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ABSTRACT Methylotrophic bacteria use methanol and related C1 compounds as car-
bon and energy sources. Methanol dehydrogenases are essential for methanol oxidation,
while lanthanides are important cofactors of many pyrroloquinoline quinone-dependent
methanol dehydrogenases and related alcohol dehydrogenases. We describe here the
physiological and genomic characterization of newly isolated Beijerinckiaceae bacteria
that rely on lanthanides for methanol oxidation. A broad physiological diversity was indi-
cated by the ability to metabolize a wide range of multicarbon substrates, including var-
ious sugars, and organic acids, as well as diverse C1 substrates such as methylated
amines and methylated sulfur compounds. Methanol oxidation was possible only in the
presence of low-mass lanthanides (La, Ce, and Nd) at submicromolar concentrations
(�100 nM). In a comparison with other Beijerinckiaceae, genomic and transcriptomic
analyses revealed the usage of a glutathione- and tetrahydrofolate-dependent pathway
for formaldehyde oxidation and channeling methyl groups into the serine cycle for car-
bon assimilation. Besides a single xoxF gene, we identified two additional genes for
lanthanide-dependent alcohol dehydrogenases, including one coding for an ExaF-type
alcohol dehydrogenase, which was so far not known in Beijerinckiaceae. Homologs for
most of the gene products of the recently postulated gene cluster linked to lanthanide
utilization and transport could be detected, but for now it remains unanswered how
lanthanides are sensed and taken up by our strains. Studying physiological responses to
lanthanides under nonmethylotrophic conditions in these isolates as well as other or-
ganisms is necessary to gain a more complete understanding of lanthanide-dependent
metabolism as a whole.

IMPORTANCE We supplemented knowledge of the broad metabolic diversity of the
Beijerinckiaceae by characterizing new members of this family that rely on lan-
thanides for methanol oxidation and that possess additional lanthanide-dependent
enzymes. Considering that lanthanides are critical resources for many modern appli-
cations and that recovering them is expensive and puts a heavy burden on the envi-
ronment, lanthanide-dependent metabolism in microorganisms is an exploding field
of research. Further research into how isolated Beijerinckiaceae and other microbes
utilize lanthanides is needed to increase our understanding of lanthanide-dependent
metabolism. The diversity and widespread occurrence of lanthanide-dependent en-
zymes make it likely that lanthanide utilization varies in different taxonomic groups
and is dependent on the habitat of the microbes.
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Methylotrophic bacteria utilize reduced carbon substrates without carbon-carbon
bonds (1) and are widespread in nature, where they participate in bottom-up

carbon cycling. While methanotrophic methylotrophs are an important subgroup as
they capture the majority of methane produced on Earth (119), nonmethanotrophic
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methylotrophs are ecologically relevant as sinks for diverse C1 compounds released
during carbon turnover, including methanol released from plants and lignin cleavage
(2), methylamines released during biomass breakdown in aquatic systems (3), and
naturally occurring and man-made methylated sulfur species and halogenated meth-
anes (4, 5). Previously considered to be restricted to few taxonomic groups, methyl-
otrophic bacteria from Alpha-, Beta-, and Gammaproteobacteria, high- and low-G�C
Gram-positive bacteria, and Verrucomicrobia and the NC10 phylum (6) are now known.
Recent work focusing on Xox-type methanol dehydrogenases (MDHs) suggests methy-
lotrophy or at least methylovory (that is, the supplemental use of C1 compounds as
energy sources [7, 8]) in many more taxonomic groups (8), including less-well-
characterized taxa such as Rokubacteria (9) and Tectomicrobia (10). In comparison to this
broad taxonomic distribution of methylotrophy, the family Beijerinckiaceae within the
Alphaproteobacteria represents an example of high metabolic diversity over a limited
evolutionary distance (approximately 4% dissimilarity of 16S rRNA gene sequences).
Members of this family include heterotrophs (Beijerinckia), facultative methylotrophs
(Methylovirgula), facultative methanotrophs (Methylocapsa and Methylocella), and the
USC-� clade of atmospheric methane oxidizers (11–16). Most methylotrophic Beijer-
inckiaceae have in common that they possess genes for Mxa- and Xox-type MDHs,
which are central to methanol oxidation.

Since its discovery in the 1960s (17), the pyrroloquinoline quinone (PQQ)-containing,
calcium-dependent, heterotetrameric Mxa-type MDH was considered the exclusive
enzyme for methanol oxidation. The methanol oxidation activity of Xox-type MDHs was
questioned, given the distant relatedness to Mxa-type MDHs (�50% amino acid
sequence identity), the lack of small subunits characteristic of Mxa-type MDHs (18), and
their low expression level under laboratory conditions (19). Only the observation of
their dependence on rare earth elements (REEs) (lanthanides) proved their activity in
nature. Supplementation with lanthanides restored methylotrophy in an mxaF mutant
of Methylorubrum extorquens AM1 by stimulating the activity of its Xox-type MDH (20).
REE addition promoted growth and induced the activity of XoxF in Methylobacterium
radiotolerans and Bradyrhizobium (21, 22). Similar evidence was found for the Verruco-
microbia Methylacidiphilum fumariolicum SolV (23). The widespread occurrence of xoxF
genes across diverse environments (18) and the finding that mxaF expression was
suppressed by natural lanthanide concentrations suggest that Xox-type MDHs are
ecologically highly relevant (24). A recent genome screening confirmed that Xox-type
MDHs are more widespread among Proteobacteria, including nonmethylotrophic taxa,
than Mxa-type MDHs (25).

While lanthanides were hypothesized to be superior to calcium in enzymes due to
their stronger Lewis acidity, the evolution of lanthanide-dependent enzymes was
considered unlikely given their low bioavailability (26). Lanthanides make up on
average 0.015% of the Earth’s crust (27, 28), and an elevated level of lanthanides can be
a consequence of volcanic activity (23, 29), coal and ore mining, or acid mine drainage
(27). The overall low bioavailability of lanthanides, due to sequestration into carbonates
(30) or phosphate minerals (31–33) or due to being bound to organic substances
(34–36), makes dedicated uptake mechanisms in microorganisms using lanthanides
necessary. Recent work with Methylorubrum extorquens PA1 and M. extorquens AM1
suggested a mechanism relying on TonB-dependent receptors for the uptake of
lanthanides into the periplasm, ABC transporters for uptake into the cytoplasm, and
lanthanide-binding proteins such as lanmodulin for shuttling lanthanides to XoxF and
other potential lanthanide-dependent enzymes (37–40). The involvement of a TonB-
dependent receptor hints toward a chelator-assisted uptake of lanthanides, similar to
the case for iron and copper (41).

In the present work, we used soft coal slags, which are residuals of early-industrial
mineral leaching (42) and feature an increased load of mobilizable lanthanides, as
starting material for the isolation of microorganisms. We assumed that the increased
availability of lanthanides might favor microbes that are able to utilize them. Our efforts
led to the isolation of three facultative methylotrophic Beijerinckiaceae. The isolates
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share common features, such as morphology, with other members of the Beijerincki-
aceae; however, phenotypic and genomic characteristics, including their metabolic
diversity relating to utilizable C1 and multicarbon substrates and their dependency on
lanthanides for methanol oxidation, set them apart.

RESULTS AND DISCUSSION
Phylogenetic and phylogenomic analysis. Early-industrial soft coal slags, resulting

from the extraction of aluminum sulfur minerals, were recently described as an unusual
habitat for microbial life (42). We isolated three pure cultures of methylotrophic
bacteria using these aluminum-rich soft coal slags as an inoculum. The usage of media
containing aluminum at acidic pH to mimic the conditions in the slags had a strong
selective effect, and we obtained only sporadic colonies after 6 to 8 weeks of incuba-
tion, presumably due to aluminum toxicity (43). Most of the resulting colonies featured
a distinct red color (see Fig. S1 in the supplemental material), reminiscent of pink-
pigmented facultative methylotrophs known from phyllosphere and plant root envi-
ronments (44, 45). After repeated transfers, with methanol as a carbon source, three
methylotrophic isolates (here designated CH11, RH AL1, and RH AL8) could be stably
maintained on solid medium.

Phylogenetic analysis of 16S rRNA gene sequences obtained from colony PCR
followed by Sanger sequencing placed the three isolates within the Beijerinckiaceae
(Fig. 1A). The genome sequences of the three isolates were determined by high-
throughput (Illumina) and long-read (Pacific Biosciences) sequencing. The obtained
full-length 16S rRNA gene sequences confirmed the placement of the isolates (Fig. 1A).

FIG 1 Phylogenetic relationship, average nucleotide identities (ANI), and phylogenomic analysis of soft coal slag methylotrophs and related Beijerinckiaceae.
(A) An unrooted maximum-likelihood tree of 16S rRNA gene sequences of related Beijerinckiaceae was calculated using the Tamura-Nei model (114) and
bootstrapping (n � 100) (105). Bootstrap support is indicated by circles placed on the respective nodes. Colored circles show the metabolic grouping of the
corresponding organisms. The grouping is based on available literature information for M. palustris (55), M. silvestris (49), M. tundrae (50), M. acidiphila (115),
M. aurea (11), M. palsarum (12), M. gorgona (13), M. stellata (116), M. polaris (59), M. ligni (14), and Beijerinckia spp. (117, 118). The scale bar refers to nucleotide
substitutions. (B) A triangular matrix of pairwise ANI between soft coal slag methylotrophs and genome-sequenced relatives (assembly levels: complete,
chromosome, scaffold). NCBI assembly accession numbers are given in parentheses. The color code refers to ANI in percentages. (C) A phylogenomic tree was
calculated using a set of 270 shared protein sequences encoded by single-copy core genes. Alignments for individual gene products were concatenated, and
the concatenated alignment was subjected to treeing using fasttree (version 2.1.8) (74) as described in Materials and Methods. Local support values are
indicated by circles placed on nodes. The scale bar indicates amino acid substitutions.
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The closest neighbors were sequences of uncultured (GenBank accession numbers
EF064161, HM843775, and JN860382) or uncharacterized (LN614695) Beijerinckiaceae
(Fig. 1A), with sequence identities between 98.0 and 99.9% (see Table S1 in the
supplemental material). The sources of these sequences are diverse, including acid
mine drainage (EF064161), hydrothermal systems (JN860832), diabetic skin micro-
biomes (HM843775), and biological soil crusts in Canyonlands National Park (Utah, USA)
(LN614695). The closest cultured representatives were Beijerinckia indica, Beijerinckia
mobilis, Methylocapsa aurea, and Methylocapsa palsarum (95.2 to 96.2%) (Table S1).
Additional blastn searches against the NCBI nonredundant nucleotide collection (see
Table S2 in the supplemental material) were consistent with the results from phyloge-
netic tree construction and DNA distance matrix calculations (Table S1). The dissimi-
larity between the obtained isolates and cultured representatives of the Beijerinckiaceae
suggested that our isolates form a new genus. After sequencing the genomes of the
isolates, we were able to calculate average nucleotide identities (ANI) (Fig. 1B), which
showed that the isolates form one species according to an ANI criterion of �95% for
species delineation (46). Phylogenomics based on a concatenated alignment of 270
concatenated single-copy core genes showed a distinct grouping, supporting that the
isolates constitute a new genus within the Beijerinckiaceae (Fig. 1C). We obtained
additional support for this claim by determining the proportion of conserved proteins
(POCP) (47) by comparing our genomes to available Beijerinckiaceae genomes. A POCP
of 50% was previously introduced as a threshold for genus-level delineation (47). Our
results indicated that this threshold is too low for Beijerinckiaceae (see Table S3 and Fig.
S2 in the supplemental material). Instead, we found a POCP of 65% to be suitable for
genus-level delineation in Beijerinckiaceae. Based on this threshold, our isolates form a
new genus-level group.

C1 metabolism gene screening. A PCR-based screening showed that the yielded
isolates possess genes for only an Xox-type MDH (Fig. 2A; see Fig. S3 in the supple-
mental material) and not for an Mxa-type MDH. We confirmed these results by
screening the sequenced genomes using custom profile hidden Markov models
(pHMMs). A lack of genes for Mxa-type MDHs in methylotrophic Beijerinckiaceae is so far
known only for the genome of “Candidatus Methyloaffinis lahnbergensis” (48) and two
other metagenome assembled genomes of the USC-� group (13) of atmospheric
methane oxidizers. Considering that these three genomes are incomplete (complete-
ness between 72 and 88% based on the presence of single-copy core genes) (13, 48)
and that the xoxF and mxaF genes were identified in the first cultivated member of the
USC-� group, Methylocapsa gorgona MG08 (13), it is currently unclear whether the
presence or absence of mxaF is a common feature of USC-� group members.

We could not identify genes for particulate or soluble methane monooxygenase but
found gmaS genes, encoding N-glutamylmethylamide synthetases as part of the
N-methylglutamate pathway for methylamine utilization, in RH AL1, RH AL8, and RH
CH11. Genes coding for the light chain of methylamine dehydrogenase (mauA) could
not be identified. Methylamine utilization is not a common trait in Beijerinckiaceae, and
we found gmaS genes in addition only in the genomes of Methylocella silvestris,
Methylocella tundrae, and Methylovirgula ligni (Fig. 2A). Growth on methylamine was
previously described for Methylocella silvestris and M. tundrae but not for Methylovirgula
ligni (14, 49, 50).

Lanthanide analysis. The lack of mxaF genes in the methylotrophic isolates hinted
toward a dependency on lanthanides for methanol oxidation, as lanthanides are
needed as cofactors by Xox-type MDH (18). This finding met our assumption that the
soft coal material could favor lanthanide-utilizing microbes. We could stably maintain
RHAL1, RHAL8, and RHCH11 on methanol-containing solid MM2 medium (1.5% gellan
gum) (51), but our first attempts to grow the isolates in liquid culture using the same
medium failed. Taking into account that we did not supplement media with any
additional lanthanides, this observation suggested a concealed lanthanide supply in
the solid medium.
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We used microwave-assisted extraction combined with inductively coupled plasma
mass spectrometry (ICP-MS) to determine the lanthanide content of the gellan gum
and also of agar as a commonly used solidifying agent and reference (Fig. 2B). We could
not detect any lanthanides in agar but found concentrations between 0.03 and
0.12 �g/g for lighter lanthanides (La, Ce, and Nd) in gellan gum, and these concentra-
tions were high enough to allow growth without any additional lanthanides added to
the medium. This finding was surprising, as gellan gum is considered a very pure
solidifying agent (52). We similarly assessed the lanthanide content of the slag material
that we used for isolation. Undisturbed forest soil from the surroundings of our
sampling sites was used for comparison. The absolute and mobilizable contents of

FIG 2 Screening of C1 metabolism modules in Beijerinckiaceae and lanthanide availability in solidifying agents and sampled slag material.
(A) The presence of selected key genes of C1 metabolism modules (methane oxidation, methanol oxidation, and methylamine utilization)
in isolated soft coal slag methylotrophs was assessed by PCR and screening of sequenced genomes by using profile hidden Markov
models (pHMMs) (pmoA [particulate methane monooxygenase], mmoX [soluble methane monooxygenase], mxaF [MxaF methanol
dehydrogenase], xoxF [XoxF methanol dehydrogenase], mauA [methylamine dehydrogenase], and gmaS [gamma-glutamylmethylamide
synthetase]). Information for related Beijerinckiaceae was deduced from available literature for M. palustris (55), M. silvestris (49), M. tundrae
(50), M. acidiphila (115), M. aurea (11), M. palsarum (12), M. gorgona (13), M. stellata (116), M. polaris (59), M. ligni (14), and Beijerinckia spp.
(117, 118). Whenever possible, available genome sequences of Beijerinckiaceae (assembly levels: chromosome, complete, scaffold) were
used to complement literature information by screening genomes using the aforementioned set of pHMMs. Filled and empty symbols
indicate the presence of the respective gene based on PCR genotyping as described in the respective references and genome screening
(this study). N.A., not available (the presence of genes was not tested by PCR previously, nor is a representative genome for a pHMM-based
screening yet available. (B) Lanthanide availability in solidifying agents was determined by microwave digestion followed by ICP-MS, b.d.,
below detection limit. (C) The bioavailable fraction of lanthanides present in the sampled slag material was assessed by total digestion
plus ICP-MS to determine the absolute quantities of lanthanides present (see Table S4 in the supplemental material) and by sequential
digestion plus ICP-MS. We define bioavailable here as fractions I (mobile) and II (exchangeable) according to the sequential digestion
method of Zeien and Brümmer (53, 89). The nomenclature for the sampling sites is according to Wegner and Liesack (42). RH1 and RH2
refer to slag deposition sites from which the slag material that was used for isolation was collected. RHRef refers to undisturbed forest
soil collected from the surroundings of sites RH1 and RH2.
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lanthanides were determined by total and sequential digestion followed by ICP-MS. La,
Ce, and Nd were generally the most abundant lanthanides, and we saw no difference
between undisturbed forest soil and slag material in terms of absolute quantities.
Determined concentrations for La, Ce, and Nd ranged from 30.7 to 31.1 �g/g, 64.4 to
66.3 �g/g, and 27.6 to 30.4 �g/g, respectively (see Table S4 in the supplemental
material). The bioavailable (53, 54) fraction of lanthanides was, however, 24 to 37 times
higher for slag material than for undisturbed forest soil (Fig. 2C; Table S4). The slag
deposits provide enough lanthanides to promote lanthanide-dependent methylotro-
phy, given a sufficient supply of C1 substrates.

Morphological characterization. Beijerinckiaceae feature a distinct bipolar mor-
phology (15) that is characterized by vacuoles associated with the storage of polyhy-
droxybutyrate (PHB). These can even be seen by light microscopy, where they appear
as refractile cytoplasmic inclusions (55). Accumulating PHB is a strategy widely used by
bacteria in response to nutrient limitation and other physiological stresses (56). Light
microscopic examinations of the soft coal slag methylotrophs revealed a similar mor-
phology (Fig. 3A). Transmission electron microscopy (TEM) of cell material grown on
solid medium (for more than 2 weeks) with methanol but without lanthanide supple-
mentation revealed contrast-rich, polar bodies featuring a regular, round structure.
These bodies were found to commonly cooccur with smaller vesicles (Fig. 3B). PHB
usually shows low contrast in TEM images due to its hydrophobicity, which prevents
the binding of common stains, such as uranyl acetate or lead citrate, that are often used
sequentially for enhancing contrast during TEM sample preparation. We hypothesize
that these contrast-rich polar bodies might reflect a stage of starvation. When grown in
liquid medium until exponential phase and with additional lanthanide supplementa-
tion (1 �M lanthanum), our strains did not show these contrast-rich polar bodies.
Instead, we noticed bright polar bodies indicating the presence of accumulated PHB
(Fig. 3C). This difference might be a consequence of cells being in different growth
phases. Recent analysis based on energy-dispersive X-ray spectroscopy revealed that M.
extorquens AM1 can store lanthanides in its cytoplasm (57).

Carbon utilization. Beijerinckiaceae comprise a broad physiological diversity over a
small evolutionary distance (approximately 4% dissimilarity of 16S rRNA gene se-
quences) (16). Incubation experiments testing various classes of carbon substrates
revealed a broad substrate range, including various sugars (Fig. 4). The physiological
capacity of the yielded isolates expanded well beyond methylotrophy.

Utilizable C1/methylated substrates include methanol, monomethylamine for iso-
lates RH AL1 and AL8, and trimethylamine for RH CH11 and AL8 (Fig. 4). Growth was
weaker for formate, formamide, and dimethylsulfoniopropionate (DMSP) than for meth-
anol. No growth was observed for formaldehyde. Sources of methanol in soft coal slags

FIG 3 Morphology of methylotrophic isolates from soft coal slag. (A) Light microscopy of Beijerinckiaceae bacterium
RH CH11 was done using differential interference contrast (DIC). Arrows point to refractile cytoplasmic inclusions.
(B) Transmission electron microscopy (TEM) of Beijerinckiaceae bacterium RH AL1 grown on solid medium with
methanol as a carbon source and without lanthanide supplementation for 2 weeks revealed contrast-rich polar
bodies (P) partially surrounded by vesicle-like structures (V). (C) TEM analysis of Beijerinckiaceae bacterium RH AL1
during exponential growth in liquid culture with methanol as a carbon source and with additional lanthanide
supplementation (1 �M lanthanum) revealed bright polar bodies, which are characteristic of PHB-storing vacuoles
(PHB).
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include demethoxylation during the breakdown of lignin components that are present.
Methylamine and trimethylamine are common breakdown products of proteins and
amino acids, as well as osmolytes (58). Coal tars and slags may contain anilines and
related methylanilines as potential parent material for methylamines. The positive
growth responses for methylamines were in line with the detection of gmaS (Fig. 3A).
Weak responses to DMSP and 2-(N-morpholino)ethanesulfonic acid (MES) were unex-
pected, as the slag material presumably contains high quantities of lignin-derived
compounds containing sulfur and methylated sulfur compounds. Considering the
utilization of monosaccharides and di-/trisaccharides, the isolated strains showed a
broad range of potential substrates, matched only by Methylorosula polaris (59) and the
heterotroph Beijerinckia (15). Regarding organic acid utilization, we observed growth
for propionate as well as pyruvate (Fig. 4).

Lanthanide-dependent methylotrophy. Growing cultures with different concentra-
tions of La3� revealed growth at concentrations higher than 100 nM (Fig. 5A). Similar to
previous findings for M. extorquens AM1 (24, 60), optimal growth was observed at concen-
trations higher than 1 �M. Growth rates (�) ranged between 0.021 and 0.026 h�1 with
100 nM La and between 0.046 and 0.050 h�1 with 1 �M La. The minimum concentration of
lanthanides to promote (limited) growth for M. extorquens AM1 was 2.5 nM (24), which is
significantly lower than what we have observed for our isolates.

Replacing La3� with lanthanides of increasing atomic mass (Ce [cerium], Nd [neo-
dymium], Dy [dysprosium], Ho [holmium], Er [erbium], and Yb [ytterbium]) showed that

FIG 4 Carbon utilization by soft coal slag methylotrophs. The carbon utilization range was assessed by growing isolates in triplicates
in MM2 medium with different carbon sources (see the text in the supplemental material). Growth was assessed against negative
controls not supplemented with any carbon source. Information about other Beijerinckiaceae was taken from the literature for M.
palustris (55), M. silvestris (49), M. tundrae (50), M. acidiphila (115), M. aurea (11), M. palsarum (12), M. gorgona (13), M. stellata (116),
M. polaris (59), M. ligni (14), and Beijerinckia spp. (117, 118). N.A., data not available/not tested.
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growth was supported only by lower-mass lanthanides (La, Ce, and Nd) (Fig. 5B). Poor
growth on higher-mass lanthanides was first described by Pol et al. (23), who were
among the first to describe the positive REE-mediated effect on methylotrophy in M.
fumariolicum SolV. More recently, similar observations were made for Methylobacterium
aquaticum (61) and for the nonmethylotrophic organism Pseudomonas putida KT2440,
which utilizes an REE-dependent PQQ alcohol dehydrogenase (ADH), PedH (62). Early
on, it was suggested that Xox-type MDHs are promiscuous in their use of REEs (18).
Detailed structural and kinetic analyses of XoxF from M. fumariolicum SolV confirmed
that although REEs are similar in properties, differences in atomic mass and ionic radii
alter the coordination of the REE in the active site, thus affecting the activity and
catalytic efficiency of XoxF (63).

PQQ-dependent ADHs. Xox-type MDHs belong to the broad group of eight-bladed
propeller quinoproteins and can be subdivided into at least five different clades (XoxF1

FIG 5 Methylotrophic growth dependent on lanthanide concentration (0 nM to 10 �M) (A) and species (La, Ce, Nd, Dy, Ho, Er, and Yb) (B).
Soft coal slag methylotrophs were grown in MM2 medium (pH 5 to 5.5) supplemented with methanol (1% [vol/vol]) as a carbon source.
Cultures were grown in triplicates (n � 3); error bars represent standard deviation. Ln3�, lanthanides; La, lanthanum; Ce, cerium; Nd,
neodymium; Dy, dysprosium; Ho, holmium; Er, erbium; Yb, ytterbium.
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to -5) based on amino acid sequence divergence (18, 64). We observed positive PCR
amplification for our isolates when using xoxF4- and xoxF5-specific primers (65). XoxF4
is until now known exclusively from Methylophilales (66). We assume that the positive
amplification with xoxF4 primers was due to the inherent cross-specificity of the xoxF4
primer set for xoxF5 (65). We could confirm this using a collection of pHMMs for the
different XoxF and PQQ-dependent alcohol dehydrogenase (PQQ ADH) clades to screen
the isolates’ genomes (see Table S5 in the supplemental material). Assessing xoxF5
gene expression by reverse transcription-PCR, we showed expression of xoxF5 in all
three strains (see Fig. S4 in the supplemental material) when grown with methanol and
lanthanum. The constructed pHMMs allowed us to identify two additional PQQ ADH
genes in all three isolates, one encoding a PQQ ADH type 9 and one encoding an
ExaF/PedH-type ADH (Table S5). The affiliation of the three PQQ ADHs was confirmed
by phylogenetic tree construction (see Fig. S5 in the supplemental material). The XoxF5
sequences of RH CH11, AL1, and AL8 were grouped together with Methylobacterium
sequences, while ExaF and PQQ ADH 9 were related to Methylobacterium and Methy-
lophaga/Methylotenera, respectively.

PedH/ExaF and PQQ ADH type 9 are both clades that rely on lanthanides as cofactors
(18, 25). While there is little known about the putative function of PQQ ADH 9, ExaF was the
first non-Xox-type alcohol oxidation system shown to require lanthanides for activity and to
act on multicarbon substrates (67). PedH represented the first characterized lanthanide-
dependent enzyme in a nonmethylotrophic organism (62).

Screening available Beijerinckiaceae genomes using the constructed pHMMs re-
vealed a high heterogeneity with respect to encoded PQQ ADHs (see Fig. S6 in the
supplemental material). Methylocella and Methylovirgula possess up to five genes
encoding Mxa- and Xox-type MDHs. Beijerinckia mobilis carries five genes coding for
poorly known type 4 and 9 PQQ ADHs, while RH CH11, AL1, AL8, and Rhodoblastus (68)
are the only Beijerinckiaceae possessing genes for ExaF/PedH. The presence of diverse
sets of genes encoding lanthanide-dependent PQQ AHDs suggests that their physio-
logical role is not limited to methylotrophy in Beijerinckiaceae.

Genomic analysis and transcriptomics. Genome sequencing and assembly led to
draft genomes for RH AL8 and RH CH11. In the case of RH AL1, we obtained a closed,
circular genome (4.23 Mb), including a plasmid (119.5 kb) (see Table S6 in the supple-
mental material). Genomic and transcriptome analyses of RH AL1 under methylotrophic
growth conditions confirmed the physiological data and provided additional insights
into C1 metabolism.

Of the three identified genes encoding lanthanide-dependent PQQ ADHs, xoxF5
showed the highest average gene expression, with 10.5 log2 reads per kilobase per
million (RPKM). Values for the genes encoding PQQ ADH 9 and ExaF were lower, with
5.7 and 6.3 log2 RPKM, respectively (see Tables S7 and S8 in the supplemental material).
Although we cannot rule out that ExaF and PQQ ADH 9 participate in methanol
oxidation, XoxF is the dominant MDH based on gene expression data. ExaF has a
substrate preference for ethanol but was shown to oxidize methanol and ethanol at
similar rates and was found to function as an efficient formaldehyde dehydrogenase as
well (67, 69). The latter suggests that ExaF might contribute to methanol oxidation in
Beijerinckiaceae bacterium RHAL1 during formaldehyde oxidation. This could limit the
accumulation of toxic formaldehyde, but without additional data, this question remains
unanswered for now.

Screening the genome of RHAL1 confirmed the absence of genes linked to the
tetrahydromethanopterin (H4MPT) pathway for formaldehyde oxidation. This is in
contrast to most methylotrophs/methanotrophs within the Beijerinckiaceae (16), includ-
ing members of the USC-� clade (13, 48). Instead, we identified fhs (formate-
tetrahydrofolate ligase) and folD (bifunctional 5,10-methylene-tetrahydrofolate dehy-
drogenase and 5,10-methylene-tetrahydrofolate cyclohydrolase), which are part of the
tetrahydrofolate pathway and are used for channeling methyl groups from formate into
the serine cycle for carbon assimilation. Together with gfa (glutathione-dependent
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formaldehyde-activating enzyme) and frmAB (glutathione-dependent formaldehyde
dehydrogenase, S-formylglutathione hydrolase), these genes encode a glutathione-
dependent pathway of formaldehyde oxidation (Fig. 6A). We detected gene expression
for all of these genes, and expression ranged between 5.9 (fhs) and 8.5 (frmA) log2 RPKM
(Table S7). Similarly, we identified all genes of the serine cycle for carbon assimilation,
and all of these genes were expressed (Tables S7 and S8). With respect to formate
oxidation, we found genes coding for a formate dehydrogenase (Fdh).

We identified genes coding for respiratory complexes I to IV. With respect to central
carbon metabolism, we detected full gene sets for the Entner-Doudoroff pathway, the
oxidative tricarboxylic acid cycle, the glyoxylate cycle, and the pentose phosphate
pathway (Fig. 6A; Table S7). These pathways, together with genes encoding multiple
sugar transporters (Rbs, Chv/Ggu, and SSP), enable RHAL1 to metabolize diverse carbon
sources, which confirmed our results with respect to utilizable carbon sources (Fig. 4).
We also found an acetate permease gene, actP. This gene is absent in Methylocapsa
gorgona MG08 and Methylocapsa acidiphila B2T (13), although both carry the necessary
genes for metabolizing acetate. It was previously hypothesized that the substrate
limitation of methylotrophic/methanotrophic Beijerinckiaceae is due to a lack of specific
membrane transporters, and our results support this idea. The Beijerinckiaceae bacte-
rium RHAL1 genome features an incomplete Calvin-Benson-Bassham (CBB) cycle and
does not include any genes linked to nitrogen fixation. The latter is a common feature
for most Beijerinckiaceae (15), including Methylocapsa gorgona MG08 of the USC-� clade
of atmospheric methane oxidizers (13). The presence of complete pathways for
polyphosphate and polyhydroxybutyrate (PHB) metabolism suggested that these com-
pounds can be used for energy and carbon storage, and genes linked to both pathways
were expressed under methanol oxidation conditions (Tables S7 and S8).

Beijerinckiaceae bacterium RHAL1 carries genes for nitrilases (NTLs), formidases (FMDs)
and cyanases (CynS) (Fig. 6A). This indicated that nitrogen assimilation might benefit from
tapping additional sources. The presence of multiple genes for dimethylsulfone and
alkanesulfonate monooxygenases (SsuD) is likely an adaptation to an environment en-
riched in organosulfur compounds. RHAL1 possesses genes for utilizing mono-, di-, and
trimethylated amines via the N-methylglutamate pathway, thus confirming our growth
experiments with mono- and trimethylamine (Fig. 4). Similar to “Ca. Methyloaffinis lahn-
bergensis” (48), RHAL1 encodes multiple proteins linked to (exo)capsular polysaccharide
production and export (Kps), implying that our isolates might be able to form biofilms or
aggregates. The presence of genes coding for flagellar components (hook, filament, and
motor/switch) indicated the potential motility of RHAL1.

Lanthanide utilization. Lanthanide sensing and uptake are poorly understood, but
uptake is suspected to be similar to siderophore- and chalcophore-mediated iron and
copper uptake (41), involving chelators termed lanthanophores (70). In Methylorubrum
extorquens, a cluster of 10 genes was identified to be involved in lanthanide utilization
and transport (37, 39, 40, 57). These genes encode a TonB-dependent receptor for
taking up lanthanides into the periplasm (LutH), an ABC transporter for uptake into the
cytoplasm (LutAEF), multiple exported hypothetical proteins, and lanthanide-binding
proteins such as lanmodulin (LanM) for shuttling lanthanides to XoxF and other
potential lanthanide-dependent enzymes. A recent mutational analysis of M. extorquens
AM1 identified more gene products potentially linked to lanthanide-dependent me-
tabolism (57), including a LysR-type transcriptional regulator, XoxG, XoxJ, XoxD, a
homospermidine synthase, and a porin protein. XoxG is a cL-type cytochrome func-
tioning as an electron acceptor from XoxF. XoxJ is a poorly characterized periplasmic
binding protein; however, it was recently postulated that XoxJ participates in XoxF
activation (71). The genes xoxFGJ are colocalized in the genome of RH AL1. XoxD is a
homolog of MxaD and presumably supports interactions between XoxF and XoxG (72).

We were able to detect homologs for most of these genes in the genome of RHAL1
(see Table S9 in the supplemental material). Transcriptome analysis showed that xoxF,
xoxG, xoxD, and lanM are among the most highly expressed genes (top 10% of

Wegner et al. Applied and Environmental Microbiology

January 2020 Volume 86 Issue 1 e01830-19 aem.asm.org 10

https://aem.asm.org


FIG 6 Graphical representation of the genomic potential of Beijerinckiaceae bacterium RHAL1 (A) and gene expression of genes encoding products
that might be involved in lanthanide-dependent metabolism (B). Methanol oxidation-related gene products are highlighted in orange, nitrogen

(Continued on next page)
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expressed genes; 9.0 log2 RPKM) under methanol oxidation conditions (Fig. 6B; Table
S9). A biochemical characterization of XoxG in M. extorquens AM1 (71) suggested that
the reduction potential of XoxG determines the range of lanthanides utilizable by the
associated XoxF. Similar to M. extorquens AM1, our strains are able to use only lighter
lanthanides. The homology between the XoxG proteins of M. extorquens AM1 and RH
AL1 is rather low (29.5% sequence identity) (Fig. 6B; Table S9). It was shown that the
XoxG phylogeny is diverse, with multiple subgroups that are partially specific for certain
taxa (73), thus providing an explanation for such low homology; additionally, this
diversity might be a consequence of organisms differing with respect to their range of
utilizable lanthanides, likely due to the environmental conditions in their habitat.
Differences in pH affect, for example, the solubility of lanthanides.

The high expression of xoxD (9.0 log2 RPKM) underscores its importance for meth-
anol oxidation in RHAL1. Lanmodulin was the first characterized lanthanide-binding
protein (37) and plays an important, but nonessential (40, 57), role in lanthanide-
dependent metabolism in M. extorquens. Our gene expression data (9.6 log2 RPKM)
suggest a relevance for shuttling lanthanides in RHAL1 as well (Fig. 6B). Comparing the
lanmodulin of RHAL1 with that of M. extorquens AM1 by sequence analysis revealed
differences. Similar to calmodulin, a ubiquitous eukaryotic calcium-binding protein,
lanmodulin is an EF hand-containing protein. These motifs include a metal-binding
loop, flanked by alpha helices. Lanmodulin features proline and aspartate residues in
the metal-binding loop; these residues are not found in calmodulin, and they contrib-
ute to lanthanide selectivity. Like lanmodulin, the homolog in RH AL1 features four EF
hand motifs, but it lacks one proline and one aspartate residue in one EF hand motif
(see Fig. S7 in the supplemental material). These differences might reflect differences in
the lanthanide-binding capability.

We expected that the expression of the genes encoding homologs of the assumed
core components of the proposed lanthanide uptake machinery, a TonB-dependent
receptor and an ABC-type transporter, would be similar to the expression of genes
encoding components of the methanol oxidation machinery (xoxDFG). Instead, their
gene expression was lower, not exceeding 6.6 log2 RPKM (Table S9). In case of LutH, the
sequence identity of the RHAL1 homolog was comparably low (36.8%) (Fig. 6B; Table
S9). With the data at hand, it is not possible to say whether the detected homologs are
essential for lanthanide utilization in RHAL1. For M. extorquens AM1, it was recently
shown that exogenous lanthanides repress lutH expression (57). The mutagenesis
screen carried out in the same study showed that the loss of a porin gene resulted in
a reduced growth rate and extended lag phase in M. extorquens AM1. Based on the
phenotype of a mutant lacking the TonB-dependent receptor, it was postulated that
non-chelator-bound lanthanides might enter cells through porins. Intriguingly, the
RHAL1 homolog of the M. extorquens porin protein was highly expressed (9.3 log2

FIG 6 Legend (Continued)
metabolism-related gene products in blue, and sulfur metabolism-related gene products in yellow. Abbreviations: XoxF, XoxF-MDH; LanM,
lanmodulin; ExaF, ExaF PQQ ADH; Gfa, glutathione-dependent formaldehyde-activating enzyme; FrmAB, glutathione-dependent formaldehyde
dehydrogenase, S-formylglutathione hydrolase; Fhs, formate-tetrahydrofolate ligase; FolD, bifunctional 5,10-methylene-tetrahydrofolate dehydro-
genase and 5,10-methylene-tetrahydrofolate cyclohydrolase; Fdh, formate dehydrogenase; NMG, N-methylglutamate pathway; SsuD, alkanesulfon-
ate monooxygenase; SsuA, alkanesulfonate transporter; H4F, tetrahydrofolate; ED pathway, Entner-Doudoroff pathway; PHB, polyhydroxybutyrate;
PolyP, polyphosphate; FMD, formamidase; NTL, nitrilase; CynS, cyanase; CA, carbonic anhydrase; NIR, nitrite reductase; SSP, simple sugar permease;
Chv, multiple sugar-binding periplasmic receptor Chv; Ggu, multiple sugar transport system; Rbs, ribose transporter; Kps, capsular polysaccharide
transporter. A list of genes, gene products, and their gene expression is given in Table S7 in the supplemental material. Gene expression data for
all genes in the genome can be found in Table S8 in the supplemental material. Homologs of gene products linked to lanthanide-dependent
metabolism in Beijerinckiaceae were identified by blastp (79) queries of the amino acid sequences of the corresponding gene products in M.
extorquens AM1 against the amino acid sequences of all gene products of the genome of RH AL1. Detailed blast results are given in Table S9 in the
supplemental material. RPKM, reads per kilobase million; LutAEF, ABC transporter linked to lanthanide uptake into the cytoplasm (LutA, ABC
transporter cytoplasmic binding component; LutE, ABC transporter ATP binding component; LutF, ABC transporter membrane component); LutH,
TonB-dependent receptor involved in lanthanide uptake into the periplasm; LanM, lanthanide-binding protein lanmodulin; XoxJ, periplasmic binding
protein potentially involved in XoxF activation; XoxG, cL-type cytochrome accepting electrons from XoxF; XoxD, MxaD homolog interacting with XoxF
and XoxG. The color code indicates the expression of genes encoding gene products linked to lanthanide-dependent metabolism. Dotted lines
indicate a low degree of homology (�40%) based on amino acid sequence identity. The presented model for lanthanide uptake and utilization was
adapted based on work from the laboratories of Cotruvo (37, 39, 71), Martinez-Gomez and Skovran (57), and Vorholt (40).
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RPKM). Screening the transcriptome data showed that multiple genes encoding porins
were expressed at a similar level (Table S8), which might indicate the passive uptake of
lanthanides through porins in RHAL1. Additional experiments are necessary to answer
these intriguing questions.

Concluding remarks. In summary, we have characterized three newly isolated
Beijerinckiaceae that presumably form a new genus, and we could show that they rely
on lanthanides for methanol oxidation. This study presents Beijerinckiaceae isolates that
possess only an Xox-type and not an Mxa-type MDH. Recent work revealed a wide
taxonomic distribution of ExaF/PedH enzymes (25). Beijerinckiaceae bacterium RHAL1,
AL8, CH11, and the purple nonsulfur bacterium Rhodoblastus (68) are the only members
of the Beijerinckiaceae that encode ExaF/PedH PQQ ADHs. Although we detected
homologs for most gene products of the postulated lanthanide utilization and trans-
port gene cluster, the diversity and wide distribution of lanthanide-dependent enzymes
suggest that multiple mechanisms for lanthanide acquisition and utilization do exist in
different taxa. The metabolic diversity of our isolates allows the study of physiological
responses to lanthanides under different, nonmethylotrophic conditions. Examining
how lanthanides are sensed and utilized by different organisms in cellular metabolism
and how far this expands beyond C1 metabolism will deepen our understanding of this
uncharted territory of microbial physiology.

MATERIALS AND METHODS
Sampling and sampling site description. Sampling was carried out as described previously (74). In

brief, two different sites were sampled at the slag deposit Red Hill (RH1 [50°44=21.45==N, 7°10=27.87==E]
and RH2 [50°44=21.85==N, 7°10=27.78==E]) in September 2014. The top layer, soil covering the slag material
(approximately 5 cm), was removed and underlying slag material sampled in plastic containers. In
addition, undisturbed nearby forest soil (Ref [50°43=49.63==N, 7°10=30.44==E) was sampled as a reference.
Sampled slags showed, in general, a pH of 3.2 to 3.6. The pH of the reference forest soil is near neutral
(pH 6.8). The slag material featured elevated levels of aluminum, iron, and sulfur (42).

Isolation. Collected soil/slag material was used to set up slurries in 200-ml Schott bottles by mixing
10 g of sample material in 100 ml double-distilled water. Slurries were horizontally agitated on a shaker
at 200 rpm and room temperature for 2 h. Agitated slurry solutions were serially diluted in 10-fold steps
in basal VL55 medium (75) and used for inoculating a selection of media with different carbon sources
as described in the supplemental material. After 16S rRNA-gene based identification, obtained colonies
were repeatedly restreaked for purification and subsequently maintained on MM2 plates (51).

16S rRNA gene sequencing and sequence analysis. Partial 16S rRNA gene sequences were
obtained by colony PCR followed by Sanger sequencing (see the supplemental material) and subse-
quently analyzed in mega (version X) (76) using related representative sequences taken from SILVA
(release 132) (77) as a reference. Phylogenetic tree construction for representative sequences was done
by the maximum-likelihood (ML) method with the following settings: bootstrapping, 100 replicates;
substitution type, nucleotide; model, Tamura-Nei; ML heuristics, nearest neighborhood-interchange; and
initial tree, NJ/BioNJ. Obtained sequences were queried against SILVA (release 132) (77) with SINA
(version 1.2.11) (78) and against the NCBI nonredundant nucleotide collection and the NCBI 16S rRNA
sequence collection with blastn (version 2.9.0) (79). DNA distance matrices based on partial 16S rRNA
gene sequence alignments were done with dnadist (version 3.697) (80).

Assaying the C1 metabolism-related functional gene repertoire. The presence of marker genes
(pmoA [particulate methane monooxygenase], mmoX [soluble methane monooxygenase], mxaF [MxaF
methanol dehydrogenase], xoxF [XoxF methanol dehydrogenase], mauA [methylamine dehydrogenase],
and gmaS [gamma-glutamylmethylamide synthetase]) linked to distinct functional modules of C1

metabolism (methanotrophy [pmoA and mmoX], methylotrophy [mxaF and xoxF], and methylamine
utilization [mauA and gmaS]) was checked by functional gene PCR as outlined in the supplemental
material and previously described (3, 11, 65, 81–86). In addition, we screened sequenced genomes and
the genomes of related Beijerinckiaceae using a collection of constructed profile hidden Markov models.
For these we collected available full-length amino acid sequences of gene products of interest (e.g.,
GmaS) from the NCBI protein database. Sequences were subsequently aligned using muscle (version
3.8.31) (87). The alignments were inspected and used for generating pHMMs with hmmbuild (version
3.1b2). These profiles were then merged and used to query the amino acid sequences of coding
sequences in our sequenced genomes and related Beijerinckiaceae genomes with hmmsearch (version
3.1b2) (88).

Cultivation and strain maintenance. Various commonly used media for methanotrophs and
methylotrophs were tested for cultivating the yielded methylotrophs (51). All tested media supported
growth on solid media using gellan gum as solidification agent. Liquid cultivation was possible only after
supplementation with lanthanides. Isolated strains were maintained on MM2 plates and physiologically
characterized in liquid MM2 medium, which contained, per liter (milligrams), KH2PO4 (100), (NH4)2SO4

(100), MgSO4·7 H2O (50), CaCl2·2H2O (20), and 1 ml trace element solution no. 1 (51) (pH 5 to 5.5).
Methanol (1%, vol/vol) was added as carbon source and 1 �M Ln3� as a necessary growth supplement.
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Culture purity was checked by streaking isolates regularly on diluted nutrient broth plates (no. 70122;
Sigma-Aldrich, Taufkirchen, Germany) to check for the presence of contaminating satellite bacteria and
by microscopic inspection before transfers.

Elemental analysis. The total and mobilizable fractions of lanthanides in slag material (RH1 and
RH2), undisturbed forest soil (RHRef [50°43=49.63==N, 7°10=30.44==E]), and solidifying agents (Gelrite [Carl
Roth, no. 0039.1] and agar-agar [Carl Roth, no. 2266.1]) was determined by total and sequential digestion
as outlined before (89, 90) in combination with ICP-MS.

Physiological characterization. Growth was monitored by measuring the optical density at 600 nm
(OD600) using a DR3900 photometer (Hach, Düsseldorf, Germany) or a Synergy H4 plate reader (Biotek,
Bad Friedrichshall, Germany). Physiological characteristics, including growth promotion by various
lanthanides, metabolizable C1 compounds, utilizable N sources, and usable carbon substrates, were
assayed with triplicate incubation experiments. The dependence on REEs for methanol oxidation was
investigated by growing isolated strains in MM2 medium with 1% (vol/vol) methanol as a carbon source
plus different concentrations of La (0, 10, 50, and 100 nM and 1 and 10 �M). Various REEs (La, Ce, Dy, Nd,
Ho, Er, and Yb) were tested to determine whether they promote the growth of the isolated strains by
growing cultures in MM2 with 1% (vol/vol) methanol as a carbon source and the respective lanthanide
(final concentration, 1 �M). Cultures were generally inoculated using precultures that were washed twice
with basal medium to minimize the risk of carrying over REE. Growth was monitored spectrophotometri-
cally at 600 nm. The range of utilizable C1 substrates was determined by replacing methanol with
formaldehyde, formamide, formate, methylamine, trimethylamine, ethanol, methanesulfonic acid, or
dimethylsulfoniopropionate (0.05% [vol/vol]). Metabolizable N sources were identified by replacing
(NH4)2SO4 with either NaNO2, KNO3, urea, yeast extract, peptone, asparagine, glutamine, or cysteine
(0.05% [wt/vol]). We observed growth for all tested N sources except glutamine. Tested multicarbon
substrates (each at 0.05% [wt/vol]) included glucose, arabinose, xylose, lactose, rhamnose, raffinose,
sucrose, fructose, acetate, malate, pyruvate, propionate, succinate, citrate, and glucuronic acid. Growth
responses to the carbon sources were tested in triplicates in the absence of lanthanides. We define
positive growth responses as a significant (paired t test, P � 0.05) increase in OD600 over a time period
of 2 weeks in comparison to that of a negative growth control without an added carbon source. Growth
was considered weak if the increase in OD600 over 2 weeks was significantly lower (paired t test, P � 0.05)
than that of positive growth controls grown with 1% (vol/vol) methanol.

Reverse transcription-PCR. Total RNA was extracted from cultures grown to the mid-exponential phase
using the SV total RNA isolation system (Promega, Mannheim, Germany) according to the manufacturer’s
instructions. RNA extracts were column purified, using the RNA clean and concentrator kit (Zymo Research,
Freiburg, Germany), before cDNA synthesis with the GoScript reverse transcription system (Promega) using
random priming. The cDNA obtained was used for xoxF-targeting PCR.

Light and electron microscopy. Morphological characteristics were determined by light microscopy
using a Zeiss Axioplan microscope (Carl Zeiss AG, Oberkochen, Germany) and agar-coated slides (91), as well
as electron microscopy. For electron microscopy, cell material was fixed in 2.5% (vol/vol) glutaraldehyde in
cacodylate buffer (100 mM, pH 7.4) for 2 h at 20°C and processed as described in the supplemental material.

Genome sequencing, assembly, and annotation. Genome sequencing, assembly, and annotation
were carried out as described in the supplemental material. In short, high-molecular-weight DNA from strains
RH AL1, AL8, and CH11 was extracted by a column-based procedure and subsequently subjected to PacBio
long-read sequencing (RH AL1) and Illumina high-throughput sequencing (RH AL8, and CH11). Genome
assembly was done using canu (version 1.5) (92) and spades (version 3.13) (93). The preliminary assembly of
RH AL1 with canu was refined with racon (version 1.3.3) (94) and pilon (version 1.23) (95) and indel corrected
with pacbio-utilities (https://github.com/douglasgscofield/PacBio-utilities). RH CH11 and RH AL8 were as-
sembled with spades, and the assembly of RH AL1 was used to improve the assembly of the other two
genomes with ragout (version 2.2) (96). Detailed annotations were generated with MaGe (version 3.12)
(97) and prokka (version 1.13.7) (98). Gene products that might be linked to lanthanide-dependent
metabolism were identified by querying the genome of RH AL1 with blastp (79) using gene products
recently found to be linked to lanthanide-dependent metabolism in Methylorubrum extorquens AM1 as
queries (57). Lanmodulin amino acid sequences were aligned and inspected for differences in JalView
(version 2.11) (99).

Phylogenomics. Average nucleotide identity (ANI) values were calculated using fastANI (46). The
genomes of related Beijerinckiaceae were retrieved in the form of nucleotide fasta files with ncbi-genome-
download (https://github.com/kblin/ncbi-genome-download) (assembly level: complete, chromosome,
scaffold). Rhodoblastus genomes were not considered for ANI calculations. A phylogenomic tree using
270 single-copy core genes was calculated using fastTree (version 2.1.8) (74) with the WAG model (100),
nearest-neighbor interchange (NNI) for optimizing tree topology, and the CAT approximation to account
for evolutionary rate heterogeneity (101). The 270 single-copy core genes were identified by pangenomic
analysis in anvio (version 5.5) (102), based on a pangenome analysis workflow described before (103). The
percentage of conserved proteins (POCP) was calculated as previously described (47). Additional details
about the phylogenomic analysis can be found in the supplemental material.

Analysis of PQQ ADH sequences. We reconstructed the PQQ ADH database described by Keltjens et
al. (18) by collecting corresponding sequences using the NCBI Batch Entrez tool. Sequences were subse-
quently aligned using muscle (version 3.8.31) (87). Phylogenetic tree construction was done with mega
(version X) using the neighbor-joining method (104) and validated by bootstrapping (105). PQQ ADH/XoxF
clade-specific sequence subsets were extracted from the compiled database and used for generating profile
hidden Markov models as outlined above. Amino acid sequences of coding sequences in the assembled
genomes and related Beijerinckiaceae genomes were queried with hmmsearch (version 3.1b2) (88) using the
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merged profiles. Potential hits were validated by phylogenetic tree construction based on the previously
assembled PQQ ADH database.

Transcriptomics. Beijerinckiaceae bacterium RH AL1 was grown in triplicates in MM2 medium
supplemented with methanol (1% [vol/vol]) and lanthanum (1 �M) to an OD600 of 0.15. Biomass was
harvested by centrifugation and subjected to RNA extraction using a protocol based on that described
by Wegner et al. (106). Total RNA was enriched for mRNA by rRNA depletion using the MICROBExpress
bacterial mRNA enrichment kit (Thermo Fisher Scientific, Schwerte, Germany). Transcriptome sequencing
(RNA-Seq) libraries were prepared using the NEBNext Ultra II directional RNA library prep kit for Illumina
(New England Biolabs, Frankfurt, Germany). Libraries were sequenced on an Illumina HiSeq 2500 platform
in rapid-run mode (2 � 150 bp) by CeGaT GmbH (Tübingen, Germany). The quality of raw, demultiplexed
RNA-Seq data sets was inspected using FastQC (version 0.11.7) (107). Quality filtering (settings: min-
len � 75, qtrim � rl, ktrim � rl, k � 25, mink � 11, trimq � 20, and qtrim � rl) and the removal of
eventually still-present adapter sequences were done with bbduk (version 38.26) (108) using the
included set of common sequence contaminants and adapters. rRNA-derived sequences as well as
noncoding RNA sequences were filtered out with sortmerna (version 2.1) (109) and its precompiled
databases of SILVA (77) and Rfam (110). The remaining, putatively mRNA-derived sequences were
mapped onto the genome of Beijerinckiaceae bacterium RH AL1 using bbmap (version 38.26) (108)
(settings: slow, k � 11). The resulting bam files were sorted and indexed with samtools (version 1.3.1)
(120). Read counts, meaning the number of mapped reads per coding gene, were deduced from the
generated bam files using the program featureCounts implemented in subread (version 1.6.3) (111, 112).
Reads per kilobase per million (RPKM) values were calculated using edgeR (version 3.24.3) (113).

Data availability. Genome assemblies, raw genome sequencing data, and transcriptome data sets have
been deposited at EBI/ENA and are available under BioProject numbers PRJEB32205 (https://www.ebi.ac.uk/
ena/data/view/PRJEB32205) and PRJNA558391 (https://www.ebi.ac.uk/ena/data/view/PRJNA558391) and
ArrayExpress submission E-MTAB-8184 (https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-8184/),
respectively. Genome assemblies can be directly accessed via the following EBI accession numbers:
LR590083 (https://www.ebi.ac.uk/ena/data/view/LR590083) and LR699074 (https://www.ebi.ac.uk/ena/
data/view/LR699074) (RH AL1, genome and plasmid), CABDXJ020000000 (https://www.ebi.ac.uk/ena/
data/view/CABDXJ020000000) (RH AL8, assembly contigs), and CABDXI020000000 (https://www.ebi.ac
.uk/ena/data/view/CABDXI020000000) (RH CH11, assembly contigs).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 3.7 MB.
SUPPLEMENTAL FILE 2, XLS file, 0.8 MB.
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