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Abstract (181 words)

Background: Chloromethane (CHsCI) is the most abundant chlorinated volatile organic
compound in the atmosphere and contributes to stratospheric ozone depletion. CH3ClI has
mainly natural sources such as emissions from vegetation. In particular, ferns have been
recognized as strong emitters. Mitigation of CH3Cl to the atmosphere by methylotrophic
bacteria, a global sink for this compound, is likely underestimated and remains poorly
characterized.

Results and Conclusions: We investigated chloromethane-degrading taxa associated with
intact and living tree fern plants of the species Cyathea australis by stable isotope probing
(SIP) with "*C-labelled CH3;Cl combined with metagenomic DNA sequencing. Metagenome
assembled genomes (MAGSs) related to Methylobacterium and Friedmanniella were identified
as being involved in the degradation of CH3Cl in the phyllosphere, i.e., the aerial parts of the
tree fern, while a MAG related to Sorangium was linked to CH3Cl degradation in the fern
rhizosphere. The only known metabolic pathway for CHsCl degradation, via a
methyltransferase system including the gene cmuA, was not detected in metagenomes or
MAGs identified by SIP. Hence, a yet uncharacterised methylotrophic cmuA-independent

pathway likely drives CH3Cl degradation in the investigated tree ferns.

Keywords: Chloromethane, Phyllosphere, Rhizosphere, Stable Isotope Probing (DNA-SIP),

Metagenome-assembled genomes (MAGSs), tree fern, one-carbon metabolism
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Background (678 words)

With an average global mixing ratio of ~553+5 pptv, an atmospheric lifetime of 0.9 years and
an estimated global emission rate of 4 to 5 Tg (1 Tg = 10'? g) per year [1, 2], chloromethane
(CHsCI, methyl chloride) is one of the most abundant chlorinated volatile organic compounds
(VOCs) in the Earth’s atmosphere. Natural emissions of CH3Cl have been reported from
grasslands [3-5], plants [6-11], salt marshes [12-14], peatlands [15], ventilated and
waterlogged soil [16-18] and oceans [19]. Ferns are especially potent natural emitters of CHsCl
[6, 8, 10].

The main sink for atmospheric CHsCl is abiotic degradation by photochemically formed
hydroxyl radicals [20], estimated at about 2.5 to 3.4 Tg per year [21]. Microbial degradation in
soils is another possible significant global sink of CHsCl [22-25]. However, current estimates
are highly uncertain, ranging from 0.1 to 1.6 Tg per year [21, 23, 26]. Methylotrophic bacteria
able to use CHs3Cl as sole carbon and energy source for growth have been isolated from
diverse environments, including soils [22, 24, 27], wastewater sludge [28-30], seawater [31,
32], and the phyllosphere (aerial parts of the plants) [33, 34]. The ubiquitous presence of such
bacteria in soil and the phyllosphere implies that they play a more important role in mitigating
the emission of CH3Cl to the atmosphere than previously thought [14, 35].

The bacterial chloromethane utilisation (cmu) pathway was characterised in detail in
Methylorubrum extorquens (previously Methylobacterium extorquens) strain CM4 [36, 37]. A
corrinoid- and tetrahydrofolate (H4F)-dependent methyltransferase system, encoded by genes
cmuA and cmuB [38, 39], respectively, effect dehalogenation of chloromethane. Since the
cmuA gene is strongly conserved in CH3Cl-degrading bacteria [33], it has been used as a
metabolic marker gene to study the biodiversity of CH3Cl-degrading microorganisms [22, 24,
40-42]. Phylogenetically diverse cmu-dependent chloromethane degraders have been
isolated and belong to the genera Acetobacterium, Aminobacter, Hyphomicrobium,
Leisingera, Pseudomonas, Methylobacterium/Methylorubrum, and Roseovarius [33].
However, the cmuA biomarker is seldom found in metagenomes [10, 25, 35]. In addition, cmu

genes are absent in the genomes of some sequenced CH3Cl utilizers [35, 43] such as marine
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strains (Leisingera methylohalidivorans MB2) [32], which points towards the existence of yet
uncharacterized pathways for CH3;Cl degradation. All these microorganisms have in common
that they have to adapt to several stresses in order to grow on CHsCl, for instance increased
intracellular levels of protons and chloride, higher needs for the production of cofactors (H4F
and cobalamin-related compounds) and the regulation of their metabolism for efficient CH3ClI
utilisation [35, 37, 44, 45].

Chloromethane degradation associated with plants has been studied e.g. in Arabidopsis
thaliana [11] and ferns such as Osmunda regalis, Cyathea cooperi and Dryopteris filix-mas
[10]. The cmuA gene was found to be associated with living Arabidopsis thaliana plantlets [11],
but CH3Cl degradation and microbial biodiversity were not assessed. In a subsequent study,
both production and consumption of CHsCl associated with three tropical fern species was
investigated on cut-off plant material [10] . This may represent a stressful and potentially
unphysiological condition, especially knowing that plants release VOCs after physical damage
[46-48]. Therefore, cut-off plant material might release increased amounts of CH3Cl compared
to intact plants. Microbial 16S rRNA and cmuA gene diversity analysis did not allow to correlate
CHsCl degradation with the microorganisms detected, nor could the corresponding metabolic
pathways be identified [10].

In this study, we used an integrative experimental approach to identify the active CH3CI-
degrading members of microbiota associated with rhizospheric soil and the phyllosphere of
intact tree ferns known to produce CHsCl [10], by applying a combination of DNA stable
isotope probing (DNA-SIP) and metagenomics [49, 50] under conditions closely matching the

native environment.

Material and Methods

Tree ferns, gas-tight plant-growth chambers and labelling of transplanted plants

Tree ferns (Cyathea australis) with a shoot height of about 25 cm were obtained from a
commercial supplier (A L'ombre Des Figuiers, Combrit, France). Plants were grown in

Milncheberg Germany, and adapted to the local climate for three months before starting the
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DNA-SIP experiment on August 17" 2017. Incubations were carried out in gas-tight plant-
growth acryl-glass chambers (height of 120 cm, volume of ~85 L) specifically manufactured
for the experiments (Reli Kunststoffe, Erkner, Germany). Chambers were fitted with ports
capped with air-tight butyl rubber stoppers (Merck Millipore Corporation, Darmstadt, Germany)
for injection of CH3Cl (Supplementary Figure 1A). In addition, ventilators were installed inside
the chambers to ensure an even distribution of gas throughout the chamber. Gas-tightness
was tested by injecting CO- into each chamber and measuring the concentration over time
with CO- loggers (data not shown). Since the aim of the experiment was to label CH3CI-
degrading microorganisms associated with fern plants, the side walls of the chambers were
covered with aluminium foil (Supplementary Figure 1B) to reduce photosynthesis and thus
microbial CO, consumption during the labelling period. Nonetheless, some light still entered
the chambers through the transparent lid.

At the start of the experiment, a tree fern plant was placed in each of the six plant growth
chambers (Supplementary Figure 1B). The tree fern plants were incubated with either *C-
labelled CH3Cl (Campro Scientific GmbH, Berlin, Germany; named hereafter ['*C]-CH;Cl) or
with CH3Cl at natural abundance (99%, Linde GmbH, Pullach, Germany; named hereafter
['2C]-CHsCl). Each labelling period lasted for about 6 hours during daylight, with plant growth
chambers opened and ventilated overnight until the next round of labelling took place at the
next day. At the start of the labelling experiment (August 17%), 20 mL CH;CI (['*C]-CHsCI or
['2C]-CHsCl) was added to the chambers, so that the initial mixing ration in the chamber was
~200 ppm. Chambers were closed and ventilation was turned on. For the following 18 days,
10 mL of CH;CI (["*C]-CHsCl or ['?C]-CH3Cl) was added every day, providing an initial mixing
ration in the chambers of ~100 ppm. Gas samples were taken at the start of the incubation
period, after 2 and 4 hours and at the end of the incubation period with gas-tight syringes and
stored in 3 mL, pre-evacuated Exetainers (Labco Limited, England) for further analysis by gas
chromatography combined with single quadrupole mass spectrometry (GC MS). "3C-labelling
['3C]-CHsCl and ['2C]-CHsCl was carried out for 19 days. Soil humidity and salinity in the fern

soil was monitored throughout the experiment (data not shown).
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Gas chromatography

Chloromethane was measured in headspace gas by injecting 100 pL of a headspace gas
sample into a ISQ™ Quadrupole GC MS System using a TRACE™ Ultra gas chromatograph
(Thermo Fisher Scientific, USA) fitted with a 60 m, 0.32 mm GS-GasPro capillary column
(Agilent Technologies, California, USA) with helium as the carrier gas (constant column flow
rate, 1.5 mL min™"). Headspace gas samples (100 uL) were injected into the column with a
temperature ramp from 40°C to 200°C (15°C increase min™"). High-throughput measurements
were carried out with a MultiPurpose autosampler MPS (Gerstel Inc., USA). Chromatograms
were analysed with Openchrome® (Lablicate GmbH, Germany). CH3Cl concentrations were

calculated by regression analysis based on a five-point calibration curve.

Analysis of carbon mass fraction (C %) and differential stable carbon isotope ratio (5’°C value)
From each pot, an aliquot of the plant biomass was sampled at the start of the experiment,
after 4 days and at the end of the incubation period (after 19 days). Samples were dried for
24h at 60°C and finely ground using a vibrating disc mill (RS200, Retsch, Germany). Stable
isotope ratios (*C/'2C) were determined using an Elemental Analyzer (EA) Flash 2000 HT
(Thermo Fisher Scientific, Bremen, Germany), coupled with a Delta V isotope ratio mass
spectrometer (IRMS) via a ConFlo IV interface (Thermo Fisher Scientific, Bremen, Germany).
Stable carbon isotope ratios (5'3C) are expressed in permil (%o) relative to the international
standard, as defined by the equation:

RSample— RReference

813¢ =

Rsampie
where Rsampie is the isotopic ratio (*C/'?C) of the sample and Rgeference is the known isotopic
ratio of the standard. § '*C values were normalized to the international scale Vienna Pee Dee
Belemnite (VPDB) by analyses of the international standards USGS40 and USGS41 (L-
glutamic acid) within the sequence [51]. Precision, defined as the standard deviation (x10) of

the laboratory control standard along the run was better than £0.2%o. for C.
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For calculation of the element mass fraction C (percentage, %) of plant biomass, different
amounts of the laboratory standard (apple leaves, § '°C = -27.11 %o, C = 48.12 %) were
analysed and the linear regression between peak area and sample weight was used to
calculate the C (%). Precision, defined as the standard deviation (x10) of the laboratory control

standard along the runs was better than +0.5% for C.

Sample collection, DNA extraction and processing of DNA-SIP samples

After labelling, phyllosphere and rhizosphere soil samples of Cyathea australis plants were
collected as follows. For the phyllosphere, leaf wash (LW) and leaf (L) samples were collected.
Leaf wash samples were prepared as previously described [52], using 5 g of leaves and
collecting the leaf surface communities on a 0.22 ym Durapore® membrane filter (Merck
Millipore Corporation, Darmstadt, Germany), and therefore comprised mainly epiphytes. Leaf
samples were cut off from the plants without washing using sterile razor blades, and hence
included epi- and endophytes. For the rhizosphere, ~20 g of soil (S) samples were collected
near the roots (ectorhizosphere).

DNA extraction was carried out using the FastDNA™ Spin Kit for Soil (MP Bio Science Ltd.,
Derby, UK) following the manufacturer’s instructions. '*C-labelled heavy DNA was separated
from unlabelled light 2C-DNA using cesium chloride density gradient ultracentrifugation, as
described previously [53]. Density gradient formation across 12 fractions (250 uL each) was
confirmed by measuring refractive indexes using a digital refractometer (Reichert AR2000).
To identify '*C-DNA and ">C-DNA ‘heavy’ and ‘light’ fractions, respectively, and hence labelled
microorganisms, DNAs of all SIP fractions were first PCR-amplified. Primers 799F labelled at
the 5’-end with 6-carboxyfluorescein (6-FAM) and 1193r were used to amplify 16S rRNA gene
DNA fragments of 500 bp [54]. For profiling of the bacterial communities present in the different
SIP fractions, terminal restriction fragment length polymorphism (T-RFLP) was used as

described [55], with normalization of T-RFLP profiles [56].

DNA barcoding for taxonomical identification and definition of the ">C-labelled OTUs
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Bacterial composition in ['*C]-CHsCl and ["?C]-CHs;Cl ‘heavy’ and ‘light' fractions was
determined by amplicon sequencing using the primer set 5-AACMGGATTAGATACCCKG-3’,
5- ACGCATCCCCACCTTCCTC-3’ targeting the V5 and V7 hypervariable regions of the
bacterial 16S rRNA gene. Amplicon sequencing was performed on an lllumina Miseq platform
by GenoScreen (Lille, France). Amplicon reads were analysed using the QIIME pipeline [57]
and singletons and chimeras were removed using USEARCH v7 [58] and UCHIME [59].
Labelled OTUs were defined according to four criteria (adapted from [41]): 1) the relative
abundance of the OTU in the ‘heavy’ DNA fraction of the '*C-labelled microcosm was higher
than in the ‘heavy’ DNA fraction of the corresponding '2C-labelled microcosm; (2) the relative
abundance of the OTU was higher in the ‘heavy’ DNA fraction than in the ‘light’ fraction of the
13C-labelled microcosm; (3) the relative abundance of the OTU in the ‘heavy’ DNA fraction of
the "*C-labelled microcosm was 2 0.015 %, and (4) the relative abundance difference of the
OTU between ‘heavy’ and ‘light’ DNA fractions was = 0.005% and higher in the *C-labelled

treatment than in the corresponding unlabelled control treatment.

Metagenomics and bioinformatics

Metagenomic sequencing was carried out using ‘heavy’ DNA fractions of ["*C]-CH;CI-
amended fern samples combined from three biological replicates. The '*C-labelled heavy
fraction of leaf (L), leaf wash (LW) and soil (S) samples were sequenced on a HighSeq
platform and data was filtered and quality trimmed by GenoScreen (Lille, France). Processed
reads were assembled with MEGAHIT v.1.2.9 [60] with default options and additional
parameter “-presets meta-large”, that sets a k-mer list from 27 to 127 in steps of 10. An
additional co-assembly of leaf and leaf wash metagenomes was performed with the same
parameters, to improve recovery of low abundant species.

Binning was carried out using a combination of CONCOCT v1.1.0 [61], MetaBAT2 v2.12.1
[62] and MaxBin2 [63] under default parameters. For binning with CONCOCT and MetaBAT2
reads were first mapped to the assemblies using bowtie2 v2.3.5.1 [64] with the parameters “

-sensitive-local --threads 80 --seed 100 --maxins 1000°. Mapping results were used to



222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248

249

generate depth files. For binning with MaxBin2 the binning module of MetaWRAP v1.2.1 [65]
was used. The MetaWRAP bin_refinement module was used to consolidate binning results
from MetaBAT2, MaxBin2 and CONCOCT into a final set of bins. Quality of the bins was
estimated using CheckM v1.1.2 [66]. Bins with a reported completeness >70% and
contamination <10% were selected as MAGs (Metagenome-Assembled Genomes) for further
analysis (Supplementary Table S1). MAGs were annotated with RAST-tk [67] and the closest
taxon was used for initial taxonomic classification. Identified proteins for MAGs were
downloaded as ‘faa-files’ from RAST and used to place MAGs in a tree with 2850 references
using the CVTree3 Web Server [68]. The deduced tree was visualized at K=6 using the
Interactive Tree of Life v 5.5.1 [69], and used to select reference genomes for genome
comparisons. The closest references around each MAG cluster were included in a pruned
tree.

Closely related reference genomes were chosen for selected MAGs. PhyloPhlAn 3.0 [70] was
run with “--diversity low” to identify common marker genes and construct a concatenated
multiple sequence alignment (MSA) between MAGs and references. Maximum-likelihood
trees were constructed with MEGAX [71] from MSAs using the JTT+G+l model with 500
bootstrap replications. ANI values between MAGs and reference genomes were calculated
with fastANI [72] v1.3 with “--fragLen 1500”. AAl values were calculated with the CompareM

v1.1.2 AAl workflow (aai_wf) (https://github.com/dparks1134/CompareM), where homology

was defined as > 30% identity and > 70% alignment length. MAGs and metagenomes were
screened for the presence of the chloromethane utilisation gene (cmuA) using BLAST [73],
and prokka [74] under default settings, respectively. ShortBRED (version 0.9.3) [75] was used
to identify cmuA in unassembled metagenomic reads. MAGs were submitted to the
MicroScope platform [76, 77] for annotation and analysis of genomic content and features
using the Magnifying Genome (MaGe) platform Web interface
(https://mage.genoscope.cns.fr/microscope/mage/). In addition, BLAST [73] and RAST [78]
were used to further compare MAG genetic content and assess potentials for CHsCl utilization

by screening for functional marker genes involved in CHsCl utilization, one-carbon
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metabolism, central metabolism, co-factor synthesis, transport systems, and stress response.
Enzymes that use or produce halides were detected using the BRENDA database available
at www.brenda-enzymes.org, and adapted from [79]. This more in-depth MAG genetic content
analysis was performed for six MAGs from the phyllosphere (LEAF and LEASFWASH) and
rhizosphere (SOIL) named hereafter: ‘Fern CH3Cl SIP LEAF bin s3’, ‘Fern CH3ClI SIP LEAF
bin co1’, ‘Fern CH3CI SIP LEAF bin co3’, ‘Fern CH3CI SIP LEAFWASH bin co7’, ‘Fern CH3Cl

SIP SOIL bin s1’, and ‘Fern CH3ClI SIP SOIL bin s7°.

Comparative genome analyses

Genome comparisons within the genus Methylobacterium and the closely related clade
Methylorubrum to determine pan, core and dispensable genes and singletons (unique genes)
was carried out using EDGAR v2.0 [80] as described previously [81]. The MAG Fern CHsCl
SIP LEAF bin s3 was used as a reference and strains of Methylobacterium (including

Methylorubrum) used for this analysis are listed in Supplementary Table S2.

Accession numbers for datasets

Read data of the tree fern metagenomes have been submitted to the National Center for
Biotechnology Information (NCBI) under the BioProject number PRJNAG659413. The
metagenome assembled genomes for ‘Fern CHsCI SIP LEAF bin s3’, ‘Fern CHsCl SIP LEAF
bin co1’, ‘Fern CH3Cl SIP LEAF bin co3’, ‘Fern CH3Cl SIP LEAFWASH bin co7’, ‘Fern CH3CI
SIP SOIL bin s1’, and ‘Fern CHsCl SIP SOIL bin s7’, can be found in MaGe
(https://mage.genoscope.cns.fr/microscope/home/index.php) and under the same BioProject
with BioSample Accession numbers SAMN17394138, SAMN17394139, SAMN17394140,

SAMN17394141, SAMN17394142, SAMN17394143, respectively.

Results and discussion

The tree fern Cyathea australis and its associated microbiome is capable of CHsCI

degradation
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As previously shown, cut-off leaves from the tree fern Cyathea australis are capable of CH3Cl
degradation [10]. However, it has not been investigated if intact plants behave in the same
way and degrade CHsCl. In addition, the active members of the tree fern-associated
microbiota possibly involved in CH3Cl degradation has not been studied. Therefore, tree ferns
were incubated with either ['3C]-CHsCl or ['2C]-CHsCl and CH;Cl concentrations were
monitored over a time period of 19 days. On the first day of incubation, 200 ppm ['*C]-CH;ClI
or ['2C]-CH;Cl was added to the incubation chambers (Supplementary Figure 2). Rapid
consumption was evident, and most likely due to adsorption to the soil-plant-interface.
However, in the following 18 days, steady degradation of CH3sCl was observed following daily
CH3Cl addition, especially from day 12 onwards, with an average CH3Cl consumption of 7-15
ppm d-' (Supplementary Figure 2). In order to investigate if the *C was incorporated by the
plant or by microorganisms living on the surface of plant leaves (epiphytes), §'3C values of
bulk leaves were determined using EA/IRMS. Stable carbon isotope values (Supplementary
Figure 3) showed an increase in the ['*C]-CHsCl incubated samples from the start of the
experiment (3C To, about -29 %o) to the end of the experiment (Tend, about -7.5 %o) in the
incubated ferns 1 and 3, demonstrating an incorporation of '*C. Washed leaves ("*C Tenq
washed) showed much lower deviations of §'*C values (Supplementary Figure 3; fern 1 and
3, about -24 %o), indicating incorporation of *C mainly by the microorganisms living on leaf
surfaces. Therefore, we have shown here that intact living tree fern plants of the species
Cyathea australis and their associated microbiota are capable of CH3;Cl degradation and that
the microorganisms most likely play a more important role in the degradation of this chlorinated

volatile organic compound than previously anticipated.

Methylobacterium is an abundant genus with CHsCl-degrading representatives in the fern

phyllosphere, and active chloromethane-utilizing bacteria differ in the fern phyllosphere and
rhizosphere
In order to identify '3C-labelled microorganisms and hence, the microorganisms most likely

responsible for CHs;Cl degradation in the fern phyllosphere, ‘heavy’ and ‘light’ DNA fractions
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were identified using T-RFLP (showing an enrichment of certain TRFs in the *C-‘heavy’
fraction compared to the '2C-‘heavy’ and '3C-‘light’ fractions; data not shown), and the
corresponding fractions were used for 16S rRNA amplicon sequencing.

Methylobacterium was identified as the most abundant 3C-labelled genus in the phyllosphere
(leaf) of Cyathea australis (Figure 1). It is well-established that Methylobacterium are abundant
in the phyllosphere of a variety of plants [83] including Arabidopsis thaliana [11, 84-86],
soybean [86-88], clover [86], cotton [87], maize [87], sunflower [87] and rice [89], and that
representatives of the genus Methylobacterium can utilize CH3Cl via the chloromethane
utilization pathway (cmu) [33]. Whereas Methylobacterium has been identified previously in
the phyllosphere of three different CH3Cl-producing or CHsCl-degrading ferns, Osmunda
regalis, Cyathea cooperi and Dryopteris filix-mas [10], a correlation between in planta CH3Cl
degradation and the microorganisms detected could not be demonstrated in these previous
studies.

In the fern phyllosphere (leaf and leaf wash samples), other '*C-labelled microorganisms than
Methylobacterium-related, included members of families Pseudomonadaceae (leaf),
Propionibacteriaceae, and Solirubrobacteraceae (leaf wash), among others (Figure 1).
Pseudomonadaceae were detected in a CH3Cl-degrading mixed culture [33], but their role in
CH3Cl degradation was not assessed. Among those, members of the family
Pseudomonadaceae are well known colonizers of the phyllosphere of a variety of plants, such
as soybean, colver, rice, A. thaliana [90, 91], grapevine [92], maize [93] and lettuce [94], to
name only a few. Pseudomonadaceae have been associated with ferns involved in CHsCI
production and consumption [10], and some isolates of the genus Pseudomonas capable of
CH3Cl degradation have been reported [10, 30, 33]. In contrast, representatives of
Propionibacteriaceae and Solirubrobacteraceae capable of CH3;Cl degradation have not been
described so far. Propionibacteriaceae closely related Friedmaniella members have been
found in the phyllosphere of magnolia trees [95], hemlock plants [96], in grasses such as
Arrhenatherum elatius [97], in Baccharis dracunculifolia [98] and in hardwood forest trees such

as maple, oak and lime [99]. Bacteria of the family Solirubrobacteraceae are strictly aerobic
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and chemoorganotrophic [100], and have been identified in the phyllosphere of Baccharis
dracunculifolia [98], in grasses such as Arrhenatherum elatius [97], and in olive trees [101].

Compared to the phyllosphere, different taxa were enriched in the '*C-‘heavy’ DNA of
rhizosphere samples (Figure 1), e.g. from Xanthobacteraceae and Myxococcales, but a
potential association of these families with degradation of CH3Cl has not yet been reported.
Xanthobacteraceae were enriched in a CH3Cl-incubated forest soil in a previous study [25],
but also detected in the phyllosphere of grassland plants [97], tomatoes [102], and hay [103].
Worthy of note in the context of chloromethane utilisation, Xanthobacter autotrophicus, a
member of family Xanthobacteraceae, is a methylotrophic organism capable of growing with
methanol [104, 105]. Myxococcales were detected in e.g. the phyllosphere of magnolia trees
[95], apple trees [106] and rocket [107], and also present in the core microbiome of the
phyllosphere of five different trees species in a temperate forest in Quebec [108]. Thus, the
living fern tree is host to a variety of potential CH3Cl-utilisers, of which most differ from

previously characterized representatives.

Tree fern MAGs from [°C]-CHsCl DNA are closely related to Methylobacterium,

Friedmanniella and Sorangium

Metagenomics of ['*C]-CHsCl labelled fern phyllosphere and rhizosphere samples was carried
out to complement and expand the 16S rRNA amplicon sequencing analysis. Of the 34 MAGs,
three carried 16S rRNA-encoding genes (Supplemental Table S1). To further elucidate the
phylogeny of the ['*C]-CH3ClI labelled microorganisms, phylogenetic trees were calculated
using the MAGs ‘Fern CH3Cl SIP LEAF bin co1’, ‘Fern CH3CI SIP LEAF bin s3’, ‘Fern CH3Cl
SIP LEAF bin co3’, ‘Fern CH3Cl SIP LEAFWASH bin co7’, ‘Fern CH3Cl SIP SOIL bin s1’ and
‘Fern CH3ClI SIP SOIL bin s7’ (Figure 2). MAG’s ‘Fern CHsCl SIP LEAF bin co1’ and ‘Fern
CHsCI SIP LEAF bin s3’ clustered within the genus Methylobacterium (Figure 2A).

The MAG ‘Fern CHsCl SIP LEAF bin s3’ was more closely related to Methylobacterium
phyllosphaerae CBMB27, M. phyllostachyos BL47, M. pseudosasicola BL36 and M. oryzae

CBMB20, which were all isolated from phyllospheric samples (Supplementary Table S2). Bins
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‘Fern CH3ClI SIP LEAF bin co3” and ‘Fern CHsCl SIP LEAFWASH bin co7’ clustered more
closely to the genus Friedmaniella of the family Propionibacteriaceae (Figure 2B). Bins ‘Fern
CHsCI SIP SOIL bin s1” and ‘Fern CH3Cl SIP SOIL bin s7° showed closest but more distant
similarity with Sorangium (Figure 2C), possibly representing a new genus within the order
Myxococcales. Taken together, the phylogeny based on MAGs supported the findings on "*C-

labelled OTUs based on the results from 16S rRNA amplicon sequencing.

cmuA genes are not present in metagenomes and MAGs

The cmu pathway is the only characterized pathway for utilisation of CHsClI [35]. Of the cmuA-
and cmuB-encoded methyltransferases of chloromethane dehalogenase, the cmuA gene is
the most conserved and has been frequently used as the cmu pathway gene marker [109].
The MAGs and metagenomes were screened for the presence of cmuA. On the basis of
BLAST searches and prokka annotations, no cmuA homologs could be identified in
metagenome-assembled genomes. Using shortBRED, unassembled short metagenomic
reads were screened for the presence of cmuA. Unlike reference genes for methanol oxidation
(xoxF and mxaF) which were detected in leaf, leafwash and soil samples (data not shown),
the cmuA gene was not detectable in leafwash and leaf samples. In soil samples, only seldom
and very short sequences (between 8 and 15 amino acids) matched to a small fragment of
CmuA (data not shown) when using shortBRED. This lack of evidence for the presence of

cmuA suggests that CH3Cl degradation in tree fern samples occur by other routes.

CH:sCl in tree ferns is degraded by yet unidentified chloromethane utilisation pathways

The genome sequences retrieved from 'C-labelled MAGs offered an opportunity to
investigate the metabolic traits of these bacteria. Metabolic reconstruction was performed with
the two MAGs related to Methylobacterium (‘Fern CHsCl SIP LEAF bin co1’ and ‘Fern CH;Cl
SIP LEAF bin s3’), one of the bins related to Friedmaniella (‘Fern CH3Cl SIP LEAF bin co3’)

and one of the bins related to Sorangium (‘Fern CH3Cl SIP SOIL bin s1’).
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Beyond the already noted lack of cmuA, analysis of these MAGs also revealed the absence
of the other essential genes (cmuB [36] and metF2 [45, 110]) of the cmu pathway (Figure 3),
confirming that CH3Cl-degrading bacteria on tree ferns may use other pathways for CH3Cl
utilization. In contrast, genes folD encoding the bifunctional enzyme methylene-HsF
dehydrogenase/methenyl-HsF-cyclohydrolase and purU encoding the formyl-HsF deformylase
which allow downstream processing of one-carbon units derived from CHsCl [36] were
detected in three and two of the four MAGs, respectively (Figure 3). Similarly, other genes
associated with one-carbon metabolism including mtdA for methylene-HsF dehydrogenase,
fch for methenyl-HsF cyclohydrolase, and ffL for formate-H4F ligase were also detected in
Methylobacterium-related MAGs, as expected [111-113] (Figure 3, Supplementary Table S3).
In many methylotrophs, methylene-HsF is the entry point for carbon assimilation through the
ethylmalonyl-CoA pathway (EMCP) cycle, and most genes were detected in two out of four
MAGs, and/or the glycine cleavage system pathway (GCP) with genes detected in the two
MAGs lacking the EMCP cycle (Figure 3, Supplementary Table S3). Furthermore, the last step
in one-carbon compound reduction/oxidation is the conversion of formate to CO, that involves
the fdh-encoded formate dehydrogenase found in the two MAGs related to Methylobacterium
and the MAG related to Friedmaniella. Thus, analysis of the MAGs obtained from heavy DNA
confirmed that they possess the genetic potential for one-carbon compound
reduction/oxidation, and also suggest that H4F is a one-carbon-group carrier in all four MAGs
(Figure 3, Supplementary Table S3). While these data clearly suggest that methylene-HsF is
also the entry point to central metabolism in tree fern MAGs from CH3ClI degradation, how this
is achieved by the corresponding strains remains unknown. Moreover, it is puzzling that MAGs
related to species not previously described as methylotrophs (e.g. Friedmaniellea and
Sorangium) and which are lacking reference genes for primary oxidation of one-carbon
compounds (Supplemental Table S3) were ['3C]-chloromethane labelled. One hypothesis is
that genes encoding methylotrophic genes were excluded from the assembly, for instance if

plasmid-borne, associated to mobile elements or if present on genomic islands. Another
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possibility is that these MAGs correspond to microorganisms that harbour so far
uncharacterized genes for methyltrophic growth.

The MAG more closely related to Methylobacterium (‘Fern CHsCl SIP LEAF bin s3’) harbours
in addition the genes for the one-carbon compound oxidation pathway via
tetrahydromethanopterin (HsMPT). One explanation for this phenomenon might be the
incompleteness of MAGs. The last step of the one-carbon compound oxidation pathway, the
oxidation of formate to carbon dioxide, is mediated by the formate dehydrogenase (fdh), which
was detected in three out of the four MAGs. The gene encoding for the formaldehyde-
activating enzyme (fae), which catalyses the reduction of formaldehyde with HiMPT was only
detected in the MAG more closely related to Methylobacterium (‘Fern CHsCI SIP LEAF bin
s3’) suggesting that the other three MAGs lack the HsMPT pathway for formaldehyde oxidation

(Figure 3, Supplementary Table S3).

Gene content for halide metabolism in MAGs

Halide ions such as CI, Br, I" are substrates, products or both for dehalogenases.
Dehalogenases can hydrolyse a broad range of haloalkanes to e.g. the corresponding
alcohols, and as a rule this will accompanied by the release of protons and halide ions.
Searches using the BRENDA database led to the detection of putative genes encoding
halogenases (3) and dehalogenases (40) in MAGs obtained from ™C-labelled DNA
(Supplemental Table S4), which may potentially be associated with dehalogenation of

chloromethane. Further experiments are needed to investigate this point.

Comparative genomics of Methylobacterium-related MAGs

Since Methylobacterium represents the best-investigated bacterial genus for utilisation of one-
carbon compounds, including CH3Cl, an in depth-analysis of the two MAGs most closely
related to Methylobacterium was performed. Thus, Fern CH3Cl SIP LEAF bin ¢1 and Fern
CHs3Cl SIP LEAF bin s3 were compared with representative complete genomes of other

members of the genus Methylobacterium including Methylorubrum (Figure 4, Supplementary
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Table S2) to identify genes present in all strains (core genes), two or more strains (accessory
or dispensable genes), and only in one strain (singleton genes). According to pan-genome
analysis of 15 Methylobacterium genomes (including three Methylorubrum strains and two
MAGs from this study), a total of 25,534 genes were identified, of which 52.4% were singletons
(13,375 CDS), and only 2.5% were shared by all 15 Methylobacterium genomes (core
genome, 626 CDS; Figure 4a). An UpSet plot [114] shows the number of CDS in the core
genome, the singletons but also the number of CDS shared by the different Methylobacterium
genomes (including Methylorubrum, Figure 4b). These analyses confirmed the phylogeny of
the phylogenetic tree (Figure 2A), i.e. it revealed a high similarity between Methylobacterium
phyllosphaerae and Methylobacterium oryzae (392 uniquely shared CDS) and between
Methylorubrum populi and Methylorubrum extorquens (233 uniquely shared CDS). Genes
encoding for enzymes that use or produce halides (Supplementary Table S4) and are present
in the two MAGs obtained in this work do not belong to the core genome shared by the 15

Methylobacterium strains (including Methylorubrum).

Conclusions

Chloromethane is massively produced by some tree ferns [8, 10], and these plants have
therefore been suggested to be important emitters of this compound to the atmosphere [6].
However, microorganisms living in close association with these plants might substantially
mitigate the emission of CHs3Cl into the atmosphere. In this context, recent isotopic mass
balances of atmospheric CH3Cl including isotopic analysis of carbon [115], hydrogen [116]
and chlorine [117] point to large unidentified terrestrial sinks and sources of CHsCl. The
present study reveals the complexity of CH3Cl associated processes occurring in tree ferns.
In addition, the observed lag in the onset of CH3Cl degradation associated with tree ferns
could also point to microbial adaptation. As such, we demonstrated that '*C-labelled CHsCl is
incorporated into DNA of microorganisms of the leaf surface of tree ferns, and not to plant
biomass, since insignificant '*C incorporation was found in washed leaves. Moreover, we

identified key microorganisms involved in CHsCl degradation in the phyllosphere and
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rhizosphere. These were closely related to Methylobacterium, Friedmanniella and Sorangium,
all known to be capable of inhabiting the phyllosphere. Of these genera however, only
Methylobacterium (including Methylorubrum, e.g. Methylorubrum extorquens strain CM4)
strains were previously described to be capable of CH3Cl degradation. Moreover, the
canonical cmu-dependent CHsCl degradation pathway could not be detected in the heavy
DNA fraction obtained in "*C-CHsCl incubations of tree ferns. These findings suggest that
biodegradation pathways other than the cmu pathway were predominantly involved in
degradation of CH3Cl in the investigated tree fern species Cyathea australis. Our study thus
demonstrates that CH3;Cl emissions from living plants is modified by microbial consumption by
other bacteria than from the well-known genus Methylobacterium. For future studies,
incubations under lower, environmentally observed concentrations (~600 pptv), coupled with
targeted proteomics and/or transcriptomics approaches, may help to identify as yet
unidentified CHsCl degradation pathways. Finally, the application of triple element isotope
analysis [117] might provide clues on the global relevance of vegetation and their associated

microbes in mitigating emissions of CH3Cl to the atmosphere.
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Figure and Table legends

Figure 1. Relative abundance of *C-labelled bacterial OTUs on genus level from
fraction samples LEAF, LEAFWASH and SOIL. OTUs are classified as 'labelled' by the
following criteria: 1) '*C-heavy > '?C-heavy; 2) 3C-heavy > *C-light; 3) "*C-[heavy-light] >
12C-[heavy-light]; 4) '*C[Heavy-Light] > threshold, with threshold =0.005%. The taxonomic
affiliation of each labeled OTU is indicated at the family, order and genus levels (4-6,

respectively), with a specific color and capital letter (see legend box).

Figure 2. Maximum-likelihood phylogenetic trees showing the position of selected
MAGs within a tree of closely related reference genomes. Multiple sequence alignments
of concatenated marker genes were constructed using PhyloPhlAn 3.0. Phylogenetic analysis
was performed based on a matrix of pairwise distances estimated using the LG+F+G+| model
with 500 bootstrap replications. Numbers at branch nodes refer to bootstrap values. (A)
Phylogenetic tree of Methylobacterium species. Two metagenomic bins isolated from the
LEAF fraction were classified as Methylobacterium (marked in pink and purple) and were
placed within 19 selected reference genomes of Alphaproteobacteria. Tree was annotated

with ANI and AAl values in relation to ‘Fern CH,CI SIP LEAF bin s3'. (B) Phylogenetic tree

of Propionibacterium species. Two bins classified as related to Propionobacterium (marked
in yellow) from fractions LEAF and LEAFWASH were placed in a tree with 7 selected reference
genomes from Microlunatus and Friedmaniella. Annotated ANI and AAIl values are in relation

to ‘Fern CH,CI SIP LEAF bin co3’. (C) Phylogenetic tree of Myxococcales species. Two

bins classified as related to Sorangium (marked in green) from fraction SOIL were placed in a
tree with 16 reference genomes of Deltaproteobacteria. Tree was annotated with ANI and AAl

values in relation to ‘Fern CH,CI SIP SOIL bin s1’; AAl values significantly under 50 and ANI

values significantly under 70 were not computed and are annotated with NA.
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Figure 3. Metabolic reconstruction of [13C]-CH3CI labelled metagenome assembled

genomes. A coloured dot next to a gene or pathway shows presence of this pathway or gene

in the corresponding genome. ‘Fern CH,CI SIP LEAF bin s3’ is represented by a pink dot,
‘Fern CH,CI SIP LEAF bin co1’ is highlighted in purple, ‘Fern CH,CI SIP LEAF bin co3’ is
represented with a yellow dot and ‘Fern CH,CI SIP SOIL bin s1" is highlighted in green.

Figure 4. Pan-genome analysis of genomes from 10 Methylobacterium isolated strains,
3 representatives of the closely related clade Methylorubrum and two ['*C]-CHsClI-
enriched fern leaf MAGs. (A) Fractional pan genome representation. (B) UpSet plot of
the pan-genome of the 15 Methylobacterium genomes. The metagenomic bin ‘Fern CH3Cl
SIP LEAF bin s3’ was chosen as reference genome. The analysis was carried out using the
“Efficient Database framework for comparative Genome Analyses using BLAST score Ratios”

(EDGAR) platform.

Supplementary Figure S1. Plant growth chambers setup. A) Details of gas-tight plant
chamber. Gas-tight plant chambers were constructed with acryl glass (thickness: 5 mm).
Butyl rubber stoppers at the top and the lower part of the chamber were used as ports for
injecting CH3Cl and extracting gas samples. A small ventilator in the lower part of the
chamber ensured an even distribution of the gases in the chamber. B) Gas-tight plant
chambers with fern plants inside at the end of the incubation period. Aluminium foil
was wrapped around the chambers during incubation with CH3CI to reduce photosynthesis
and microbial CO, consumption during the labelling experiment. Sunlight entered the

chambers through the clear top of the chamber.

Supplementary Figure S2. Monitoring of the SIP-incubation of ferns. Incubations were
carried out over 19 days with three biological replicated intact fern plants in gas-tight
incubation chambers per tested condition. At the start of the SIP-incubation, 20 mL CHsCI

was added to the chambers (initial mixing ratio of ~ 200ppm) and degradation was
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monitored with GC-MS. At the end of each day, incubation chambers were opened and
ventilated overnight. From day 2 of the incubation, 10 mL CHsCl was added to the chambers
(initial mixing ratio of ~ 100ppm). (A) "*C-labelled CH5Cl, and (B) '?C-labelled CH3ClI. Red

arrows indicate point of CH3Cl addition.

Supplementary Figure S3. Analysis of carbon mass fraction (C %) and differential
stable carbon isotope ratio (5'°C value) of fern leaves and washed leaf samples (Tend
washed) via EA/IRMS. Stable isotope ratios (5'3C) are expressed in permil (%o) relative to

the international standard.
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Figure 2. Maximum-likelihood phylogenetic trees showing the position of selected MAGs within tree of closely related reference genomes. Multiple sequence alignments of
concatenated marker genes were constructed using PhyloPhlAn 3.0. Phylogenetic analysis was performed based on a matrix of pairwise distances estimated using the LG+F+G+| model with
500 bootstrap replications. Numbers at branch nodes refer to bootstrap values. (A) Phylogenetic tree of Methylobacterium species. Two metagenomic bins isolated from the LEAF fraction
were classified as Methylobacterium (marked in pink and purple) and were placed within 19 selected reference genomes of Alphaproteobacteria. Tree was annotated with ANI and AAl values in
relation to ‘Fern CH3ClI SIP LEAF bin s3'. (B) Phylogenetic tree of Propionibacterium species. Two bins classified as related to Propionobacterium (marked in yellow) from fractions LEAF
and LEAFWASH were placed in a tree with 7 selected reference genomes from Microlunatus and Friedmaniella. Annotated ANI and AAl values are in relation to ‘Fern CHsCl SIP LEAF bin co3’.
(C) Phylogenetic tree of Myxococcales species. Two bins classified as related to Sorangium (marked in green) from fraction SOIL were placed in a tree with 16 reference genomes of of
Deltaproteobacteria. Tree was annotated with ANI and AAI values in relation to ‘Fern CH3CI SIP SOIL bin s1’; AAl values significantly under 50 and ANI values significantly under 70 were not
computed and are annotated with NA.
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Figure 4. Pan-genome analysis of 13 Methylobacterium genomes of isolated strains and two ['3C]-CH;Cl-enriched fern leaf MAGs. (A) Fractional
pan genome representation. (B) UpSet plot of the pan-genome of the 15 Methylobacterium genomes. The metagenomic bin ‘Fern CH;CI SIP LEAF
bin s3’ was chosen as reference genome. The analysis was carried out using the “Efficient Database framework for comparative Genome Analyses using

BLAST score Ratios” (EDGAR) platform.
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Supplementary Figure S1. Plant growth chamber setup. A) Details of gas-tight plant chamber. Gas-tight plant chambers were
constructed with acryl glass (thickness: 5 mm). Butyl rubber stoppers at the top and the lower part of the chamber were used as ports for
injecting CH3ClI and extracting gas samples. A small ventilator in the lower part of the chamber ensured an even distribution of the gases in
the chamber. B) Gas-tight plant chambers with fern plants inside at the end of the incubation period. Aluminium foil was wrapped
around the chambers during incubation with CH;Cl to reduce photosynthesis and microbial CO, consumption during the labelling
experiment. Sunlight entered the chambers through the clear top of the chamber.
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Supplementary Figure S2. Monitoring of the SIP-incubation of ferns. Incubations were carried out over 19 days with three biological replicated intact fern plants in gas-tight incubation
chambers per tested condition. At the start of the SIP-incubation, 20 mL CH3Cl was added to the chambers (initial mixing ratio of ~ 200ppm) and degradation was monitored with GC-MS. At
the end of each day, incubation chambers were opened and ventilated overnight. From day 2 of the incubation, 10 mL CHsCl was added to the chambers (initial mixing ratio of ~ 100ppm). (A)
13C-labelled CH3Cl, and (B) '?C-labelled CH3Cl. Red arrows indicate point of CH;Cl addition.
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Supplementary Figure S3. Analysis of carbon mass fraction (C %) and
differential stable carbon isotope ratio (5'3C value) of fern leaves and washed
leaf samples (T.nq Wwashed) via EA/IRMS. Stable isotope ratios (3'3C) are
expressed in permil (%o) relative to the international standard.
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Supplementary Table S1. List of Metagenome Assembled Genomes (MAGs). Only MAGs with > 70% completeness and < 10%
contamination are shown. MAGs highlighted in pink, yellow and green were used for further analysis, such as taxonomic classification,
metabolic reconstruction and/or pan-genomics. Single and co-assembly refer to processed reads assembled with MEGAHIT v.1.2.9 [60] once,
and with an additional co-assembly of leaf and leaf wash metagenomes, respectively.
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Fern CH3CI SILEAF Co-Assembly 741 6.9 0.69 0.01 2,589,893 422 26327 6979 6137 0.92 2859 no Brevundimonas sp BAL3
Fern CH3CI SILEAF Co-Assembly 74.7 1.6 0.62 0.02 3,566,997 945 26720 4942 3775 0.89 3645 no Burkholderia mallei ATCC 23344
Fern CH3CI SILEAF Co-Assembly 76.2 2.1 0.62 0.02 3,727,886 1008 31300 4829 3698 0.89 3858 no Burkholderia mallei ATCC 23344
Fern CH3CI SILEAF Single 86.2 4.1 0.70 0.01 3,121,099 234 72936 16915 13338 0.91 3124 no Clavibacter michiganensis
Fern CH3CI SILEAF Single 87.5 3.0 0.74 0.02 2,895,226 400 49341 10204 7238 0.91 3124 no Clavibacter michiganensis
Fern CH3CI SILEAF Co-Assembly 78.4 2.0 0.73 0.01 3,206,454 302 54365 12926 10617 0.93 3148 no Janibacter sp HTCC2649
Fern CH3CI SILEAF Single 80.7 2.9 0.73 0.01 3,298,717 320 49896 11919 10308 0.93 3230 no Janibacter sp HTCC2649
Fern CH3CI SILEAF Single 85.7 4.5 0.73 0.01 3,667,181 375 49896 11466 9779 0.92 3592 no Janibacter sp HTCC2649
Fern CH3CI SILEAF Co-Assembly 76.4 6.4 0.74 0.02 5,175,864 963 34258 6859 5375 0.92 5489 no Kineococcus radiotolerans SRS30216
Fern CH3CI SILEAF Co-Assembly 81.6 4.8 0.74 0.01 2,633,679 435 32366 8104 6054 0.91 2911 no marine actinobacterium PHSC20C1
Fern CH3CI SILEAF Co-Assembly 781 7.3 0.70 0.01 3,454,154 251 66164 18012 13762 0.91 3403 no marine actinobacterium PHSC20C1
Fern CH3CI SILEAF Co-Assembly 79.4 1.6 0.72 0.02 3,437,766 460 39543 9299 7473 0.92 3693 no Methylobacterium extorquens PA1
Fern CH3CI SI LEAF Co-Assembly 73.9 71 0.70 0.01 3,599,730 301 42665 13382 11959 0.87 3627 no Methylobacterium extorquens PA1
Fern CH3CI SILEAF Single 81.5 3.7 0.71 0.02 3,823,638 420 71582 12689 9104 0.88 3909 no Methylobacterium radiotolerans JCM 2831
Fern CH3CI SILEAF Co-Assembly 71.6 7.3 0.74 0.02 3,066,080 562 27103 6693 5456 0.93 3233 no Nocardioides sp JS614
Fern CH3CI SILEAF Co-Assembly 80.8 10.0 0.72 0.01 3,692,543 345 51678 11824 10703 0.92 3711 yes Propionibacterium acnes KPA171202
Fern CH3CI SILEAF Co-Assembly 85.0 2.2 0.65 0.01 3,978,621 509 49156 9622 7817 0.93 4150 no Rhodococcus josti RHA1
Fern CH3CI SILEAF Single 80.4 6.9 0.65 0.01 3,912,515 992 24370 4591 3944 0.93 4414 no Rhodococcus josti RHA1
Fern CH3CI SILEAFWASH Co-Assembly 76.2 2.1 0.62 0.02 3,727,886 1008 31300 4829 3698 0.89 3858 no Burkholderia mallei ATCC 23344
Fern CH3CI SILEAFWASH Co-Assembly 81.7 9.9 0.62 0.02 4,717,577 1629 26720 3751 2896 0.88 5196 no Burkholderia mallei ATCC 23344
Fern CH3CI SILEAFWASH  Single 73.3 1.3 0.62 0.02 3,273,165 804 27709 5203 4071 0.89 3278 no Burkholderia mallei ATCC 23344
Fern CH3CI SILEAFWASH Co-Assembly 76.2 4.3 0.74 0.02 2,212,892 342 32366 9008 6470 0.91 2428 no Clavibacter michiganensis
Fern CH3CI SILEAFWASH Co-Assembly 86.8 8.1 0.73 0.01 3,544,565 356 54365 12722 9957 0.92 3518 no Janibacter sp HTCC2649
Fern CH3CI SILEAFWASH Co-Assembly 70.2 8.5 0.70 0.01 3,366,239 256 66164 18000 13149 0.92 3318 no marine actinobacterium PHSC20C1
Fern CH3CI SILEAFWASH Co-Assembly 79.6 1.2 0.72 0.02 3,413,711 456 39543 9410 7486 0.92 3656 no Methylobacterium extorquens PA1
Fern CH3CI SILEAFWASH  Single 82.8 6.6 0.74 0.02 3,222,653 632 24538 6100 5099 0.92 3450 no Nocardioides sp JS614
Fern CH3CI SILEAFWASH  Co-Assembly 74.2 5.4 0.72 0.01 3,118,906 275 54326 12680 11341 0.92 3111 yes Propionibacterium acnes KPA171202
Fern CH3CI SILEAFWASH  Single 74.9 1.3 0.62 0.02 3,393,326 849 31300 5079 3997 0.89 3424 no Ralstonia solanacearum GMI1000
Fern CH3CI SILEAFWASH Co-Assembly 86.6 2.6 0.65 0.01 4,120,025 543 49156 9324 7588 0.93 4319 no Rhodococcus josti RHA1
Fern CH3CI SISOIL Single 72.9 3.8 0.71 0.02 2,231,874 545 23284 4891 4095 0.92 2647 no Ammonifex degensii KC4
Fern CH3CI SI SOIL Single 74.3 2.2 0.67 0.02 3,755,866 949 17944 4419 3958 0.92 4334 no Mycobacterium tuberculosis H37Rv
Fern CH3CI SI SOIL Single 73.4 1.4 0.65 0.02 2,344,994 487 23872 5961 4815 0.93 2607 yes Rhodoferax ferrireducens DSM 15236
Fern CH3CI SISOIL Single 81.2 4.4 0.65 0.01 7,667,279 945 67204 9821 8114 0.91 7236 no Sorangium cellulosum So ce 56

Fern CH3CI SISOIL Single 83.8 9.2 0.65 0.01 8,685,556 1130 69346 9351 7686 0.91 8550 no Sorangium cellulosum So ce 56




Supplementary Table S2. List of Methylobacterium | Methylorubrum genomes used for pan-genomics.

Genus Source INSDC No./ Genome size No. of predicted Reference
Accession No. [bp] genes
Methylobacterium aquaticum MA-22A Moss AP014704 7,557,960 6,993 [118]
Methylobacterium gossipiicola Gh-105 Cotton phyllosphere FOPMO01000046 4,524,655 4,224 [82]
Methylobacterium oryzae CBMB20 Rice phyllosphere CP003811 6,286,629 5,795 [113]
Methylobacterium phyllosphaerae CBMB27 Rice phyllosphere CP015367 6,203,749 5,820 [89]
Methylobacterium phyllostachyos BL47 Bamboo phyllosphere FNHS01000044 6,015,046 5,790 [119]
Methylobacterium platani JCM 14648 Platanus orientalis phyl. JXOD01000099 6,770,243 6,358 [120]
Methylobacterium platani SE3.6 Rice seed JTHG01000099 6,930,824 6,635 [121]
Methylobacterium pseudosasicola BL36 Bamboo phyllosphere FOTK01000093 6,845,277 6,795 [119]
Methylobacterium sp. WSM2598 Listia bainesii nodule KB900613 8,130,841 7,551 [122]
Methylobacterium variabile DSM 16961 Aquatic environment LABY01000099 7,432,100 7,183 [123]
Methylorubrum extorquens TK 0001 Sail LT962688 5,715,512 5,435 [124]
Methylorubrum populi BJOO1 Poplar tree tissue NC_ 010725 5,848,997 5,464 [125]
Methylorubrum salsuginis CGMCC 1.6474 Seawater FOSV01000046 5,323,773 5,012 [126]
Metagenomic bin Fern CH,CI SIP LEAF bin s3 Cyathea australis SAMN17394138 3,823,638 3,909 This study
phyllosphere
Metagenomic bin Fern CH,CI SIP LEAF bin co1 Cyathea australis SAMN17394139 3,437,766 3,693 This study

phyllosphere




Supplementary Table S3. Gene presence in labeled MAGs.
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methanol oxidation
. ) 510001
mxaFIl methanol dehydrogenase (cytochrome c) subunits [EC:1.1.2.7] nd [b] . nd nd nd nd
210010-like
xoxF lanthanide-dependent methanol dehydrogenase [EC:1.1.2.10] nd 2580029 nd nd nd nd
exaF(4) PQQ-dependent methanol/ethanol dehydrogenase precursor, lanthanide- nd 210010-like nd nd nd nd
(mdh2) containing [EC:1.1.1.244, EC:1.1.99.-] 1870009
methane oxidation to methanol
mmoXYZ methane monooxygenase component A chains [EC:1.14.13.25] nd nd nd nd nd nd
pmoABC methane/ammonia monooxygenase subunits nd nd nd nd
methylamine oxidation
mauAB methylamine dehydrogenase [EC:1.4.99.3] subunits nd nd nd nd nd nd
gmaS y-glutamylmethylamide synthase [EC:6.3.4.12] nd nd nd nd nd nd
mgdABCD  N-methylglutamate dehydrogenase [EC:1.5.99.5] subunits 1828882_3 nd nd nd nd nd
mgsABC N-methylglutamate synthase [EC:2.4.2.-] subunits nd nd 3030003-5  2420003-5 |nd nd
C1 transfer reactions: primary oxidation
3420072
fae 5,6,7,8-tetrahydromethanopterin hydro-lyase [EC:4.2.1.147] nd 1110002 nd nd nd nd
1540002
I(VZZ,Z ) methylene H4MPT-dehydrogenase [EC:1.5.1.-] nd 2750003 nd nd nd nd
mch methenyltetrahydromethanopterin cyclohydrolase [EC:3.5.4.27] nd 2750004 nd nd nd nd
fhcABCD  formyltransferase/hydrolase complex Fhe nd 3210016_19 |nd nd nd nd
fch methenyl H4F-cyclohydrolase [EC:3.5.4.9] nd 3410009 nd nd nd nd




methylene H4MPT-dehydrogenase/methylene H4F-dehydrogenase

mtdA [EC:1.5.15, 1.5.1-] nd 3410008 nd nd nd nd
glyA glycine hydroxymethyltransferase [EC:2.1.2.1] (Ser cycle) 4570002 2340008 nd nd 6950008 8320007
C1 transfer reactions: primary demethylation H4F-linked
metF2 methylenetetrahydrofolate reductase [EC:1.5.1.20] nd nd nd nd nd nd
folD met}.lylene H4F-dehydrogenase/methenyl H4F-cyclohydrolase 3800010 nd 990020 850020 7530008 8980008
[EC:1.5.1.53.5.4.9]
purl formyltetrahydrofolate deformylase [EC:3.5.1.10] 4300009 nd nd nd 6950006 8320005
. ) 10005 10005
fdh S-(hydroxymethyl)glutathione dehydrogenase [EC:1.1.1.284] 4420002 3990004 2770014 2260014 nd nd
fhs (ftfL) formate--tetrahydrofolate ligase [EC:6.3.4.3] 910006 1050006 nd nd nd nd
ethylmalonyl-CoA pathway (EMCP)
sgaA serine--glyoxylate aminotransferase [EC:2.6.1.45] (Ser cycle) 1410013 3410006 nd nd nd nd
hprd glycerate dehydrogenase [EC:1.1.1.29] (Ser cycle) nd 3410007 nd nd 2430007 2800007
gack glycerate kinase [EC:1.1.1.81] (Ser cycle) 4010001-like 800010 nd nd 8150004 nd
eno enolase [4.2.1.11] (Ser cycle) 1900007 nd 2600009 2100009 3610005 4190005
ppc phosphoenolpyruvate carboxylase [EC:4.1.1.31] (Ser cycle) 1510001-like 1700001 nd nd 4820006 5610006
mdh malate dehydrogenase [EC:1.1.1.37] 2680002 nd nd nd nd nd
S ) . 2680003-like 3410010 990013-like  850013-like
mtkAB malate thiokinase [EC:6.2.1.9], large and small subunits (Ser cycle) 2680004-like 3410011 990014-like 850014-like nd nd
mcl L-malyl-CoA/beta-methylmalyl-CoA lyase [EC:4.1.3.24] 680002 1700002 nd nd nd nd
phaAd beta-ketothiolase [EC:2.3.1.16] 2150009 1590015 1410005 1180005 3350025 3900027
phaB acetoacetyl-CoA reductase [EC:1.1.1.36] 2150007 1590014 nd nd nd nd
croR crotonase [EC:4.2.1.55] nd 1430007 nd nd nd nd
cer crotonyl-CoA reductase [EC:1.3.1.85] nd 660006 nd nd nd nd
ecm (mead) ethylmalonyl-CoA mutase [EC:5.4.99.63] 2740001 3140013 nd nd nd nd
msd methylsuccinyl-CoA dehydrogenase [EC:1.3.8.4] 4310001 3350010 nd nd nd nd
med methylsuccinyl-CoA dehydrogenase [EC: 1.3.8.4] 4310001 3350010 nd nd nd nd
. . 3140006 2280001
pccAB propionyl-CoA carboxylase [EC:6.4.1.3] alpha and beta subunits 3770008 100012 1360011 1160011 4470013 5200012
. 3520009
meaB ethylmalonyl-CoA mutase accessory protein nd nd 1410004 2140009 4590001 4090009
. . 1190003 2530011 2140010 4880008
mcemAB methylmalonyl-CoA mutase [EC:5.4.99.2] alpha subunit 2730001 2880016 2840002 2290002 4180008 8690001
. ) . . 2770004-6 5810004-5  6080002-3

sdhABCD  succinate dehydrogenase [EC:1.-.-.-], flavoprotein subunit 2970003 160015 nd nd like 6900005-6
SfumC fumarate hydratase [EC:4.2.1.2] 2860002 2910008 3430003 2740003 950003 1080003
formaldehyde oxidation (glutathione-dependent)

. L 2640010 3050009
gfa glutathione-dependent formaldehyde-activating enzyme [EC:4.4.1.22] 4510002 nd nd nd 1400003 1560003
firmA alcohol dehydrogenase class I1I/glutathione-dependent formaldehyde 470005 770022-like | nd nd 2580006 2980006

dehydrogenase [1.1.1.1, 1.1.1.284]




10005

10005

[EC:2.1.2.10]

fdh S-(hydroxymethyl)glutathione dehydrogenase [EC:1.1.1.284] 4420002 3990004 2770014 2260014 nd nd
glycine cleavage system (GCP)

. ) 1220003 10910023
gcvP PLP-dependent glycine dehydrogenase [EC:1.4.4.2] nd nd 2910006 2340006 9080023 1370003
gevH decarboxyating, aminomethyltransferase protein H [EC:1.4.4.2,2.1.2.10] | 440029 nd 2910001 2340001 3880005 4390005
govT aminomethyltransferase tetrahydrofolate-dependent protein T nd nd 320013 290013 3770004 4390004

[a] Annotation and analysis of genomic content and features as described in the MaGe plateform [76, 77]

(https://mage.genoscope.cns.fr/microscope/mage/).
[b] Nd, not detected



https://mage.genoscope.cns.fr/microscope/mage/

Supplementary Table S4. List of enzymes that potentially use or produce halides in labeled '*C-MAGs.

Halogenase / dehalogenase [a]

MAG:S related [b]

Methylobacterium Friedmanniella Sorangium
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EC# Enzyme e el i
1.10.3.2 Laccase X nd nd nd nd nd nd
1.11.1.10 Chloride peroxidase X nd nd nd nd nd nd
1.11.1.11 L-ascorbate peroxidase X nd nd nd nd nd nd
1.11.1.7 Peroxidase X nd nd nd nd 370002 6050003
4030002
1.11.1.8 Todide peroxidase X nd nd nd nd nd nd
1.11.1.B2 Chloride peroxidase, vanadium- X X nd nd nd nd nd nd
containing
1.11.2.1 Unspecific peroxygenase X nd nd nd nd nd nd
1.11.2.2 Myeloperoxidase X nd nd nd nd nd nd
1.13.11.49  Chlorite O2-lyase X X nd nd 1730007 | 1420007 nd nd
1.13.11.64  5-nitrosalicylate dioxygenase X nd nd nd nd nd nd
1.14.12.13  2-halobenzoate 1,2-dioxygenase X X X nd nd nd 0 nd nd
1.14.13.1 Salicylate 1-monooxygenase x | 2490006 nd nd nd nd nd
1.14.13.22 Cyclohexanone monooxygenase X nd nd nd nd nd nd
1.14.13.50  Pentachlorophenol monooxygenase X X nd nd nd nd nd nd
1.14.19.49  Tetracycline 7-halogenase X nd nd nd nd nd nd
1.14.19.55  4-hydroxybenzoate brominase X nd nd nd nd nd nd
(decarboxylating)
1.14.19.56 1H-pyrrole-2-carbonyl-[peptidyl- X nd nd nd nd nd nd
carrier protein] chlorinase
1.14.19.57 1H-pyrrole-2-carbonyl-[peptidyl- X nd nd nd nd nd nd
carrier protein] brominase
1.14.19.58 Tryptophan 5-halogenase X nd nd nd nd nd nd
1.14.19.59  Tryptophan 6-halogenase X X nd nd nd nd nd nd
1.14.19.9 Tryptophan 7-halogenase X X nd nd nd nd nd nd
1.14.20.14  Hapalindole-type alkaloid chlorinase | x x nd nd nd nd nd nd
1.21.1.1 lIodotyrosine deiodinase X X X X nd nd nd nd nd nd
1.21.1.2 2,4-dichlorobenzoyl-CoA reductase X nd nd nd nd nd nd
1.21.99.3 Thyroxine 5-deiodinase X X nd nd nd nd nd nd
1.21.99.4 Thyroxine 5'-deiodinase X X nd nd nd nd nd nd
1.21.99.5 Tetrachloroethene reductive X X X nd nd nd nd nd nd
dehalogenase
2.1.1.165 Methyl-halide transferase X X X nd nd nd nd nd nd
2.1.1.9 thiol S-methyltransferase X X X nd nd nd nd nd nd




2.5.1.18 Glutathione transferase X 1240007 | 2170010 780005 650005 850017 960018
1510003 | 3990005 3180005 2300010 2660010
2100003 2810007 3260007
2390002 4110004 4790004
3140014 6180010 7330010
3450006 6990006 8370005
4000002 7100006 8510006
4040004 7330012 8770012
8400001 10090001
8470003 | 10160003
2.5.1.47 Cysteine synthase (cysK, cysM) X 3510001 nd nd nd 1280022 1440022
3240006 7390005 1950002
1210003 8330003 8830005
8330007 9990003
9990007
2.5.1.63 Adenosyl-fluoride synthase nd nd nd nd nd nd
2.5.1.94 Adenosyl-chloride synthase X nd nd nd nd nd nd
3.1.1.42 Chlorogenate hydrolase
3.8.1.10 2-haloacid dehalogenase X nd nd nd nd nd nd
(configuration-inverting)
3.8.1.2 (S)-2-haloacid dehalogenase X 2750008 | 1720008 1200003 | 1020003 | 5030005 5860005
7330004 8770004
3900003 4560003
3.8.1.3 Haloacetate dehalogenase (dehH) X 440007 nd nd nd nd nd
3.8.1.5 Haloalkane dehalogenase (dhmA) X nd nd nd nd 7120009 8540009
3.8.1.6 4-chlorobenzoate dehalogenase X nd nd nd nd nd nd
3.8.1.7 4-chlorobenzoyl-CoA dehalogenase X nd nd nd nd nd nd
3.8.1.8 Atrazine chlorohydrolase X nd nd nd nd nd nd
3.8.1.9 (R)-2-haloacid dehalogenase X nd nd nd nd nd nd
4.4.1.16 Selenocysteine lyase X 4160006 | 1060021 nd nd nd nd
45.1.1 DDT-dehydrochlorinase X nd nd nd nd nd nd
45.1.2 3-chloro-D-alanine dehydrochlorinase X nd nd nd nd nd nd
4513 Dichloromethane dehalogenase X nd nd nd nd nd nd
45.14 L-2-amino-4-chloropent-4-enoate X nd nd nd nd nd nd
dehydrochlorinase

[a] According to the BRENDA database available at www.brenda-enzymes.org. Adapted from Table S1, a
complete list of halogenases/dehalogenases [79]

[b] MAGs annotation protein label in MaGe platform. Names in bold when assigned gene names

[c] nd, not detected, MAGE automatic annotation



http://www.brenda-enzymes.org/
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Figure 1

Relative abundance of 13C-labelled bacterial 0TUs on genus level from fraction samples LEAF,
LEAFWASH and SOIL. OTUs are classified as 'labelled’ by the following criteria: 1) 13C-heavy > 12C-
heavy; 2) 13C-heavy > 13C-light; 3) 13C-[heavy-light] > 12C- [heavy-light]; 4) 13C[Heavy-Light] > threshold,
with threshold =0.005%. The taxonomic affiliation of each labeled OTU is indicated at the family, order
and genus levels (4-6, respectively), with a specific color and capital letter (see legend box).
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Figure 2

Maximum-likelihood phylogenetic trees showing the position of selected MAGs within tree of closely
related reference genomes. Multiple sequence alignments of concatenated marker genes were
constructed using PhyloPhlAn 3.0. Phylogenetic analysis was performed based on a matrix of pairwise
distances estimated using the LG+F+G+l model with 500 bootstrap replications. Numbers at branch
nodes refer to bootstrap values. (A) Phylogenetic tree of Methylobacterium species. Two metagenomic
bins isolated from the LEAF fraction were classified as Methylobacterium (marked in pink and purple)
and were placed within 19 selected reference genomes of Alphaproteobacteria. Tree was annotated with
ANI and AAl values in relation to ‘Fern CH3CI SIP LEAF bin s3'. (B) Phylogenetic tree of Propionibacterium
species. Two bins classified as related to Propionobacterium (marked in yellow) from fractions LEAF and
LEAFWASH were placed in a tree with 7 selected reference genomes from Microlunatus and
Friedmaniella. Annotated ANI and AAl values are in relation to ‘Fern CH3CI SIP LEAF bin co3'. (C)
Phylogenetic tree of Myxococcales species. Two bins classified as related to Sorangium (marked in
green) from fraction SOIL were placed in a tree with 16 reference genomes of of Deltaproteobacteria. Tree
was annotated with ANI and AAl values in relation to ‘Fern CH3CI SIP SOIL bin s1’; AAl values significantly
under 50 and ANl values significantly under 70 were not computed and are annotated with NA.



Figure 3. Central carbon metabolism Eeckson s ies

Fumarate
mmpnm Phn " 'w__'PW-FHW" r Ty p
TWTNM Q A l e cHacI e Lg
‘ g q—pwmfrlnpf:m:m ++ oxaloacstats |? succinate T
/ @IA + o8 guinone %
Cor Cut* pyruvate Lo fmm \
& -'\mw ot b e who 4En Lo, @
m‘.-* * - = TCAcycle €— acetyl-CoA Gy CHHF  /  CHeHMPT

DS e

N0
m" Nicke, .m;l} utamata
i e

NOy =+ NOz “*» NH,

Nitrate and nitrite
Stress response A0t
+ osmotic stress response
(esmoregulated periplasmic
glucans/ glycine betaing) =« - » quinate
+ superoxide dismutase (Fe, Cu- 3 £
Zn) - a Mhr&?m
+ peroxidase, catalase » i
- glutathione = s« : 3 .
- periplasmatic stress response MTOHMH oxadipyl-CoA

Figure 3

Due to technical limitations, the caption for figure 3 can be found in the manuscript file.
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Pan-genome analysis of 13 Methylobacterium genomes of isolated strains and two [13C]-CH3Cl-enriched
fern leaf MAGs. (A) Fractional pan genome representation. (B) UpSet plot of the pan-genome of the 15
Methylobacterium genomes. The metagenomic bin ‘Fern CH3CI SIP LEAF bin s3’ was chosen as reference
genome. The analysis was carried out using the “Efficient Database framework for comparative Genome
Analyses using BLAST score Ratios” (EDGAR) platform.



