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Abstract

Chloroform (CF) is an environmental contaminant that can be naturally formed in various
environments ranging from forest soils to salt lakes. Here we investigated CF removal
potential in sediments obtained from hypersaline lakes in Western Australia. Reductive
dechlorination of CF to dichloromethane (DCM) was observed in enrichment cultures
derived from sediments of Lake Strawbridge, which has been reported as a natural
source of CF. The lack of CF removal in the abiotic control cultures without artificial
electron donors indicated that the observed CF removal is a biotic process. Metabolite
analysis with 3C labelled CF in the sediment-free enrichment cultures (pH 8.5, salinity
5%) revealed that increasing the vitamin B;, concentration from 0.04 to 4 uM enhanced
CF removal, reduced DCM formation, and increased 3*CO, production, which is likely a
product of CF oxidation. Known organohalide-respiring bacteria and reductive
dehalogenase genes were neither detected by quantitative PCR nor metagenomic
analysis. Rather, members of the order Clostridiales, known to co-metabolically
transform CF to DCM and CO,, were detected in the enrichment cultures. Genome-
resolved metagenome analysis indicated that their genomes encode enzymatic
repertoires for the Wood-Ljungdahl pathway and cobalamin biosynthesis that are known

to be involved in co-metabolic CF transformation.

Importance

More than 90% of the global CF emission to the atmosphere originates from natural
sources, including saline environments such as salt lake sediments. However, knowledge
about the microbial metabolism of CF in such extreme environments is lacking. Here we
showed CF transformation potential in a hypersaline lake that was reported as a natural
source of CF production. Application of interdisciplinary approaches of microbial
cultivation, stable isotope labelling, and metagenomics aided in defining potential
chloroform transformation pathways. This study indicates that microbiota may act as a
filter to reduce CF emission from hypersaline lakes to the atmosphere, and expands our

knowledge of halogen cycling in extreme hypersaline environments.
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Introduction

Until the 1970s, halogenated organic compounds, organohalogens, were believed
to originate exclusively from anthropogenic sources (1). This long-held view was changed
following the discovery of diverse organohalogens from natural environments. To date,
over 5000 naturally occurring organohalogens have been identified (2). A remarkable
example is chloroform (trichloromethane, CF) which is a known environmental
contaminant and a potential carcinogen that bioaccumulates and is harmful for living
organisms (3). CF is synthetically produced in chemical industries as an anesthetic, as an
intermediate for the production of refrigerants, and as a degreasing agent and fumigant
(4). However, anthropogenic sources were estimated to contribute to less than 10% of
the annual 700,000-820,000 tons global CF production (5). Natural CF emissions have
been reported from numerous terrestrial and aquatic environments such as forest soils
(6-9), rice fields (10), groundwater (11), oceans (12), and hypersaline lakes (13, 14).
Biotic and abiotic processes like burning of vegetation, chemical production by reactive
Fe species, and enzymatic halogenation can lead to natural production of CF (15). Similar
to other low molecular weight volatile organohalogens (VOX), CF release into the
atmosphere can cause ozone depletion and impact climate change (16).

CF is persistent in the environment and is hardly dechlorinated/degraded under
oxic conditions due to the three chlorine substitutes (17, 18). In contrast, microbial CF
transformation is often mediated by anaerobic microbes (19-23). Anaerobic CF
transformation has been reported to be mediated by acetogens like Acetobacterium
woodii (24) and Clostridium sp. (25), methanogenic Methanosarcina spp. (26-28), and
fermentative Pantoea spp. (23) producing dichloromethane (DCM), carbon monoxide (CO)
and/or carbon dioxide (CO;). This is a co-metabolic process for which the responsible
genes and enzymes are not yet clear. Previous studies indicated that co-metabolic CF
transformation was likely mediated by enzymes involved in the Wood-Ljungdahl pathway
and methanogenesis (24, 29). Moreover, transition-metal co-factors, e.q.
cob(I)/cob(Il)alamins and F43, (nickel(I)-porphinoid), that facilitate key enzymes of

acetogenesis (5-methyltetrahydrofolate corrinoid/iron-sulfur protein methyltransferase)
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and methanogenesis (methyl-coenzyme M reductase) can act as reductants and
nucleophilic reagents catalyzing nonspecific reductive dechlorination of chloromethanes
(30-32).

Another group of anaerobes known as organohalide-respiring bacteria (OHRB) can
use CF as a terminal electron acceptor, and couple CF reductive dechlorination to energy
conservation (33, 34). For instance, CF respiration to DCM has been reported using
Desulfitobacterium sp. strain PR (35), Desulfitobacterium hafniense TCE1 (36),
Dehalobacter sp. strain UNSWDHB (37, 38) and a mixed culture containing Dehalobacter
(21). The enzymes responsible for reductive dehalogenation in OHRB are mainly corrinoid
cofactor dependent reductive dehalogenases (RDases) such as a CF RDase (CfrA)
identified from Dehalobacter-containing microbial consortia (39). CF can also be
abiotically dechlorinated under anoxic conditions via hydrogenolysis to DCM, or via
reductive elimination to CH4 (40-42).

Previous studies have shown the presence of organohalogen-metabolizing
microbes in environments where natural organohalogens have been shown or suspected
to be present (43, 44). Hypersaline lakes are natural sources of VOX, and
(micro)organisms are major contributors of VOX emission in these environments (13, 14,
45). Moreover, NaCl in hypersaline lakes might promote high rates of organic matter
halogenation (46). However, knowledge about the microbial metabolism of VOX in such
extreme environments is lacking. This information is necessary to understand whether
microbes can act as a filter for VOX in hypersaline environments that at least partly
prevent their release to the atmosphere. In this study, we prepared microcosms from the
sediments of hypersaline Lake Strawbridge and Lake Whurr in Western Australia. Lake
Strawbridge has been reported as a natural source of chloromethane (CM) and CF (13).
The CF transformation process and responsible microbes were studied by a combination

of anaerobic cultivation, stable isotope labelling, molecular analyses, and metagenomics.

Results

Physical-chemical characteristics of sediments
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The top (0-12 cm) and bottom (>12 cm) layer sediments of Lake Strawbridge
were slightly alkaline with a pH ranging from 8.2 to 8.5 whereas those of Lake Whurr
were acidic with a pH of 4.6-5.4 (Table 1). Salinity, water content and total organic
carbon (TOC) were higher in the top layer compared to the bottom layer for both lake
sediments (Table 1). Sodium (17.5-71.1 mg/g dry sediment) and chloride (31.9-123.5
mg/g dry sediment) were dominant among the cations and anions, respectively. Nitrate

and chlorate were neither detected in top- nor in bottom-layer sediments (Table 1).

CF dechlorination in enrichment cultures

No CF dechlorination was observed in the enrichment cultures with the sediment
from Lake Whurr after 70 days of incubation (data not shown), whereas CF was
reductively dechlorinated to DCM in the enrichment cultures with the sediment from Lake
Strawbridge (Fig. 1A-D). CM and methane as potential products of CF transformation
were not detected (data not shown), despite an evident lack in the mass balance
between CF disappearance and DCM production in sediment cultures and some transfer
cultures (Fig. 1A-F). The lack of methane production also suggested inhibition and/or
absence of methanogens. The fastest CF dechlorination rate (1.82 pmol/day/L) to DCM
was observed in the enrichment cultures with the bottom layer sediments from Lake
Strawbridge in the modified growth medium (MGM) medium (Fig. 1B). Therefore, these
cultures were selected to obtain sediment-free cultures in subsequent transfers (Fig. 1E-
G).

Adding vitamin B;, from 0.04 to 4 uM steadily increased CF dechlorination rates in
the sediment-free cultures (Fig. 2). For instance, in the cultures amended with 4 uM
vitamin B;,, the CF dechlorination rate reached 31.9 umol/day/L (Fig. 2E), ~30 times
higher than the dechlorination rate in the cultures without extra vitamin By,
supplementation (~0.9 pmol/day/L) (Fig. 1E-G). In turn, increasing vitamin Bj,
concentration led to concurrent decrease of DCM accumulation. Accordingly, less than
30% of the CF was converted to DCM in the cultures amended with 4 uM vitamin B,

(Fig. 2E). No CF dechlorination was observed in the abiotic controls even in the presence
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of 4 uM vitamin B;, (data not shown). In contrast, CF dechlorination to DCM and (or) CM
was observed in abiotic controls when either Ti(III) or dithiothreitol (DTT) were used as

an artificial electron donor together with 4 uM vitamin By, (Fig. S1).

Analysis of *CO, production from *3CF

13C0O, production was detected in the culture containing 1.25 pmol/bottle 3C-
labelled CF, 3.75 pumol/bottle non-labelled CF and 4 pM vitamin B;, during the incubation
(Fig. 3A). Recovery of '3C to '*CO, was only detected in the culture with **C-labelled CF
as indicated by the increasing of 6°C value from -23.42%o0 to 263.46%o0 during the
incubation (Fig. 3B). At day 5, 0.84 umol/bottle *CO, and 1.7 pmol/bottle DCM were
detected (Fig. 3A). Assuming that 25% of the DCM (0.43 pmol/bottle) originated from
13C-labelled CF (comprising 25% of total CF mass), a ca. 100% 3C conversion of CF to
CO;, and DCM as the main products can be envisaged where removal of 1.25 umol/bottle
13C-labelled CF resulted in production of 0.43 umol/bottle *C-DCM and 0.84 umol/bottle

13C0,.

qPCR and bacterial community analysis

Bacterial and archaeal 16S rRNA gene copies in the top sediment layers of Lake
Whurr and Lake Strawbridge were at least one order of magnitude higher than the 16S
rRNA gene copies in bottom layers of the same lakes (Fig. S2A). The top layer sediment
from Lake Strawbridge had the highest number of 16S rRNA gene copies of bacteria [(3.3
+ 0.87) x 108 copies/g dry sediment] and archaea [(8.6 + 0.25) x 10’ copies/g dry
sediment] among all the sediments from the two lakes (Fig. S2A). Sediment enrichment
cultures and subsequent transfer cultures prepared from the bottom layer sediment of
Lake Strawbridge, contained 10°-10’ bacterial 16S rRNA gene copies/ml culture (Fig.
S2B). However, archaeal 16S rRNA gene copies decreased dramatically to ~10*
copies/ml in the sediment enrichment cultures, and to below 102 copies/ml culture in the

transfer cultures (Fig. S2B). Known OHRB including Desulfitobacterium, Dehalobacter,
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Dehalococcoides, Geobacter and Sulfurospirillum were not detected in the enrichment
cultures (data not shown).

Bacterial community analysis based on Illumina sequencing of barcoded 16S rRNA
gene V1-V2 region amplicons showed that Cyanobacteria, Chloroflexi, Proteobacteria and
Firmicutes were the most abundant phyla (cumulative relative abundance > 70%) in top
and bottom layer sediments of Lake Strawbridge (Fig. S3). The relative abundance of
Clostridiales and Halanaerobium (Firmicutes) increased from 5-16% (Clostridiales) and
3-7% (Halanaerobium) in the bottom layer sediments to ~67% and ~18%, respectively,
in the initial and subsequent transfer enrichment cultures (Fig. S3). The relative
abundance of Desulfovibrio, a genus within the Proteobacteria, increased from less than

0.1% to 0.3-8% in the initial and subsequent transfer enrichment cultures.

Metagenomic analysis

Binning of the assembled metagenome sequences allowed the reconstruction of
six near complete (>95%) metagenome-assembled genomes (MAG) of Clostridiales
(bin1, bin3, bin4), Halanaerobium (bin2), Bacillus (bin5) and Desulfovibrio (bin6) (Table
S1) accounting for ~84-95% relative abundance in sediment-free cultures with and
without B;, (Fig. 4A). Desulfovibrio (bin6) was the most abundant MAG (45% relative
abundance) in the cultures without external B;, addition, which is different than the
results obtained from 16S rRNA gene based bacterial community analysis (0.4-9%
relative abundance) (Fig. S3). One reason for this might be the change of the growth
medium components in the sediment-free cultures used for metagenomic analysis that
contained glycerol as carbon source and lower amounts of yeast extract and peptone
compared to the cultures used for 16S rRNA gene analysis (Table S2, Fig. 4A). Except for
bin 4, the addition of vitamin B, (4 uM) increased the relative abundance of Firmicutes
MAGs.

Reductive dehalogenase genes (rdh) were neither detected in the MAGs nor the
unbinned contigs (Fig. 4B). In contrast, most of the genes encoding enzymes from the

Wood-Ljungdahl pathway and cobalamin biosynthesis, all of which have been suggested
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to be involved in co-metabolic chloroform transformation, were identified in different
MAGs (Fig. 4B). A notable exception was the absence of the acsB gene encoding acetyl-

CoA synthase, the signature gene of the Wood-Ljungdahl pathway (Fig. 4B).

Discussion

The present study showed CF dechlorination to DCM and CO, in microcosms with
sediments from hypersaline Lake Strawbridge in Western Australia, which has previously
been shown to be a natural source of CF and CM (13). The lack of CF removal in the
abiotic control cultures without artificial electron donors (Ti(III) or DTT) indicated that
the CF removal in the sediment and sediment-free enrichment cultures is a biotic process
and at least needs cellular metabolism for electron donor generation. Known CF-respiring
bacteria such as Desulfitobacterium (35, 36) and Dehalobacter (38) were neither
detected in the sediment microcosms nor in the sediment-free cultures by gPCR (data
not shown) or 16S rRNA gene-targeted bacterial community analysis (Fig. S2, S3).
Moreover, rdh genes were not detected in any of the MAGs or unbinned contigs,
indicating that CF respiration by OHRB was unlikely.

Compared to the original sediment samples used for preparation of the
microcosms, relative abundance of the order Clostridiales was significantly increased in
the sediment and sediment-free enrichment cultures (Fig. S3). Acetogens belonging to
this order such as members of the genera Clostridium and Acetobacterium have
previously been shown to mediate co-metabolic CF dechlorination (24, 25, 47). For
instance, Clostridium sp. strain TCAIIB was shown to dechlorinate CF to DCM and
unidentified products (25), although underlying mechanisms remain unknown. One
plausible explanation can be conversion of vitamin B, (cob(Ill)alamin) to
cob(I)/cob(Il)alamins by Clostridium species (48, 49) that can mediate CF dechlorination.

Addition of extra vitamin B;, shifted the dominant CF transformation pathway
from reductive dechlorination to DCM, to oxidation to CO, (Fig. 2, 3). This is in line with
previous studies using fermentative (23) and methanogenic enrichment cultures (20, 22,

50). CF oxidation was proposed to occur via the net hydrolysis of CF to CO (23, 24), but
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the enzymes responsible for such a transformation have not been identified. Another
study suggested a possible role of vitamin Bi,-dependent Wood-Ljungdahl pathway
enzyme(s) in CF hydrolysis to CO (24). However, CF hydrolysis to CO was also observed
in non-acetogenic and fermentative Pantoea spp. amended with vitamin Bi, (23),
indicating a possible role of other (vitamin B;,-dependent) pathways in CF hydrolysis.
Except for the acetyl-CoA synthase gene, we detected all genes encoding enzymes
involved in the Wood-Ljungdahl pathway as well as genes for cobalamin (enzymatic
cofactor for methylenetetrahydrofolate reductase (MTHFR)) biosynthesis and transport in
the Clostridiales MAGs (Fig. 4B). However, considering the slower CF transformation in
the sediment-free cultures (Fig. 1F) as opposed to the original cultures (Fig. 1B), these
MAGs were not likely (the main) vitamin B;, producers. Vitamin B, producing
microorganisms likely decreased in the sediment-free enrichment cultures during the
enrichment process (Fig. S2, S3). In turn, the amount of CF (2—5 umol/bottle or
50—100 pM) added in the enrichment cultures might have exceeded the toxic level for
many vitamin B;, producing bacteria and archaea. CF is known highly toxic for some
bacteria and archaea, and growth inhibition of acetogenic bacteria and methanogenic
archaea was noted at concentrations as low as 0.1 pM (20). Previous studies using the
sediments of lake Strawbridge reported natural CF production of ~0.017 pmol/kg dry
sediment (13), that may exert a negligible inhibitory effect on the vitamin B;, producing
microorganisms, suggesting a high molar ratio of vitamin B, to CF in the sediment that
may mediate CF conversion to CO/CO,. The CO produced from CF could be further
oxidized to CO, by CO dehydrogenase (CooS, Fig. 5) (50). We did not detect CO in the
enrichment cultures likely due to its rapid conversion to CO..

Hypersaline lakes are among the major sources for VOX emissions on Earth (16).
In this study, we showed the potential of sediments from pristine hypersaline Lake
Strawbridge for CF transformation in cultures with moderate salinity (5%) and alkaline
condition (pH 8.5). One possibility is co-metabolic CF transformation through reductive
dechlorination and net hydrolysis (Fig. 5) likely mediated by acetogens and/or

fermentative bacteria as was proposed in studies using Acetobacterium woodii (51),


http://dx.doi.org/10.1101/858480
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint first posted online Nov. 29, 2019; doi: http://dx.doi.org/10.1101/858480. The copyright holder for this preprint

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY-NC-ND 4.0 International license.

Clostridium sp. (not known for its acetogenic potential) (25) and Pantoea spp. (23). The
MAGs obtained in this study contained most of the genes encoding the de novo
cobalamin biosynthesis pathway, however, addition of external vitamin B;, was essential
for enhanced reductive dechlorination and net hydrolysis of CF to DCM and CO.
Cobalamin biosynthesis potential has been reported in metagenomic analyses of
hypersaline aquatic and terrestrial environments (52, 53). Enhanced CF transformation in
the presence of cobalamin indicates an important role of cobalamin not only in fulfilling
important ecosystem functions such as carbon processing and gene regulation, synthesis
of nucleotides and amino acids (54, 55), maintaining an abundant and diverse microbial

community (53), but also potential roles in reducing CF emission to the atmosphere.

Materials and Methods
Sampling site

Duplicate sediment cores of approximately 24 cm length and 4 cm internal
diameter were collected from Lake Strawbridge (LS, 32.84°S, 119.40°E) and Lake Whurr
(LW, 33.04°S, 119.01°E) in Western Australia (Fig. S4). Sediment cores were taken by
pushing a polypropylene tube into the sediment. The top and the bottom of the tube
were immediately closed with rubber stoppers after pulling the core from the sediment.
The sediment samples were transported at 8°C to the Laboratory of Microbiology,

Wageningen University & Research, The Netherlands.

Physical-chemical analysis

The sediment cores were cut into a top (0-12 cm) and a bottom (12-24 cm) layer
in an anoxic chamber filled with an atmosphere of N,/H, (96 : 4%). Subsamples from
each sediment layer were homogenized and subsequently used for physical-chemical
analysis and as inocula for enrichment set up. The remaining sediments were kept at -
80°C for molecular analysis. Water content was determined by the percentage of weight
loss observed after drying the samples overnight at 105°C in an oven followed by cooling

down to room temperature in a desiccator. pH was measured immediately and again
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after two hours using a pH meter (ProLine B210, Oosterhout, The Netherlands) with air-
dried sediments suspended in 0.01 M CaCl, solution. Sediment total organic carbon
(TOC) was measured using the Kurmies method (56). Low crystalline iron was extracted
from 0.5 g wet sediment for one hour in the dark using 25 ml of 0.5 M anoxic HCI (57),
and concentrations of dissolved Fe(II) and Fe(III) were quantified using the
spectrophotometric Ferrozine assay (58). Major anions including CI, SO4*, NOs; and
ClO5;™ were analysed using a Thermo Scientific Dionex™ ICS-2100 Ion Chromatography
System (Dionex ICS-2100). Major cations including Ca?*, K*, Mg®* and Na® were
measured using inductively coupled plasma-optical emission spectroscopy (ICP-OES,
Varian, The Netherlands). Salinity was calculated based on the NaCl concentration

(weight/volume) as described before (59).

Microcosm preparation

Due to dominant presence of halophilic microbes in hypersaline environments
(60), and in an attempt to find halophilic microbes capable of CF metabolism, two media
were used for halophilic bacteria and archaea enrichment: modified growth medium
(MGM) and DBCM2 medium (DBC) (61). The media were boiled and flushed with nitrogen
to remove oxygen. Na,S-9H,0 (0.48 g/L) was added as the reducing reagent and
resazurin (0.005 g/L) was added as redox indicator. Tris-base (10 mM) and acetic acid
(10 mM) were used as the buffer for MGM and DBC media at high and low pH,
respectively. The salinity (5-20%) and pH (4.6-8.5) of the media were adjusted to the
corresponding values measured in the sediments used as inocula (Table 1, Table S2).

Initial sediment enrichment cultures were prepared in 50 ml serum bottles with
2.5 g wet sediment of either the top or bottom layer of lake sediments and 25 ml of
either MGM or DBC medium. The bottles were sealed with Teflon lined butyl rubber
stoppers, and the headspace was exchanged with N, gas (140 kPa). CF was added to
each bottle at a nominal concentration of 1.25 pmol/bottle. All cultures were set up in
duplicate and incubated statically in the dark at 37°C. Of all cultures, the sediment

enrichments containing the bottom layer sediment of Lake Strawbridge in MGM with 5%
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salinity showed better CF dechlorination, and were therefore used for all subsequent
experiments. Sediment-free cultures were obtained by sequential transfers of this culture
(10% (v/v)) in duplicate in 120 ml bottles containing 50 ml MGM except that peptone
was decreased from 5 to 0.5 g/L and yeast extract was decreased from 1 to 0.5 g/L, and
glycerol (10 mM) and CF (2.5 umol/bottle) was added as a carbon source. The sediment-
free cultures were used to test the influence of vitamin By, (0.04, 0.4, 0.8, 1.6 and 4 uM)
on CF (5 upmol/bottle) dechlorination. Abiotic controls for CF transformation were
performed in modified MGM with a decreased amount of peptone (0.5 g/L) and yeast
extract (0.5 g/L) and glycerol (10 mM), and amended with 4 pM vitamin By, and 5
pmol/bottle CF, and the same inoculum that was autoclaved at 121°C for 30 min. In a
subset of abiotic controls, titanium(III) citrate (Ti(III), 5 mM) or DTT (100 mM) were
used as artificial electron donors (62, 63). To test CO, production from CF, 3C-labelled
CF (99%, Cambridge Isotope Laboratories, Inc., Massachusetts, USA) was used for
detecting production of *C0O,. *CO, formation in the cultures was monitored as outlined
below. Cultures without '3C-labelled CF were prepared in parallel by supplying 100%
non-labelled CF and were used for measuring natural abundance of !3CO,. The CF
dechlorination rate was determined as the disappearance of CF (umol) per day per liter
enrichment culture (pumol/day/L) during the incubation period when dechlorination was
stably observed.

Sediment-free cultures for metagenome sequencing were grown in modified MGM

with and without addition of 4 uM vitamin B;,.

GC analysis

Chloromethanes were quantified from 0.2 ml headspace samples using a gas
chromatograph equipped with a flame ionization detector (GC-FID, Shimadzu 2010) and
a Stabilwax column (Cat. 10655-126, Restek Corporation, USA). The column was
operated isothermally at 35°C. Nitrogen was used as the carrier gas at a flow rate of 1
ml/min. Carbon monoxide (CO), Carbon dioxide (CO,) and methane were analysed using

a Compact GC 4.0 (Global Analyzer Solutions, Breda, The Netherlands) with a thermal
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conductivity detector (GC-TCD). CO and methane were measured using a molsieve 5A
column operated at 100°C coupled to a Carboxen 1010 precolumn, and CO, was

measured using a Rt-Q-BOND column operated at 80°C.

Isotope analysis

13CO, was measured in sediment-free cultures containing 1.25 umol/bottle *3C-
labelled CF, 3.75 pmol/bottle non-labelled CF and 4 uM vitamin B;,, and control cultures
contained 5 pmol/bottle non-labelled CF and 4 pM vitamin Bi,. The carbon isotope
composition of CO, was determined using gas chromatography combustion isotope ratio
mass spectrometry (GC/C-IRMS) consisting of a gas chromatograph (7890A Series,
Agilent Technology, USA) coupled via Conflo IV interface (ThermoFinnigan, Germany) to
a MAT 253 mass spectrometer (ThermoFinnigan, Germany). Sample separation was done
with @ CP-PoraBOND Q column (50 m x 0.32 mm ID, 5 um film thickness; Agilent
Technology, Netherlands) operated isothermally at 40°C using helium as a carrier gas at
a flow rate of 2.0 ml/min. Sample aliquots of 0.1-0.5 ml were injected at split ratios
ranging from 1:10 to 1:20. The carbon isotope signatures are reported in & notation (per
mill) relative to the Vienna Pee Dee Belemnite standard.

The amount of 3*CO, produced from the *C-labelled CF was expressed according
to:
03C = (Rsampie/ Rstandara - 1) x 1000
Where 6'3C is the *C isotopic composition (per mil, %o), Rsampre is the *C to 2C ratio of
the CO; in the sample, Rsandara iS the international Vienna Pee Dee Belemnite standard

(VPDB, 3C/*?C = 0.0112372).

DNA extraction

The sediment aliquots collected during start-up of the microcosms were thawed
and washed three times with 1.5 ml of 10 mM TE buffer (pH 7.0) to avoid interference of
the high salinity with the DNA extraction. For each sample, wet sediment (0.5 g) and the

washing buffer collected by filtration through a 0.22 pym membrane filter (Millipore, MP,
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USA) were used for DNA extraction. DNA loss during washing was anticipated, but
washing was necessary to be able to extract enough DNA for further analysis (59). DNA
was extracted separately from the washed sediment and the biomass collected on the
membrane filter using the PowerSoil DNA isolation kit (MO-BIO, USA) following the
manufacturer’s instructions. DNA extracts from the sediment and filters were combined
for each sample and used for molecular analysis. DNA of the sediment-free enrichment
cultures was extracted from 2 ml culture samples using the PowerSoil DNA isolation kit.
For metagenome sequencing of the sediment-free cultures, 50 ml of culture was used for
DNA extraction using the MasterPure™ Gram Positive DNA Purification Kit (Epicentre, WI,

USA).

Quantitative PCR (qPCR)

The abundance of 16S rRNA genes of total bacteria and archaea, and OHRB
including Desulfitobacterium, Dehalobacter, Dehalococcoides, Sulfurospirillum and
Geobacter in sediments (Lake Strawbridge) and the sediment derived enrichment
cultures were determined by gqPCR. Assays were performed in triplicates on a CFX384
Real-Time system in C1000 Thermal Cycler (Bio-Rad Laboratories, USA) with iQ™ SYBR
Green Supermix (Bio-Rad Laboratories, USA) as previously outlined (64). The primers

and gPCR programs used in this study are listed in Table S3.

Bacterial community analysis

16S rRNA gene based bacterial community analysis was performed on sediments
of Lake Strawbridge and the sediment derived enrichment cultures. Sediments from Lake
Whurr were not proceeded for bacterial community analysis because no CF dechlorination
was observed in the enrichment cultures with the sediments of Lake Whurr. The bacterial
community analysis was performed as follows: a 2-step PCR was applied to generate
barcoded amplicons from the V1-V2 region of the bacterial 16S rRNA genes, and the PCR
products were purified and sequenced on an Illumina MiSeq platform (GATC-Biotech,

Konstanz, Germany) as described previously (65). Primers for PCR amplification of the


http://dx.doi.org/10.1101/858480
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint first posted online Nov. 29, 2019; doi: http://dx.doi.org/10.1101/858480. The copyright holder for this preprint

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY-NC-ND 4.0 International license.

16S rRNA genes are listed in Table S3. Sequence processing was performed using NG-
Tax (66). Operational taxonomic units (OTUs) were assigned using uclust (67) in an open
reference approach against the SILVA 16S rRNA gene reference database (LTPs128_SSU,
version 111) (68). Subsequently, a biological observation matrix (biom) file was
generated and sequence data was further analyzed using Quantitative Insights Into

Microbial Ecology (QIIME) v1.2 (69).

Metagenomic analysis

Metagenome sequencing of duplicate sediment-free cultures with and without
addition of 4 pM vitamin B, was performed using an Illumina HiSeq platform (PE 150
mode). Fastp v0.19.5 (70) was used for removing adapters and low quality reads.
Assembly for binning was done by metaSPAdes v3.11.1 (71) using the option-meta and
the trimmed reads. This assembly was used for binning with the Metawrap v1.2 pipeline
(docker version) (72). Two bin sets were created from the metagenome samples of
duplicate cultures with and without vitamin B;, with the bin_refinement module of
Metawrap on binners MaxBin2 (73), MetaBat2 (74) and Concoct (75) from the metawrap
binning module using the error corrected reads from SPAdes (71). The resulting two bin
sets were again run through the bin_refinement module of Metawrap resulting in one bin
set containing six bins and unbinned scaffolds. Raw abundance values were taken from
the quant_bins module of Metawrap to calculate relative abundances per each culture. A

heatmap was created with Python v3.7.3 (http://www.python.org) using pandas and

seaborn. Bin quality assessment was performed with CheckM (76). Taxonomic
classification of the bins was done by pplacer (77) from CheckM. Annotation of the bins

was performed using the Rapid Annotation Subsystem Technology (RAST) (78).

Sequence deposition
Nucleotide sequences of 16S rRNA genes of bacteria were deposited in the
European Nucleotide Archive (ENA) with accession number ERS1165096-ERS1165117

under study PRIJEB14107. Raw metagenome sequencing data, primary assembly and
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assembled bins have been deposited in the ENA under accession number PRIJEB32090

(https://www.ebi.ac.uk/ena/data/view/PRIEB32090).

Acknowledgements

We thank Steffen Kimmel and Florian Tschernikl (UFZ) for their help with the
GC/C-IRMS measurement and data analysis, Laura A. Hug and Pascal Weigold for
technical assistance during sediment sampling, Mohammad Ali Amoozegar for advice on
media selection for halophilic microbes, and the Chemical Biological Soil Laboratory
(CBLB) of Wageningen University & Research for assistance with TOC measurement. We

acknowledge the China Scholarship Council (CSC) for the support to PP and YL.

Funding

SA, DS and HS received support by a grant of BE-Basic-FES funds from the Dutch
Ministry of Economic Affairs. Support from the Netherlands Organisation for Scientific
Research to HS, BN and SAS through the UNLOCK project (NRGWI.obrug.2018.005) is
acknowledged. YL received funding from National Natural Science Foundation of China,
project No.51709100. Andreas Kappler and Alexander Ruecker received funding from the
research unit 763 “Natural Halogenation Processes in the Environment, Atmosphere and

Soil” funded by the German Research Foundation (DFG).

References

1. Cicerone RJ, Stolarski RS, Walters S. 1974. Stratospheric ozone destruction by
man-made chlorofluoromethanes. Science 185:1165-1167.

2. Gribble GW. 2010. Naturally occurring organohalogen compounds—a
comprehensive update, vol 91. Springer, Vienna.

3. Rosenthal SL. 1987. A review of the mutagenicity of chloroform. Environ Mol
Mutagen 10:211-226.

4, ATSDR. 1997. Toxicological Profile for Chloroform. U.S. Department of Health and
Human Services, Atlanta, Georgia.

5. Field JA. 2016. Natural production of organohalide compounds in the environment,

p 7-29. In Adrian L, Loffler FE (ed), Organohalide-Respiring Bacteria. Springer,
Berlin Heidelberg.

6. Albers CN, Hansen PE, Jacobsen OS. 2010. Trichloromethyl compounds—Natural
background concentrations and fates within and below coniferous forests. Sci
Total Environ 408:6223-6234.


http://dx.doi.org/10.1101/858480
http://creativecommons.org/licenses/by-nc-nd/4.0/

468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522

bioRxiv preprint first posted online Nov. 29, 2019; doi: http://dx.doi.org/10.1101/858480. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

It is made available under a CC-BY-NC-ND 4.0 International license.

Breider F, Albers CN, Hunkeler D. 2013. Assessing the role of trichloroacetyl-
containing compounds in the natural formation of chloroform using stable carbon
isotopes analysis. Chemosphere 90:441-448.

Haselmann KF, Laturnus F, Grgn C. 2002. Formation of chloroform in soil. A year-
round study at a Danish spruce forest site. Water Air Soil Pollut 139:35-41.
Osswald A, Poszwa A, Bueno M, Arnaudguilhem C, Billet D, Thiry Y, Leyval C.
2016. Contribution of microbial activity to formation of organically bound chlorine
during batch incubation of forest soil using */Cl as a tracer. Soil Biol Biochem
100:210-217.

Khalil M, Rasmussen R, Shearer M, Chen ZL, Yao H, Yang J. 1998. Emissions of
methane, nitrous oxide, and other trace gases from rice fields in China. J Geophys
Res Atmos 103:25241-25250.

Hunkeler D, Laier T, Breider F, Jacobsen OS. 2012. Demonstrating a natural origin
of chloroform in groundwater using stable carbon isotopes. Environ Sci Technol
46:6096-6101.

Nightingale PD. 1991. Low molecular weight halocarbons in seawater. Doctoral.
University of East Anglia.

Ruecker A, Weigold P, Behrens S, Jochmann M, Laaks ], Kappler A. 2014.
Predominance of biotic over abiotic formation of halogenated hydrocarbons in
hypersaline sediments in Western Australia. Environ Sci Technol 48:9170-9178.
Weissflog L, Lange CA, Pfennigsdorff A, Kotte K, Elansky N, Lisitzyna L, Putz E,
Krueger G. 2005. Sediments of salt lakes as a new source of volatile highly
chlorinated C1/C2 hydrocarbons. Geophys Res Lett 32:1-4.

Laturnus F, Haselmann KF, Borch T, Grgn C. 2002. Terrestrial natural sources of
trichloromethane (chloroform, CHCIl3)-an overview. Biogeochemistry 60:121-139.
Read KA, Mahajan AS, Carpenter LJ, Evans MJ, Faria BV, Heard DE, Hopkins JR,
Lee ID, Moller S], Lewis AC. 2008. Extensive halogen-mediated ozone destruction
over the tropical Atlantic Ocean. Nature 453:1232-1235.

Cappelletti M, Frascari D, Zannoni D, Fedi S. 2012. Microbial degradation of
chloroform. Appl Microbiol Biotechnol 96:1395-14009.

Janssen DB, Dinkla 1J, Poelarends GJ, Terpstra P. 2005. Bacterial degradation of
xenobiotic compounds: evolution and distribution of novel enzyme activities.
Environ Microbiol 7:1868-1882.

Grostern A, Duhamel M, Dworatzek S, Edwards EA. 2010. Chloroform respiration
to dichloromethane by a Dehalobacter population. Environ Microbiol 12:1053-
1060.

Guerrero-Barajas C, Field JA. 2005. Riboflavin- and cobalamin-mediated
biodegradation of chloroform in a methanogenic consortium. Biotechnol Bioeng
89:539-550.

Justicia-Leon SD, Higgins S, Mack EE, Griffiths DR, Tang S, Edwards EA, Loffler
FE. 2014. Bioaugmentation with distinct Dehalobacter strains achieves chloroform
detoxification in microcosms. Environ Sci Technol 48:1851-1858.
Rodriguez-Fernandez D, Torrenté C, Guivernau M, Vinas M, Hunkeler D, Soler A,
Doménech C, Rosell M. 2018. Vitamin B;, effects on chlorinated methanes-
degrading microcosms: Dual isotope and metabolically active microbial
populations assessment. Sci Total Environ 621:1615-1625.

Shan H, Kurtz HD, Mykytczuk N, Trevors JT, Freedman DL. 2010. Anaerobic
biotransformation of high concentrations of chloroform by an enrichment culture
and two bacterial isolates. Appl Environ Microbiol 76:6463-6469.

Egli C, Tschan T, Scholtz R, Cook AM, Leisinger T. 1988. Transformation of
tetrachloromethane to dichloromethane and carbon dioxide by Acetobacterium
woodii. Appl Environ Microbiol 54:2819-2824.

Galli R, McCarty PL. 1989. Biotransformation of 1,1,1-trichloroethane,
trichloromethane, and tetrachloromethane by a Clostridium sp. Appl Environ
Microbiol 55:837-844.


http://dx.doi.org/10.1101/858480
http://creativecommons.org/licenses/by-nc-nd/4.0/

523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579

bioRxiv preprint first posted online Nov. 29, 2019; doi: http://dx.doi.org/10.1101/858480. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

It is made available under a CC-BY-NC-ND 4.0 International license.

Baeseman JL, Novak PJ. 2001. Effects of various environmental conditions on the
transformation of chlorinated solvents by Methanosarcina thermophila cell
exudates. Biotechnol Bioeng 75:634-641.

Bagley DM, Gossett JM. 1995. Chloroform degradation in methanogenic methanol
enrichment cultures and by Methanosarcina barkeri 227. Appl Environ Microbiol
61:3195-3201.

Mikesell MD, Boyd SA. 1990. Dechlorination of chloroform by Methanosarcina
strains. Appl Environ Microbiol 56:1198-1201.

Holliger C, Schraa G, Stupperich E, Stams A, Zehnder A. 1992. Evidence for the
involvement of corrinoids and factor F43¢ in the reductive dechlorination of 1,2-
dichloroethane by Methanosarcina barkeri. J Bacteriol 174:4427-4434.

Gantzer CJ, Wackett LP. 1991. Reductive dechlorination catalyzed by bacterial
transition-metal coenzymes. Environ Sci Technol 25:715-722.

Krone UE, Laufer K, Thauer RK, Hogenkamp HP. 1989. Coenzyme F430 as a
possible catalyst for the reductive dehalogenation of chlorinated C1 hydrocarbons
in methanogenic bacteria. Biochemistry 28:10061-10065.

Krone UE, Thauer RK, Hogenkamp HP. 1989. Reductive dehalogenation of
chlorinated C1-hydrocarbons mediated by corrinoids. Biochemistry 28:4908-4914.
Fincker M, Spormann AM. 2017. Biochemistry of catabolic reductive
dehalogenation. Annu Rev Biochem 86:357-386.

Schubert T, Adrian L, Sawers RG, Diekert G. 2018. Organohalide respiratory
chains: composition, topology and key enzymes. FEMS Microbiol Ecol 94:fiy035.
Ding C, Zhao S, He J. 2014. A Desulfitobacterium sp. strain PR reductively
dechlorinates both 1,1,1-trichloroethane and chloroform. Environ Microbiol
16:3387-3397.

Gerritse J, Drzyzga O, Kloetstra G, Keijmel M, Wiersum LP, Hutson R, Collins MD,
Gottschal JC. 1999. Influence of different electron donors and acceptors on
dehalorespiration of tetrachloroethene by Desulfitobacterium frappieri TCE1. Appl
Environ Microbiol 65:5212-5221.

Lee M, Low A, Zemb O, Koenig ], Michaelsen A, Manefield M. 2012. Complete
chloroform dechlorination by organochlorine respiration and fermentation. Environ
Microbiol 14:883-894.

Wong YK, Holland SI, Ertan H, Manefield M, Lee M. 2016. Isolation and
characterization of Dehalobacter sp. strain UNSWDHB capable of chloroform and
chlorinated ethane respiration. Environ Microbiol 18:3092-3105.

Tang S, Edwards EA. 2013. Identification of Dehalobacter reductive
dehalogenases that catalyse dechlorination of chloroform, 1,1,1-trichloroethane
and 1,1-dichloroethane. Phil Trans R Soc B 368:20120318.

He Y, Wilson J, Su C, Wilkin R. 2015. Review of abiotic degradation of chlorinated
solvents by reactive iron minerals in aquifers. Ground Water Monit Remediat
35:57-75.

Rodriguez-Fernandez D, Heckel B, Torrenté C, Meyer A, Elsner M, Hunkeler D,
Soler A, Rosell M, Doménech C. 2018. Dual element (CCl) isotope approach to
distinguish abiotic reactions of chlorinated methanes by Fe(0) and by Fe (II) on
iron minerals at neutral and alkaline pH. Chemosphere 206:447-456.

Torrentd C, Palau ], Rodriguez-Fernandez D, Heckel B, Meyer A, Doménech C,
Rosell Mn, Soler A, Elsner M, Hunkeler D. 2017. Carbon and chlorine isotope
fractionation patterns associated with different engineered chloroform
transformation reactions. Environ Sci Technol 51:6174-6184.

Atashgahi S, Haggblom MM, Smidt H. 2018. Organohalide respiration in pristine
environments: implications for the natural halogen cycle. Environ Microbiol
20:934-948.

Krzmarzick MJ, Crary BB, Harding 1J, Oyerinde OO, Leri AC, Myneni SC, Novak PJ.
2012. Natural niche for organohalide-respiring Chloroflexi. Appl Environ Microbiol
78:393-401.

Rhew RC, Miller BR, Weiss RF. 2000. Natural methyl bromide and methyl chloride
emissions from coastal salt marshes. Nature 403:292-295.


http://dx.doi.org/10.1101/858480
http://creativecommons.org/licenses/by-nc-nd/4.0/

580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635

bioRxiv preprint first posted online Nov. 29, 2019; doi: http://dx.doi.org/10.1101/858480. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

It is made available under a CC-BY-NC-ND 4.0 International license.

Oren A. 2001. The bioenergetic basis for the decrease in metabolic diversity at
increasing salt concentrations: implications for the functioning of salt lake
ecosystems, p 61-72. In Melack JM, Jellison R, Herbst DB (ed), Saline Lakes.
Springer, Dordrecht, The Netherlands.

Drake HL, GoéBner AS, Daniel SL. 2008. Old acetogens, new light. Ann N Y Acad
Sci 1125:100-128.

Walker G, Murphy S, Huennekens F. 1969. Enzymatic conversion of vitamin Bia,
to adenosyl-B;,: evidence for the existence of two separate reducing systems.
Arch Biochem Biophys 134:95-102.

Weissbach H, Redfield B, Peterkofsky A. 1961. Conversion of vitamin B;, to
coenzyme B, in cell-free extracts of Clostridium tetanomorphum. ] Biol Chem
236:PC40-PC42.

Becker JG, Freedman DL. 1994. Use of cyanocobalamin to enhance anaerobic
biodegradation of chloroform. Environ Sci Technol 28:1942-1949.

Hashsham SA, Freedman DL. 1999. Enhanced biotransformation of carbon
tetrachloride by Acetobacterium woodii upon addition of hydroxocobalamin and
fructose. Appl Environ Microbiol 65:4537-4542.

Duran-Viseras A, Andrei S, Ghai R, Sanchez-Porro C, Ventosa A. 2019. New
Halonotius species provide genomics-based insights into cobalamin synthesis in
haloarchaea. Front Microbiol 10:1928.

Lu X, Heal KR, Ingalls AE, Doxey AC, Neufeld JD. 2019. Metagenomic and
chemical characterization of soil cobalamin production. ISME J.

Roth JR, Lawrence J, Bobik T. 1996. Cobalamin (coenzyme B;,): synthesis and
biological significance. Annu Rev Microbiol 50:137-181.

Romine MF, Rodionov DA, Maezato Y, Anderson LN, Nandhikonda P, Rodionova IA,
Carre A, Li X, Xu C, Clauss TR. 2017. Elucidation of roles for vitamin Bi, in
regulation of folate, ubiquinone, and methionine metabolism. Proc Natl Acad Sci
USA 114:E1205-E1214.

Mebius LJ. 1960. A rapid method for the determination of organic carbon in soil.
Anal Chim Acta 22:120-124.

Amstaetter K, Borch T, Kappler A. 2012. Influence of humic acid imposed changes
of ferrihydrite aggregation on microbial Fe(III) reduction. Geochim Cosmochim
Acta 85:326-341.

Stookey LL. 1970. Ferrozine—a new spectrophotometric reagent for iron. Anal
Chem 42:779-781.

Weigold P, Ruecker A, Loesekann-Behrens T, Kappler A, Behrens S. 2016.
Ribosomal tag pyrosequencing of DNA and RNA reveals “rare” taxa with high
protein synthesis potential in the sediment of a hypersaline lake in Western
Australia. Geomicrobiol J 33:426-440.

Amoozegar MA, Siroosi M, Atashgahi S, Smidt H, Ventosa A. 2017. Systematics of
haloarchaea and biotechnological potential of their hydrolytic enzymes.
Microbiology 163:623-645.

Dyall-Smith M. 2008. The Halohandbook: protocols for haloarchaeal genetics, vol
14, Haloarchaeal Genetics Laboratory, Melbourne.

Assaf-Anid N, Hayes KF, Vogel TM. 1994. Reduction dechlorination of carbon
tetrachloride by cobalamin(II) in the presence of dithiothreitol: mechanistic study,
effect of redox potential and pH. Environ Sci Technol 28:246-252.

Chiu P-C, Reinhard M. 1995. Metallocoenzyme-mediated reductive transformation
of carbon tetrachloride in titanium(III) citrate aqueous solution. Environ Sci
Technol 29:595-603.

Atashgahi S, Maphosa F, Dogan E, Smidt H, Springael D, Dejonghe W. 2013.
Small-scale oxygen distribution determines the vinyl chloride biodegradation
pathway in surficial sediments of riverbed hyporheic zones. FEMS Microbiol Ecol
84:133-142.

Atashgahi S, Lu Y, Zheng Y, Saccenti E, Suarez-Diez M, Ramiro-Garcia J,
Eisenmann H, Elsner M, Stams AJM, Springael D, Dejonghe W, Smidt H. 2017.


http://dx.doi.org/10.1101/858480
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint first posted online Nov. 29, 2019; doi: http://dx.doi.org/10.1101/858480. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672

673

674

675

676

677

678

679

680

681

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

It is made available under a CC-BY-NC-ND 4.0 International license.

Geochemical and microbial community determinants of reductive dechlorination at
a site biostimulated with glycerol. Environ Microbiol 19:968-981.

Ramiro-Garcia J, Hermes GD, Giatsis C, Sipkema D, Zoetendal EG, Schaap PJ,
Smidt H. 2016. NG-Tax, a highly accurate and validated pipeline for analysis of
16S rRNA amplicons from complex biomes. F1000Research 5.

Edgar RC. 2010. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26:2460-2461.

Quast C, Pruesse E, Yilmaz P, Gerken ], Schweer T, Yarza P, Peplies ], Glockner
FO. 2012. The SILVA ribosomal RNA gene database project: improved data
processing and web-based tools. Nucleic Acids Res 41:D590-D596.

Caporaso ]G, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK,
Fierer N, Pefia AG, Goodrich JK, Gordon JI. 2010. QIIME allows analysis of high-
throughput community sequencing data. Nat Methods 7:335-336.

Chen S, Zhou Y, Chen Y, Gu J]. 2018. fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics 34:i884-i890.

Nurk S, Meleshko D, Korobeynikov A, Pevzner PA. 2017. metaSPAdes: a new
versatile metagenomic assembler. Genome Res 27:824-834.

Uritskiy GV, DiRuggiero J, Taylor J. 2018. MetaWRAP—a flexible pipeline for
genome-resolved metagenomic data analysis. Microbiome 6:158.

Wu Y-W, Simmons BA, Singer SW. 2015. MaxBin 2.0: an automated binning
algorithm to recover genomes from multiple metagenomic datasets.
Bioinformatics 32:605-607.

Kang D, Li F, Kirton ES, Thomas A, Egan RS, An H, Wang Z. 2019. MetaBAT 2: an
adaptive binning algorithm for robust and efficient genome reconstruction from
metagenome assemblies. Peer] Preprints 7:e27522v1.

Alneberg J, Bjarnason BS, de Bruijn I, Schirmer M, Quick J, Ijaz UZ, Loman NJ,
Andersson AF, Quince C. 2013. CONCOCT: clustering contigs on coverage and
composition. arXiv preprint arXiv:13124038.

Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW. 2015. CheckM:
assessing the quality of microbial genomes recovered from isolates, single cells,
and metagenomes. Genome Res 25:1043-1055.

Matsen FA, Kodner RB, Armbrust EV. 2010. pplacer: linear time maximum-
likelihood and Bayesian phylogenetic placement of sequences onto a fixed
reference tree. BMC Bioinformatics 11:538.

Aziz RK, Bartels D, Best AA, Delongh M, Disz T, Edwards RA, Formsma K, Gerdes
S, Glass EM, Kubal M. 2008. The RAST Server: rapid annotations using
subsystems technology. BMC Genomics 9:75.

Figure legends

Fig. 1 CF transformation in the sediment enrichment cultures and subsequent transfer

cultures. Dechlorination of CF in MGM with top layer (LS-TOP, A) and bottom layer

sediments (LS-BOT, B) from Lake Strawbridge, and dechlorination of CF in DBC medium

with top (C) and bottom layer (D) sediments from the same lake. Dechlorination of CF in

subsequent transfer cultures of the bottom layer sediment enrichment cultures with MGM

(E, F, G). Points and error bars represent the average and standard deviation of samples

taken from duplicate cultures.
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Fig. 2 CF transformation in sediment-free cultures amended with 0.04 (A), 0.4 (B), 0.8
(©), 1.6 (D), and 4 uM (E) vitamin B;,. Points and error bars represent the average and
standard deviation of samples taken from duplicate cultures.

Fig. 3 !3CO, production from CF (A) and 8'°C values (B) in the sediment-free cultures
amended with 1.25 pmol/bottle 3C-labelled CF, 3.75 umol/bottle non-labelled CF, and 4
MM vitamin Bj,. Control cultures contained the same concentrations of non-labelled CF
and vitamin Bj,. Points and error bars represent the average and standard deviation of
samples taken from duplicate cultures.

Fig. 4 Heatmap of relative abundance of the MAGs and unbinned contigs assembled from
metagenomes of the sediment-free enrichment cultures with and without addition of 4
MM vitamin Bi> (A), and presence and absence of genes involved in the Wood-Ljungdahl
pathway, cobalamin biosynthesis and transport and reductive dehalogenation
(organohalide respiration) in the MAGs and unbinned contigs (B).

Fig. 5 Proposed CF transformation pathway in Clostridiales presumably mediated by
Wood-Ljungdahl pathway enzymes and cob(I)/cob(II)alamins that are biosynthesized de
novo or transported from the extracellular environment. The gene encoding AcsB

(enclosed in a square) was not found in the metagenomes.

Fig. S1 CF transformation by vitamin By, (4 uM) in MGM medium with dithiothreitol (100
mM) (A) or titanium(III) citrate (5 mM) (B) as the electron donor. Points and error bars
represent the average and standard deviation of samples taken from duplicate cultures.

Fig. S2 Quantitative PCR (gPCR) targeting total bacterial and archaeal 16S rRNA genes
in the top and bottom layer sediment of Lake Strawbridge and Lake Whurr (A), and
sediment enrichment culture and subsequent transfer cultures derived from the bottom
layer sediment microcosms of Lake Strawbridge (B). Abbreviation: LS, Lake Strawbridge;
LW, Lake Whurr; TOP, top layer (0-12 cm depth); BOT, bottom layer (12-24 cm depth).
Error bars represent standard deviations of two (for enrichment samples) or four (for
sediment samples) independent DNA extractions, and triplicate qPCR reactions were

conducted for each DNA sample (n = 2 (4) x 3).
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711 Fig. S3 16S rRNA gene based bacterial community analysis of the sediment of Lake
712 Strawbridge and enrichment cultures. Abbreviation: LS, Lake Strawbridge; TOP, top layer
713 (0-12 cm depth); BOT, bottom layer (12-24 cm depth). Data are shown at phylum level,
714 except Clostridiales is shown at order level, and Halanaerobium, Desulfovibrio and
715  Bacillus are shown at genus level. Taxa that were observed at a relative abundance
716 below 1% were summed up and categorized as ‘Others’.

717 Fig. S4 Location and overview of Lake Strawbridge and Lake Whurr. The coordinates of
718  the sampling points and the depth profile are shown in the photos. The photos are a
719  courtesy of Christoph Tubbesing from the Department of Geosciences, Universitat

720 Heidelberg.

721
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Table 1. Geochemical properties of Lake Strawbridge and Lake Whurr sediments. Duplicates sediment cores from each hypersaline lake are labelled as
as LS1&LS2 and LW1&LW2. TOP :0-12 cm depth, BOT: >12 cm depth

Lake Strawbridge (LS) Lake Whurr (LW)
LS1-TOP LS2-TOP LS1-BOT LS2-BOT LW1-TOP LW2-TOP LW1-BOT LW2-BOT

pH?® 8.2 8.3 8.5 8.5 5.4 5.4 4.5 4.6
Water content (%) 37.3 27.3 16.7 15.4 26.0 25.7 24.2 23.0
Salinity (%) 17 14 5 5 15 20 11 11

TOC (g/kg dry sediment) 21 15 5 5 12 14 6 6

Na (mg/g dry sediment) 57.0 48.5 17.5 18.1 55.0 71.1 35.0 35.8
Ca (mg/g dry sediment) 0.7 0.8 0.1 0.2 6.8 4.2 0.3 0.3
K (mg/g dry sediment) 2.0 2.0 1.0 0.9 1.7 1.8 1.1 1.2
Mg (mg/g dry sediment) 2.8 2.9 1.1 1.1 4.5 4.6 3.5 3.4
Total Fe (mg/g dry sediment) 6.5 6.3 2.2 1.9 1.5 3.2 0.3 0.6
CI" (mg/g dry sediment) 101.3 84.7 31.9 33.1 93.1 123.5 64.8 64.0
S0.4% (mg/g dry sediment) 3.9 3.6 1.5 1.8 19.6 14.8 4.3 4.4
NOs™ (mg/g dry sediment) n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
ClO3” (mg/g dry sediment) n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

@Measured in 0.01 M CaCl, after 2 h
n.d. not detected
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