.25 pm film thickness; Agilent Technologies).
Inlet and detector parameters remained the same, but the carrier gas flow (helium)
was 2 ml min-! and the oven was held at 40°C for 6 min. For acetate and formate
quantification, the compounds were first derivatised to their ethyl esters by adding
500 pl liquid culture samples to a 10 ml screw cap glass vial containing ethanol (200
ul) and 1 M sulphuric acid (200 pl). Samples for methanol analysis (200 pl liquid
culture) were not derivatised but transferred directly to a 10 ml screw cap glass vial.
Samples were agitated at 80°C for 5 min before 250 pl headspace was injected from
a PAL LHS2-xt-Shim headspace autosampler (Shimadzu). Quantification was via
comparison to a five-point standard curve ranging from 0.5 - 15 mM (acetate and

formate) or 1 - 15 mM (methanol).

Trimethylamine was quantified using the same GC-FID with a DB-5 column (30 m x
0.32 mm x 0.25 pm film thickness; Agilent Technologies) and the same inlet and
detector parameters as above. Liquid culture samples (200 pl) were first alkalized
by adding them to a 10 ml screw-cap glass vial with MilliQ water (600 pl) and 4M
NaOH (200 pl). Vials were agitated at 80°C for 2 min before 2 ml headspace was
injected with a PAL LHS2-xt-Shim headspace autosampler (Shimadzu). The oven
temperature was initially 60°C then increased at 5°C min! to 80°C and the carrier
gas flow was 2 ml min-! helium. Samples were quantified by comparison to a five-

point standard curve ranging from 0.1 - 5 mM trimethylamine.

Hydrogen was quantified on a Shimadzu 2010 GC with pulse discharge detector (GC-
PDD) equipped with a HP-PLOT Molesieve column (30 m x 0.32 mm x 0.25 um film
thickness; Agilent Technologies). Headspace samples (20 pl) were withdrawn
directly from culture flasks with a lockable, gas-tight syringe and injected into the
GC. Inlet temperature 250°C; split ratio 1:10; carrier gas helium (3 ml min-1) oven
held at 50°C for 1.2 min; detector temperature 150°C. Samples were quantified by

comparison to a six-point standard curve (0 - 16.63 mM).
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Bicarbonate (as gaseous CO2) was quantified on the same GC-PDD with a HP-PLOT
Q column (30 m x 0.32 mm; Agilent Technologies). Liquid samples (50 pl) were
acidified in 1.5 ml screw-cap glass vials with 25% HCI (20 pl). Samples were left to
equilibrate at room temperature for 2 h before 100 ul headspace was injected
manually with a lockable, gas-tight syringe. GC-PDD parameters were as above
except the oven, which was held at 50°C for 1 min, then raised by 3.5°C min! to

54.5°C.

3.2.3.2 Liquid chromatography with tandem mass spectrometry

Choline and glycine betaine were quantified using liquid chromatography with
tandem mass spectrometry (LC-MS/MS). The Agilent Technologies 1200 Series LC
was fitted with a Luna C18(2) column (150 x 4.6 mm, 5 pm; Phenomenex). The
mobile phases were 0.5 mM ammonium acetate in water (A) and 100% methanol
(B)- The column was equilibrated with a ratio of 95:5 (A:B) for 5 min, before samples
(5 pl) were eluted with a linear gradient from 95:5 (A:B) to 0:100 (A:B) over 10 min,
then held at 0:100 (A:B) for 1 min. The LC was coupled to QTRAP 4000 quadrupole
mass spectrometer (Applied Biosystems SCIEX,) equipped with a TurbolonSpray
source. Electrospray ionization was performed in the positive mode. The machine
was operated in multiple reaction monitoring mode and the following precursor-
production transitions were used for quantification: m/z 104.0 - 59.0 (choline) and
m/z118.0 - 57.7 (glycine betaine). Samples were quantified by comparison to a six-

point standard curve ranging from 0.1 - 10 mM.

3.2.3.3 Gas chromatography with triple quadrupole mass spectrometry
Labelled and unlabelled acetate was quantified via gas chromatograph with triple
quadrupole mass spectrometry (GC-TQMS) performed with a 7890A GC system
(Agilent Technologies) containing a DB-FFAP column (30 m x 0.32 mm x 0.25 pm
film thickness; Agilent Technologies). Culture samples (180 pl) were acidified with
10% formic acid (20 pl) in 2 ml screw cap glass vials. Liquid samples (2 pl) were
injected manually. The oven was held at 60°C for 1 min, then raised by 15°C min-! to
250°C. Carrier gas was helium (2 ml min-1). The TQMS was operated in MRM mode
and the following precursor-product ion transitions were used for quantification:
m/z 43 - 15.2 (unlabelled acetate), m/z 44 - 15.1 (1-13C acetate), m/z 44 - 16 (2-
13C acetate), m/z 45 - 16.1 (1,2-13C acetate.
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Labelled and unlabelled HCO3- (as gaseous CO2) was also quantified with GC-TQMS.
Sample preparation and instrument parameters were the same as for unlabelled
quantification with GC-PDD (Section 3.2.3.1). The TQMS was operated in MRM mode
using the following transitions for quantification: m/z 45 = 29 (13C02), m/z 44 -
28 (12C02).

Culture samples being analysed for dimethylamine, methylamine, sarcosine, and
glycine were derivatised based on the method by Villas-Boas et al (2003). Briefly,
liquid samples (50 pl) were combined with 1% sodium hydroxide solution (250 pl),
10 mM alanine (5 pl, as an internal standard), absolute ethanol (250 pl), and
pyridine (50 pl) in a 1.5 ml screw-cap glass vial. Ethyl chloroformate (20 pl) was
added to begin the reaction and the mixture was shaken for 20 s before adding a
second aliquot of ethyl chloroformate and shaking again. DCM (1 ml) was added and
the mixture was shaken for 10 s before the aqueous upper layer was discarded. Any
remaining aqueous phase was removed by the addition of a small portion of
anhydrous sodium sulphate. The organic solution was transferred to a fresh vial and

capped for analysis.

Derivatised methylated amine and glycine samples were analysed on the same GC-
TQMS system containing a DB-5 Column (30 m x 0.32 mm x 0.25 pm film thickness;
Agilent Technologies). Liquid samples (1 pl) were injected with a 7693 autosampler
(Agilent Technologies). The carrier gas was 1 ml min-! helium. Inlet temperature
was 200°C; oven temperature was held at 50°C for 2 min, raised by 10°C min-! to
180°C. The TQMS was operated in multiple reaction monitoring (MRM) mode and
the quantifying and qualifying precursor-product ion transitions are listed in Table
3.1. Samples were quantified by comparison to a minimum four-point standard

curve, ranging from 1 - 15 mM.

64



Table 3.1. Compound-specific GC-TQMS method details for detection of methylated

amines and glycines.

Compound Quantifying Qualifying Elution Collision
transition transition time (min) | energy (eV)
(m/2) (m/2)

methylamine 103.2 - 749 103.2 - 74.0 | 8.00 5

dimethylamine | 117.2 - 89.1 117.2-87.9 | 8.35 5

alanine 116.2 - 44.1 116.2 > 72.1 | 14.56 10

glycine 102 - 30.1 102 - 58.1 14.68 5

sarcosine 116.2 - 44.1 116.2 > 72.1 | 14.63 10

3.2.4 DNA extraction

Cells were harvested from 2 ml liquid culture by centrifugation at 10,000 rcf for 15
min at 4°C. Supernatant (1,700 pl) was removed and the cell pellet was resuspended
in the remaining 300 pl liquid. Samples were stored at -20°C until required. Genomic

DNA was extracted as described in Section 2.2.3.

3.2.5 Quantitative real-time PCR

Strain DCMF 16S rRNA genes were quantified via quantitative real-time PCR (qPCR)
with primers Dcm775F (5-AAGGCGACTTTCTGGACTGA-3") and Dcm930R (5'-
GCGGGGTACTTATTGCGTTA-3’) (Wong, 2015). Total bacterial 16S rRNA genes were
the primers Eub1048F (5'-
GTGSTGCAYGGYTGTCGTCA-3’) and Eub1194R (5’-ACGTCRTCCMCACCTTCCTC-3")
(Maeda et al.,, 2003). qPCR reactions contained template DNA (2 pl), 2X SsoFast™

quantified  using universal  bacterial

EvaGreen® Supermix (Bio-Rad, 5 pl), 100 nM each of forward and reverse primers
(0.1 pl each of 10 mM stocks), 10 mg ml! bovine serum albumin (0.1 pl), and
molecular grade water (2.7 pl), and were performed in triplicate for each sample.
gPCR reactions were carried out in triplicate for each sample on a CFX96 thermal
cycler (Bio-Rad) and the data was analysed with CFX Maestro v1.0 software (Bio-
Rad). Technical repliates were only accepted if their standard deviation was <0.1,

otherwise the qPCR process was repeated.
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Standard curves were prepared by making serial 10-fold dilutions of plasmid DNA
carrying cloned strain DCMF 16S rDNA or Dehalococcoides sp. 16S rDNA (for total
bacterial quantification). Plasmids were constructed by cloning amplified genes into
the pCR™2.1-TOPO® vector with TOPO TA Cloning Kit (Life Technologies) as per
manufacturer’s instructions. Vectors were inserted into One Shot® TOP10
Escherichia coli cells (Life Technologies). Plasmid DNA was extracted from
overnight cutures of transformed cells using the PureYield™ Plasmid Miniprep
System (Promega). The standard curve concentration ranged from 10% - 10° copies
ml-L. Strain DCMF 16S rRNA gene copy numbers were converted to cell numbers by

dividing by four - the number of 16S rRNA genes in the genome.

3.3 Results

3.3.1 Morphological description and dominance of strain DCMF
FISH microscopy enabled selective visualisation of strain DCMF cells, which
appeared to numerically dominate the DFE culture when amended with DCM
(Figure 3.1C, F). Strain DCMF cells occurred singly or in end-to-end chains with a
rod-shaped morphology (Figure 3.1A, D). On average, strain DCMF cells were 1.69
0.27 pm long and 0.64 + 0.12 pym wide. Counting the Cy3- and 6-FAM-labelled cells
in three overlaid FISH images showed that strain DCMF represented 71 + 3.8% of
the total cells (Figure S2).
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Figure 3.1 Strain DCMF is the dominant organism in DCM-amended cultures during

exponential growth phase. Fluorescence in situ hybridisation (FISH) microscopy images with
strain DCMF cells stained red with the Cy3-labelled Dcm623 probe (A and D), all bacterial cells
stained green with the 6-FAM-labelled Eub338i probe (B and E), and the overlay of Cy3- and 6-
FAM-labelling in these two pairs of images (C and E). The scale bars represent 10 pM.

3.3.2 Strain DCMF requires bicarbonate for growth with

dichloromethane
Although the ability of strain DCMF to grow on DCM as a sole source of electrons has
been reported in a previous thesis (Wong, 2015), this work was repeated in tandem
with growth experiments on other substrates for the purpose of simultaneous
comparison. In the present study, strain DCMF consumed 1.9 + 0.0 mM DCM within
35 days, yielding 3.7 + 2.2 x 108 cells ml! (Figure 3.2). The product of DCM
fermentation was acetate (1.4 * 0.1 mM), which was not observed in abiotic
controls. Formate could be detected at low levels (37 + 9.0 uM) at all stages of

growth but did not accumulate with repeated DCM amendment (data not shown).
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Growth on DCM yielded 2.0 + 1.2 x 1014 cells per mole of substrate consumed (Table
3.2). This yield was converted into dry cell weight per mole substrate consumed by
calculating the cell volume from the dimensions of strain DCMF cells reported in
Section 3.3.1. [t was assumed that the cells were cylindrical, that they had the same
density as water, and that water constituted 80% of their mass. These calculations
resulted in 24 + 19 g dry strain DCMF cell material per mole DCM consumed (Table
3.2).
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Figure 3.2 The consumption of DCM is concomitant with the production of acetate and an
increase in strain DCMF 16S rRNA gene copies. Substrates and products are quantified on the
left y-axis (linear scale), while strain DCMF and total bacterial 16S rRNA gene copy numbers are

on the right y-axis (logio scale). Error bars represent standard deviation (n = 2).

When transferred from bicarbonate-buffered to MOPS-buffered medium, strain
DCMF required an exogenous source of bicarbonate in order to dechlorinate DCM
(Figure 3.3). However, there was no significant decrease in bicarbonate
concentration over the 65 days that DCM consumption was monitored (two-tailed
unpaired t test between day 0 and day 65, p = 0.11), indicating that the culture likely
produces bicarbonate in approximate stoichiometric equivalence to what it
requires. No DCM consumption or substantial change in bicarbonate concentration

was observed in bicarbonate-free abiotic controls (Figure 3.3).
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Figure 3.3 Strain DCMF requires an exogenous source of bicarbonate. The DFE culture was
transferred into MOPS-buffered medium either with (filled shapes) or without (empty shapes)
exogenous bicarbonate. DCM consumption (circles) was only observed in cultures amended
with bicarbonate, although there was no significant change in bicarbonate concentration
(diamonds) in these cultures over time. No DCM consumption or change in bicarbonate
concentration was observed in abiotic, bicarbonate-free controls (dashed lines). Error bars

represent standard deviation (n = 3 for biotic, n = 1 for abiotic cultures).

3.3.3 Carbon assimilation in strain DCMF

To ascertain the fate of DCM carbon, triplicate DFE cultures were amended with
[13C]DCM. After inoculation the initial concentration of acetate was 49 + 11 uM, all
of which was unlabelled. After 111 days, when 2,700 + 328 uM DCM had been
consumed, 666 + 160 uM of acetate was produced (Figure 3.4A), of which 47.1 +
5.5% was unlabelled, 30.4 + 2.8% was labelled on the methyl group ([2-13C]acetate),
and 22.5 * 4.3% was labelled on both the methyl and carboxyl groups ([1,2-
13C]acetate; Figure 3.4C).
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Figure 3.4 Strain DCMF assimilates carbon from DCM and bicarbonate to form acetate.
A. Cumulative [13C]DCM consumption with concomitant with acetate production. Error bars
represent standard deviation, n = 3. B. The 13C mass balance from [13C]DCM showed 994 + 121
uM 13C in biomass, 982 + 144 puM in 13C0O2, 815 + 120 pM in H13COz-, and 670 + 289 uM 13C in
acetate (128 £ 8.2% 13C recovery). C. Of the total acetate produced from [13C]DCM, 47.1 + 5.5%
was unlabelled, 30.4 + 2.8% was [2-13C]acetate, and 22.5 * 4.3% was [1,2-13C]acetate. D.
Cumulative DCM consumption and acetate production in cultures amended with H13COsz-; total
(labelled and unlabelled) aqueous HCOs- is also shown (i.e. gaseous CO; is not accounted for
here). Values are from a single representative culture. All triplicates had similar dechlorination
rates and product concentrations but began dechlorinating at different times. E. 13C mass
balance from the H13CO3z- amended cultures showed 2740 + 204 uM 13CO, 2280 + 170 uM
H13CO3-, 710 = 9.74 uM 13C in biomass, and 600 + 84.9 uM 13C in acetate, totalling 84.5 + 7.0%
13C recovery. F. Of the total acetate produced in DCM and NaH13COsz-amended cultures, 45.0 +
2.3% was unlabelled, 43.5 + 1.8% was [1-13C Jacetate, 9.3 + 0.1% was [1,2-13C]acetate, and 2.2

* 1.3% was [2-13C]acetate. All pie charts represent the average of triplicate cultures.
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The concentration of 13C-labelled HCO3- in the [13C]DCM-amended cultures was also
quantified. After 111 days, 820 + 120 uM H!3CO3- was detected in the cultures,
although not in DCM-free or sterilised abiotic controls. Unlabelled HCO3 was in
excess, as the culture was grown in 30 mM bicarbonate-buffered media. The
concentration of 13CO; in the headspace of the cultures was calculated from this data
using the Henry’s Law dimensionless volatility constant (He = 1.20 at 25°C, based
on the mean H reported in (Sander, 2015)). Additionally, the concentration of 13C-
labelled acetate equivalents in biomass were calculated based on data for strain
DCMF in Table 3.2. A 13C mass balance was achieved by summing the measured
concentrations of 13C-labelled carbon in acetate (670 + 289 uM) and H13CO3- (815 *
120 uM) with the calculated concentrations of 13CO; in the flask headspace (982 *
144 pM and [!3C]acetate equivalents in biomass (994 + 121 uM; Figure 3.4 B). This
amounted to 128 * 8.2% recovery of the labelled carbon amended via [13C]DCM
(2700 £ 328 pM). In summary, the 13C label from DCM was found in [2-13C]acetate,
[1,2-13C]acetate, and bicarbonate, indicating transformation of DCM via the Wood-
Ljungdahl pathway. The near-complete recovery of the 13C label also indicated no

unknown fate of DCM in the DFE culture.

Analogous work was then carried out with unlabelled DCM in MOPS buffered
medium amended with 7170 + 441 uM 13C-labelled bicarbonate (sum of aqueous
bicarbonate shown in Figure 3.4 D and gaseous 13CO;, calculated from the Henry'’s
Law Constant as above). The culture consumed 2000 uM DCM and 2150 * 492 pM
13C from bicarbonate, producing 973 + 140 uM acetate (Figure 3.4 D). Of the acetate
produced, 45.0 * 2.3% was unlabelled, 43.5 + 1.8% was labelled on the carboxyl
group ([1-13C]acetate), 2.2 + 1.3% was labelled on the methyl group, and 9.3 + 0.1%
was labelled on both carbons (Figure 3.4 F). A 13C mass balance was achieved as
before by summing the total labelled carbon in acetate (600 + 84.9 pM) with the
remaining H13CO3- (2280 + 170 uM) and 13CO2 (2740 * 204 uM), and theoretical [13C]
in biomass (710 = 9.74 uM). This amounted to 84.5 + 7.0% recovery of the labelled
carbon amended via H13CO3- (Figure 3.4 E). This definitively showed that strain
DCMF incorporates carbon from CO; to form the carboxyl group of acetate and
confirms operation of the Wood-Ljungdahl pathway in both oxidative and reductive
directions, as both doubly labelled ([1,2-13C]acetate) and unlabelled acetate were

formed.

71



3.3.4 Strain DCMF can also grow on quaternary amines and

methanol
Choline and glycine betaine were the first additional substrates found to support
growth of strain DCMF. In the absence of any electron acceptor, the enrichment
culture consumed choline (4.8 + 0.2 mM) within 25 days, and 15 * 0.6 mM acetate
plus 6.0 + 1.1 mM methylamine were produced (Figure 3.5 A). Glycine betaine (4.7
+ 0.3 mM) was consumed within 21 days with production of 11 + 0.4 mM of acetate
and 4.5 * 0.6 mM methylamine (Figure 3.5 B). Trimethylamine, dimethylamine,
sarcosine, and glycine were not detectable at any stage of growth. Neither acetate
nor methylamine were detected in abiotic controls, and the latter was also absent
from cultures grown with DCM. Minor amounts of acetate (0.61 + 0.06 mM) and
formate (0.50 * 0.04 mM) were formed in duplicate no electron donor control

cultures (data not shown).

Strain DCMF cell proliferation aligned with the consumption of these two substrates,
yielding an increase of 1.4 + 0.4 x 10° and 5.3 * 0.4 x 108 cells per ml in choline- and
glycine betaine-amended cultures, respectively, as determined by qPCR (Figure 3.5;
strain DCMF 16S rRNA gene copies were divided by four - the number of 16S rRNA
genes identified in the genome). These cell yields correspond to 3.0 + 0.9 x 1014 cells
per mole of choline utilised, and 1.1 + 0.1 x 1014 cells per mole of glycine betaine
utilised (Table 3.2). The high proportion of strain DCMF 16S rRNA gene copies to
total bacterial 16S rRNA gene copies was consistent with strain DCMF as the
dominant organism in the cultures at all stages of substrate consumption (Figure

3.5).
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Figure 3.5 Strain DCMF can metabolise the quaternary amines choline and glycine
betaine. In cultures amended with 5 mM A. choline or B. glycine betaine, substrate depletion
was concomitant with an increase in acetate and methylamine (left y-axis), as well as strain
DCMF and total bacterial 16S rRNA gene copies (right y-axis, logio scale). Error bars represent

standard deviation (n = 3).

DFE cultures amended with the putative quaternary amine metabolic pathway
intermediates dimethylglycine and sarcosine (+ Hz) also demonstrated production
of acetate and methylamine, which once again aligned with strain DCMF cell
proliferation (Figure S3). Following the observation of strain DCMF growth and

methylamine production in cultures amended with sarcosine + Hz, DFE cultures
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were also set up with glycine betaine + Hz to determine whether glycine betaine
could be reductively cleaved to trimethylamine. These cultures consumed all glycine
betaine (4.4 + 0.4 mM) and hydrogen (7.9 + 0.9 mM) within 28 days, producing 14.9
+ 0.6 mM acetate and 4.0 + 0.4 mM methylamine, but no trimethylamine (Figure
3.6). This was concomitant with a strain DCMF cell yield of 4.0 + 2.8 x 108 cells per

ml, similar in magnitude to the yield on glycine betaine as the sole energy source.
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Figure 3.6 Strain DCMF does not produce trimethylamine from glycine betaine and H,.
Cultured amended with glycine betaine and hydrogen produced acetate and methylamine (left
y-axis), concomitant with an increase in strain DCMF and total bacterial 16S rRNA gene copies

(right y-axis, logio scale). Error bars represent standard deviation (n = 3).

In addition to the quaternary amines, strain DCMF was found to grow on methanol
as a sole source of electrons. The culture consumed 4.3 + 0.2 mM methanol over 30
days, yielding 3.1 + 0.1 mM acetate and 2.4 * 0.6 x 10° strain DCMF cells per ml (5.7
* 1.4 x 1014 cells per mole substrate utilised, corresponding to 66.7 + 38.4 g dry cell
weight) (Figure 3.7, Table 3.2). No methanol depletion was observed in the abiotic

(cell-free) control, nor cell increase in the methanol-free control.

74



Concentration (mM)
(jwysaidoo) sauab yN¥4 S91

1 2
0 0 Time (d) 0 30

-®- Methanol 4l DCMF 16S rRNA genes
=& Acetate {F Total bacterial 16S rRNA genes

Figure 3.7 Acetate was the sole product of methanol consumption. The culture consumed
methanol to produce acetate (left y-axis), concomitant with an increase in strain DCMF and total
bacterial 16S rRNA gene copies (right y-axis, logio scale). Error bars represent standard

deviation (n = 2).

Strain DCMF was unable to utilise CO, ethanol, sarcosine or trimethylamine as sole
energy sources, and unable to use any of the tested pairs of electron donors (choline,
glycine betaine, lactate, trimethylamine) with electron acceptors (fumarate, NazSO4,

NazS03, NaNOz, and NaNO3).

3.4 Discussion

3.4.1 Strain DCMF growth on dichloromethane

Amongst the two other anaerobic DCM-dechlorinating bacteria (Dehalobacterium
formicoaceticum and ‘Candidatus Dichloromethanomonas elyunquensis’), strain
DCMF is unique in producing solely acetate as a fermentation product (Figure 3.2).
D. formicoaceticum produced both formate and acetate in a 2:1 molar ratio (Magli et
al, 1996), whilst ‘Ca. Dichloromethanomonas elyunquensis’ mineralised DCM
completely to Hz, COz and CI- (Chen et al, 2020). When supplied with DCM, strain
DCMF yielded 2.0 + 1.2x 1014 cells per mole substrate consumed (Table 3.2). This is
an order of magnitude higher than the cell yields reported for ‘Ca.

Dichloromethanomonas elyunquensis’ (5.25 + 1.00 x 1013 cells ml-1; Kleindienst et
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al, 2017) and D. formicoaceticum (3.73 * 0.277 x 1013 cells ml-1, Table 3.2) (Chen et
al., 2020). It is not yet clear why the cell yield for strain DCMF is higher than for the

other two anaerobic DCM-dechlorinating bacteria.

Attempts to generate an axenic culture of strain DCMF were unsuccessful. The
organism was unable to form colonies in soft agar shakes amended with DCM or on
anaerobic agar plates amended with glycine betaine, leaving serial dilution to
extinction in liquid medium as option of last resort. This was ultimately
unsuccessful, implying that strain DCMF may require some as-yet unidentified
cofactors from one or more of the culture cohabitants. How the cohabiting
organisms in the DFE culture gain their energy is not clear, however the fermented
yeast extract that is supplied as an undefined nutrient solution can be excluded, as
it has been depleted of energy prior to its applications and serves as a source of co-
factors only. The cohabiting organism are suspected to use cellular detritus
resulting from expired strain DCMF cells as an energy source, as has recently been
described in environmental Spirochaetes (Dong et al., 2018). The growth and nature

of the DFE culture cohabitants is explored in greater detail in Chapter 5.

3.4.2 13C-labelled carbon experiments support the use of the
Wood-Ljungdahl pathway for dichloromethane

transformation

Removal of bicarbonate from the culture medium precluded DCM dechlorination
(Figure 3.3), a phenomenon that has also been observed in culture RM and axenic
cultures of D. formicoaceticum (Kleindienst et al, 2017; Chen et al, 2020). The
ensuing work with 13C-labelled DCM and bicarbonate confirmed that strain DCMF is
a mixotroph, i.e. it assimilates carbon from both DCM and CO: (Figure 3.4).
Mixotrophy has also been demonstrated in D. formicoaceticum (Chen et al., 2020)
and is common among C1-utilising homoacetogens and methanogens (Schuchmann
and Miller, 2016; Jones et al, 2016; Yin et al, 2019). This differs from the
bicarbonate requirement of culture RM, in which CO; is required by the acetogenic
and methanogenic organisms that consume H; produced by ‘Ca.
Dichloromethanomonas elyunquensis’, ensuring that DCM mineralisation remains

thermodynamically favourable (Chen et al,, 2020).
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Growth experiments using [13C]DCM provide compelling evidence that strain DCMF
employs the Wood-Ljungdahl pathway via incorporation of dehalogenated carbon
into methylene-tetrahydrofolate (CH2=THF) (Eq. 7). The 13C label was found in
HCOs, [1-13C]acetate, and [1,2-13C]acetate (Figure 3.4C). The production of labelled
HCO3- suggests that CH:=THF is disproportionated into the Wood-Ljungdahl
pathway where it is oxidised to HCO3"(Eq. 8, Figure 3.8). The electrons released then
reduce the remaining CH2=THF into the methyl group of acetate (Eq. 9). However,
the production of unlabelled acetate (47%) indicates that the excess unlabelled
HCO3" (30 mM) in the medium is an alternative electron acceptor to CH2=THF for
acetogenesis (Eq. 10). The reduction of HCO3- to acetate requires twice as many
electrons for acetate synthesis than CH2=THF (i.e. eight vs. four). Taking this ratio
into account, along with ~1:1 ratio of unlabelled to labelled acetate suggests that
approximately 67% of electrons derived from DCM oxidation were directed toward

HCOj3 reduction and 33% to CH,=THF.

4 CH2Cl2 + 4 FH4 - 4 CH2=FH2 + 8 H* + 8 CI Eq. 72
3 CHz=FH2 + 9 H20 - 3 HCO3  + 12 e + 3 FH4 + 15 H* Eq.8
CH2=FH; + 4 e- + HCO3  + 4 H* = CH3COO- + H20 + FH4 Eq.9
2 HCO3 + 9 H* + 8 e > CH3COO0- + 4 H20 Eq. 10

The production of [1,2-13C]acetate is consistent with the reduction of HCO3- outlined
above, as the DCM-fermenter could use H13CO3- produced from [13C]DCM, via
[13C]formate (Figure 3.8). However, the proportion (22.5%) was surprisingly high,
given the relatively small contribution that labelled H3CO3" from 2.7 mM [13C]DCM
would make to the 30 mM unlabelled HCO3- present in the culture medium. It is
possible that co-localisation of Wood-Ljungdahl pathway proteins in the cytoplasm

may cause the reduction of H13CO3- at a higher ratio than expected (i.e. 9%).

[13C]DCM experiments carried out with cell extracts and axenic cultures of D.
formicoaceticum showed the 13C label was detected in formate and the methyl group
of acetate ([2-13C]acetate), as well as in methanol and glycine (Magli et al., 1998;

Chen et al, 2020). The lack of [1,2-13C]acetate in D. formicoaceticum cultures is

2 N.B. F = folate (not fluorine).
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congruent with the observation that it produces formate as an end product of DCM
degradation, and cannot further transform it into CO2 (Magli et al., 1996), and hence
also the lack of 13CO2 observed in the more recent study carried out by Chen et al
(Chenetal, 2020). Another study found approximately 2.5-fold more [2-13C]acetate
than [1,2-13C]acetate produced from [13C]DCM, in a DCM-degrading mixed culture

containing Dehalobacterium (Trueba-Santiso et al., 2020).

DFE cultures amended with unlabelled DCM and 13C-labelled HCO3- in MOPS
buffered medium showed an analogous proportion of acetate labelled on the
carboxyl group. A similar proportion of acetate (45.0%) observed in the [13C]DCM
work was unlabelled, in this case evidently formed using unlabelled HCO3- produced
from DCM, while 43.5% of the acetate was labelled on the carboxyl group ([1-
13Clacetate; Figure 3.4F). The production of a small proportion (2.2%) of [2-
13C]acetate suggests that the Wood-Ljungdahl pathway operates in the reductive
direction, to a small degree, as H13CO3- could be reduced via formate through the
carbonyl branch to form 13CH2=THF, which could then be reduced with unlabelled
HCO3" produced from DCM (Figure 3.8).

The 13C-labelling experiment supports the hypothesis that DCM metabolism
involves the Wood-Ljungdahl pathway. This is congruent with the oxidation of
formate to HCOsz, likely catalysed by a cytoplasmic formate dehydrogenase
(112876, 112877, 112878s80), which was identified in the proteome. The
production of HCO3  from formate balances with its uptake during acetogenesis,
congruent with a net flux of approximately zero. This is despite the observation from
that the organism requires HCO3- for growth (Figure 3.3). In light of these results,
DCM is proposed to be transformed as per Equation 11.

2 CH2Clz + 2H20 - CH3COO- + 5 H* + 4 CI- Eq. 11
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Figure 3.8 Putative DCM transformation pathway in strain DCMF. Enzymes are written in
blue italics and have all been identified in the genome (Dataset S1), except for the unknown
catalytic step between DCM and CH;=THF. Abbreviations: CH,=THF, 5,10-
methylenetetrahydrofolate; CHs3-THF, methyltetrahydrofolate; CFSP, corrinoid iron-sulphur
protein; CODH, carbon monoxide dehydrogenase; DCM, dichloromethane; FolD,
methenyltetrahydrofolate cyclohydrolase/5,10-methylenetetrahydrofolate dehydrogenase;
MT, methyltetrahydrofolate-corrinoid iron-sulphur protein Co-methyltransferase; MTR, 5,10-
methylenetetrahydrafolate reductase; THF, tetrahydrofolate.

Formate oxidation distinguishes strain DCMF from D. formicoaceticum, in which
DCM oxidation was shown to stop at formate (Eq. 12) (Magli et al,, 1996, 1998).
Indeed, it is unique amongst the three DCM-fermenting bacteria in producing only
acetate. In ‘Ca. Dichloromethanomonas elyunquensis’, DCM has recently been
shown to be completely mineralised to H2 and CO; (Eq. 13), which are only then
utilised by methanogens and homoacetogens in the mixed culture to produce
acetate and methane (Chen et al, 2020). Accordingly, no labelled acetate was
produced in 13C[DCM] experiments with the latter culture. The 13C labelling
experiments described here confirm that, although strain DCMF is also present in a

mixed culture, it produces acetate directly in DFE cultures.
3 CH2Cl2 + 4 H20 + CO2 = CH3CO0O + 2 HCOO-+9 H*+ 6 CI- Eq. 12

CH2Clz+ 2 H20 > CO2+ 2 H2+ 2 Cl'+ 2 H* Eq. 13
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3.4.3 A genome-based model for quaternary amine

transformation in strain DCMF
The ability of strain DCMF to grow on choline, glycine betaine and methanol sets it
apart from D. formicoaceticum and ‘Ca. Dichloromethanomonas elyunquensis’,
which have thus far been described as obligate DCM metabolising bacteria (Magli et
al, 1996; Kleindienst et al, 2017). The abundance of MttB superfamily genes
(annotated as trimethylamine methyltransferases) in the strain DCMF genome
initially led to trimethylamine being tested as substrate, both as sole source of
electrons and as an electron donor paired with various electron acceptors. When no
growth was observed with trimethylamine, glycine betaine was tested, as Ticak et
al (2014) demonstrated that one non-pyrrolysine-containing “trimethylamine”
methyltransferase in Desulfitobacterium hafniense Y51 was in fact a glycine betaine

methyltransferase (mtgB).

3.4.3.1 Choline catabolism

Due to the importance of glycine betaine for protection against osmotic stress, the
enzymes required to transform the more widely available compound choline into
glycine betaine via betaine aldehyde are near ubiquitous in both terrestrial and
aquatic bacteria (Wargo, 2013). Accordingly, strain DCMF could also utilise choline
for growth and encodes both the choline dehydrogenase (Ga0180325_11215) and
betaine aldehyde dehydrogenase (Ga0180325_114191) required for its

transformation to glycine betaine (Figure 3.9).

Two other previously reported pathways for anaerobic choline metabolism are
unlikely to be utilised by strain DCMF. It is possible for choline to be cleaved into
trimethylamine and acetate via a choline-trimethylaminelyase (CutC) (Craciun and
Balskus, 2012). However, while the strain DCMF genome does encode a putative
glycyl radical enzyme similar to CutC (Ga0180325_112585), it contains only three
of the six conserved residues predicted to be necessary for catalytic activity in other
bacteria (Craciun and Balskus, 2012). Additionally, the lack of trimethylamine
observed at any stage of growth makes catabolism of choline via the cut cluster of
genes highly unlikely. Secondly, direct demethylation of choline to
dimethylethanolamine has thus far only been reported in methanogenic Archaea

from the genus Methanococcoides (Watkins et al., 2012). The enzyme catalysing this
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reaction has not yet been reported but could reasonably be assumed to be a
methyltransferase within the MttB superfamily, which strain DMCF encodes in
abundance. Further stepwise demethylation of dimethylethanolamine would yield
ethanolamine, which can be transformed to acetaldehyde and ammonium within a
bacterial microcompartment also encoded in the strain DCMF genome (Dataset S1).
However, as all nitrogen in the provided choline was recovered within MMA (127%
+ 19% N recovery), this pathway seems less likely than transformation of choline to

glycine betaine in strain DCMF.
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Figure 3.9 Metabolic model for strain DCMF growth on the quaternary amine compounds
choline and glycine betaine. Enzymes are written in italics and have all been identified in the
strain DCMF genome (Table S3). Redox cofactors are represented as electron equivalents ([H])
entering or leaving reactions. Acetate and methylamine are the primary products of both choline
and glycine betaine degradation. Abbreviations: CH3-THF, methyl-THF; CH = THF, methenyl-
THF; CODH/ACS, carbon monoxide dehydrogenase/acetyl coenzyme A synthase; DH,
dehydrogenase; DMG MT, dimethylglycine methyltransferase; GB MT, glycine betaine
methyltransferase; THF, tetrahydrofolate; Tr, thioredoxin.

3.4.3.2 Demethylation of glycine betaine
Glycine betaine (whether derived from choline or amended as substrate) can then

be either demethylated to dimethylglycine or reductively cleaved to trimethylamine
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and acetyl phosphate. The absence of trimethylamine in the cultures and
accumulation of methylamine and acetate suggests that strain DCMF carries out a
combination of demethylation and reductive cleavage, a variation thus far only
observed in Sporomusa species (Moller et al., 1984; Visser et al.,, 2016). Sporomusa
ovata demethylated a small fraction of glycine betaine to dimethylglycine and then
sarcosine (methylglycine). Oxidation of the removed methyl groups provided
reducing power for reductive cleavage of the majority of glycine betaine to
trimethylamine (Moller et al, 1984). The accumulation of methylamine in strain
DCMF cultures suggests that it stepwise demethylates glycine betaine to
dimethylglycine and then sarcosine, liberating electrons that can be used to
reductively cleave sarcosine into methylamine and acetyl phosphate (Figure 3.9).

This represents a novel metabolic pathway within the family Peptococcaceae.

Glycine betaine methyltransferases were first discovered in D. hafniense (Ticak et
al,2014), but have since also been identified in Sporomusa ovata (Visser et al., 2016)
and A. woodii (Lechtenfeld et al, 2018). The process involves a glycine betaine
methyltransferase (MT;, MtgB) that transfers a methyl group to a cognate corrinoid
protein, and a methyl-tetrahydrofolate (THF) methyltransferase (MtgA, MT;) that
transfers the methyl group from the corrinoid protein to an accepting compound,
THF (Ticak et al., 2014). In S. ovata strain An4, the same two mtgB genes were
suggested to carry out demethylation of both glycine betaine and dimethylglycine,
forming sarcosine (Visser et al, 2016), whilst in A. woodii, the protein appears to be
specific to glycine betaine only, as there was no subsequent demethylation from

dimethylglycine to sarcosine (Lechtenfeld et al,, 2018).

The MtgB homologs in strain DCMF with the highest identity to the proteins in S.
ovata, A. woodii, and D. hafniense were all annotated as trimethylamine
methyltransferases (consistent with their grouping in the MttB superfamily), and
clustered together in a distinct clade in the MttB phylogenetic tree (Figure 2.3).
Ga0180325_115483 had the highest percentage amino acid identity (54-55%) to
the MT1 proteins from these three species. However, it sits isolated on the opposite
strand of DNA to all surrounding genes, thus making it an unlikely candidate. The
second highest identity MT1 homolog to all bar one species was Ga0180325_114740
(54-55% identity), which sits in a neighbourhood with three methyl-
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tetrahydrofolate methyltransferases (shown to act as MT; proteins in S. ovata
(Visser et al, 2016)), two further MttB superfamily MTjs, a cognate corrinoid
protein, and two betaine/choline/carnitine transporter genes. This genetic
neighbourhood contains all the requisite components for the demethylation system

and is thus a good candidate for glycine betaine metabolism in strain DCMF.

The Sporomusa and Acetobacterium spp. glycine betaine MT; proteins had a lower
percentage identity to the nearest homolog in strain DCMF (44-45% to
Ga018325_.111809), and even lower again to the second-best hit (32-36% to
Ga018325_111232). This makes it difficult to determine any definitive candidates
for a glycine betaine or dimethylglycine MT> gene in strain DCMF. Nonetheless,
relevant MTis and methyltransferase cognate corrinoid proteins once again
surround these lower identity homologs in the strain DCMF genome, making them
further possible candidates for glycine betaine and/or dimethylglycine

demethylation in strain DCMF.

3.4.3.3 Reductive cleavage

In anoxic environments, reductive cleavage of glycine betaine or sarcosine to
trimethylamine or methylamine, respectively, is an alternative to demethylation.
The strain DCMF genome encoded glycine/betaine/sarcosine reductases that were
predicted to be specific to both glycine betaine (Ga0180325_115251, 115252s54)
and sarcosine (Ga0810325_114802, 114803s), based on the alignment of the B
component amino acid sequences to those of known substrate specificity from other
organisms (Figure 2.8). However, production of trimethylamine was not observed
when H; was provided as an electron donor for reductive cleavage of glycine betaine
(Figure 3.6), suggesting that the putative glycine betaine reductase in strain DCMF
may not be functional. Alternatively, it could be because transformation of glycine
betaine to methylamine and acetate (Eq. 14, AG{ = -403 k] mol1) is energetically
favourable while transformation into trimethylamine and acetate is not (Eq. 15; AG{°

=12 k] mol1).
(CH3)3N+*CH2COO0- + H20 + 0.5 HCO3- = 2.25 CH3COO- + (CH3)NH3*+ 0.75 H* Eq. 14
(CH3)3N+*CH2COO- + 2 H* + 2 e- = (CH3)3NH*+ CH3COO0- Eq. 15

DFE cultures amended with sarcosine and Hz were set up to help verify sarcosine as

a pathway intermediate of choline and glycine betaine catabolism, as it could not be
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observed at any stage of growth. The production of methylamine, acetate, and strain
DCMF cells supported the organism’s ability to reductively cleave sarcosine (Figure
S3 B). While H; was required for the metabolism of sarcosine, the apparent ability
of strain DCMF to utilise H2 as an electron donor for reductive cleavage was
seemingly at odds with its inability to grow with the classic acetogenic substrates
Hz + CO2 (Wong, 2015). The genome does contain a putative membrane-bound NiFe
hydrogen uptake hydrogenase (HyaABCD, Ga0180325_111497-9, 111503) which

may be utilised to provide reducing equivalents for the sarcosine reductase.

In cultures amended with glycine betaine + H», the hydrogen was still consumed
despite the lack of trimethylamine produced (Figure 3.6). It is not yet clear which
organisms in the culture were utilising the hydrogen, as previous DFE cultures
amended with Hz + CO2 demonstrated no growth or acetogenesis (Wong, 2015).
Observations of the hydrogen only (i.e. glycine betaine and sarcosine-free) control
culture in this experiment were in agreement with this: there was no significant
decrease in hydrogen concentration or increase in acetate concentration (linear
regression slope was not significantly non-zero, p-value > 0.05 for both compounds;
data not shown). Concurrently, there was slightly higher acetate production
observed in the glycine betaine + H; cultures (15 * 0.6 mM), compared to the
hydrogen-free glycine betaine cultures (11 * 0.4 mM; Figure 3.5 B). It may be
possible that CO2 reduction by strain DCMF is enabled in the presence of glycine
betaine and/or sarcosine, once other metabolic components (i.e. the Wood-
Ljungdahl pathway) are in use. A proteomic analysis of hydrogen-amended cultures
may shed further light on the ability of strain DCMF to utilise hydrogen as an electron

donor.
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Table 3.2 Cell yield and total acetate calculations for strain DCMF and other bacteria. nd = not described.

Per mole substrate consumed:

Organism + substrate |Cell Cell width Cell volume Cellincrease Cellwet Celldry Acetate Acetate Total Reference
length (nm) (cm3)a (cells ml1) weight  weight equivalents produced acetate
(nm) (g)® (g)c in biomass (mol) (mol)
(mol)d

Strain DCMF + DCM 1.7+03 06+£0.1 59+3.0x1013 20+1.2x10*119+93 24+19 0504 0.8+0.0 1.2+0.4 This study
Strain DCMF + choline |1.7+£0.3 0.6+0.1 59%3.0x1013 3.0+09x1014178+10536+21 0.7+04 3.1+0.1 3.9=%0.5 This study
Strain DCMF + glycine |1.7+£0.3 0.6+0.1 59%#3.0x1013 1.1+0.1x101466+35 1370 03=%0.1 2.3+0.1 2.5%0.2 This study
betaine
Strain DCMF + methanol [1.7 £ 0.3 0.6 £0.1 59*3.0x1013 57+14x1014334+190 6738 1.4+0.8 0.7+0.0 2.1+0.8 This study
‘Ca. 40+08 04+0.1 46+1.2x1013 53+1.0x1013239+1.2 48+0.2 0.1+0.0 Qe nd (Kleindienst et al.,
Dichloromethanomonas 2017; Chen etal.,
elyunquensis’ + DCM 2020)
Dehalobacterium 1.8 1.1 1.7 x 1012 3.7+0.3x1013 62.6 12.5 0.26 0.16 0.42 (Magli et al., 1996;
formicoaceticum + DCM Chenetal, 2020)
Eubacterium limosum  |3.3 0.8 1.4 x 1012 nd 45.0 9.0 0.19 0.20 0.39 (Miiller et al.,
11A + glycine betaine 1981)
Sporomusa sphaeroides |3.0 0.7 1.0 x 10-12 nd nd nd nd 0.86 nd (Moller et al.,
E + glycine betaine 1984)
Acetobacterium woodii |1.9 0.9 1.2 x 10-12 nd 17.5 3.5 0.07 0.68 0.75 (Tschech and
NZval6 + methanol Pfennig, 1984;

Bache and Pfennig,

1981)

a Cells are assumed to be cylinders.
b Cells are assumed to have the same density as water.

¢ Cells are assumed to be 80% water.

d1 mg dry cell weight assumed to be equal to 20.6 pmol acetate (Schink and Pfennig, 1982)
e No acetate is produced directly by ‘Ca. Dichloromethanomonas elyunquensis’. Rather, it is produced by acetogenic bacteria utilising the mineralisation products Hz

and COaz.
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3.4.3.4 A summary of quaternary amine metabolism in strain DCMF

Product formation and cell yields from the growth experiments with choline and
glycine betaine were drawn together with the genomic information presented in
Chapter 2 to generate a theoretical energy balance for consumption of these
substrates. To this end, biomass produced was converted into acetate equivalents,
assuming 1 mg dry cell weight equates to 20.6 pmol acetate (Schink and Pfennig,
1982), and summed with the quantified acetate in solution in order to calculate the

“total acetate” produced by DFE cultures (Table 3.2).

The oxidation of two methyl groups from glycine betaine would yield 12 electrons
(Eq. 16), of which two can be directed to reductive cleavage of sarcosine to yield one
acetate and methylamine (Eq. 17). Given that sarcosine was not observed at any
stage of growth, it is presumably rapidly cleaved. As eight electrons are required for
acetate synthesis from bicarbonate (Eq. 18), the remaining 10 electrons equate to
1.25 acetate equivalents via bicarbonate reduction (Eq. 19), totalling 2.25 mol
acetate equivalents and 1 mol methylamine per mole glycine betaine (Eq. 20; Figure
3.9). This approximately accords with the observed total acetate equivalent (2.3
0.1 mM) and methylamine (0.9 *+ 0.1 mM) concentrations in glycine betaine-

amended cultures.

The methylamine yield in choline-amended cultures (1.3 + 0.2 mM per mole choline
utilised), was also close to the theoretical yield based on the above equations. The
metabolism of choline into glycine betaine liberates four electrons (Eq. 21), which
equate to an additional 0.625 mol acetate for each mol of choline metabolised to
glycine betaine (Eq. 22). Combining the choline to glycine betaine, and glycine
betaine to acetate and methylamine equations results in a theoretical yield of 2.75
mol acetate equivalents per mole choline (Eq. 23), which is within one standard

deviation of the observed 3.1 + 0.4 mM acetate equivalents.

(CH3)3sN*CH2CO0- + 6 H,0 = (CH3)NH,*CH2CO0- + 2 HCOs + 14 H* + 12 e Eq. 16

(CH3)NH,*CH,COO- + 2 H* + 2 e- & (CH3)NHz* + CH5COO0- Eq.17
2 HCOs + 9 H* + 8 e > CH3COO- + 4 H20 Eq. 18
2.5 HCOs + 11.25 H*+ 10 e > 1.25 CH3COO- + 5 H20 Eq.19

(CH3)3N+*CH2COO- + H20 + 0.5 HCO3- = 2.25 CH3COO0- + (CH3)NH3*+ 0.75 H* Eq. 20
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(CH3)3N+*CH2CH20H + H20 - (CH3)3N+*CH2CO0-+5 H*+ 4 e Eq. 21
HCO3 + 4.5 H* + 4 e- = 0.5 CH3COO- + 2 H;0 Eq. 22
(CH3)3N+*CH2CH20H + 1.5 HCO3- = CH3NH3* + 2.75 CH3COO- + 1.25 H* Eq. 23

The conversion of choline to acetate and methylamine (Eq. 23) is
thermodynamically favourable, with a AGr of -149 k] mol, as is the conversion of
glycine betaine to acetate and methylamine (AGr of -403 k] mol1; Eq. 20). The cell
dry weight yield of strain DCMF with glycine betaine (13 + 7.0 g per mol substrate
consumed) is higher than the previously reported value for Eubacterium limosum
strain 11A (9.0 g per mol substrate consumed; Table 3.2). However, this organism
produced dimethylglycine and acetate as end products of glycine betaine
fermentation, indicating only a single demethylation took place (Miiller et al., 1981).
This would yield fewer reducing equivalents for additional acetate and biomass
production and is also in accordance with the less thermodynamically favourable
AGr of -183 k] moll. In fact, given that demethylation from glycine betaine to
dimethylglycine yields six electrons, and complete conversion of glycine betaine to
methylamine and acetate yields 18 electrons, E. [imosum had a higher growth yield
per mole electrons released than strain DCMF (1.5 g cell dry weight compared to

0.72 g, respectively).

3.4.4 A genome-based model for methanol metabolism in strain

DCMF

Methanol catabolism in strain DCMF is proposed to be carried out through a similar
three-component methyltransferase system to that proposed above for glycine
betaine demethylation. While such methanol methyltransferase systems are
relatively well-described in methanogenic archaea (van der Meijden et al., 1983a,b
1984; Burke & Krzycki, 1995, 1997; Sauer & Thauer, 1997; Sauer, Harms & Thauer,
1997; Hagemeier et al,, 2006), there are only a few reports from acetogenic bacteria,
namely in Moorella thermoacetica (Das et al., 2007), S. ovata (Visser et al., 2016) and
A. woodii (Kremp et al, 2018). The strain DCMF genome encodes a number of
methanol-specific methyltransferases and associated corrinoid proteins (Table S4).
One of these, a methanol:corrinoid methyltransferase (Ga0180325_112644), is also
the closest homolog when the MT; (MtaB) proteins from both S. ovata and A. woodii

were searched against the strain DCMF genome. It resides in a cluster containing a

87



methanol-specific MT2 homolog (Ga0180325_112641) and a mtbC CoP homolog
(Ga0180325_.112642 and 112645). As in both S. ovata and A. woodii, the putative
MT:, gene is a methyl-THF methyltransferase, rather than the MtaA methanol

methyltransferase found in methanogens (Visser et al., 2016; Kremp et al., 2018).

In A. woodii, the methanol-specific methyltransferase complex transfers the methyl
group onto THF, forming methyl-THF, which can then be transformed via the Wood-
Ljungdahl pathway (Kremp et al, 2018). Strain DCMF is expected to follow a similar
metabolic route, leading to the formation of acetate as the sole product. The
removed methyl group can enter the Wood-Ljungdahl pathway as methyl-THF, from
which metabolism can proceed in a similar manner to that outlined in Figure 3.9 for
methyl groups removed from glycine betaine and dimethylglycine. In A. woodii,
~25% of the methyl-THF to CO: in the methyl branch of the Wood-Ljungdahl
pathway produces the electron equivalents that are used to reduce CO; to CO in the
carbonyl branch, through which the remaining ~75% of the methyl-THF is
converted into acetate (Kremp et al, 2018). In order to maintain redox balance of
this pathway, A. woodii utilises a soluble electron-bifurcating hydrogenase to
convert H; into reduced ferredoxin and NADH, and hydrolyses ATP to pump sodium
ions into the periplasmic space so that they can re-enter the cytoplasm via the Rnf
complex, which generates additional reduced ferredoxin at the expense of NADH
(Kremp et al., 2018). Strain DCMF harbours all genes for an FiFo-type ATPase
(Ga0180325_.113152-60) and the Rnf complex (Ga0180325_113065-70) in its
genome. Furthermore, it contains genes homologous to those encoding the electron-
bifurcating hydrogenase in A. woodii (Ga0180325_111565 - 111569; 39 - 69%
amino acid identity). Thus, it is possible that methanol catabolism in strain DCMF

uses a similar process for redox balance as that previously described in A. woodii.

Strain DCMF produced 4.9 x 10!* cells per mole methanol utilised, the largest
growth yield out of the four substrates (DCM, choline, glycine betaine; Table 3.2).
When this growth was converted into biomass equivalents as demonstrated in
Section 3.4.3.4, it corresponded to 1.4 + 0.8 mol acetate equivalents per mol
methane utilised (Table 3.2). Given that only 0.7 + 0.0 mol acetate was measured per
mole methanol utilised, this corresponds to 65% of all potential acetate being

transformed into biomass - a relatively large amount compared to strain DCMF
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growth on DCM, choline, or glycine betaine (Table 3.2). In cultures of A. woodii, the
cell yield on methanol was more than double that from H; + CO2 (Bache and Pfennig,
1981; Tschech and Pfennig, 1984). This has since been attributed to the yield of 0.83
mol ATP per mol acetate formed from the catabolic pathway, the highest reported
so far for an acetogenic C1 substrate (Kremp et al.,, 2018). Indeed, even compared to
multi-carbon substrates such as lactate (Weghoff et al, 2015), ethanol (Bertsch et
al,2016), butanediol (Hess et al., 2015), and ethylene glycol (Trifunovi¢ et al.,, 2016),
the ATP yield per mol acetate formed from methanol was second only to that of
fructose (Schuchmann and Miiller, 2016). This may explain the higher strain DCMF
cell yield on methanol than the more complex substrates choline and glycine

betaine.

3.4.5 Quaternary amine and methanol metabolism have
important implications for carbon and nitrogen cycling in

the environment
The ability of strain DCMF to utilise choline, glycine betaine and methanol suggests
that its environmental relevance extends beyond DCM contaminated sites. Coastal
salt marshes and intertidal mudflats represent significant sources of methane from
the demethylation of trimethylamine, which is in turn, derived from quaternary
amines (Jameson et al.,, 2019; King, 1984, 1988a) (Figure 3.10). Both trimethylamine
and methanol are non-competitive methane precursors (i.e. not typically used by
non-methanogenic microbes in anoxic environments; Figure 3.10), which may allow
large methanogen populations to develop in environments where sulphate
reduction would typically dominate (Oremland et al., 1982; Oremland and Polcin,
1982). Indeed, trimethylamine is responsible for 60 - 90% of methane production
in coastal salt marshes and intertidal sediments (Oremland et al, 1982; King, 1984).
Concurrently, areas of higher salt concentration (where glycine betaine is highly
prevalent as an osmotic regulator) are typically more inhibitory to methanotrophs
than methanogens (Iversen, 1996; Cohen et al., 1994; Denier-VanderGon and Neue,
1995), which can further fuel an increase in atmospheric methane flux from these
environs. The transformation of quaternary amines to methylamine by strain DCMF
provides a pathway of lower methanogenic potential that could operate in coastal

environments (Figure 3.10). Strain DMCF does produce acetate as a major end
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product, which can be utilised by acetoclastic methanogens. However, unlike
methylated amines, methanogens have to compete with more thermodynamically
favourable processes such as sulphate reduction for this substrate. Overall, the
abundance of strain DCMF, its role in quaternary amine and methanol turnover, and

effect on methanogenesis in coastal environments has yet to be investigated.
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Figure 3.10 Overview of the metabolic processes involving quaternary amines and

methanol in anaerobic, coastal environments.

3.4.6 Classification of strain DCMF as ‘Candidatus Formamonas

warabiya’ gen. nov. sp. nov.
Based on the genomic information in Chapter 2, it seemed likely that strain DCMF
represented a novel genus within the family Peptococcaceae. By measures of 16S
rRNA gene phylogeny, whole genome analysis of universally conserved marker
genes, and amino acid identity, its closest relative was shown to be Dehalobacterium
formicoaceticum strain DMC. However, the physiological information presented in
this Chapter distinguishes strain DCMF from the sole representative of the genus
Dehalobacterium, which has thus far only proved capable of growth on DCM (Magli
et al, 1996). The metabolic repertoire of strain DCMF is a unique range of one-
carbon compounds (DCM, methanol) or substrates from which it can utilise methyl
groups (choline, glycine betaine, dimethylglycine, sarcosine + Hz). Strain DCMF also
harbours a significantly larger genome than D. formicoaceticum (6.44 Mb for the

former, 3.77 Mb for the latter) (Chen et al.,, 2017b).
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Thus, multiple lines of evidence support the placement of strain DCMF within a
novel genus within the family Peptococcaceae. As strain DCMF is not yet represented
in pure culture despite intensive efforts to isolate the organism, we propose it be
classified in the Candidatus category. This is suggested for putative taxa for which
there is enough evidence to justify classification, without being able to meet all
requirements of the International Code of Nomenclature of Bacteria (Murray and

Stackebrandt, 1995).

3.4.6.1 Description of ‘Candidatus Formamonas gen. nov.
‘Candidatus Formamonas [Form.a.mon’as. L. adj. formicum relating to formic acid or,
more generally, one-carbon compounds; Gr. n. monas unit; ML. n. Formamonas the

one-carbon utilising unit.

‘Candidatus Formamonas’ is strictly anaerobic and metabolises one-carbon and
methylated compounds including DCM, methanol and quaternary amines glycine.
Methylene/methyl groups are metabolised via incorporation into the Wood-

Ljungdahl pathway. The type species is ‘Candidatus Formamonas warabiya’.

3.4.6.2 Description of ‘Candidatus Formamonas warabiya sp. nov.

‘Candidatus Formamonas warabiya [war.a.bi'ya N.L. n. warabiya the Dharawal name
for the area between Botany Bay and Bunnerong, honouring the Traditional
Custodians of the land where this bacterium was sampled from]. Permission was
granted from the Dharawal Language Program for use of this placename as the

bacterial species name (Appendix A).

Utilises DCM, methanol, choline, glycine betaine, dimethylglycine as sole sources of
electrons under anoxic conditions. Can also utilise the electron donor and acceptor
pair Hz and sarcosine. The aforementioned substrates plus CO; are carbon sources.
The primary fermentation product is acetate. Methylamine is also produced from
choline, glycine betaine, dimethylglycine, and sarcosine + Hz. The Wood-Ljungdahl
pathway is likely used for carbon fixation and metabolism of the methyl groups

removed from substrates. Cells are rod shaped (1.69 x 0.27 pm).

Type strain DCMFT is not available in pure culture. The source of inoculum was
contaminated sediment from the Botany Sands aquifer, adjacent to Botany Bay,

Sydney, Australia. The type material is the finished genome of ‘Candidatus
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Formamonas warabiya’ strain DCMF, which is 6.44 Mb and has a G+C content of

46.4% (GenBank accession number CP017634.1; IMG genome ID 2718217647).

3.5 Conclusions

Strain DCMF is a novel member of the family Peptococcaceae that is capable of
fermenting the toxic groundwater pollutant DCM into the innocuous end product
acetate. During growth on DCM, strain DCMF was the most abundant organism in
the DFE culture, as visualised by FISH and qPCR data comparing strain DCMF to total
bacterial 16S rRNA genes. Stable isotope (!3C) and bicarbonate-free culture
experiments demonstrated the role of the Wood-Ljungdahl pathway in DCM
transformation and confirmed that strain DCMF is a mixotroph, assimilating carbon

from DCM and CO: for acetogenesis.

In contrast to D. formicoaceticum and ‘Ca. Dichloromethanomonas elyunquensis’,
which have thus far been described as obligate DCM-metabolising organisms, strain
DCMF is also capable of utilising quaternary amines (choline and glycine betaine)
and methanol for growth. Physiological observations of quaternary amine
metabolism were supported with genomic data, which show the presence of glycine
betaine methyltransferases and glycine/betaine/sarcosine reductases in the strain
DCMF genome. As such, it is proposed that strain DCMF converts choline into glycine
betaine. This is then demethylated in a stepwise manner to dimethylglycine and
then sarcosine (methylglycine), which can then be cleaved by a sarcosine reductase
to form methylamine and acetyl phosphate. The genome also encodes methanol
methyltransferases likely utilised to convert methanol into methyl-THF, which can
then be metabolised to acetate via the Wood-Ljungdahl pathway. Based on the
novelty of the strain DCMF genome (including 16S rRNA gene sequence) and the
organism’s physical traits, we propose that it represents a new Candidatus genus,

and propose the name ‘Candidatus Formamonas warabiya’ for this unique organism.
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4 A variety of methyltransferases are expressed
by ‘Ca. Formamonas warabiya’ during anaerobic
dichloromethane and quaternary amine
metabolism

4.1 Introduction

Under anaerobic conditions, DCM is metabolised in the Wood-Ljungdahl pathway
by DCM-dechlorinating bacteria (Magli et al., 1998; Kleindienst et al., 2019; Chen et
al, 2020). However, the enzyme(s) that catalyse the presumed dechlorination of
DCM prior to its entry into the Wood-Ljungdahl pathway have still not been
definitively identified. A proteogenomic study of ‘Ca. Dichloromethanomonas
elyunquensis’ found that four methyltransferases were amongst the most abundant
proteins expressed during growth on DCM (Kleindienst et al., 2019). Two reductive
dehalogenases were also present in the ‘Ca. Dichloromethanomonas elyunquensis’
proteome during growth on DCM, yet ‘Candidatus Formamonas warabiya’ strain

DCMF and D. formicoaceticum do not encode these enzymes at all.

In the current study, the abundance of methyltransferases encoded in the strain
DCMF genome supports their hypothesised involvement in DCM dechlorination. The
work in the previous chapter, demonstrating that strain DCMF can utilise substrates
other than DCM, allowed a comparative proteomics experiment to be conducted,
comparing strain DCMF cells grown on DCM, choline, glycine betaine, and methanol.
The primary aim of this work was to identify proteins involved in DCM
dechlorination. A cluster of methyltransferases were highly abundant in DCM-
amended cells, homologous to gene clusters identified in D. formicoaceticum and ‘Ca.
Dichloromethanomonas elyunquensis’. Proteomics also provided validation of the
putative metabolic pathways for choline, glycine betaine, and methanol
transformation that were hypothesised in Chapter 3 - confirming the involvement
of a glycine betaine methyltransferase, a sarcosine reductase complex, and a
methanol methyltransferase. This work illustrates how strain DCMF utilises a range

of methyltransferases for growth on a variety of C1 and methylated substrates.
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4.2 Materials and Methods

4.2.1 Analytical techniques
DCM and methanol were quantified with GC-FID as described in Section 3.2.3.1.

Choline and glycine betaine were quantified with LC-MS/MS as described in Section
3.2.3.2.

4.2.2 Cultures for proteomics

Cultures were grown in minimal mineral salt medium as described in Section 3.2.1.
One of: DCM (2 mM), choline chloride (5 mM), glycine betaine (5 mM) or methanol
(10 mM) was added as the electron donor. DFE cultures amended with DCM, choline
or glycine betaine were grown in 200 ml aliquots within 250 ml capacity glass serum
bottles. DFE cultures amended with methanol were grown in 140 ml aliquots within

160 ml capacity glass serum bottles.

Cells were harvested in triplicate when approximately 80% of the initial substrate
pulse was depleted, i.e. when the cultures were in late exponential growth phase.
Cells were collected from either 400 ml (DCM, choline, glycine betaine) or 140 ml
(methanol) liquid culture via centrifugation at 8,000 rcf for 30 min at 4°C.
Supernatant was removed and the remaining cell pellets were resuspended in ~1
ml of their respective supernatant before being transferred to 2 ml cryotubes and

stored at -80°C until the crude protein extraction.

4.2.3 Crude protein extraction and quantification

The concentrated cell extracts from Section 4.2.2 were thawed on ice before being
centrifuged at 10,000 rcf for 10 min at 4°C. The supernatant was removed and each
cell pellet was resuspended in 120 ul protein extraction buffer, which consisted of
50 mM MOPS (pH 7), 4% sodium dodecylsulfate (SDS), 50 mM NaCl, 100 pM
ethylenediamine tetraacetic acid (EDTA), 100 uM MgCl,. The mixtures were
transferred to 2 ml screw-cap tubes containing 0.06 g glass beads (150-212 pm,
Sigma) and a %" ceramic sphere (MP Bio) before the cells were lysed via bead-
beating at speed setting 1800 for 5 min on a PowerLyzer 24 Homogenizer (Qiagen).
The tubes were centrifuged at 16,000 rcf for 10 min at 15°C and the supernatants

were transferred to fresh, 1.5 ml microfuge tubes. The centrifugation step was
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repeated and the supernatant (the crude protein extract) was once again

transferred to a fresh 1.5 ml microfuge tube.

Protein yield in the crude extract was quantified using the Micro BCA Protein Assay
Kit (Thermo Fisher Scientific) as per manufacturer’s instructions for the microplate
assay. Crude protein extracts were diluted 1:250 in MilliQ water prior to
quantification. Bovine serum albumin was used to create a seven-point standard

curve ranging from 0.5 - 40 pg ml-L.

Protein samples were diluted to a concentration of 1 ug pl-! in 50 mM NH4HCO3 and
these diluted samples were again quantified via Micro BCA assay to ensure accurate

dilution.

4.2 .4 Filter-aided sample preparation (FASP)

FASP was used to prepare the crude protein extract for proteomic analysis,
following the method outlined by Wisniewski et al (2009; 2017). A total of 15.8 ug
protein from each sample (22 pl total volume, using 50 mM NH4HCO3 to dilute where
necessary) was transferred to a fresh 1.5 ml microfuge tube. Dithiothreitol (5 mM)
was added to each tube prior to incubation at 37°C for 30 min, to reduce the cysteine

disulphide bonds in the peptides.

Samples were then loaded onto Amicon Ultra-0.5 30 kDa centrifugal filter units
(Merck) with 200 pl UA solution (8 M urea in 100 mM Tris-HCl, pH 8.5). Filters were
centrifuged at 14,000 rcf for 15 min before a further 200 pl UA was added to each
filter and the centrifugation step was repeated. Peptides were alkylated by addition
of 100 pl iodoacetamide solution (50 mM iodoacetamide in UA) and mixing at 600
rpm for 1 min prior to incubating statically in the dark for 20 min. Filters were
centrifuged at 14,000 rcf for 10 min. UA (100 pl) was added to each filter and it was
centrifuged at 14,000 rcf for 15 min; this was repeated once more. Then, 50 mM
NH4HCO3 (100 pl) was added to each filter before centrifuging at 14,000 rcf for 10
min; this was repeated twice more. Protein digestion was performed by addition of
trypsin (1:100 enzyme:protein ratio, i.e. 0.8 pl of a 200 ng pl-! trypsin solution) in a
further 40 pl of 50 mM NH4HCO3 and mixing at 600 rpm for 1 min. Filters were
incubated in a wet chamber at 37°C overnight and then transferred to fresh

collection tubes and centrifuged at 14,000 rcf for 10 min. A final 40 pl of 50 mM
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NH4HCO3 as added to each filter and they were centrifuged at 14,000 rcf for 10 min.

The eluent was stored at -80°C prior to further use.

4.2.5 Proteomic analysis via LC-MS/MS

Sample analysis by liquid chromatography with tandem mass spectrometry (LC-
MS/MS) was carried out at the Bioanalytical Mass Spectrometry Facility (BMSF) at
the University of New South Wales. Peptides were separated by nanoLC on an
UltiMate™ 3000 RSLCnano ultra performance liquid chromatograph (UPLC) and
autosampler system (Dionex). Samples (2.5 pl) were concentrated and desalted
onto a micro C18 precolumn (300 um x 5 mm, Dionex) with H,0:CH3CN (98:2, 0.2 %
TFA) at 15 pl min-1. After a 4 min wash the pre-column was switched (Valco 10 port
UPLC valve, Valco, Houston, TX) into line with a fritless nano column (75p x ~15cm)
containing C18AQ media (1.9y, 120 A Dr Maisch). Peptides were eluted using a
linear gradient of H20:CH3CN (98:2, 0.1% formic acid) to H20:CH3CN (64:36, 0.1%
formic acid) at 200 nl min-! over 30 min. High voltage 2000 V was applied to low
volume Titanium union (Valco) and the tip positioned ~0.5 cm from the heated
capillary (T=275°C) of an Orbitrap Fusion Lumos (Thermo Electron) mass
spectrometer. Positive ions were generated by electrospray and the Fusion Lumos

operated in data dependent acquisition mode.

A survey scan m/z 350 - 1,750 was acquired in the orbitrap (resolution = 120,000
at m/z 200, with an accumulation target value of 400,000 ions) and lockmass
enabled (m/z 445.12003). Data-dependent tandem MS analysis was performed
using a top-speed approach (cycle time of 2 s). MS2 spectra were fragmented by HCD
(NCE=30) activation mode and the ion-trap was selected as the mass analyser. The
intensity threshold for fragmentation was set to 25,000. A dynamic exclusion of 20

s was applied with a mass tolerance of 10 ppm.

4.2.6 Proteomic data analysis

MS/MS spectra .raw files were searched against a custom database of all predicted
proteins in the manually curated IMG-annotated strain DCMF genome using
MaxQuant version 1.6.7.0 (Cox et al, 2014). Enzyme specificity was trypsin/P with
a maximum of two missed cleavages. Fixed (carbamidomethylation of cysteine) and
variable (oxidation of methionine and N terminal acetylation) modifications were

selected. Minimum peptide length was set as seven amino acids and maximum
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peptide mass as 4,600 Da. ‘LFQ’ and ‘Match between runs’ were selected. All other

settings were left as default.

Statistical analysis of the MaxQuant output was performed in Perseus v1.6.7.0
(Tyanova et al., 2016). Proteins identified by site, reverse sequences and potential
contaminants were removed. Proteins were filtered to retain only those identified
by two or more unique peptides, and present in all three replicates of at least one
substrate condition. Label free quantitative (LFQ) intensities were log> transformed
and missing values were imputed from a Gaussian distribution (down shift 1.8 and
width 0.3, relative to the standard deviation of each column). Triplicate-averaged
values were Z-score transformed within each substrate column to determine

protein abundance relative to overall expression with each substrate.

The DCM- and glycine betaine-amended samples were directly compared via
multiple t-tests to create a volcano plot. T-test parameters were: So = 0.1, 250
randomizations, substrate grouping not preserved in randomizations. Proteins
were considered differentially abundant if they had a False Discovery Rate (FDR) <
0.01.

4.3 Results

4.3.1 Protein expression patterns

Label-free quantitative (LFQ) proteomics was carried out with DFE cultures
amended with DCM, glycine betaine, choline, and methanol in order to investigate
the protein expression patterns of strain DCMF on each substrate. In total, 1,480
unique proteins were identified across the four substrate conditions (Dataset S2).
Following imputation of missing values, principle components analysis (PCA)
showed that triplicate samples from each substrate clustered tightly together.
Within the substrate groups, samples from the DCM-amended cultures showed the
most difference to all others (Figure 4.1). From the total number of identified
proteins, 408 were significantly differentially abundant between DCM- and glycine

betaine-grown cells (FDR < 0.01; Table S5).
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Figure 4.1 Principle components analysis plot shows triplicate proteomics samples
cluster together by substrate. Samples amended with DCM (red squares) showed the most
difference to samples amended with glycine betaine (blue circles), choline (green triangles), or

methanol (orange diamonds).

4.3.1.1 Wood-Ljungdahl pathway proteins

Proteins from the Wood-Ljungdahl pathway were amongst the most abundant
under all four substrate conditions (Figure 4.2). All proteins from the pathway were
present, including formate dehydrogenase (112876 3, 112877, 112878s80),
formate-tetrahydrofolate = (THF) ligase  (114722), 5,10-methylene-THF
dehydrogenase/ methenyl-THF cyclohydrase (11378), 5,10-methylene-THF
reductase (111198), 5-methyl-THF Co Fe-S protein methyltransferase (111199), CO
dehydrogenase (111205), and acetyl-CoA synthase (111204). Proteins for the
conversion of acetyl-CoA to acetate were also present (phosphate

propanoyltransferase, 112835, and acetate kinase, 111561; Figure 4.2).

4.3.1.2 Energy generation proteins

Proteins for an FoF-type ATP synthase were also amongst the most abundant under
all conditions, including all F1 subcomplex units and one of the three Fo subcomplex
units (113152 - 113157; Figure 4.2). Additionally, the proteome contained three
proteins from the Rnf complex (RnfBCG, 113065, 113070, 113068) and almost all
proteins for a NADH:ubiquinone oxidoreductase (complex I). NuoGEFBCDHIJLM

3 All strain DCMF gene numbers in this chapter refer to the IMG Gene Locus and are prefaced by
“Ga0180325_".
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(11330,11791-92,115678-83, 115685-86) were present, whilst NuoAKN (115677,
115684, 115687) were not identified, but are encoded in the genome. Two proteins
for a putative K* or Na*-stimulated pyrophosphate-energised sodium pump
(113285, 113311) were also highly abundant with all substrates. The presence of
all these proteins suggests that strain DCMF may generate energy through a
chemiosmotic mechanism, as well as substrate level phosphorylation in the Wood-

Ljungdahl pathway.

4.3.1.3 Methyltransferases

In total, the strain DCMF proteome contained 79 components identified either as a
methyltransferase 1 (MT;, responsible for transferring a methyl group from a
substrate onto the corrinoid protein), methyltransferase 2 (MT>, responsible for
transferring the methyl group from the corrinoid protein to a receiving compound)
or cognate corrinoid protein (CoP) (Figure 4.3; Dataset S2). This included 29 of the
82 MttB superfamily methyltransferases (Dataset S2). Due to the large quantity of
methyltransferases expressed in the proteome, particular attention was given to
those with high abundance (Z-score > 1), especially in one substrate more than

others.
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AtpD ATP synthase F1 subcomplex beta subunit 113153
AtpG ATP synthase F1 subcomplex gamma subunit 113154
AtpA ATP synthase F1 subcomplex alpha subunit 113155
AtpH ATP synthase F1 subcomplex delta subunit 113156
AtpF ATP synthase FO subcomplex B subunit 113157

Uroporphyrinogen decarboxylase (MTII) 111231
Tetrahydromethanopterin S-methyltransferase (MTI) 111232
Methyltransferase, MtaA/CmuA family (MTII) 111233
Transcriptional regulator, AraC family 111234
Uroporphyrinogen decarboxylase (MTII) 111235
Methyltransferase corrinoid protein 111236

Histidine kinase 111237

Betaine aldehyde deydrogenase 114191

MtgC methyltransferase corrinoid protein 114734
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N-methylhydantoinase A/oxoprolinase/acetone carboxylase 114738
MtgA glycine betaine methyltransferase 1l 114739

MtgB glycine betaine methyltransferase | 114740

BCCT family transporter 114741

BCCT family transporter 114742

TrxB thioredoxin reductase 114795

TrxA thioredoxin 1 114796

GrdA Glycine/betaine/sarcosine reductase complex protein A114797s98
GrdC Glycine/betaine/sarcosine reductase complex protein C 114799
GrdD Glycine/betaine/sarcosine reductase complex protein C 114800
GrdG Sarcosine reductase complex protein B 114802

GrdF Sarcosine reductase complex protein B 114803s

MtaB methyl-THF methyltransferase 112641

MtaC methyltransferase corrinoid protein 112642
MtaR transcriptional regulator 112643

MtaA methanol:corrinoid methyltransferase 112644
MtaC methyltransferase corrinoid protein 112645

Wood-Ljungdahl pathway

ATPase
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Figure 4.2 Heatmap depicting the abundance of proteins of interest in DCM-, glycine

betaine-, choline- and methanol-amended culture. Proteins that were highly abundant

across all four conditions (Wood-Ljungdahl pathway and ATPase) or with specific substrates

are shown. Colours represent Z-scores of log-transformed LFQ values, i.e. green/higher values

represent higher abundance of that protein relative to overall protein expression with that

substrate.
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Figure 4.3 Heatmap of all corrinoid-dependent methyltransferase system proteins
identified in the ‘Ca. Formamonas warabiya’ proteome. Methyltransferase systems that
were highly abundant with DCM, methanol, glycine betaine, and all substrates are indicated.
Locus tags are followed by the likely role of each protein in the methyltransferase system: the
methyltransferase 1 (1), methyltransferase 2 (2), or corrinoid protein (C). Methyltransferases
that include a pyrrolysine residue are marked with an asterisk (*). Colours represent Z-scores
of logz-transformed LFQ values, i.e. green/higher values represent higher abundance of that

protein relative to overall protein expression with that substrate.

101



A cluster of methyltransferases spanning loci 111231 - 111236 were highly
abundant in cells amended with DCM only, while methyltransferases spanning loci
111152 - 111158 and 114734 - 114740 were highly abundant in cell grown with
glycine betaine or choline relative to cells grown with the other substrates (Figure
4.3). In methanol-amended samples, it was methyltransferases spanning 112641 -
112645 that stood out for their uniquely high abundance (Figure 4.3). One cluster
of methyltransferases (115483, 115486, 115476) was highly abundant across all

four growth conditions (Figure 4.3).

Seven of the expressed methyltransferases are pyrrolysine-containing methylated
amine methyltransferases (111271p72, 111278p79, 111485-86, 114321p22,
114324p25, 115207p08, 115773p74; Figure 4.3). Accordingly, proteins for the
biosynthesis and incorporation of the non-canonical amino acid pyrrolysine were
also identified in the proteome (PylBCDSc; 112912, 116769, 114723, 115767;
Dataset S2).

4.3.1.4 S-layer, motility, and chemotaxis proteins

With all four substrates, an S-layer homology domain-containing protein was the
most abundant protein (113134 with DCM, glycine betaine and choline) or the
second-most abundant protein (113124 with methanol). In total, 14 of the 43 S-
layer homology domain-containing proteins encoded in the strain DCMF genome

were identified in the proteome, with varying levels of abundance (Dataset S2).

Proteins for a flagellar and chemotaxis were also identified, indicating that strain
DCMF is motile and can respond to environmental cues. Of the 39 flagellar-related
genes encoded in the organism’s genome, 21 were found in the proteome (Dataset
S2).Flagellin (112818), in particular, was highly abundant across all four substrates.
The proteome included 24 enzymes associated with chemotaxis, including the two-
component regulatory system sensor histidine kinase CheA (113319) and the
response regulator CheY (112765), as well as numerous methyl-accepting
chemotaxis proteins (Dataset S2). None of the gas vesicle genes identified in the

genome were expressed in the proteome.
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4.3.2 Proteomics identified a methyltransferase gene cluster

linked to dichloromethane metabolism
Investigation of the genetic neighbourhood surrounding the methyltransferase
genes that were highly abundant in DCM-amended cells revealed a cluster of eight
genes on the negative DNA strand spanning loci 111230 - 111237 (Figure 4.4). The
genes are annotated by IMG as a two-component regulator system with sensor
histidine kinase and AraC family response receiver, a tetrahydromethanopterin S-
methyltransferase subunit H, two uroporphyrinogen decarboxylases, an
MtaA/CmuA family methyltransferase, a methyl-THF methyltransferase, and a Kef-
type cation exchange protein (Table 4.1). All eight proteins were comparatively
more highly abundant in cells grown on DCM than any other substrate (Figure 4.2).
The DCM- and glycine betaine-amended cultures were directly compared to create
a “volcano plot” showing the logz-fold change (LFC) and associated statistical
significance for each protein (Figure 4.5; Table S5). All eight proteins were
significantly more abundant (FDR 0.01) in DCM-amended cells, with an average LFC
of +5.29 compared to glycine betaine-grown cells. The largest LFC of +8.40 was for

a uroporphyrinogen decarboxylase (111231) (Figure 4.5).

1230 1231 1232 1233 1234 1235 1236 1237
Legend
methyltransferase 1 corrinoid protein DUF protein
0 500 1000
et methyltransferase 2 regulator transporter

Figure 4.4 The DCM-associated methyltransferase gene cluster in ‘Ca. Formamonas
warabiya’. IMG gene loci (each prefaced by Ga0180325_11) are written below each gene. Genes

and intergenic regions are drawn to the scale shown.
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Figure 4.5 Volcano plot of ‘Ca. Formamonas warabiya’ protein expression with DCM and

glycine betaine. Log,-fold change (LFC) in abundance is the difference between DCM and

glycine betaine, i.e. proteins further to the right were more abundant with DCM, while those to

the left were more abundant with glycine betaine. A false discovery rate (FDR) of 0.01 was the

significance boundary, indicated by two black lines on the graph (i.e. the upper left and upper

right portions contain proteins with significantly differential abundance). Proteins in the DCM-

associated methyltransferase cluster are labelled as orange triangles, those from the putative

glycine betaine methyltransferase cluster by dark blue diamonds, and those from the putative

sarcosine reductase cluster by light blue squares. IMG gene loci (prefaced by ‘Ga018035_") are

indicated for these proteins of interest. A full list of all significantly differentially abundant

proteins is included in Table S5.
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Table 4.1 Functional annotation of the DCM-associated methyltransferase gene cluster identified in strain DCMF. nd, not described.

IMG Putative IMG Annotation Length | LFC2 | KEGG Orthology EggNOG Classification pfam Domains Subcellular
Locus |function (AA) Term localisationb
111237 | Two-component | Histidine kinase 430 5.78 |nd 08HR] histidine kinase PF10114 PocR domain; Cytoplasmic
transcriptional PF06580 Signal membrane
regulator, transduction histidine
histidine kinase kinase, internal region
111236 | Methyltransferase | 5-methyl-THF S- 201 3.29 |K00548 metH, MTR | 08IRG PF02310 B12-binding; Cytoplasm
corrinoid protein | homocysteine 5-methyl-THF- B12-binding_2 PF02607 B12-binding_2
methyltransferase homocysteine (cap domain)
methyltransferase
[EC:2.1.1.13]
111235 | MT: Uroporphyrinogen |343 4.80 |K01599 hemE, UROD | 07US9 uroporphyrinogen |PF01208 Cytoplasm
decarboxylase uroporphyrinogen decarboxylase uroporphyrinogen
decarboxylase decarboxylase
[EC:4.1.1.37]
111234 | Two-component |2 component 272 5.05 |nd 07VQW regulator PF12833 DNA binding Cytoplasm

transcriptional
regulator,

receiver

transcriptional
regulator, AraC

family

HTH domain, AraC type;
PF00072 signal
transduction response
regulator, receiver

domain
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IMG Putative IMG Annotation Length | LFC2 | KEGG Orthology EggNOG Classification pfam Domains Subcellular
Locus | function (AA) Term localisationP
111233 | MT: Methyltransferase, |337 5.08 |nd 07SA1 uroporphyrinogen- | PF01208 Cytoplasm
MtaA/CmuA family I1I decarboxylase uroporphyrinogen
decarboxylase
111232 | MTy tetrahydromethano | 299 6.70 | K00584 mtrH 08QZ0 PF02007 Cytoplasm
pterin S- tetrahydromethano- | tetrahydromethanopterin | tetrahydromethanopterin
methyltransferase, pterin S- S-methyltransferase S-methyltransferase
subunit H (mtrH) methyltransferase subunit H /
subunit H methyltransferase Mtx
[EC:2.1.1.86] subunit H
111231 | MT: uroporphyrinogen |288 840 |[nd 08RI4 uroporphyrinogen |PF01208 Cytoplasm
decarboxylase decarboxylase uroporphyrinogen
decarboxylase
111230 | Cation Kef-type K+ 398 3.19 |nd 04RUZ Na H antiporter PF00999 Cation/H+ Cytoplasmic
transporter transport system exchanger membrane

a Log; fold change in protein abundance in DCM-amended cells compared to glycine betaine-amended cells.

b As determined by PsortB.
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4.3.3 Proteomic identification of a putative glycine betaine

methyltransferase

In cells grown with glycine betaine, a cluster of methyltransferases and genes
spanning 114734 - 114742 were among the most abundant proteins (Figure 4.2,
Figure 4.3). This nine-gene cluster is located on the positive strand and, according
to IMG annotation, included three methyl-THF methyltransferases, three MttB
superfamily = methyltransferases  (trimethylamine-corrinoid protein  Co-
methyltransferase), an N-methylhydantoinase A/oxoprolinase/acetone
carboxylase, and two glycine betaine transporters (Table 4.2). In comparison to cells
from DCM-amended cultures, these nine proteins were all significantly more
abundant when grown with glycine betaine (FDR 0.01). The methyltransferase
system components had LFCs of +6.46 to +9.06 in glycine betaine compared to DCM-
grown cells (Figure 4.5, Table 4.2).

Functional annotation revealed Biz-binding domains in two of the methyl-THF
methyltransferases (114734, 114736), indicating they may act as CoP (MtgC) in a
methyltransferase system (Table 4.2). The three genes annotated as
trimethylamine-corrinoid Co-methyltransferases sit within the MttB superfamily
and are likely the MT; component of a glycine betaine methyltransferase system
(MtgB), while the remaining methyl-THF methyltransferase (114739) lacks any B12-
binding domains and is a putative MT2 component of the same system (MtgA; Figure
4.6A; Table 4.2). Amongst the methyl-THF methyltransferases, EggNOG functional
annotation classed 114739 separately to 114734 and 114736, supporting their
differentiation into putative MT. and CoP roles, respectively (Table 4.2). Both
transporters fall within the betaine/choline/carnitine (BCCT) superfamily, with
KEGG classification as the glycine betaine transporter OpuD (Table 4.2), further
supporting the assignation of this gene cluster as a glycine betaine

methyltransferase system (Figure 4.6A).

Another cluster of methyltransferase system genes (111152 - 111158) were also
highly abundant in glycine betaine-amended cells. This cluster of genes, however,
contained only putative MT;, MT; and CoPs, with no other genes related to glycine
betaine metabolism (e.g. transcriptional regulators or transporters) in the genetic

vicinity.
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Table 4.2 Functional annotation of genes in the putative glycine betaine methyltransferase gene cluster. nd, not described.

protein)

IMG Gene / IMG Annotation Length | LFC2 | KEGG Orthology Term EggNOG pfam Domains Subcellular
Locus | putative (AA) Classification localisation?
function
114734 | MtgC / CoP | 5-methyl-THF- 210 7.79 |K00548 metH, MTR 5- 07XHN domain PF02310 B12-binding Cytoplasm
homocysteine methyl-THF-homocysteine | protein (COG5012 |PF02607 B12-binding 2
methyltransferase methyltransferase predicted
EC:2.1.1.13 cobalamin binding
protein)
114735 | MtgB / MT:1 | trimethylamine-- 485 7.20 |K14083 mttB 06EUB PF06253 MTTB Cytoplasm
corrinoid protein Co- trimethylamine-corrinoid | trimethylamine
methyltransferase protein Co- methyltransferase
methyltransferase
EC:2.1.1.250
114736 | MtgC / CoP |5-methyl-THF- 210 6.46 |K00548 metH, MTR 5- 07XHN domain PF02310 B12-binding Cytoplasm
homocysteine methyl-THF-homocysteine | protein (COG5012 |PF02607 B12-binding 2
methyltransferase methyltransferase predicted
EC:2.1.1.13 cobalamin binding
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IMG Gene / IMG Annotation Length | LFCa | KEGG Orthology Term EggNOG pfam Domains Subcellular
Locus | putative (AA) Classification localisation?
function
114737 | MtgB / MT1 | trimethylamine-- 488 9.06 |K14083 mttB 06EUB PF06253 MTTB Cytoplasm
corrinoid protein Co- trimethylamine-corrinoid | trimethylamine
methyltransferase protein Co- methyltransferase
methyltransferase
EC:2.1.1.250
114738 | Unknown N-methylhydantoinase | 668 7.39 |nd 07RYM PF01968 hydantoinase_A | Cytoplasm
A/oxoprolinase/acetone hydantoinase PF05378 Hydant_A_N
carboxylase, beta oxoprolinase
subunit
114739 | MtgA / MT: |5-methyl-THF- 265 2.85 | K00548 metH, MTR 5- 07V3B methyl-THF | PF00809 pterin_bind Cytoplasm
homocysteine methyl-THF-homocysteine | corrinoid iron-
methyltransferase methyltransferase sulphur protein
EC:2.1.1.13 methyltransferase
114740 | MtgB / MT:1 | trimethylamine-- 471 6.71 |K14083 mttB 05F5V PF06253 MTTB Cytoplasm
corrinoid protein Co- trimethylamine-corrinoid | trimethylamine
methyltransferase protein Co- methyltransferase
methyltransferase
EC:2.1.1.250
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family transporter

IMG Gene / IMG Annotation Length | LFCa | KEGG Orthology Term EggNOG pfam Domains Subcellular

Locus | putative (AA) Classification localisation?
function

114741 | OpuD / glycine betaine 540 3.94 |K05020 opuD, betL glycine | 05C94 transporter |PF02028 BCCT, Cytoplasmic
Transporter |transporter betaine transporter betaine/carnitine/choline | membrane

family transporter

114742 | OpuD / glycine betaine 538 2.49 |K05020 opuD, betL glycine | 05C94 transporter |PF02028 BCCT, Cytoplasmic

Transporter |transporter betaine transporter betaine/carnitine/choline | membrane

a Log; fold change in protein abundance in glycine betaine-amended cells compared to DCM-amended cells.

b As determined by PsortB.
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Figure 4.6 The putative glycine betaine methyltransferase gene cluster (A) and sarcosine
reductase complex gene cluster (B) in ‘Ca. Formamonas warabiya’. Gene symbols are
written above and IMG gene loci (each prefaced by Ga0180325_11) are written below each gene.

Genes and intergenic regions are drawn to the scale shown.

Of the five glycine /betaine/sarcosine reductase gene clusters identified in the strain
DCMF genome, only one was observed in the proteome. Genes 114795 - 114803s
encode a  thioredoxin  reductase (trxB), thioredoxin I  (trxA4),
glycine/betaine/sarcosine reductase complex selenoprotein A (grdA), protein C
(grdCD), and a presumed sarcosine-specific protein B (grdGF) (Figure 4.6B). A
hypothetical protein also sits in the middle of the cluster (114801) but was not
identified in the proteomic data. Excluding the hypothetical protein, all proteins in
the cluster were significantly more abundant (FDR 0.01) in glycine betaine-
amended cells, with LFCs ranging from +4.62 for GrdA (11497s98) to +9.21 for the
putative GrdG (114802, compared to DCM-amended cells (Figure 4.5).

4.3.4 Protein expression with choline

The putative glycine betaine methyltransferase and sarcosine reductase gene
clusters outlined in Section 4.3.3 were also abundant (albeit not to the same extent)
in cells from choline-amended cultures (Figure 4.2). This supports the hypothesis
from Chapter 3 that choline metabolism proceeds via glycine betaine (Figure 3.9).
The choline dehydrogenase (11215) that was predicted to catalyse the first reaction
of choline into betaine aldehyde was not identified in the proteome. However, the

betaine aldehyde dehydrogenase (114191) that could transform betaine aldehyde
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into glycine betaine was detected, and at a higher abundance with choline than any

other substrate (Figure 4.2).

Interestingly, the majority of proteins for a putative ethanolamine bacterial
microcompartment (BMC) were expressed in the proteome, with higher abundance
in choline-amended cultures than any other. These included the shell proteins BMC-
H (112352,112353,112372), BMC-T (112355, 112361) and BMC-P (112357), plus
core enzymes EutE (112351) and PduL (112350).

4.3.5 A putative methanol methyltransferase system

The most abundant protein in methanol-amended cultures was a
methanol:corrinoid methyltransferase (112644). Other methyltransferases nearby
were also highly expressed (Figure 4.3), forming a likely methanol
methyltransferase gene cluster spanning loci 112641 - 112645 on the negative
strand (Figure 4.2, Figure 4.7). As well as the methanol:corrinoid methyltransferase
(mtaB; 112644), the cluster includes two methyltransferase corrinoid proteins
(mtaC; 112645, 112642), a AraC family transcriptional regulator (mtaR; 112643),
and a methyl-THF methyltransferase (acting as mtaA; 112641; Figure 4.7, Table
4.3). The regulator contains a PocR sensory domain and a DNA-binding helix-turn-

helix domain (Table 4.3).

mtaA mtaC mtaR mtaB mtaC
2641 2642 2643 2644 2645
Legend
methyltransferase 1 corrinoid protein

0 1000 2000 bp
methyltransferase 2 regulator

Figure 4.7 The putative methanol methyltransferase gene cluster in ‘Ca. Formamonas
warabiya’. Putative gene symbols or functions are written above, and IMG gene loci (prefaced
by Ga0180325_11) are written below each gene. Genes and intergenic regions are to the scale

shown.

In general, overall methyltransferase abundance was far lower in methanol-
amended cells than with other substrates (Figure 4.3). The average
methyltransferase system component Z-score was -0.11 with methanol, compared
to 0.25, 0.15 or 0.55 with DCM, glycine betaine or choline, respectively.
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Table 4.3Functional annotation of the putative methanol methyltransferase gene cluster.

IMG Gene / IMG Annotation Length | KEGG Orthology Term EggNOG Classification | pfam Domains Subcellular
Locus | putative (AA) localisation2
function
112645 | MtaC/ 5-methyl-THF- 210 K00548 metH, MTR 5-methyl- 07XHN domain protein | PF02310 B12-binding Unknown
CoP homocysteine THF-homocysteine PF02607 B12-binding 2
methyltransferase methyltransferase EC:2.1.1.13
112644 | MtaB / Methanol:corrinoid 458 K04480 mtaB methanol-5- 07WH9 PF12176 MtaB Cytoplasm
MT: methyltransferase hydroxybenzimidazolylcobamide | methyltransferase
Co-methyltransferase EC:2.1.1.90
112643 | MtaR / Transcriptional 438 K07720 yesN two-component 08T7U transcriptional | PF10114 PocR Cytoplasm
Regulator |regulator, AraC family system, response regulator YesN | regulator AraC family | PF12833 Helix-turn-helix
domain, AraC type
112642 | MtaC/ 5-methyl-THF- 230 K00548 metH, MTR 5-methyl- 07Y7V cobalamin B12- | PF02310 B12-binding Cytoplasm
CoP homocysteine THF-homocysteine binding domain- PF02607 B12-binding_2
methyltransferase methyltransferase EC:2.1.1.13 containing protein
112641 | MtaA / 5-methyl-THF- 292 K00548 metH, MTR 5-methyl- 07V3B methyl-THF PF00809 pterin binding Cytoplasm
MT: homocysteine THF-homocysteine corrinoid Fe-S protein
methyltransferase methyltransferase EC:2.1.1.13 methyltransferase

a As determined by PsortB.
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4.3.6 Strain DCMF thrives with an exogenous cobalamin source

As the methyltransferases implicated in DCM, glycine betaine, and methanol
metabolism all require a corrinoid cofactor to function, the exogenous corrinoid
requirement of strain DCMF was investigated. Triplicate, DCM-amended cultures
were set up with or without cyanocobalamin (50 pg L-1). In the first generation of
cultures, those with exogenous cyanocobalamin dechlorinated 5.52 + 0.71 mM DCM,
while those without dechlorinated only 2.72 + 1.00 mM DCM (Figure 4.8A). The
deleterious effect of the absence of cobalamin was more pronounced in the second
generation of these cultures, in which the triplicates with and without
cyanocobalamin dechlorinated 6.42 * 1.86 mM and 1.50 * 1.00 mM DCM,
respectively (Figure 4.8B).

Strain DCMF encodes a complete cobalamin biosynthesis pathway in its genome
(Dataset S1), although it lacks the bza genes for synthesising the lower corrinoid
ligand, 5,6-dimethylbenzimidazole. In total, 14 of the 25 proteins involved in
cobalamin biosynthesis were detected in the proteome (despite the presence of 50
ug I't cyanocobalamin in the culture medium). These were primarily the enzymes
involved in corrin ring formation, corrin ring amination, and the initiation and
completion of the lower nucleotide loop (Dataset S2). The enzymes involved in

cobalt active transport and insertion were not detected.
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Figure 4.8 Strain DCMF likely requires an exogenous cobalamin source. Cumulative DCM
consumption in the first (A) and second (B) generation of DFE cultures with (filled orange
circles) and without (empty orange circles) exogenous cyanocobalamin (VBi2) added to the
medium. Cumulative DCM consumption was higher in cultures amended with cyanocobalamin,
and the second generation of cyanocobalamin-free cultures exhibited nearly no DCM

dechlorination. Error bars represent standard deviation, n = 3.
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4.4 Discussion

Despite renewed interest in anaerobic microbial DCM transformation in recent
years (Kleindienst et al., 2016, 2017; Chen et al, 2017a, 2017b; Kleindienst et al,
2019; Chen et al, 2020), the enzyme(s) responsible for the dechlorination of DCM
remain unknown. Thus far, D. formicoaceticum and ‘Ca. Dichloromethanomonas
elyunquensis’ have both been described as obligate anaerobic DCM-degrading
bacteria, which has limited the sole proteomic study (Kleindienst et al,, 2019) to
reporting the presence or absence of proteins in cells grown with DCM. The ability
of strain DCMF to grow on additional substrates allowed a comparative proteomic
experiment to be carried out, directly comparing protein abundance in strain DCMF
cells grown on DCM, glycine betaine, choline, and methanol. The primary aim of this
was to identify proteins that were significantly more abundant in DCM-grown cells,
and thus implicated in DCM dechlorination. It also enabled verification of the
genome-based metabolic models for quaternary amine and methanol metabolism

proposed in Chapter 3.

4.4.1 ‘Ca. Formamonas warabiya’ is a one-carbon specialist with

metabolism is underpinned by methyltransferases
Proteins for the complete Wood-Ljungdahl pathway were highly abundant under all
four conditions (Dataset S2), supporting the genomic and physiological metabolic
models as well as work with 13C-labelled compounds. However, the presence of
numerous methyltransferases amongst the most abundant proteins observed with
each substrate complicated interpretation of the data (Figure 4.3). One of the most
highly expressed methyltransferase gene clusters under all four conditions
(115483, 115486-7; Figure 4.3) in fact contained the closest homolog (by
percentage amino acid identity) to a glycine betaine methyltransferase, MtgB, from
Acetobacterium woodii, Sporomusa ovata, and Desulfitobacterium hafniense. The
abundance of these putative glycine betaine methyltransferase proteins in strain
DCMF across all four substrate conditions implies that they are constitutively

expressed.

Interestingly, seven of the MttB superfamily methyltransferases detected in the
proteome contain the unusual pyrrolysine residue (Figure 4.3). Although non-

pyrrolysine members of the MttB superfamily are widespread in Bacteria and
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Archaea, pyrrolysine-MttB proteins have thus far only been associated with
methanogenesis from methylated amines in Archaea. A limited number of other
bacterial genera also encode MttB superfamily genes with the pyrrolysine residue,
but proteomic expression has not previously been observed. Desulfitobacterium
hafniense Y51 also encodes a pyrrolysine-containing MttB protein, although its
transcription was not monitored during growth on glycine betaine (Ticak et al,
2014). Further experimental work to elucidate the function of these proteins in
strain DCMF could provide insight into a potentially novel role for Pyl-MttB proteins,
given that the organism did not appear to consume the only currently known

substrate, trimethylamine.

4.4.2 Identification of a novel methyltransferase system linked to
dichloromethane metabolism

A cluster of genes including methyltransferase and regulatory components were
amongst the most abundant proteins in cells grown with DCM (111230 - 111238;
Figure 4.2, Figure 4.4). These proteins were all significantly more abundant in cells
grown with DCM than glycine betaine (FDR 0.01; Figure 4.5) and represent a
putative novel methyltransferase system linked to DCM metabolism. Protein
111232 is likely the MT} in this system, which could putatively catalyse methyl (or
methylene) transfer from DCM (or a derivative) to a cognate corrinoid protein. Both
EggNOG and pfam tools for functional annotation classed protein 111232 in the
tetrahydromethanopterin S-methyltransferase MtrH/MtxH family (Table 4.1),
which also includes the glycine betaine MT; from Desulfitobacterium hafniense

(Ticak et al.,, 2014), supporting a MT1 role for this protein in strain DCMF.

Another of the methyltransferases (111233) was annotated as a member of the
MtaA/CmuA family, which includes methanol (MtaA) and chloromethane (CmuA)
MT?: proteins (Vannelli et al., 1999; van der Meijden et al.,, 1984b). While the enzyme
involved in anaerobic chloromethane dechlorination has not yet been identified,
protein 111233 shared 21% amino acid identity with CmuA from the aerobic
chloromethane dechlorinator, Methylorubrum extorquens CM4. It is therefore
feasible that it could act upon a similar chlorinated C1 compound such as DCM.

Protein 111233 was one of three in the DCM-associated cluster that was classified
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as a uroporphyrinogen decarboxylase by both eggNOG and pfam, suggesting that all

three may be MT> proteins for a putative DCM methyltransferase system.

A Bi2-binding domain present in 111236 indicated that it acts as the corrinoid
protein and, therefore, that the methyltransfer reaction is corrinoid dependent.
Light reversible inhibition of DCM dechlorination with propyl iodide and a
requirement for substoichiometric amounts of ATP in cell extract reactions
mixtures suggested that a corrinoid-dependent protein was also involved in DCM
dechlorination by D. formicoaceticum (Magli et al., 1996, 1998). The four abundant
methyltransferases in the proteome of DCM-grown ‘Ca. Dichloromethanomonas
elyunquensis’ cells were also all corrinoid dependent (Kleindienst et al, 2019).
Consistent with these observations, strain DCMF thrived in medium supplemented
with exogenous cyanocobalamin (Figure 4.8). However, strain DCMF also encoded
a complete pathway for de novo corrinoid biosynthesis in its genome, and a number

of these genes were expressed in the proteome of DCM-grown cells (Dataset S2).

[t is unclear why DCM dechlorination appeared to stall in the second generation of
cultures without exogenous cobalamin amendment. Although there have been
previous examples of cohabiting bacteria in mixed or co-culture producing
cobalamins which meet the needs of auxotrophic community members (e.g. Yan et
al., 2013), this appeared not to be the case in the DFE culture. For strain DCMF, the
energetic benefits to importing exogenous cobalamin rather than synthesising it de
novo may have caused the discrepancy between the two sets of cultures.
Alternatively, strain DCMF may require the addition of lower ligand precursors (e.g.
5,6-dimethylbenzimidazole) in the medium in order to synthesise its own
cobalamin cofactors, as the genes for corrinoid lower ligand synthesis were not
identified in the strain DMCF genome. Many dehalogenating bacteria require
corrinoids with specific lower ligands as cofactors for growth (Yanetal, 2012,2013,
2016) and the ability of strain DCMF to dechlorinate DCM when supplied with
exogenous cyanocobalamin (which contains 5,6-dimethylbenzimidazole as a lower

ligand) supports its use of this specific lower ligand moiety.

The putative DCM methyltransferase cluster contains two proteins that may act as
a two-component transcriptional regulator directly influencing gene transcription

in response to DCM - a histidine kinase sensor (111237) and a YesN/AraC family
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response regulator (111234). The histidine kinase contains a PocR domain (Table
4.1), which has been suggested to bind small hydrocarbons such as 1,3-propanediol.
[ts architecture is similar to that of the MEDS domain, which was typified in the
aerobic DCM dehalogenase regulatory protein DcmR (Anantharaman and Aravind,
2005). The authors suggest that both the MEDS and the PocR domains could feasibly
be utilised to bind DCM or other small hydrocarbons (Anantharaman and Aravind,
2005), indicating that it may affect transcription of the cluster directly in response

to DCM.

Finally, the gene annotated as a Kef-type K+ transporter (111230) in the DCM-linked
cluster is likely a cation/proton antiporter in the CPA-2 family. Pfam analysis
revealed a cation/H* exchanger domain, while EggNOG classed it as an Na*/H*
antiporter (Table 4.1), leaving the cation specificity unclear. It is less clear whether
this protein has a direct role in the gene cluster, although it had an LFC of +3.19 in
DCM-grown cells compared to those with glycine betaine (Figure 4.5).

[t is not yet clear how a putative DCM methyltransferase system would function, or
whether additional reactions are involved in dechlorination, given that DCM is most
likely transformed into methylene-THF prior to entry into the Wood-Ljungdahl
pathway. In the glycine betaine and methanol methyltransferase systems, the
methyl group is transferred from the corrinoid protein onto THF, resulting in
methyl-THF (Stupperich and Konle, 1993; Ticak et al, 2014). Studies with D.
formicoaceticum clearly showed the evolution of methylene-THF from DCM though,
not methyl-THF (Magli et al., 1998). Further biochemical characterisation of the
DCM-linked methyltransferase proteins may provide insight into their specific

catabolic function within the cell.

A number of proteins involved in electron transport and energy metabolism were
widely expressed across all four substrate conditions, including subunits for an
FoF1-type ATPase, a Rnf complex, and NADH:ubiquinone oxidoreductase. Each of
these protein complexes may be involved in balancing the pool of reduced cofactors
required for the function of the Wood-Ljungdahl pathway. Studies on glycine
betaine and methanol metabolism in A. woodii have previously shown how the
ATPase and Rnf complex can actin the “reverse” direction to normal (i.e., the ATPase

converting ATP to ADP and pumping ions out of the cytoplasm and the Rnf complex
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pumping the ions back into the cytoplasm to generate reduced ferredoxin from
NADH) in order to provide enough reduced ferredoxin for CO: reduction
(Lechtenfeld et al.,, 2018; Kremp et al., 2018). The presence of these protein subunits
in the strain DCMF proteome could allow for a similar system to operate in this

organism.

4.4.3 The novel methyltransferase gene cluster is conserved

amongst anaerobic dichloromethane-metabolising bacteria
When the proteins in the DCM-linked methyltransferase cluster were searched
against the NCBI non-redundant database with blastp, their closest homologs came
from only three species: the anaerobic DCM-degrading organisms Dehalobacterium
formicoaceticum strain DMC and ‘Candidatus Dichloromethanomonas elyunquensis’
strain RM, and the trichloromethane-respiring bacterium Dehalobacter sp.
UNSWDHB. Further analysis revealed that each of these organisms contains a highly
similar cluster of genes in very close synteny (although interrupted by contig
boundaries in ‘Ca. Dichloromethanomonas elyunquensis’; Figure 4.9). They span
loci CEQ75_RS03275-30 in D. formicoaceticum, AWMS53_02086-85 and
AWMS53_01378-83 in ‘Ca. Dichloromethanomonas elyunquensis’, and
UNSWDHB_2315-2270 in strain UNSWDHB. The proteins share high amino acid
sequence percentage identities (75 - 94%) to those in strain DCMF, indicating a high
degree of sequence conservation (Figure 4.9). No other species contained proteins
with similarly high amino acid sequence percentage identities to the strain DCMF

proteins in this cluster.

120



‘Candidatus Formamonas warabiya’

1,272,328 1,263,888

Dehalobacterium formicoaceticum
87% 93% 92% 88% 88% 94% 82% 84%

653,182 642,209

‘Candidatus Dichloromethanomonas elyunquensis’

}7 89% 92% }7 88% 88% 90% 76% 78% 75%
2,062,922 2,061,112 1,376,244 1,380,677
Dehalobacter sp. UNSWDHB
}7 89% 93% 89% 86% 87% 93% 99% 81% 80% 84%
23,414 12,439
Legend
0 250 500 methyltransferase 1 corrinoid protein DUF protein
e methyltransferase 2 regulator transporter
Intergenic regions not to scale.

Figure 4.9 The DCM-associated methyltransferase gene cluster in ‘Ca. Formamonas
warabiya’ is conserved amongst DCM-fermenting bacteria D. formicoaceticum and ‘Ca.
Dichloromethanomonas elyunquensis’, and also present in Dehalobacter sp. UNSWDHB.
Genes are colour-coded with their putative function as per the legend. Loci shown are (from left
to right) ‘Ca. Formamonas warabiya’ strain DCMF: Ga0180325_111238 - 111230 (reverse
strand); D. formicoaceticum strain DMC: CEQ75_RS03275 - 30 (reverse strand); ‘Ca.
Dichloromethanomonas elyunquensis’ strain RM AWM53_02086 - 85 (reverse strand) and
AWM53_01378 - 83 (positive strand); Dehalobacter sp. strain UNSWDHB: UNSWDHB_2315 -
2270 (reverse strand). Percentage amino acid sequence identity to strain DCMF is shown above
each locus; percentage identity above the DUF proteins (italicised) is to strain DMC as these
genes are absent from the cluster in strain DCMF. Genes are drawn to scale; intergenic regions

are not.

Strain DCMF, D. formicoaceticum and ‘Ca. Dichloromethanomonas elyunquensis’ are
the only three anaerobic DCM-metabolising bacteria that have been characterised
and genome sequenced thus far (Magli et al.,, 1996; Kleindienst et al, 2016; Chen et
al, 2017b; Kleindienst et al,, 2017; Holland et al,, 2019). Proteomic studies with ‘Ca.
Dichloromethanomonas elyunquensis’ showed that all eight genes in the cluster
were present in the cells grown with DCM, but none of the other tested substrates.
Furthermore, the methyltransferase components, including the MT;
(AWM53_01380) and MT; (AWM53_01379) on the larger contig and the CoP
(AWM53_02086) and MT, (AWM53_02085) on the smaller contig were among the
most abundant proteins (Kleindienst et al, 2019). The high abundance of these
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proteins during DCM metabolism in strain DCMF and ‘Ca. Dichloromethanomonas
elyunquensis’, and presence of this highly conserved cluster amongst all three DCM-
degrading bacteria lends strong support to its involvement in the early steps of DCM
metabolism. Proteomic studies with D. formicoaceticum have not been carried out
but could provide further support for the involvement of this highly conserved gene

cluster in DCM dechlorination.

In contrast, Dehalobacter sp. strain UNSWDHB is an organohalide-respiring
bacterium capable of growth with trichloromethane, 1,1,1- and 1,1,2-
trichloroethane (Wong et al, 2016). While there are two other reports of
uncharacterised Dehalobacter species likely fermenting DCM (Justicia-Leon et al,
2012; Lee et al,, 2012), strain UNSWDHB cannot dechlorinate DCM (Wong et al.,
2016) and the genes in the DCM-associated cluster were not expressed in response
to trichloromethane, except for the methylcobalamin methyltransferase (MT»,
UNSWDHB_RS02305)(Jugder et al.,, 2016b). Dehalobacter sp. UNSWDHB and strain
DCMF were enriched from the same mixed culture, CFEVO (Lee et al, 2012),
providing the possibility that the gene cluster may have spread between them via a
horizontal gene transfer event. Indeed, following the final transporter gene in the
methyltransferase gene cluster in strain UNSWDHB are two partial transposases
(UNSWDHB_RS02265 and UNSWDHB_RS15345), whilst further down the contig are
three  genes encoding recombinase proteins (UNSWDHB_RS02225,
UNSWDHB_RS02220, UNSWDHB_RS02210). The methyltransferase gene cluster in
D. formicoaceticum is also flanked by identical IS66 family transposases
(CEQ75_RS03190 - 200 and CEQ75_RS03285 - 95), raising questions of its genetic
mobility, although it has thus far been described as an obligate DCM-fermenter and
has been maintained as an axenic culture since its discovery (Magli et al., 1996). The
function of these genes in Dehalobacter sp. UNSWDHB (if any) remains to be

determined.

In D. formicoaceticum, ‘Ca. Dichloromethanomonas elyunquensis’ and Dehalobacter
sp- UNSWDHB, the gene cluster encodes two additional proteins not present in
strain DCMF - a DUF1638- and a DUF4445-domain containing protein (Figure 4.9).
The predicted amino acid sequences of these proteins remain highly conserved

amongst the three organisms (76 - 99% to the D. formicoaceticum proteins; Figure
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4.9). The DUF4445-domain containing protein may function as a reductive activase
for the corrinoid protein in the methyltransferase system. It contains all four
characteristic domains of reductive activators of corrinoid-dependent enzyme
(RACE) proteins - a 2Fe-2S cluster and RACo linker, middle and C-terminal domains.
Although the gene cluster in strain DCMF does not encode this protein, there are two
homologs elsewhere in the genome that also include all four RACE protein domains
(112542 and 114747, 36.6% and 43.95% amino acid identity with the D.
formicoaceticum protein, respectively) and may fulfil this function, the latter of

which was expressed in the proteome.

The role of the DUF1638-domain containing protein is less clear, as there is little
information available about its function. The strain DCMF genome encodes eight
proteins (112241, 112895, 112973, 113617, 114749, 114932, 115323, and
115628) with DUF1638 domains that could fulfil whatever role it may have in the
conserved methyltransferase cluster. Only 115323 and 115628 were found in the
proteome - the former was more abundant in DCM and glycine betaine-grown cells,
while the latter was below average abundance in all four conditions. However, these
13 proteins have a far lower amino acid sequence identity (~20%) to the D.
formicoaceticum DUF1638 domain-containing protein, which is uncharacteristic
given the high homology of all other proteins in this cluster between the four
species. Further study may reveal the role of this poorly characterised protein in the

methyltransferase gene cluster.

4.4.4 Proteomic data supported the suggested model for

quaternary amine and methanol metabolism in strain DCMF
Proteomic data supported the glycine betaine and methanol methyltransferase gene
clusters suggested in Chapters 2 and 3 based on sequence homology to
methyltransferases of known substrate specificity. Functional annotation of
proteins in these gene clusters revealed putative MT1, MT2 and CoP components in
both of them (Figure 4.6, Figure 4.7). The MtgB protein (MT2, 114740) in the
putative glycine betaine methyltransferase system gene cluster in strain DCMF was
the second-closest homolog (54 - 55% amino acid identity) to MtgB proteins found
in Acetobacterium woodii, Sporomusa ovata, and Desulfitobacterium hafniense

(Lechtenfeld et al., 2018; Visser et al., 2016; Ticak et al., 2014). The putative glycine
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betaine methyltransferase gene cluster of strain DCMF, also included a ‘N-
methylhydantoinase A/oxoprolinase/acetone carboxylase, beta subunit’, with
unclear function. A similar hydantoinase is also encoded in the glycine betaine
methyltransferase cluster from Desulfitobacterium hafniense Y51 (Ticak et al,
2014), implying it may have some yet-to-be determined function for glycine betaine

demethylation.

The proteomic data also supported the identification of a putative sarcosine
reductase gene cluster from Chapter 2. Only one of the five clusters of
glycine/betaine/sarcosine reductase genes encoded in the genome were identified
in the proteome. This cluster included the reduction complex B proteins that
clustered mostly closely with the known sarcosine reductase GrdGH proteins from
Sporomusa sp. An4 (86.5% and 83.9% amino acid identity, respectively; Figure 2.8).
The presence of these putative sarcosine-specific reductase proteins in turn
supports the quaternary amine metabolic pathway suggested in Figure 3.9. As
discussed in Chapter 3, we hypothesise that choline is transformed into glycine
betaine and this is demethylated to sarcosine, which is then reductively cleaved to
form monomethylamine and acetate (via acetyl phosphate). The electron
equivalents released from the stepwise demethylation of glycine betaine into
dimethylglycine and then sar