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Diversity and distribution of the lanthanome ==

in aerobic methane-oxidising bacteria

Shamsudeen Umar Dandare'?", Alexander Allenby', Eleonora Silvano®*, Peter Nockemann?, Yin Chen?,
Thomas J. Smith® and Deepak Kumaresan'#

Abstract

Background Lanthanides (Ln) play important and often regulatory roles in the metabolism of methylotrophs, includ-
ing methanotrophs, particularly through their involvement in methanol oxidation. However, the diversity, distribution,
and ecological relevance of Ln-associated proteins (the lanthanome) in aerobic methane-oxidising bacteria (MOB)
remain underexplored. This study investigates the lanthanome using genome, plasmid, and proteome data, along-
side metatranscriptome data from methane-rich lake sediments.

Results We surveyed 179 genomes spanning Proteobacterial, Verrucomicrobial, and Actinobacterial MOBs to exam-
ine the distribution of Ln-dependent methanol dehydrogenases (MDHs) and Ln transport proteins. Distinct lineage-
specific patterns were observed: XoxF5 was the most widespread MDH variant in Proteobacteria, while XoxF2

was restricted to Verrucomicrobia. Transporter systems also showed distinct patterns, with LanM restricted to Alp-
haproteobacteria, LanPepSY and LanA confined to Gammaproteobacteria, and LutH-like receptors broadly distributed
across all lineages. Homologues of these genes were also detected on plasmids, indicating potential for horizontal
gene transfer. In Lake Washington sediment metatranscriptomes, lanthanome transcripts were detected, with Pro-
teobacteria as dominant contributors. Notably, a large fraction of xoxF transcripts were affiliated with non-MOB
Methylophilaceae, consistent with known cooperative interactions with MOB. Using Methylosinus trichosporium

OB3b as a model, we assessed methane oxidation and proteomic responses to soluble CeCl; and a mixed-lan-
thanide ore. Lag phases were prolonged in the presence of lanthanides, particularly with ore, but methane oxida-
tion rates converged across treatments after acclimation. Proteomic analysis revealed extensive condition-specific
responses, with 724 proteins differentially expressed in Ore treatment compared to 60 under CeCl;. XoxF3 and XoxF5
were upregulated while MxaF and its accessory proteins were downregulated, consistent with the “lanthanide
switch” Notably, LanM was not expressed despite being encoded, whereas LutH-like receptor was downregulated
under both treatments, likely reflecting regulatory control to prevent excess metal uptake. Additional upregulation
of a TonB-dependent receptor and ABC transporter suggests a potential lanthanophore-mediated uptake strategy.

Conclusion This study highlights the diversity and ecological activity of Ln-binding and transport systems in MOBs,
their plasmid localisation and potential mobility, and their distinct regulation under different Ln sources. The strong
proteomic response to complex ore underscores the physiological flexibility of MOBs in coping with natural lantha-
nide forms. These findings provide a framework for ecological studies and candidate targets for biotechnological
applications in methane bioconversion and sustainable lanthanide recovery from complex materials.
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Introduction

The discovery in 2011 of bacteria capable of accumu-
lating and utilising lanthanides (Ln) established the
biological relevance of these rare earth elements (REE)
in microbial metabolism. The first direct evidence of a
biological role for Ln came from the identification of a
lanthanoenzyme—an Ln-dependent methanol dehydro-
genase (MDH) XoxF, found in several methylotrophs
[1-3] and methanotrophs [4]. This enzyme catalyses
the oxidation of methanol to formaldehyde and con-
tains a pyrroloquinoline quinone (PQQ) redox cofactor
that coordinates the Ln ion [5]. This discovery over-
turned the long-standing view that methanol oxidation
was mediated exclusively by the calcium-dependent
MDH MxaFI, a complex heterotetrameric enzyme, and
introduced the simpler, homodimeric XoxF enzymes,
which are now thought to be evolutionarily ancestral
[6, 7]. While methylotrophs grow on reduced single-
carbon compounds such as methanol, methanotrophs
represent a specialised subset capable of oxidising
methane. Aerobic methane-oxidising bacteria (MOB)
initiate methane metabolism via methane monooxyge-
nase (MMO), converting methane to methanol, which
is then oxidised by MDH [5]. These organisms play a
pivotal role in mitigating methane emissions, a potent
greenhouse gas, and are gaining attention as microbial
platforms in one-carbon-based biotechnologies [8, 9].

The presence of lanthanides modulates expression of
XoxF via a regulatory mechanism known as the “lantha-
nide switch,” in which Ln availability represses mxaFI
expression and induces xoxF transcription [10, 11].
XoxF proteins form multiple phylogenetic clades (e.g.,
XoxF1-5) that may differ in their biochemical prop-
erties, lanthanide preferences, and ecological roles.
Despite this diversity, the biochemistry and physiologi-
cal relevance of these clades remain underexplored,
particularly in methanotrophs [6, 12, 13]. Moreover,
while the role of lanthanides in XoxF function is well
established, their involvement in other PQQ alcohol
dehydrogenases has also been reported, including in
methylotrophs [14, 15].

The discovery and subsequent characterisation of
lanthanoenzymes led to the identification of addi-
tional proteins involved in Ln sensing, acquisition,
and transport, collectively referred to as the “lantha-
nome”. Cotruvo and colleagues identified lanmodulin
(LanM), a highly selective Ln-binding protein in Meth-
ylobacterium extorquens, structurally similar to the

calcium-binding protein calmodulin [16]. Two distinct
TonB-dependent receptors—LanA and LutH—were
later shown to be critical for the uptake of lanthanum
and activation of the lanthanide switch in gammapro-
teobacterial [17] and alphaproteobacterial metha-
notrophs [18], respectively. The [utH gene is part of a
recently characterised 10-gene [lut cluster in Methy-
lorubrum extorquens AMI1 and the closely related
phyllosphere bacterium PA1 [19, 20]. More recently,
Hemmann and colleagues identified a 19 kDa peri-
plasmic protein comprising two characteristic PepSY
domains, named LanPepSY (LanP), in the obligate
methylotroph  Methylobacillus  flagellatus, further
expanding the known components of the lanthanome
[21]. A schematic overview of the proposed lanthanide
uptake and trafficking pathways in methanotrophic
bacteria, highlighting key proteins, is presented in
Fig. 1.

To date, most studies of the lanthanome have focused
on methylotrophs, leaving the lanthanide-dependent
physiology of methanotrophs underexplored. Given the
ecological significance of aerobic MOB and their wide-
spread distribution in terrestrial and aquatic environ-
ments, a broader understanding of lanthanide-associated
traits in these organisms is needed. In particular, there
is a need for comparative studies across the phyloge-
netic breadth of MOB, including type I (Gammaproteo-
bacteria), type II (Alphaproteobacteria), and the more
recently recognised Verrucomicrobia lineages. Linking
this genomic diversity to ecological function and envi-
ronmental adaptation will provide deeper insight into the
roles that lanthanide-dependent systems play in methane
cycling and microbial evolution.

In this study, we conducted a broad survey of aerobic
MOB genomes to investigate the diversity and distribu-
tion of lanthanide-dependent enzymes and transporters.
To assess the environmental relevance of these genes, we
analysed metatranscriptomes from methane-rich lake
sediments for their presence and expression in natural
settings. Additionally, we screened all plasmids available
in the Integrated Microbial Genomes (IMG) database
to assess the potential for plasmid-associated horizon-
tal gene transfer of lanthanide-associated traits. Finally,
we performed growth assays and proteomic analyses to
investigate how two differing lanthanide sources, pure
cerium chloride (CeCl;) and a mixed lanthanide ore,
affect methane oxidation and protein expression in the
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Fig. 1 Conceptual model for lanthanide (Ln**) uptake and intracellular trafficking in methanotrophic bacteria. Ln** ions or Ln-lanthanophore
complexes are imported across the outer membrane via TonB-dependent receptors—LanA identified in Gammaproteobacteria, LutH-like

in Alphaproteobacteria and a putative receptor (TonB-DR) identified in Methylosinus trichosporium OB3b. Certain strains may secrete Ln-chelating
peptides via putative ABC transporters from the cytoplasm to the periplasm, and possibly to the extracellular environment through an unknown
mechanism. The Ln-peptide complexes are then reclaimed through the putative TonB-DR. Together, the ABC transporter and TonB-DR function

in a system that secretes Ln-chelating peptides and reclaims the resulting complexes, thereby trafficking extracellular Ln into the periplasm. In

the periplasm, lanmodulin (LanM; primarily in Alphaproteobacteria) and LanPepSY (LanP; primarily in Gammaproteobacteria) bind and shuttle Ln**
to target enzymes. The ions are ultimately incorporated into XoxF-type methanol dehydrogenases (MDHs) containing the pyrrologuinoline quinone
(PQQ) cofactor. Solid arrows indicate experimentally supported processes, whereas dashed arrows represent hypothetical or inferred pathways,
some of which have been confirmed in obligate methylotrophs. Blue-shaded proteins indicate those predominantly found in Alphaproteobacteria;

purple-shaded proteins are mainly found in Gammaproteobacteria (Created in BioRender. Dandare, S. U. (2025) https://BioRender.com/v88jkpx)

alphaproteobacterial model organism Methylosinus tri-
chosporium OB3b.

Methods

MOB Genome selection, plasmid screening,

and environmental metatranscriptome analysis

A total of 179 known aerobic MOB genomes were
retrieved from the NCBI RefSeq database (accessed
in October 2023) and concatenated to generate a cus-
tom MOB genome database. To construct this dataset,
we performed a series of programmatic queries using
NCBI’s Entrez system. First, microbial families known
to include MOB were identified, and all descendant spe-
cies and strains were retrieved from the NCBI Taxon-
omy database. These taxa were then used to query the
NCBI Assembly database to collect all available genome
assemblies.

We then filtered the results to retain only genomes
accepted into RefSeq, excluding metagenome-assembled
genomes (MAGs), low-quality, or anomalous assemblies.
The resulting dataset was curated to exclude non-MOB
organisms that are taxonomically assigned to MOB-con-
taining families but lack evidence of methane oxidation,
specifically the presence of key methanotrophy markers
(pmoA, mmoX). This approach yielded a conservative but
high-confidence dataset comprising exclusively verified
isolate genomes of aerobic MOB.

The final custom database comprises 175 RefSeq-
annotated genomes, three MAGs representing atmos-
pheric methane oxidisers to ensure representation of this
group, as no cultured isolates are available [22-24], and a
recently characterised mycobacterial MOB that encodes
the soluble methane monooxygenase (mmoX) [25]. All
information regarding the custom database, including
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genome accession numbers, source environment, and
genome completeness metrics (assessed using CheckM2
v1.1.0), is provided in Table S1.

A phylogenomic tree of MOB genomes was gener-
ated using the GToTree workflow (v1.7.00). The GToTree
pipeline predicts genes using Prodigal (v2.6.3), searches
for a panel of 74 bacterial single copy marker genes
(SCGs) from genomes using HMMER3 (v3.3.2), aligns
the retrieved genes with Muscle (v5.1.linux64), trims
those alignments with trimAl (v1.4.revl5), concatenates
the trimmed alignments and then performs phylogenetic
reconstruction with FastTree (v2.1.11) [26-31].

To investigate the potential for plasmid-mediated dis-
semination of Ln-associated genes, we searched the
IMG/PR database (https://img.jgi.doe.gov/cgi-bin/plasm
id/main.cgi) [32] for plasmids. Specifically, we used
BLASTP with reference sequences to retrieve lanM,
lanP, and TonB-dependent receptors (lanA and lutH-like
genes) from the plasmid database. This analysis was not
restricted to methanotrophs, as our goal was to assess
the broader taxonomic distribution of Ln-related trans-
porters on plasmids and their potential role in horizontal
gene transfer. To assess the expression of Ln-associated
MOB-specific genes in the environment, we analysed
the assembled metatranscriptomes of Lake Washing-
ton microbial communities (Study name: Freshwater
Sediment Methanotrophic Microbial Communities from
Lake Washington under Simulated Oxygen Tension) [33]
available via the IMG portal. This dataset was selected
because it provides high-resolution transcriptomic data
from methane-enriched microcosms with a well-charac-
terised community structure. Our objective was to per-
form a focused, proof-of-concept ecological assessment
of Ln-associated gene expression in a relevant environ-
mental context, rather than a broad global survey.

Sequence similarity search, curation, and phylogenetic
tree construction

In order to retrieve homologues for specific genes, we
carried out searches (E-value cut off 1e-30) with specific
hidden Markov model (HMM) profiles in the custom
MOB genomes database using the HMMER tool (v3.4)
[34]. HMM profiles from KOFAM [35] were used for
MxaF and XoxF, and custom HMMs were developed for
the remaining genes using RefSeq gene sequences. Hom-
ologues flagged by the HMM searches were retrieved
from the MOB protein database by Seqkit (v2.9.0; [36]).
The recovered sequences were then concatenated with
curated reference sequences and were subsequently
aligned using Clustal Omega (v1.2.4) with default param-
eters [37]. Conserved regions in the alignments were
identified and trimmed using trimAl (v1.5. rev0) with the
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option —automatedl [27], and finally, a phylogenetic tree
of the resulting aligned and trimmed sequences was con-
structed using FastTree (v2.1.11) with 1,000 replicates for
bootstrap [28]. The phylogenetic trees were then used for
manual curation of the retrieved homologues.

Homologues of specific Ln-dependent enzymes and
transporters in plasmids and lake sediment metatran-
scriptomes databases were retrieved using the BLASTP
(E-value cut off 1e-30; as described previously in
[38]) within the IMG portal (Details on specific query
sequences are included in Table S2). To remove any
redundancy and for ease of analysis, candidate hits were
clustered at 100% using CD-HIT [39]. Hits were curated
for sequence length using CD-HIT, and sequences
shorter than the specified length were discarded. Follow-
ing clustering, downstream processing was carried out,
as mentioned above, to build representative phylogenetic
trees for each gene. Phylogenetic trees were visualised
and annotated with metadata using the interactive tree of
life (iTOL v5) tool [40].

For the genes with biochemically characterised motifs
and domains, we analysed all the potential hits from the
MOB genomes, plasmids, and metatranscriptomes to
identify and bona fide sequences. Because each LanM
protein contains four motifs corresponding to its EF-
hand domains, we created a single regular expression
(REGEX) pattern encompassing all four motifs. This pat-
tern was then used to identify bona fide LanM sequences.
A list of the motifs, REGEX patterns, and domains used
in the search is provided in Table S3. The motif and
domain analyses were done using Seqkit and the NCBI
Conserved Domain Database (CDD), respectively.

Growth experiments of Methylosinus trichosporium OB3b
under CeCl; and lanthanide ore treatments

Methylosinus trichosporium OB3b was initially cul-
tured in Nitrate Mineral Salts (NMS) medium [41].
Cells were grown to the late exponential phase in NMS
with 20% (v/v) methane (CH,), which was added to the
headspace via injection through the septum. The cells
were then harvested, washed twice, and transferred into
dilute Nitrate Mineral Salts (DNMS) medium, prepared
by tenfold dilution of NMS with ultrapure water, for
growth experiments involving lanthanide treatments (Ce
and ore). DNMS was specifically used in these experi-
ments to minimise background metal concentrations.
All media were prepared using ultrapure water (18 MQ
cm) obtained from an Elga Purelab Classic Life Science
water purification system (Veolia Water Technologies,
High Wycombe, UK). All experiments were conducted in
120 mL acid-washed glass serum vials, containing 20 mL
of media, with a 100 mL headspace for the gases. Four
different treatments were set up: (i) no added Ln, (ii) 25
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uM CeCl;, (iii) 250 mg mixed Ln ore, and (iv) ore without
cells (negative control). Each treatment was performed
in three biological replicates and incubated at 30 °C with
shaking (150 rpm) and with an initial headspace meth-
ane concentration of 20% (v/v). The concentration of
CeCl; was selected based on previous studies investigat-
ing the effect of lanthanides on methanotrophs [42-44].
The lanthanide ore used in this study is a pre-concentrate
derived from a rare earth element (REE) deposit in Lab-
rador/Newfoundland region of Canada. It is rich in lan-
thanide oxides, with cerium as the dominant component
(Table S4), and contains traces of other elements such
as aluminium (Al), niobium (Nb), and zirconium (Zr).
While ICP and XRF analyses provided reliable quanti-
fication of the major REEs, trace elements (Al, Nb, and
Zr) could not be accurately measured due to matrix com-
plexity and detection limitations. We acknowledge that
the REE concentrations in the Ore treatment are substan-
tially higher than those typically encountered in natural
environments where M. trichosporium OB3b may occur;
however, this experimental setup was intended to probe
the organism’s physiological response to a complex, less
bioavailable Ln source and to explore its relevance to
potential biotechnological applications such as biomin-
ing or biorecovery of Ln from geological materials. The
optical density (ODg,) of the cultures and CH, concen-
tration were measured daily to monitor growth and CH,
oxidation using a Clariostar microplate reader (BMG
Labtech) and an Agilent 7890B system equipped with a
flame ionisation detector, respectively. However, opti-
cal density measurements were attempted but could not
be reliably obtained for the ore-treated cultures due to
interference from suspended particles. For the gas chro-
matography, a FuSED-silica column (TG-5MS, 5% phe-
nyl methylpolysiloxane) was used with helium (>99.9%
purity) as the carrier gas at a flow rate of 1.2 mL/min.
Both the front inlet and detector were set at 300 °C, with
an inlet pressure of 4.5 psi.

Proteomics analysis

Cells were harvested at the end of the experiment
through centrifugation, then resuspended in 1 mL of
ddH,O and mixed with 200 pL 2X Laemmli buffer. Only
three biological replicates were selected for each condi-
tion. Samples were boiled at 98 °C for 15 min, after which
30 pL was loaded onto a precast NuPAGE Bis—Tris gel
(Invitrogen) and electrophoresed for 5 min at 200 V.
The gel was stained with Coomassie Brilliant Blue and
destained overnight in ddH,O. The stained region con-
taining all proteins was excised, cut into small pieces, and
subjected to in-gel tryptic digestion. Briefly, gel pieces
were dehydrated in ethanol, reduced with 50 mM Tris-
(2-carboxyethyl) phosphine hydrochloride, alkylated with
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200 mM 2-chloroacetamide (CAA), and digested over-
night at 37 °C using 2.5 ng/uL sequencing-grade trypsin
(Roche).

Peptides were extracted using a formic acid-acetoni-
trile solution (5%:25%, v/v), dried in a speed vacuum
concentrator, and resuspended in acetonitrile-trifluoro-
acetate (2%:0.1%, v/v) for the nanoLC-ESI-MS/MS run.
Peptide separation was performed using an Ultimate
3000 RSLCnano (Dionex-LC Packings) equipped with
two C18 columns: an Acclaim PepMap p-precolumn
cartridge (300 pm i.d.x5 mm, 5 pm, 100 A; Thermo
Fisher Scientific) and a Bruker nanoElute Forty ana-
lytical column (75 pm x40 cm, 1.9 um). Mobile phase
A consisted of 0.1% formic acid in water, and mobile
phase B was 0.1% formic acid in acetonitrile. The gradi-
ent program was as follows: 4% to 25% B over 36 min,
25% to 35% B over 10 min, 35% to 90% B over 3 min,
followed by a 10 min re-equilibration at 4% B. The flow
rate was maintained at 350 nL. min™'. The Ultimate 3000
RSLCnano was coupled online to a hybrid timsTOF
Pro mass spectrometer (Bruker Daltonics, Germany)
via a CaptiveSpray nano-electrospray ion source [45].
The instrument operated in Data-Dependent Paral-
lel Accumulation-Serial Fragmentation (PASEF) mode.
Peptides were separated by ion mobility according to
their collisional cross sections and charge states. Acqui-
sition settings were as follows: mass range 100-1700
m/z, ion mobility range 1/K, (Start: 0.6 Vs/cm? End:
1.6 Vs/cm?), ramp rate 9.42 Hz, and 100% duty cycle.
Fragmentation spectra were acquired using PASEF, and
peptide identification was performed by matching MS/
MS spectra against the M. trichosporium OB3b protein
database using the MaxQuant software package.

The label-free quantification (LFQ) was performed
according to the framework described by Cox and Mann
[46], with default parameters and the ‘match between
runs’ function enabled. Comparative proteomics analysis
was performed using Perseus software (v1.6.5.0; MPI of
Biochemistry). Statistical significance was assessed using
a two-sample t-test, applying a false discovery rate (FDR)
threshold of 0.01 and 0.05. While a log2 fold change of +2
is often used as a benchmark for biological relevance,
in this study, all proteins that passed the FDR threshold
were considered significantly differentially expressed,
regardless of the magnitude of fold change. Only pro-
teins present in all replicates of at least one condition
were considered valid. The proteomics data have been
deposited in the ProteomeXchange Consortium via the
PRIDE [47] partner repository with the dataset identifier
PXD063434.

The dataset was manually interrogated for changes in
known lanthanide- and methanotrophy-related gene
products. Functional assignment of gene products was
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performed using the KEGG Orthology (KO) database,
based on the functional ortholog (K number) assign-
ments of individual proteins in the IMG database.

Results and discussion

We performed a targeted survey of the “lanthanome”
in aerobic MOBs using a custom database of 179 MOB
genomes that included 101 Gammaproteobacteria, 60
Alphaproteobacteria, 17 Verrucomicrobia and 1 Actino-
mycete (Fig. 2a, Table S5). At the family level, the Meth-
ylococcaceae dominate with 97 representatives, while
at the genus level, Methylomonas (39) show the highest
representation, followed by Methylocystis (28). The key
genes we surveyed encode the methanol dehydrogenases
and known lanthanide transporter proteins (Lanmodu-
lin, LanPepSY, LanA, and LutH), which together consti-
tute the major known components of the lanthanome.
We curated the hits to identify bona fide sequences that
could be attributed to each functional class through phy-
logenetic trees, as well as domain and motif analyses.

Distribution of methanol dehydrogenases in MOB
genomes and sediment metatranscriptomes

Our genome-wide survey using key biomarker genes
revealed the distribution pattern of variants of lantha-
nide-dependent (XoxF1, XoxF2, XoxF3, and XoxF5) and
calcium-dependent methanol dehydrogenases (MxaF)
(Table S5). A total of 175 out of the 179 MOB genomes
in our database harboured at least one copy of the
MDH, with several genomes possessing multiple copies
of specific MDH variants, especially within the mem-
bers of the Proteobacteria MOBs (Fig. 2). The four MOB
genomes that do not have any canonical MDH include
the recently characterised Actinobacterial MOB (Candi-
datus M. methanotrophicum): the only Mycobacterium
shown to oxidise methane and 3 Alphaproteobacterial
genomes (Methylovirgula sp. 4M-7218, Methylocapsa sp.
$129, and Methylocella sp. CPCC 101449) (Fig. 2a). All
four genomes possess methane monooxygenase (MMO)
genes (pmoA or mmoX), consistent with previous reports
identifying them as methanotrophs. Although they lack
canonical mxaF or xoxF genes, these organisms have

(See figure on next page.)
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been shown to use alternative methanol oxidation strat-
egies. These include NAD-dependent MDH and other
non-canonical oxidoreductases found in Methylovirgula
and Methylocapsa, respectively [48]; or broad-substrate
alcohol dehydrogenases in Methylocella [49] and Candi-
datus M. methanotrophicum [25], enabling them to oxi-
dise methanol in the absence of classical MDH enzymes.
The gammaproteobacterial Methylogaea oryzae JCM
16910 is the only organism in our database with two cop-
ies of mxaF but none of the xoxF variants.

A total of 154 mxaF and 288 xoxF hits, including
multiple copies in single MOB genomes, were recov-
ered, with the highest proportion of hits (71.9%) affili-
ated with xoxF5 and the lowest (3.8%) affiliated with
xoxF1 (Fig. 2b). No xoxF4 variant was detected in MOB
genomes, and it is well established that this clade occurs
only in members within the family Methylophilaceae
[12]. Most of the proteobacterial MOBs possess both
mxaF and xoxF5, consistent with the findings of Huang
and colleagues [50]. This further confirms the metabolic
potential of methanotrophs to switch between using
lanthanides or calcium, depending on the availability of
either cofactor in their environment, commonly referred
to as the “lanthanide switch”

The woxF5 variant, the most prevalent and widely
distributed variant among the xoxF genes in our sur-
vey, is harboured only by members of Proteobacte-
rial MOBs (Fig. S1). Most of the Alphaproteobacterial
MOB genomes (56 out of 60 genomes) harboured the
xoxF5 variant, with several genomes possessing more
than one copy of the xoxF5 variant, e.g. Methylosinus sp.
Ce-a6 harbours four xoxF5 variants, and 13 other MOB
genomes, each possessing three copies of xoxF5. These 13
genomes belong to the genera Methylocystis (7), Methy-
losinus (4), Methyloferulla (1) and Methylovirgula (1).
The xoxF5 gene is widely distributed among methano-
trophs and methylotrophs. Phylogenetic analysis revealed
that these xoxF5 sequences form several distinct clades,
consistent with previous studies showing taxon-specific
diversification within the woxF5 family reflecting func-
tional and evolutionary divergence across taxa [12, 51].
In gammaproteobacterial MOBs, xoxF5 was detected in

Fig. 2 Phylogenomic distribution of methanol dehydrogenases and lanthanide-related genes in aerobic MOB. A Phylogenomic tree of 179
MOB genomes, constructed from single-copy marker genes and visualised using iTOL. Tree nodes are coloured by taxonomic class, and label
colour ranges indicate bacterial families. The grey bar beside each genome represents genome completeness (%), while the colour strip shows
the broad-scale environment of isolation. A heatmap shows the copy number of MxaF (blue), XoxF clades (green), and other lanthanome
genes (red). The cells of the heatmap are shaded according to copy number, which is also displayed as text within each cell; cells with a copy
number of zero were not rendered. Bootstrap support values (based on 1,000 replicates) are shown on nodes to one decimal place. B Stacked
bar chart showing the distribution of each gene across major MOB taxonomic classes. Bars represent the percentage of genomes within each
class containing the respective gene. The numbers in the squares on top of the bars show the number of genomes containing multiple copies

of the gene
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all genomes except in Methylogaea oryzae JCM 16910.
Only three gammaproteobacterial genomes (Methy-
lospira mobilis Shml, Methylospira mobilis SPMX and
Methylococcus sp. EFPC2) harboured multiple copies of
the xoxF5 gene, with each genome possessing two cop-
ies only (Table S5). The multiple copies of xoxF5 detected
in the MOB genomes exhibit a patchy phylogenetic dis-
tribution pattern, with some copies clustering within the
same clade and others grouping into distinct clades. This
observed variation in the phylogenetic tree could pro-
vide insights into the potential evolutionary dynamics
and divergent functional roles of the xoxF5. In genomes,
such as Methyloferula stellata AR4 and Methylovirgula
sp. HY1 that harbour three copies of xoxF5, all clus-
tered within the same clade, suggesting recent duplica-
tion events and possible functional redundancy [52]. On
the contrary, in other genomes, such as Methylosinus sp.
Ce-a6 and Methylosinus sp. PW2, not all copies of xoxF5
clustered together phylogenetically (Fig. S1), potentially
suggesting more ancient duplication events and subse-
quent divergence. This divergence may reflect adaptation
to varied ecological niches, cofactor preferences, or sub-
strate specificities [6, 53].

The xoxF2 variant was only detected in verrucomicro-
bial MOBs (Fig. S2). In fact, all the Verrucomicrobiota
harbour only XoxF2 as their MDH, except for four Ver-
rucomicrobiota incertae sedis genomes (all belonging to
the genus Methylacidimicrobium), which possess both
XoxF1 and XoxF2 variants. This suggests functional spe-
cialisation of XoxF to these organisms, enabling them to

Emm Gammaproteobacteria

>
X
S

N &
N %

Gene
Verrucomicrobia

metabolise methanol under distinct environmental con-
ditions or with different cofactors.

XoxF1 was detected in five Alphaproteobacteria (three
within the genus Methylocella, one Methylovirgula and
one Methylocystis) isolated from acidic soils, and the only
four Verrucomicrobiota incertae sedis genomes isolated
from acidophilic/thermophilic environments [54]. The
distribution of xoxFI, particularly in organisms present
in acidic and high-temperature environments, suggests
that the gene may confer ecological advantages to the
organisms under such extreme conditions, playing a sig-
nificant role in adaptation to pH and cofactor changes [4,
12]. Only the Methylovirgula ligni BW863 has multiple
copies of xoxF1, possessing three copies, with two copies
clustering together, while the other copy is grouped into a
separate clade (Fig. S3).

Forty-five MOB genomes harboured the xoxF3 vari-
ant that includes 23 Alphaproteobacteria and 22 Gam-
maproteobacteria MOB. Six genomes possessed multiple
copies: one alphaproteobacterial MOB, Methylocystis
echinoides LMG27198, and five gammaproteobacterial
MOBs belonging to the genera Methylocaldum (3) and
Methylomonas (2). Although the multiple copies in
each genome cluster distinctly into separate clades, the
genes from members of the same genus cluster together
(Fig. S4). The lack of clustering of copies from the same
organism suggests divergent evolution and possibly dis-
tinct functional roles of the different xoxF3 copies within
individual genomes. Moreover, the gene copies that clus-
ter closely with those from other organisms of the same
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genus indicate that horizontal gene transfer (HGT) may
have occurred. This is common in MOB as they often
exchange genetic material to adapt to various environ-
mental conditions [55].

To understand the distribution of xoxFs and mxaF
in the natural environment, we analysed assembled
metatranscriptomes from Lake Washington sediment
microbial communities [33] for the presence of MDH
transcripts. Although methane was supplied as the sin-
gle carbon source, the resulting datasets include tran-
scripts from both methanotrophs and methylotrophs
that were transcriptionally active under the experi-
mental conditions. A BLASTP search of the metatran-
scriptome returned over 6800 hits. However, most
sequences were fragmented, so a length cutoff of >500
amino acids was applied to retain only Full-length or
near Full-length MDH transcripts. A total of 535 tran-
scripts were retained for the final phylogenetic analysis.
All xoxF variants were detected in the metatranscrip-
tomes except xoxF2, highlighting that MOB

(A)

Sequence Sources
i Genome hits
I Metatranscriptome hits

MDH Variants
[ xoxF1
[ ] xoxF2
[ xoxF3
[7] XoxFa
[ xoxFs
[ mxaF
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XoxF-MDHs are expressed and actively involved in the
methane oxidation pathway, i.e. catalysing the oxida-
tion of methanol to formaldehyde. However, more than
50% of the xoxFs identified in the metatranscriptomes
were affiliated with the xoxF4 clade, a group of MDH
mainly found in non-MOBs (Methylophilaceae) (Fig. 3).
This is unsurprising, giving that Methylophilaceae are
ubiquitous in the environment, including in freshwater
ecosystems [56]. Studies in Lake Washington have also
provided evidence of a cooperative metabolic relation-
ship between Methylophilaceae and MOB [57, 58]. The
majority of xoxF metatranscripts are phylogenetically
linked to MOB, particularly Methylobacter, a dominant
MOB in freshwater environments. Notably, among the
94 xoxF5 metatranscripts identified, only two (~2% of
the xoxF5 retained for analysis, both assigned to Burk-
holderiales) were not associated with MOB.

Although our primary plasmid analysis focused
on Ln-associated transporters (LanM, LanP, LanA,
and LutH), a preliminary BLASTP search of the IMG

&

& @ &
QO

Fig. 3 Distribution of MxaF and XoxF methanol dehydrogenases in MOB genomes and metatranscriptomes. A Circular phylogenetic tree showing
XoxF sequences retrieved from 179 MOB genomes (grey colour strips) and from Lake Washington sediment metatranscriptomes (MTR, red colour
strips). Sequences corresponding to MxaF, XoxF4, and related alcohol dehydrogenases were included in the analysis but are collapsed into single
groups for clarity. B Rectangular phylogenetic tree with all clades collapsed. Numbers in parentheses indicate the number of sequences per clade.
The letters G and M denote the number of genome and metatranscriptome hits, respectively. Coloured ranges indicate different XoxF variants.
Bootstrap values (1,000 replicates) are shown on nodes to one decimal place. Trees were annotated using iTOL
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plasmid protein database revealed xoxF-like sequences
on several plasmids from diverse taxa, including methy-
lotrophs (data not shown). This suggests that the capac-
ity for Ln-dependent methanol oxidation may, in some
cases, be plasmid-encoded.

Overall, our genome and metatranscriptome sur-
vey highlights the diverse distribution patterns and

Related dehydrogenases (66)

XoxF2 (G:17 M:0)

evolutionary dynamics of methanol dehydrogenases in
MOBs, with clear lineage-specific preferences for par-
ticular MDH variants. By classifying the source environ-
ments of the genomes using metadata from NCBI, we
observed recurring associations between specific MDH
types and broad habitat categories. For instance, xoxF5
was prevalent among proteobacteria from aquatic and
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terrestrial environments, xoxF2 was largely restricted to
Verrucomicrobiota from geothermal habitats, and xoxF1
appeared in some organisms from acidophilic or thermo-
philic environments. These associations suggest that dif-
ferent MDHs may be ecologically specialised, potentially
reflecting functional adaptation to metal availability or
environmental conditions.

Distribution of lanthanide transporters in MOB genomes,
plasmids, and metatranscriptomes

The lanthanide-binding and transport proteins also show
interesting patterns. While the lanthanide-binding pro-
tein LanM is only present in Alphaproteobacteria, the
TonB-dependent receptor LanA and the Ln-binding
protein LanPepSY were primarily found in the gam-
maproteobacterial MOB genomes. The LutH-like pro-
tein (also a TonB-dependent receptor) is more widely
distributed and abundant than any other lanthanome
candidate investigated, occurring across all MOB phyla
(Fig. 2b). The presence or absence of specific transport-
ers may have important metabolic implications. Organ-
isms encoding LanM, LanP or LanA may have more
efficient or specific mechanisms for lanthanide acquisi-
tion, potentially enabling faster or more robust activation
of lanthanide-dependent enzymes such as XoxFs [1, 4].
Conversely, the widespread distribution of the LutH-like
receptor suggests it may represent a more generalist or
basal lanthanide uptake route. These differences in trans-
port machinery may influence how effectively organisms
can scavenge scarce lanthanides from their environment,
ultimately affecting their ability to thrive in metal-limited
niches. Thus, the diversity of lanthanide transporters
across MOBs may contribute to ecological fitness and
niche differentiation in lanthanide-variable environments
[4, 13].

LanA from Methylotuvimicrobium buryatense [17] and
CQW49_RS02145, a protein recently found in Methyl-
osinus trichosporium OB3b and homologous to the LutH
of Methylorubrum extorquens AM1 [18], are the only
characterised lanthanide transport proteins identified in
MOBs to date.

Lanmodulin (LanM) was the first lanthanide-selective
chelator to be discovered in M. extorquens, and it pro-
vided valuable insights into how Ln are selectively recog-
nised and transported in methylotrophs [16]. Although it
is similar to the calcium-binding protein calmodulin, as it
possesses metal-binding EF hands, LanM was shown to
uniquely respond to picomolar concentrations of all Ln®*
while responding to Ca** at millimolar concentrations—
a remarkable 100-million-fold selectivity for Ln** over
Ca?" [16]. Our genome-wide survey detected the pres-
ence of LanM only in the MOB genomes belonging to the
families Methylocystaceae and Beijerinkiaceae, which is
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consistent with the findings of Mattocks and colleagues
[59]. We also identified 19 LanM sequences located on
plasmids, including one from a methanotroph (Methy-
locystis sp. MGA3063736.1) and 18 from methylotrophs,
comprising 15 from Bradyrhizobium, one from Mes-
orhizobium sp., and one each from Methylobacterium
nodulans and Methylorubrum aminovorans (Fig. 4a). The
presence of this gene in plasmids suggests its potential
role in the survival and adaptation of these organisms to
specific environments, as well as the potential for hori-
zontal transfer of the gene to other bacteria. Further sup-
port for horizontal gene transfer (HGT) comes from our
phylogenetic analysis of Lanmodulin (LanM) proteins,
which revealed that three Methylocella strains (family
Beijerinckiaceae, class Alphaproteobacteria) formed a
well-supported clade with a homolog from Derxia lacus-
tris, a member of the Betaproteobacteria (Fig. 4a). This
unexpected grouping across distinct bacterial classes
suggests phylogenetic incongruence, a hallmark of
HGT. In addition, a BLAST search of the Derxia LanM
sequence revealed moderate similarity (67% identity) to
Methylobacterium, an alphaproteobacterium, further
suggesting that homologous lanM sequences are shared
across distant methylotrophic lineages. Together, the
plasmid localisation and phylogenetic patterns support
the hypothesis that LanM may be subject to horizontal
gene transfer across taxonomically diverse methano-
trophic and methylotrophic lineages.

Due to the close sequence relatedness of LanM and
calmodulin, we performed a motif analysis to distin-
guish bona fide sequences from potential false positives.
We used the identified motifs of the two biochemically
characterised LanM from M. extorquens (Mex) and
Hansschlegelia quercus (Hans) and created a single regu-
lar expression (REGEX) pattern (Fig. 4b) for identifying
LanM sequences. These motifs are functionally signifi-
cant, as they are associated with lanthanide binding and
are essential for LanM activity [59, 60]. The motif analy-
sis revealed that 17 MOB genome sequences (2 Methy-
locella and 15 Methylocystis) contained motifs matching
Mex-LanM, supporting their identification as bona fide
LanM and suggesting that LanM variants in MOBs are
more similar to the Mex-type. At the same time, only one
metatranscript was identified to encode a bona fide LanM
(Fig. 4a), and no sequences matched the Hans-LanM. We
also screened for the canonical bacterial EF-hand calmo-
dulin motif (Table S3) to identify potential false positives;
only one sequence from Methylovirgula ligni BW863 was
detected (Fig. 4a). Sequences lacking known motifs may
represent LanM or calmodulin variants with novel or
divergent features not captured by the Mex-LanM or the
calmodulin EF-hand motifs used in this analysis.
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Fig. 4 Distribution and diversity of Lanmodulin (LanM) in MOB genomes, plasmids, and metatranscriptomes. A Circular phylogenetic tree
showing LanM sequences identified from MOB genomes (label coloured ranges), plasmids (blue strips), lake sediment metatranscriptomes (red
strips), and reference sequences (grey strips). Red circles indicate bona fide LanM sequences matching the Mex-LanM motif, while the green circle
represents a sequence with a calmodulin-like EF-hand motif. Bootstrap values (1,000 replicates) are shown on nodes to one decimal place. B The
Mex- and Hans-LanM motifs from the biochemically characterised proteins [59]

LanPepSY (LanP), a lanthanide-binding protein, was  domains, LanP is the first member of the PepSY fam-
recently discovered in the obligate methylotroph Meth-  ily shown to bind lanthanides [21]. Our survey (Fig. 5a)
ylobacillus flagellatus. Characterised by two PepSY revealed that LanP was predominantly detected within
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Methylococcales genomes belonging to the family
Methylococcaceae, with a single hit identified in Methy-
lothermaceae (Methylohalobius crimeensis). Additionally,
five plasmid hits within the Methylococcaceae (Methy-
lomonas sp., Methylomicrobium sp., Methylobacter sp.,
and Methylomonas methanica) were found to encode
LanP. In Lake sediment metatranscriptomes, we recov-
ered 406 sequences, confirming their active expression
in this environment. After curation based on length cut-
off and clustering to reduce redundancy, 132 sequences
remained and were used for construction of the phyloge-
netic tree.

To verify the authenticity of the retrieved LanP
sequences, we searched for the PepSY domain in all 249
curated sequences (from genomes, metatranscriptomes,
and plasmids) using the Conserved Domain Database
(CDD). All sequences contained the two characteristic
PepSY domains, each approximately 60 amino acids in
length, confirming their identity as bona fide LanP pro-
teins (Fig. 5b). Although LanP appears taxonomically
restricted to a few MOB families, the genomes encod-
ing it were isolated from diverse environments includ-
ing agricultural soils, aquatic sediment, and thermal
habitats. Its expression in a single lake water metatran-
scriptome suggests that it is actively expressed in natural
ecosystems under certain environmental conditions, sup-
porting its potential ecological relevance.

We also analysed the TonB-dependent receptors LanA
and LutH, first identified in Methylotuvimicrobium bury-
atense 5GB1C and M. extorquens AMI, respectively.
Both genes were found to be crucial in controlling the
lanthanide switch in these organisms, particularly in
the lanthanide uptake system [17, 20]. LanA from M.
buryatense 5GB1C was the first lanthanum receptor
identified in a methanotroph. Recently, Shiina and col-
leagues [18] identified a lutH-like gene in Methylosinus
trichosporium OB3b. Our work revealed that LanA is
widely distributed in MOBs, predominantly within the
Methylococcaceae family. We also detected two LanA
genes from the family Crenotrichaceae and one each
from Methylothermaceae, Methylocystaceae, and Beijer-
inckiaceae. Interestingly, this gene was also identified in
metatranscriptomes related to Methylobacter, Methylo-
monas, and Methylotenera; however, while several LanA
were found in plasmids, none related to MOB was found
(Fig. 6a). Similarly, the /utH-like gene was found in all the
MOB families where lanA was detected, including the
Methylococcaceae, Crenotrichaceae, Methylothermaceae,
Methylocystaceae, Beijerinckiaceae, as well as in Methy-
lacidiphilaceae and unclassified Chromatiales. LutH was
also found in metatranscriptomes and plasmids (Fig. 6b).
Interestingly, the evolutionary relationships of lanA and
lutH-like genes do not align with the known phylogeny
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of their host organisms. This mismatch, known as phy-
logenetic incongruence, suggests that some of these
genes may have been acquired through horizontal gene
transfer, especially given their presence on plasmids from
unrelated taxa.

This study focuses on the distribution of lanthanide-
associated genes across a curated dataset of verified
aerobic methanotroph genomes. While informative, the
dataset reflects the current availability of high-quality
isolate genomes and is constrained by the taxonomic rep-
resentation within publicly curated databases. As such,
the observed patterns, such as apparent lineage-specific
gene presence, should not be interpreted as representa-
tive of all methanotrophic diversity. Statistical inference
was not applied here, as the dataset was assembled pri-
marily for gene discovery and contextual analysis in
well-characterised MOB genomes rather than for broad
phylogenetic generalisation. Future studies would benefit
from expanding this approach to include uncultivated
and environmentally abundant methanotrophs. Leverag-
ing comprehensive resources such as the Genome Taxon-
omy Database (GTDB) could enhance the phylogenetic
breadth and ecological representation of MOB, enabling
more profound insights into the distribution and evolu-
tion of lanthanide-associated traits across diverse micro-
bial lineages.

Impact of cerium and mixed lanthanides on methane
oxidation and protein expression in M. trichosporium OB3b
Rare earth elements (REE) are naturally present in the
environment, where they predominantly occur as insolu-
ble oxides. To investigate how an aerobic MOB responds
to this environmentally relevant form compared to the
commonly used soluble laboratory form (CeCl;), we
assessed methane oxidation of M. trichosporium OB3b
under three conditions: no added lanthanides (No Ln),
with cerium (Ce), and with a lanthanide-rich ore. These
treatments revealed distinct patterns in bacterial meth-
ane oxidation activity in response to the presence and
absence of different Ln sources (Fig. 7). The longest lag
phase was observed in the ore-treated culture, followed
by the Ce-treated culture, while the No Ln control exhib-
ited the shortest lag phase. These differences suggest that
M. trichosporium OB3b requires additional time to adjust
its regulatory and metabolic pathways in the presence of
lanthanides. In particular, the Ore treatment likely pre-
sents additional physiological challenges due to its het-
erogeneous, relatively insoluble composition, which may
require greater cellular effort for metal solubilisation,
uptake, and coping with potential toxicity. In contrast,
the Ce treatment may allow faster adaptation as Ce®* is a
single, soluble cofactor, reducing the complexity of metal
handling.
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Fig. 5 LanPepSY (LanP) in MOB genomes, plasmids and metatranscriptomes. A Circular phylogenetic tree of LanP sequences identified in MOB

genomes (coloured ranges), plasmids (blue strips), lake sediment metatranscriptomes (red strips), and reference sequences (grey strips). The tree
was annotated using iTOL. Coloured ranges indicate bacterial families. Bootstrap support values (based on 1000 replicates) are shown on nodes
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Fig. 6 Phylogenetic distribution of LanA and LutH-like sequences in MOB genomes, plasmids, and metatranscriptomes. Circular phylogenetic
trees showing all retrieved A LanA and B LutH-like sequences from MOB genomes (coloured ranges), plasmids (blue strips), lake sediment
metatranscriptomes (red strips), and reference sequences (grey strips). The trees were annotated using iTOL; label colour ranges indicate MOB
families. Bootstrap support values (based on 1,000 replicates) are shown on nodes to one decimal place

Although we attempted to track biomass accumula-
tion using optical density measurements, this was not
feasible for the ore-treated cultures due to interfer-
ence from suspended fine particles. Therefore, we used
methane consumption as a proxy for metabolic activ-
ity and growth. As previously reported, the presence
or absence of lanthanides can influence the growth and
methane oxidation rates of methanotrophs, including
M. trichosporium OB3b and related species [4, 61, 62].
Despite longer lag phases in the Ln-treated cultures,
the average methane oxidation rate calculated between
24 and 96 h was comparable across all treatments,
approximately 0.08% CH, hr™'. Specifically, the high-
est methane oxidation rate was observed in the control
treatment (0.17% CH, hr ! between 24 and 48 h), while
the OB3b+Ce and OB3b+ Ore treatments exhibited
slightly lower rates (0.11% CH, hr™! between 48 and
72 h). These results suggest that although methane oxi-
dation may be delayed in the presence of lanthanides,
M. trichosporium OB3b can adapt to their presence and

ultimately achieve similar methane oxidation capaci-
ties as cultures grown without Ln. This implies that
environmentally or geologically relevant lanthanide
sources, when present in sufficient quantities, can sup-
port methane oxidation by MOBs following an initial
period of acclimation. Future studies should, however,
consider lanthanide concentrations that reflect typical
environmental levels to enhance ecological relevance.

It is worth noting that, while we did not determine gene
expression during the lag phase, our endpoint proteomic
analysis revealed marked differences in protein expres-
sion between treatments, particularly among lanthanide
transporters and enzymes (Table 1). These changes sup-
port the hypothesis that the lag phase involves a regula-
tory and metabolic shift required for efficient lanthanide
acquisition and utilisation, supporting the view that
physiological plasticity in bacteria, especially in protein
synthesis and metabolic adaptation, may contribute to
the lag phase [63—65].
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Fig. 7 Methane oxidation by M. trichosporium OB3b in the presence
and absence of lanthanides (cerium and mixed lanthanides).
Methane concentrations (% v/v) were monitored over 6 days

in triplicate batch incubations. Data represent mean values; error bars
indicate standard deviation (n=3)

Proteomic analysis revealed significant changes in
protein expression in both the Ce and Ore treatments
compared to the control. A total of 1,414 proteins were
detected, with 60 and 724 proteins showing significant
differential expression in the Ce and Ore treatments,
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respectively, compared to the no lanthanide control
(Table S6). The 12-fold greater number of differentially
expressed proteins in the Ore treatment compared to
the Ce-only treatment is likely attributable to the com-
plex nature and composition of the ore. The response
of M. trichosporium OB3b to the ore is likely not only
a response to the provision of lanthanides in a more
complex and less bioavailable form but also a response
to other metals in the ore, resulting in the induction of
various proteins, including those associated with stress
response and chemotaxis. This response is necessary
for the organism to adapt and thrive in its environment.
In the Ce-only treatment, among the 60 significantly
expressed proteins, 33 were upregulated, and 27 were
downregulated. In the Ore treatment, 144 proteins were
upregulated, while 580 were downregulated.

Our genome analysis of M. trichosporium OB3b
revealed the presence of genes encoding mxaFE xoxE3,
x0xES, lanM, and [utH-like TonB-dependent receptor.
Proteomic analysis confirmed the presence of the prod-
ucts of all these genes except LanM in both the Ce and
Ore treatments (Table 1). For LanM, only a single peptide
fragment was observed in the control and Ce samples;



Dandare et al. Environmental Microbiome (2025) 20:120

Page 17 of 20

Table 1 Differential expression of MDH and lanthanide-associated proteins in M. trichosporium OB3b in response to cerium (Ce) and
mixed lanthanide ore (Ore) treatments. Log, fold changes (log,FC) are shown for each treatment relative to the control (OB3b with no
lanthanide). Genes are grouped according to whether they were upregulated or downregulated in both treatments. LanM was not

detected as differentially expressed in either condition

Protein/locus number Putative Function log,FC log,FC
(Ce) (Ore)

Upregulated in cerium and ore treatments compared with no lanthanide

XoxF3 (MettrDRAFT_1695) Methanol dehydrogenase large subunit (Ln**-dependent, XoxF3-type) 7.66 537

XoxF5 (MettrDRAFT_1984) Methanol dehydrogenase large subunit (Ln3*-dependent, XoxF5-type) 265 452

XoxJ (MettrDRAFT_1694) Cytochrome ¢, putative electron acceptor for XoxF-type MDH 2.16 0.83

TonB-dependent Outer membrane receptor for siderophores/lanthanophores, may mediate Ln uptake 244 1.68

siderophore receptor

(MettrDRAFT_4452)

ABC transporter Cyclic peptide export ABC transporter; component of possible lanthanophore or metal transport ~ 4.77 1.68

(MettrDRAFT_4451) system

Downregulated in cerium and ore treatments compared with no lanthanide

TonB-dependent Lanthanide/iron complex outer membrane receptor protein. Mediate Ln uptake -3.16 -1.92

receptor (LutH-like)

(MettrDRAFT_0198)

MxaF (MettrDRAFT_1978) Methanol dehydrogenase large subunit (Caz*-dependem, MxaFl-type) -3.63 —-232

MxaA (MettrDRAFT_1972) Methanol dehydrogenase small subunit (Ca?*-dependent, MxaFI-type) -3.03 —411

Mxal (MettrDRAFT_1977) Cytochrome cl; electron acceptor for MxaFI-type MDH -57 —44

MxaC (MettrDRAFT_1971) Mxa methyltransferase, function in MDH maturation/assembly -133 —-2.05

MxaD (MettrDRAFT_1968) MxaD protein, involved in MDH assembly or regulation -53 —5.84

MxaK (MettrDRAFT_1970) MxaK, methanol utilization (possible kinase/regulator) —-287 —3.49

MxaL (MettrDRAFT_1969) Mxal, periplasmic protein, function in MDH maturation/assembly 0 —2.08

Not differentially expressed

LanM (MettrDRAFT_1017) Lanmodulin; high-affinity lanthanide-binding periplasmic protein ND ND

The data show the log2 fold-change (FC) of proteins upregulated or downregulated in both the cerium and ore treatments. Significance is based on FDR-adjusted

p-values. ND: Not detected

however, this fell below the MaxQuant threshold required
for confident identification/quantification. Furthermore,
the lanthanide-dependent enzymes XoxF3 and XoxF5
were upregulated, while the calcium-dependent MxaF
and the LutH-like protein were downregulated under
both conditions (Table 1). The gene encoding MxaF is
in a 12-gene cluster implicated in calcium-dependent
MDH activity, eight of which (including mxaF and mxaj)
were downregulated under both conditions. In contrast,
a homologous protein to Mxa], Xox], which is encoded
adjacent to xoxF3, was upregulated in both Ce- and ore-
treatment. The inverse expression/regulation of MxaF and
XoxF and their associated genes in response to lanthanide
bioavailability strongly suggests that XoxF lanthanide-
binding proteins play a critical role in the utilisation of
lanthanides in M. trichosporium OB3b. The inverse regu-
lation of MxaF and XoxF due to lanthanide availability has
been previously demonstrated [11].

Interestingly, LanM, which is known to respond to
picomolar concentrations of lanthanides in obligate
methylotrophs, was not expressed in the presence
of Ce or Ore treatments. This suggests that while M.

trichosporium OB3b possesses the lanM gene, it may
not be the primary gene responsible for lanthanide
acquisition and trafficking in this bacterium under
the growth conditions we have tested. Recent studies
by Shiina et al. (2023) demonstrated that the LutH-
like TonB-dependent receptor (CQW49_RS02145) is
required for the expression of XoxF in the presence of
cerium in a laboratory-adapted strain of M. trichos-
porium OB3b [18]. These findings imply a crucial role
for this gene in lanthanide uptake across the outer
membrane. However, in our study, the LutH-like gene
(MettrDRAFT_0198) was downregulated in both the
Ce and Ore treatments. This observation aligns with
findings by Gu and Semrau [42], who reported down-
regulation of the same gene (referred to as ADVE02_
v2_10208) in the presence of cerium and the absence
of copper. Such downregulation of the LutH-like gene
may be due to the high concentration of Ce, as metal
ion uptake systems are typically downregulated when
intracellular metal levels reach sufficient concentra-
tions to maintain homeostasis [66, 67]. Our findings
are consistent with MettrDRAFT 0198 LutH-like as a
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component of a primary route for lanthanide uptake
and trafficking in M. trichosporium OB3b. Its down-
regulation under elevated Ce conditions supports a
model in which the bacterium modulates uptake sys-
tems to avoid excess metal accumulation, thus main-
taining intracellular metal homeostasis. Although
copper has been shown to modulate the lanthanide
switch and influence expression of MDH in M. trichos-
porium OB3b [42, 44], no copper was added to either
the cerium or Ore treatments in our study, and no
substantial background copper was detected. There-
fore, the observed expression patterns, particularly the
upregulation of XoxF and the downregulation of MxaF
and LutH-like proteins, can be attributed primarily to
lanthanide exposure. These results support a model in
which lanthanides alone, without copper interference,
are sufficient to drive the switch in MDH expression
and associated metal uptake pathways under the tested
conditions.

The large number of proteins that are differently
affected by the two lanthanide sources, including some
48 transport-associated proteins, along with 19 puta-
tive molecular chaperones, may indicate proteins that
are necessary for liberating lanthanides from geological
sources and growing in the presence of the stresses, lan-
thanide-related and others, that such materials present.

Among the proteins significantly upregulated in
both Ce and Ore treatments, we identified a TonB-
dependent siderophore receptor (MettrDRAFT_4452)
and an adjacent cyclic peptide export ABC transporter
(MettrDRAFT_4451). This co-upregulation suggests a
coordinated role in lanthanide acquisition, potentially
through a lanthanophore-mediated mechanism simi-
lar to bacterial siderophore-iron uptake systems. Recent
work by Juma et al. (2022) demonstrated that Methylo-
bacterium aquaticum strain 22A utilises a siderophore to
solubilise lanthanides, facilitating their uptake through a
TonB-dependent receptor [68]. This raises the possibility
that M. trichosporium OB3b employs a similar strategy,
where the cyclic peptide export ABC transporter secretes
metal-chelating peptides that enhance lanthanide solu-
bilisation, while the TonB-dependent receptor mediates
uptake of the resulting lanthanide-peptide complex [68].
This system may represent an important alternative lan-
thanide-scavenging strategy in M. trichosporium OB3b,
distinct from the previously characterised LutH-like
transport pathway.

Conclusion

This study presents a focused genomic and proteomic
investigation of the lanthanome in aerobic MOB, inte-
grating isolate genomes, plasmids, environmental tran-
scriptomes, and laboratory proteomics. We show that

Page 18 of 20

lanthanoenzymes such as XoxF are distributed across
all major phyla, with xoxF5 being the most prevalent,
particularly among Proteobacteria, where multiple gene
copies often occur. In contrast, lanthanide transport-
ers show a more restricted and clade-specific distribu-
tion. LanM was detected only in alphaproteobacterial
MOBs, while lanA and LanPepSY were largely associated
with gammaproteobacterial MOBs, primarily within the
Methylococcaceae. The [utH-like gene showed the wid-
est phylogenetic distribution. These patterns suggest that
different methanotrophs employ distinct molecular sys-
tems for acquiring, trafficking, and utilising lanthanides,
with no universal transport mechanism across the group.
In addition to chromosomal genes, we detected lantha-
nide-associated genes on MOB and non-MOB plasmids,
suggesting potential roles in horizontal gene transfer and
rapid environmental adaptation. The detection of lan-
thanome transcripts in environmental metatranscrip-
tomes further supports their ecological activity in natural
systems.

Experimental analysis of M. trichosporium OB3b
exposed to soluble cerium and ore-derived lanthanides
revealed distinct condition-specific responses in meth-
ane oxidation and protein expression. While lag phases
differed, methane oxidation rates became compara-
ble following acclimation. Proteomic analysis showed
broader changes under Ore treatment, possibly due to its
complex mineral composition. The “lanthanide switch”
was evident, with upregulation of xoxF3 and xoxF5 and
downregulation of mxaF and its accessory genes. Inter-
estingly, although LanM is encoded in the genome, but it
was not detected at the protein level in any treatment.
The [utH-like gene was consistently downregulated under
both treatments, possibly reflecting regulatory control to
maintain intracellular metal homeostasis after uptake.

Together, our findings expand current knowledge
of the distribution, regulation, and potential mobility
of Ln-related systems in MOBs. The lanthanome gene
inventory, combined with proteomic and metatran-
scriptomic evidence, provides a valuable resource for
future functional and ecological studies. In particular,
the identification of diverse Ln-binding and transport
genes across genomes and plasmids highlights candidate
targets for biotechnological development. For instance,
engineered strains expressing specific Ln-binding or
transport proteins could be used to selectively bind,
solubilise, and extract lanthanides from low-grade ores,
mine waste, or electronic waste streams. Moreover,
understanding the regulation of these pathways may
support the development of biosensors and biocatalysts
for rare earth element recovery, contributing to sustain-
able bioprocessing technologies.
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