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Methane is a potent greenhouse gas and a target for near-term climate change mitiga-
tion. In many natural ecosystems, methane is sequestered by microbial communities,
yet little is known about how constituents of methane-oxidizing communities interact
with each other and their environment. This lack of mechanistic understanding is a com-
mon issue for many important microbial communities, but it is difficult to draw links
between available sequencing information and the metabolites that govern community
interactions. Here, we develop and apply a technique called inverse stable isotope prob-
ing—metabolomics (InverSIP) to bridge the gap between metagenomic and metabolomic
information and functionally characterize interactions in a complex methane-oxidizing
community. Using InverSIP, we link a highly transcribed biosynthetic gene cluster in the
community with its secondary metabolite product: methylocystabactin, a triscatecholate
siderophore not previously observed in nature. We find that production of methylocyst-
abactin is widespread among methanotrophic alphaproteobacteria and that it can be used
by another methanotroph in the community that does not produce this siderophore itself.
Functional assays reveal that methylocystabactin supports methanotroph growth and the
activity of the methane-oxidizing enzyme soluble methane monooxygenase under condi-
tions where bioavailable iron is limited, establishing an important molecular link between
methane-oxidation and the insoluble iron found in many natural environments. These
findings contribute to a molecular-level understanding of these environmentally important
bacterial communities and establish InverSIP as a broadly applicable genomics-guided
strategy for characterizing metabolites in microbial ecosystems.

methane | methanotroph | siderophore | stable isotope probing | metabolomics

Methane is a powerful greenhouse gas, with a global warming potential more than 80
times that of carbon dioxide over a 20-y period (1). Due to methane’s potency and
relatively short half-life, it is an important target for near-term climate change mitigation
(2, 3). In the environment, microbial communities provide a biotic sink for methane
(4, 5). Many of these consortia contain aerobic methane-oxidizing bacteria (methano-
trophs) that are metabolically linked to other bacteria that do not directly oxidize methane
themselves (6, 7). Despite the critical ecosystem function of these complex communities,
how the bacterial constituents interact with each other and their environment remains
understudied.

Efforts to functionally characterize bacterial interactions within complex communities
have lagged behind advances in sequencing-based approaches. While the accessibility of
(meta)genomic sequencing data has expanded our knowledge of microbial community
composition and potential function, it rarely resolves how individual members interact
at a molecular level. Unlocking these mechanistic insights is critical to fully understanding
how bacterial communities maintain structure, coordinate metabolic processes, and
respond to environmental change.

Stable isotope probing (SIP) is one approach that helps bridge the gap between bacterial
taxonomy and function by linking active metabolism to specific microbial constituents
in complex communities (8, 9). In this approach, an isotopically substituted nutrient
source is fed to a bacterial community, which labels metabolically active bacteria that can
then be identified via metagenomic sequencing. However, while SIP can reveal metabolic
linkages, it often falls short of resolving molecular-level interactions within the community,
such as the production of secondary metabolites. In a variation on the SIP approach,
SIP-metabolomics can be used to identify metabolites that are actively produced by
members of a community (10, 11). However, in many cases, these metabolites remain as
uncharacterized “dark matter” whose structure and function cannot be identified (12).
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Identifying secondary metabolites produced in a community
can give mechanistic insight into how bacteria interact with each
other and their environment. For example, iron-chelating second-
ary metabolites termed siderophores enable bacteria to access
insoluble ferric iron (Fe®*), the predominant yet poorly bioavail-
able form of iron in many natural environments (13, 14). Like
virtually all organisms, methanotrophs need iron to grow and
therefore oxidize methane, yet we do not know how these bacteria
access ferric iron in the environment.

Methods have been developed to link genomic data with second-
ary metabolites in a so-called gene-to-molecule approach, which
can provide insight into the structure and function of these mole-
cules by adding biological context. In one example of this approach,
researchers predict precursor compounds associated with a biosyn-
thetic gene cluster (BGC) of interest, and then feed isotopically
substituted versions of these precursors to identify the secondary
metabolite product of the BGC (15, 16). However, isotopically
substituted compounds can be difficult to obtain due to cost or lack
of commercial availability. Inverse stable isotopic labeling (InverSIL)
can be used to circumvent this issue by growing cultures on an
isotopically substituted nutrient source and introducing unlabeled
precursors of interest to trace their incorporation (17, 18). This
inversion enables efficient detection of specific metabolic products
without requiring isotopically labeled precursors.

Here, we combine SIP-metabolomics and InverSIL in an
approach called inverse stable isotope probing—metabolomics
(InverSIP) (Fig. 1). InverSIP enables the identity of actively
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produced metabolites to be determined by linking these compounds
with their BGCs, thereby adding molecular details to the wealth of
available (meta)genomic information about microbial communities.
We use InverSIP to link a highly transcribed BGC with its secondary
metabolite product in a complex methane-oxidizing bacterial com-
munity. We find that the secondary metabolite, which we call
methylocystabactin, is a siderophore that has not previously been
observed in nature and is used by methanotrophs in this community
to access ferric iron. We then show that production of methylocys-
tabactin is widespread among methanotrophic alphaproteobacteria
(type I methanotrophs) and that it can be used by a related meth-
anotroph strain from the community that does not produce methy-
locystabactin itself. We also show that methylocystabactin supports
methanotroph growth and the activity of the enzyme soluble meth-
ane monooxygenase (SMMO) in bioavailable metal-limited cul-
tures, thereby providing a molecular link between ferric iron and
methane-oxidation. This work provides mechanistic insight into
the environmental interactions of methane-oxidizing bacterial com-
munities and establishes InverSIP as a generalizable tool to link
transcribed biosynthetic genes with their secondary metabolite
products in complex microbial communities.

Results

Enrichment of a Complex, Bioavailable Iron-Limited Methane-
Oxidizing Bacterial Community. We enriched for a methane-
oxidizing bacterial community using sediment from Lake

Transcribed BGC of interest BGC

Predict Precursor

ldentlfy \ N_
GRED * cimjebm>

B Condition

12C-carbon source

("3C)carbon source

("®C)carbon source +
predicted BGC

"2C-precursor (@)

Community

L 4

Metabolome

AY QO

m/z

¥C-labeled, actively
produced metabolites

A W

m/z

Inverse-labeled, actively
produced metabolite

AT @0

m/z

Fig. 1. Linking a transcribed BGC with its metabolite product using InverSIP. (A) A precursor is predicted for a transcribed BGC of interest identified in the
metagenome of a microbial community. (B) By comparing the metabolomes of the microbial community in the presence of a carbon source at its natural isotopic
abundance (referred to as 'C for simplicity) and a '3C.substituted carbon source [indicated as (3C)], actively produced metabolites can be identified based on
their m/z shift. An actively produced metabolite can then be linked to the BGC of interest by inverse labeling with the predicted BGC substrate. Colors indicate
microbes/metabolites at their natural isotopic abundance (cyan) and 3C-substituted microbes/metabolites (red).
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Washington (Seattle, WA). We chose this inoculum source because
its methane-oxidizing bacterial community has been well studied
including using metagenomics and SIP approaches (6, 19). We
used ferric iron in the enrichment culture, as bioavailable iron is
often a limited resource in natural environments and is therefore
a key factor in determining the structure and function of bacterial
communities (14, 20). To maintain community complexity, we
passaged the culture only once primarily to remove inoculum
sediment.

When the enrichment reached turbidity after passaging, we ana-
lyzed the community using shotgun metagenomics. Community
composition included many taxa previously observed in methane
enrichments of Lake Washington sediment (19, 21). The community
was complex, containing over 100 identifiable taxa at the species level
(Fig. 24). Methanotrophs from the families Methylococacceae and
Methylocystaceae made up 15% and 4% of the community, respec-
tively (S Appendix, Table S1). Nonmethanotrophic methylotrophs
from the family Methylophilaceae (34%) were among the most abun-
dant taxa in the culture and likely cross feed on products of meth-
anotroph metabolism (22).

We then used shotgun metatranscriptomics to identify actively
transcribed genes in the complex community. Because we are
interested in secondary metabolites produced by the community,
we used the BiG-MAP (BGC Meta'omics Abundance Profiler)
workflow to identify transcribed BGCs (23). This led to the iden-
tification of 128 representative BGCs transcribed in at least two
of the three independent enrichment replicates (SI Appendix,
Table S2, shows top 20 BGCs).

Identification of Actively Produced Metabolites in the Community.
To detect actively produced metabolites in the methane-oxidizing
bacterial community, we next used SIP-metabolomics. We grew
parallel enrichment cultures on BBC-substitued methane [("°C)
methane] and methane at its natural isotopic abundance (referred

to as '“C-methane for simplicity) under the same conditions and
for the same duration as the communities analyzed by metagenomic
and metatranscriptomic sequencing. We then analyzed metabolite
extracts from these conditions using untargeted, reverse-phase liquid
chromatography-high-resolution tandem mass spectrometry (LC—~
HRMS/MS). Using an analysis workflow recently developed by
our research group (24), we identified 317 unique extracellular
metabolites in the '*C condition and 403 unique extracellular
metabolites in the ">C condition (Fig. 2B). We further refined this to
126 high-confidence '*C/"*C pairs that likely represent metabolites
that have been actively produced in the culture. We were unable
to identify any of these metabolites using common dereplication
methods including Global Natural Products Social Molecular
Networking (GNPS; not shown) (25).

Linking Actively Produced Metabolites to Transcribed BGCs
Using InverSIP. We next attempted to use InverSIP to link actively
produced metabolites with BGCs that are highly transcribed
in the community. We focused on BGCs predicted to encode
nonribosomal peptide synthetases, which produce peptidic
secondary metabolites, for two reasons: i) many nonribosomal
peptides are siderophores (26, 27), and identifying these products
would therefore provide molecular details about iron acquisition
in the methane-oxidizing community; and ii) the building
blocks of nonribosomal peptides can often be predicted from
genomic information and would be good precursors for InverSIL
experiments to link BGCs with their secondary metabolites.
Most of the highly transcribed NRPS BGCs (Table 1 and
SI Appendix, Fig. S1; see Materials and Methods for criteria) assem-
bled from our short-read sequencing data were incomplete.
Nonetheless, we were able to predict building blocks that were
likely incorporated into several of the BGC products using ade-
nylation domain specificity-conferring codes (28). This included
the nonproteinogenic amino acid ornithine (Orn) in NRPS BGC

B
(13c)Methane
12¢c-Methane
317 68 403
[ —

126 high confidence
12¢/13¢ feature pairs

Fig. 2. A complex methane-oxidizing bacterial community enriched from Lake Washington sediment with ferric iron as the only available iron source. (A)
Taxonomic abundances in the community metagenome. (B) Mass spectral features identified in the community by SIP-metabolomics.
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Table 1. Highest transcribed core BGCs in the methane-
oxidizing bacterial community

Predicted
Full- Average NRPS
Length RPKM”* building
BGC BGC? Genus (min, max) blocks
NRPS BGC 1 N Methylosinus 3,037 X
(597, 5,478)
NRPS BGC 2 N Methylobacter 2,103 Leucine
(1,297, 2,910)
NRPS BGC 3 Y Methylosinus 756 DHB,
(635, 877) Serine
NRPS BGC 4 N Methylosinus 642 Ornithine
(25, 1,259)
NRPS BGC 5 N Methylosinus 548 Serine
(58, 1,039)

“Reads per kilobase per million mapped reads (RPKM) is reported as the average and
range of the two replicates with the highest number of reads for each identified BGC.
DHB: 2,3-dihydroxybenzoate.

4. Orn is an important component of many siderophore natural
products, including by serving as a key chelating moiety after
being modified to N-hydroxyornithine and further acetylated or
formylated to form a hydroxamate group (29, 30). Consistent
with this, NRPS BGC 4 encodes both a predicted ornithine
N-monooxygenase and acetyltransferase, which together would
be predicted to form a hydroxamate group (SI Appendix, Fig. S1).
When we fed Orn at its natural 1sotop1c abundance (referred to
as '*C-Orn for simplicity) to the °C enrichment culture, we iden-
tified an actively produced metabolite that clearly showed inverse
labeling (S7 Appendix, Fig. S2). This metabolite is a candidate for
the product of NRPS BGC 4; however, we were unable to confirm
this due to the incomplete nature of the BGC in the metagenome
and the lack of sufficient MS/MS data to identify the presence of
an N-hydroxyacetyl ornithine in this compound.

Next, we focused on a likely complete BGC, NRPS BGC 3, that
was highly transcribed in the methane-oxidizing community (Fig. 34
and Table 1). This BGC was predicted to encode enzymes that syn-
thesize a nonribosomal peptide, as well as enzymes that synthesize
and activate the iron-chelating catechol 2,3-dihydroxybenzoate
(DHB). The NRPS gene encodes for two modules and a thioesterase
domain, which catalyzes the release of the covalently tethered product
in the final step of peptide biosynthesis. We could predict that one
module used serine as a substrate; however, we could not predict the
amino acid incorporated by the other module. An NRPS that incor-
porates DHB, a potential spacer amino acid, and a serine character-
istically produces a trlscatecholate 51derophore (31). To test this
hypothesis, we fed the ’C-enrichment culture *C-DHB and were
able to identify a metabolite in the methane-oxidizing community
that incorporated three DHB molecules (Fig. 3B). Using the MS/
MS and inverse labeling information, we determined the planar struc-
ture of this metabolite, confirming it is indeed a triscatecholate sidero-

phore (Fig. 3C).

Identification of Methylocystabactin, a Triscatecholate Sidero-
phore Not Previously Observed in Nature. NRPS BGC 3, which
we now predicted to produce a triscatecholate siderophore, was
found in a metagenome-assembled genome (MAG) belonging to
the Methylosinus genus of methane-oxidizing alphaproteobacteria
(Table 1). When we searched the genomes of Methylosinus isolates,
we found several that contained similar BGCs, including one,
Methylosinus sp. strain LW3, that had a near-identical cluster (32,
33) (Fig. 3A4). This strain was isolated from sediment collected at
the same location as our enrichment inoculum and provided an

opportunity to definitively link the BGC with its product, thereby

https://doi.org/10.1073/pnas.2507323122

identifying a methanotroph siderophore and confirming the utility
of the InverSIP approach.

When we grew Methylosinus sp. strain LW3 with ferric iron as
the only available iron source, we observed production of a metab-
olite with the same high-resolution mass, retention time, and
fragmentation pattern as the metabolite identified in the enrich-
ment culture (Fig. 3D and SI Appendix, Table S3). Further char-
acterization of this compound by NMR and advanced Marfey’s
analysis confirmed that it is a cyclic triscatecholate siderophore
containing a trilactone core made of L-serines, as well as three
DHB m01etles separated from the serines by glycines
[(DHB- Gly- Ser);] (Fig. 3C and SI Appendix, Figs. S3-S6 and
Tables S4 and SS) This siderophore was prewously synthesized
by Raymond and coworkers (34), and the Fe’*~siderophore com-
plex was shown to have a A conformation (35), which we con-
firmed by electronic circular dichroism (ECD) (S/ Appendix,
Fig. S7). To our knowledge, this siderophore has not previously
been identified in nature.

We also performed InverSIL with '*C-DHB on the Methylosinus
sp. strain LW3 culture. We identified linear DHB-incorporating
metabolites related to the main triscatecholate 31derophore includ-
ing linear (DHB Gly- Ser), linear (DHB- Gly- Ser), and hnear
(DHB-Gly-"Ser),, as well as linear dehydrated (DHB-Gly-"Ser),
and linear dehydrated (DHB-Gly-"Ser),, which we inferred based
on their inverse labeling patterns, MS/MS fragmentation, and a
previous report characterizing dehydrated versions of the catecho-
late siderophore turnerbactin (36) (SI Appendix, Figs. S8-S14 and
Table S6, see also S/ Aptvendz'x, Supplementary Methods). Linear
dehydrated (DHB-Gly-"Ser), has the same mass as methylocyst-
abactin and was also detectable in the community metabolome
(Fig. 3D).

To definitively link the siderophore with its BGC, we con-
structed an in-frame, unmarked deletion mutant of the 4hbA
gene in Methylosinus sp. strain I\W3. This strain, which can no
longer produce DHB, also no longer produced the siderophore
(Fig. 3D). However, when we chemically complemented the
mutant strain with DHB, it once again produced the siderophore.
This confirms that the siderophore is produced by the transcribed
BGC in the methane-oxidizing bacterial community and
Methylosinus sp. strain LW3 and demonstrates the ability of
InverSIP to link a transcribed BGC with its secondary metabolite
product in a complex bacterial community. Furthermore, when
we grew other Methylosinus strains as well as strains of the related
Methylocystis genus containing similar BGCs in their genomes
with ferric iron as the only iron source, they also produced the
same secondary metabolite (Fig. 44). We therefore name this
siderophore methylocystabactin for its widespread use by mem-
bers of the Methylocystaceae family.

Methylocystabactin Can be Used by a Nonsiderophore-
producing Methanotroph from the Same Community. To
determine whether methylocystabactin is the main siderophore
used by Methylosinus sp. strain LW3 under our laboratory culture
conditions, we used the chrome azurol S (CAS) assay (37).
Supernatant from the Methylosinus sp. strain L3 AdhbA mutant,
which does not produce methylocystabactin, no longer contained
a factor capable of competing with CAS for iron binding (Fig. 4B).
This confirms that methylocystabactin is the main siderophore
used by Methylosinus sp. strain IW3 and validates the use of the
Methylosinus sp. strain L\W'3 AdhbA mutant strain for testing the
importance of methylocystabactin for methanotroph physiology.

The Methylosinus sp. strain LW3 AdhbA mutant had a signifi-
cant growth defect compared to the wild-type strain when ferric
iron was the only available iron source (Fig. 4C). This difference
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Fig. 3. Linking a highly transcribed BGC with its secondary metabolite product in the methane-oxidizing bacterial community. (A) Transcriptomic reads mapped
to NRPS BGC 3 in the community metagenome, which has been aligned with a BGC identified in the genome of Methylosinus sp. strain LW3. Numbers indicate
percent amino acid identity. Colors indicate a predicted NRPS gene (green), predicted siderophore exporter gene (cyan), and predicted DHB biosynthesis genes
(orange). (B) Overlaid mass spectra showing incorporation of "“C-DHB into an actively produced metabolite in the community. (C) Methylocystabactin structure
and fragmentation from enrichments grown in '>C-methane (cyan), (**C)methane (red), and ("*C)methane + '>C-DHB (black). (D) Extracted ion chromatograms
of supernatant extracts of the listed cultures for the m/z value 841.2159, corresponding to the [M + H]" of methylocystabactin and linear dehydrated (DHB-Gly-

'Ser),. Mass tolerance < 5 ppm.

was not observed when ferric iron was replaced with bioavailable
ferrous iron (Fe**). Furthermore, the growth defect was abolished
when supernatant extract from the wild-type strain, which con-
tains methylocystabactin, was added to the mutant (Fig. 4C). This
confirms the role of methylocystabactin in ferric iron acquisition
by Methylosinus sp. strain LW3 during growth on methane gas.
While examining the genomes of strains previously isolated
from the same sediment used as inoculum for our methane-oxidizing
community, we identified a strain, Methylosinus sp. strain LW4,
that does not contain the methylocystabactin BGC in its genome
(32, 33). However, this strain does have a nearly identical (97%
amino acid identity) predicted TonB-dependent siderophore
receptor to the one found in the methylocystabactin BGC of
Methylosinus sp. strain I3 (Fig. 4D and S/ Appendix, Fig. S15
and Table S7, see also SI Appendix, Supplementary Methods).

PNAS 2025 Vol.122 No.36 2507323122

TonB-dependent receptors are known to play crucial roles in
siderophore uptake across multiple bacterial species (13), and the
co-occurrence of transporter genes with BGCs is often predictive
of their function (38). This TonB-dependent receptor is most
similar to the characterized receptors FatA (39), which transports
the siderophore anguibactin in Vibrio anguillarum, and FcuA (40),
which transports the siderophore ferrichrome in Yersinia entero-
colitica. Methylosinus sp. strain LW4 does not produce methylo-
cystabactin (Fig. 44) or another siderophore detectable using the
CAS assay (Fig. 4B). We therefore hypothesized that Methylosinus
sp. strain LW4 may be able to use methylocystabactin produced
by other community members (20).

To test this hypothesis, we grew Methylosinus sp. strain L\W4 with
ferric iron as the only available iron source. Methylosinus sp. strain
W4 had a growth defect compared to when ferric iron was replaced

https://doi.org/10.1073/pnas.2507323122 5 of 10


http://www.pnas.org/lookup/doi/10.1073/pnas.2507323122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2507323122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2507323122#supplementary-materials

Downloaded from https://www.pnas.org by 77.0.70.72 on September 16, 2025 from |P address 77.0.70.72.

6 of 10

A Methylosinus sp. strain LW3 — Methylocystis rosea SV97

— Methylocystis sporium 5 Methylocystis sp. strain SC2

— Methylosinus sp. strain LW4
8.5E7
%‘ ______ Linear dehydrated
S 4.3E7 g (DHB-Gly-LSen)3
= A .~~~ Methylocystabactin
A
0.0  — .
5.0 6.0 7.0
Retention time (min)
C W Methylosinus sp. strain LW3 [ Methylosinus sp. strain LW4
R Methylosinus sp. strain LW3 AdhbA
2 UM Fe2+ 2 uM Fe3+
LW3 extract: — - - - - = - - + o+ o+
LW3 AdhbA extract: — — — - - - + o+ o+ - - -

Methylosinus sp. strain LW3

Methylosinus sp. strain LW3 AdhbA

Methylosinus sp. strain LW4

TonB-dependent
siderophore receptor

Methylosinus sp.
strain LW3

entS dhbE dhbA
97 90 dhbC  dhbB
90 58

Methylosinus sp.
strain LW4 2.5kb

Fig. 4. Methylocystabactin enables the use of ferriciron by producing and nonproducing strains. (A) Extracted ion chromatograms of supernatant extracts of the
listed strains grown on ferric iron for m/z 841.2159, corresponding to the [M + H]* of methylocystabactin and linear dehydrated (DHB-Gly-"Ser),. Mass tolerance
<5 ppm. (B) CAS assay of supernatants from the listed strains grown on ferric iron. (C) Growth of the listed strains with ferrous or ferric iron measured by optical
density at 600 nm (ODggo,m) after 3 d of incubation. Data show the mean and SD of two independent experiments with three technical replicates each. Means
were compared using a one-way ANOVA with Tukey’s post hoc test. ODggom Values are compared to Methylosinus sp. strain LW3 in each growth condition unless
otherwise indicated. *P < 0.01; ***P < 0.001; ns, not significant. (D) Gene cluster comparison showing a highly similar TonB-dependent siderophore receptor
in both the methylocystabactin producer Methylosinus sp. strain LW3 and the nonproducer Methylosinus sp. strain LW4. Numbers indicate percent amino acid
identity. Colors indicate the predicted receptor (blue), predicted NRPS gene (green), predicted siderophore exporter gene (cyan), predicted DHB biosynthesis

genes (orange), and other genes (gray).

with ferrous iron (Fig. 4C). However, growth of Methylosinus sp.
strain W4 on ferric iron was indistinguishable from Methylosinus
sp. strain L3 when we added methylocystabactin-containing
supernatant extract from Methylosinus sp. strain LW3. This indicates
that Methylosinus sp. strain IW4 can use methylocystabactin pro-
duced by other community members to access ferric iron.

Methylocystabactin Enhances the Activity of the Enzyme sMMO
Under Metal-Limited Conditions. Two enzymes in methanotroph
primary metabolism can oxidize methane to methanol. The main
enzyme in most methanotrophs is the membrane-bound particulate
methane monooxygenase (pMMO), which uses copper in its
catalytic center (41). Some methanotrophs, including Methylosinus
sp. strains LW3 and W4, contain a cytoplasmic sMMO enzyme
which uses a diiron center. In methanotrophs that contain both
pMMO and sMMO, only the pMMO is highly expressed when
sufficient copper is present (41). Consistent with this, we did not
observe any sMMO activity when we grew Methylosinus sp. strain
W3, the I3 AdhbA mutant, and Methylosinus sp. strain LW4
in the presence of ferric iron and copper (Fig. 5).

https://doi.org/10.1073/pnas.2507323122

To determine whether methylocystabactin is important for
sMMO activity under bioavailable metal-limited conditions,
we also grew these strains with ferric iron and no copper.
Normalized whole-cell sMMO activity was significantly lower
in the IW3 AdhbA mutant and Methylosinus sp. strain L\W4
than in wild-type Methylosinus sp. strain LW3 (Fig. 5). However,
when we added methylocystabactin-containing supernatant
extract from Methylosinus sp. strain LW3, both the LW3 AdhbA
mutant and Methylosinus sp. strain L\W4 sMMO activity could
be increased to the level observed for Methylosinus sp. strain
LW3 (Fig. 5). This indicates that methylocystabactin is impor-
tant for these strains to oxidize the greenhouse gas methane in
the absence of copper and soluble ferrous iron.

Discussion

Methane-oxidizing bacterial communities play a critical environ-
mental role, but little is known about how community constitu-
ents interact with each other and their environment. Here, we

developed and applied the technique InverSIP to link a highly
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Fig. 5. Methylocystabactin is important for sSMMO activity under bioavailable
metal-limited conditions. Normalized whole-cell sMMO activity of Methylosinus
sp. strain LW3, Methylosinus sp. strain LW3 AdhbA, and Methylosinus sp. strain
LW4. Data show the mean and SD of two independent experiments with three
technical replicates each. Pictures of the assay endpoints for each condition
are shown above each bar. Means of the cultures containing 0 uM Cu?®* and
2 uM Fe** were compared to Methylosinus sp. strain LW3 under the same
conditions using a one-way ANOVA with Tukey's post hoc test. *P < 0.01;
**%p <0.001.

transcribed BGC with its secondary metabolite product in a com-
plex methane-oxidizing bacterial community. We found that the
product is a siderophore not previously observed in nature that
we named methylocystabactin, which is produced by many mem-
bers of the Methylocystaceae family of methanotrophs.
Methanotrophs, like virtually all organisms, need iron for growth
and therefore methane-oxidation. While siderophore production
has previously been reported in methanotrophs (42), to our
knowledge, methylocystabactin is the first siderophore produced
by a methanotroph to be structurally characterized.

A large amount of metagenomic and transcriptomic data are
available for many bacterial communities of environmental or
biomedical relevance. However, this information does not pro-
vide mechanistic details about bacterial interactions that shape
community structure and function. Conversely, metabolomics
can identify small molecules that potentially mediate such inter-
actions, but most metabolites remain unidentified dark matter,
lacking any structural annotation beyond a mass-to-charge ratio
and retention time (12). Indeed, none of the actively produced
metabolites in our dataset were identifiable using common
dereplication pipelines such as GNPS (25). InverSIP bridges
this divide by linking metabolite profiles with transcribed
BGCs, enabling functional characterization of complex micro-
bial systems.

A major advantage of InverSID, and InverSIL approaches more
broadly, is that compounds that are not easily accessible in an iso-
topically distinct form can be used as precursors in labeling studies.
For example, to our knowledge, DHB is not currently commer-
cially available in an isotopically substituted form, highlighting the
power of using InverSIP with ">C-DHB to identify methylocyst-
abactin. InverSIL with DHB was also previously used to confirm
the identity of the fimsbactin family of catecholate siderophores
(43). InverSIL is well suited for discovery efforts to link transcribed
biosynthetic genes to their secondary metabolite products because
the precursors used often contain many isotopically distinct atoms,
which results in large isotopic envelope shifts that can be readily
identified using automated workflows (24). Future work using this
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approach will investigate additional uncharacterized BGCs in the
same methane-oxidizing community.

Methylocystabactin uses a combination of amino acids to
build its triscatecholate structure that have not previously been
observed in nature. It shares its serine-derived trilactone core
[(DHB-LSer)S] with enterobactin, produced by Escherichia coli
(31), but also contains glycine spacers (located between the tri-
lactone core and DHB chelating moieties) similar to those found
in bacillibactin [(DHB—Gly—LThr) 5], produced by Bacillus species
(31). Raymond and coworkers previously synthesized methylo-
cystabactin, which they called SERglyCAM, to compare the
stereochemical conformation of its Fe”"—siderophore complex to
that of enterobactin and bacillibactin (35). This stereochemistry
plays an important role in siderophore utilization (44, 45). The
Fe’*—enterobactin complex assumes a A conformation while both
Fe’*—bacillibactin and Fe’*~methylocystabactin assume a A con-
formation (SI Appendix, Fig. S7) (35). Investigating the specific-
ity of the methylocystabactin system will help determine whether
methylocystabactin can be used by other bacterial taxa and
whether methanotrophs can use these other siderophores.

We also determined that methylocystabactin can mediate interac-
tions between members of the methane-oxidizing bacterial commu-
nity. We identified a community member, Methylosinus sp. strain
W4, that does not produce methylocystabactin but can use this
siderophore to access ferric iron for methane oxidation (Figs. 4C'and
5). Siderophores can be considered “public goods” that are shared by
community members, however, this can also lead to cheating where
strains, like Methylosinus sp. strain LW4, use this public good without
contributing to siderophore production (20). Methylocystabactin is
likely therefore an important factor for the stability of this
methane-oxidizing bacterial community in the presence of ferric iron,
especially because triscatecholate siderophores are some of the strong-
est iron-chelating secondary metabolites known (13, 31).

Metals play an important role in many aspects of methanotroph
primary metabolism (46). Due to the pMMO’s need for copper,
many methanotrophic alphaproteobacteria, including Methylosinus
sp. strains L\¥/3 (47) and L\W+4 (48), produce variants of the copper
chelating secondary metabolite methanobactin (41). We have now
shown that many of these same bacteria also produce methylocyst-
abactin (Fig. 44) and that when only ferric iron is available, methy-
locystabactin supports growth and the activity of the alternative
methane monooxygenase sMMO (Fig. 5). In addition to oxidizing
methane, sMMO has a broad substrate specificity and has been inves-
tigated for bioremediation of environmental contaminants (49, 50).
More studies are necessary to decipher the interplay of methylocyst-
abactin and methanobactin in the context of pMMO and sMMO
regulation under various aspects of metal limitation.

Secondary metabolites often provide mechanistic links between
members of microbial communities as well as between these con-
stituents and their environment, but their functional roles remain
largely unexplored. By developing and applying InverSIP, we iden-
tified methylocystabactin as a significant molecular link between
commonly available ferric iron and methane-oxidation in a com-
plex methane-oxidizing bacterial community. This highlights the
power of this technique and its utility for future applications
functionally characterizing interactions in other microbial com-
munities of interest.

Materials and Methods

General Experimental Procedures. NMR spectra were obtained in CD,0D (8H
3.34 ppm, 8C49.0 ppm) using an Agilent DirectDrive 500 with a high-sensitivity
cold probe detection system. Reverse-phase HPLC was performed using an
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Agilent 1260 Infinity HPLC system, and a Waters Sunfire C,3 OBD prep column
(5 pm, 10 x 100 mm) was used for purification. HPLC fractions were routinely
checked for the presence of methylocystabactin using a Waters Acquity UHPLC
coupled with a QDa single quadrupole mass detector and an Acquity UPLC HSS
T3 Cig column (1.8 um, 2.1 x 50 mm).

Strains and Bacterial Cultivation. Strains used in this study are listed in
Sl Appendix, Table S8. Pure cultures of Methylosinus sp. strain LW3, Methylosinus
sp. strain LW3 AdhbA, Methylosinus sporium 5 (DSM17706), Methylocystis sp.
strain SC2, and Methylocystis rosea SV97 were routinely grown at 30 °Cin nitrate
mineral salts (NMS) medium in an atmosphere of 50% (v/v) methane in air. NMS
contains 0.2 g/L MgSO,-7H,0, 0.2 g/L CaCl,-6H,0, 1 g/L KNO,, 30 uM LaCl;, a
final concentration of 5.8 mM phosphate buffer (pH 6.8), and 1X trace elements;
500X trace elements contains 1.0 g/L Na,-EDTA, 2.0 g/L FeSO,7H,0, 0.8 g/L
ZnS0,7H,0, 0.03 g/L MnCl,-4H,0, 0.03 g/L H;B05, 0.2 g/L CoCl,-6H,0, 0.6 g/L
CuCl,-2H,0, 0.02 g/L NiCl,-6H20, and 0.05 g/L Na,Mo0-2H,0, unless the iron
and/or copper species and/or concentration is otherwise indicated. Plates were
grown in sealed jars, while liquid cultures were grown in 18 x 150 mm acid-
washed glass tubes sealed with rubber stoppers and aluminum seals and were
shaken at 200 rpm. E. coli strains were grown in lysogeny broth (LB) at 37 °C.

Methane Enrichment Culture. Methane enrichments were made from frozen
Lake Washington sediment stored at =80 °Cin 10% DMSO, which was collected
from 47.63 N, 122.25 W on July 15, 2013, as part of a previous study (21).
Enrichment cultures were started by adding 300 L of thawed sediment to 6
mL of NMS diluted 1:1 with sterile ultrapure water, with the iron replaced with
a final concentration of 0.1 uM FeCl,. The cultures were grown with shaking in
an atmosphere of 50% (v/v) methane in air at room temperature. Every 3 d, the
headspace was flushed with air and new methane was added. After 10 d, this
methane enrichment culture was used as the inoculum for DNA/RNA sequencing
and metabolomics (InverSIP) experiments.

DNA and RNA Extraction and Sequencing. First, 5 mLof the methane enrich-
ment culture was subdiluted into 50 mLof NMS with the iron replaced with a final
concentration of 0.1 uM FeCl;. These cultures were grown for 5 additional days
atroom temperature before nucleic acid extraction (separate cultures were used
for DNA and RNA extraction). Metagenomic DNA was extracted using a FastDNA
Spin Kit for Soil (MP Biomedicals), while total RNA was extracted using FastRNA
Pro Soil-Direct Kit (MP Biomedicals). The total RNA was further cleaned and con-
centrated using an RNA Clean & Concentrator kit (ZymoResearch). Metagenomic
DNA and total RNA were kept at —80 °C before submission to the Huntsman
Cancer Institute-High-Throughput Genomics (HCI-HTG) shared resource at the
University of Utah, where Illumina library preparation and sequencing were
performed. DNA samples were prepared using a NEBNext Ultra Il DNA Library
Prep Kit with a 450-bp mean insert size. Total RNA samples were hybridized
with NEBNext rRNA Depletion Solution to remove rRNA from the samples, and
sequencing libraries were prepared using the NEBNext Ultra Il RNA Library Prep
Kit. Short-read lllumina sequencing was performed on an lllumina NovaSeq 6000
sequencer with 2 x 150-bp runs.

Sequencing Data Processing and Analysis. Raw metagenomic reads were
trimmed using Timmomatic (51) and were assembled using the --meta mode of
SPAdes v4.0.0(52). Each replicate was assembled individually and as a coassem-
bly with reads from all three replicates pooled together. Metagenomic binning
of each MetaSPAdes assembly was performed with the aviary pipeline (https:/
github.com/rhysnewell/aviary), which assesses binning results from multiple
binners, including MetaBAT?2 (53), VAMB (54), and SemiBin2 (55). MAGs (i.e.,
"bins") were also refined with DAS Tool (56) and CheckM2 (57) as part of the
aviary pipeline. In addition to binning each single-replicate assembly and the
coassembly, we performed a binning run including the coassembly plus contigs
from the single-replicate assemblies that included BGCs of interest (defined
below) that were not also identified in the coassembly.

Raw RNAseq reads were trimmed, and adapters were removed using the
BBmap package from the Joint Genome Institute (https://sourceforge.net/pro-
jects/bbmap/).To map RNAseq reads with BGCs predicted from the metagenomic
assembly, we used the BiG-MAP workflow (23). Briefly, BGCs were predicted on
each assembly and coassembly using antiSMASH 7.0 (58) and were grouped
into gene cluster families (GCF) using BiG-MAP.family.py running on default
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settings to remove redundancy. Metatranscriptomic reads were then mapped to
each GCF using BiG-MAP.map.py to obtain an RPKM value for each GCF. BiG-MAP
analysis identified and mapped 720 BGCs. BiG-MAP results were then filtered
for BGCs that were transcribed in at least two replicates, and only BGCs >5,000
bp in length were further considered. Then, 128 BGCs remained, and the top 5
NRPS BGCs were manually analyzed for adenylation domain substrate prediction
to select precursors for InverSIP experiments.

Community composition for the metagenomic reads was evaluated using
Kaiju 1.10.7 using the nonredundant NCBI protein database (59). Kaiju results
were visualized using Krona (60).

InversIP. For each labeling condition, 600 pL of the methane enrichment culture
was pelleted and resuspended in NMS with the iron replaced with a final concen-
tration of 0.1 uM FeCls. 12C-methane was added to one culture, ("*C)methane to
another, and ("*C)methane plus a final concentration of 100 uM "2C-precursor
(DHB, L-ornithine) to a last culture for the labeling experiment. All cultures were
grown for 5 additional days, lyophilized, and resuspended in 150 uL 50% MeOH/
H,0 before analysis by LC-HRMS/MS.

LC-MS/MS data files in .raw format were converted to .mzML format using
ProteoWizard's MSConvert version 3.0.23146 (61). Features were detected
using MZmine version 4.1.0 (62) in the "2C-medium and ("*C)medium condi-
tions using the following workflow: 1) Mass detection (auto, noise level 1.5E6).
2) ADAP chromatogram builder (minimum group size 5 scans, minimum inten-
sity for consecutive scans 2.0E6, minimum absolute height 2.0E6, m/z toler-
ance 10.0 ppm). 3) Smoothing (LOESS smoothing, Retention time width 5). 4)
Local minimum feature resolver (chromatographic threshold 30.0%, minimum
search range RT/Mobility 0.100, minimum relative height 10.0%, minimum
absolute height 2.0E6, min ratio of peak top/edge 1.70, peak duration range
0.00t0 2.00, minimum scans 5). 5) Subsequently, isotopes were removed from
"2C-medium sample using the "*C-isotope filter (ppm tolerance 10, retention
time tolerance 0.1 min, monotonic shape required, maximum charge 3, rep-
resentative isotope most intense), and the two feature tables were aligned in
the order '“C-medium and ("*C)medium conditions using the join aligner (m/z
tolerance 5 ppm, weight of m/z 50, retention time tolerance 0.1 min, weight
for retention time 50). The aligned feature table was exported in .csv format
with the row retention time as the common element and feature m/z as the
data file element.

LC-MS/MS data files in .mzML format were then converted to .h5 format
using the Metabolite Atlas (available at https:/github.com/biorack/metatlas)
and pymzML Python packages. Next, the aligned feature table was processed
along with the .h5 files for each condition using the InverSIL custom Python script
(available at https://github.com/purilab/inverse). Alist of 126 "high confidence”
12¢/3C pairs were detected across all precursors. Each feature with detected labe-
ling was then examined manually to confirm incorporation.

Growth and Extraction of Pure Methane-Oxidizing Strains for
Metabolomics and InversiL. Exponentially growing cultures of methane-
oxidizing bacteria belonging to the genera Methylosinus and Methlocystis grown
in NMS with ferriciron (FeCl;) at a final concentration of 2 pM instead of ferrous
iron were subdiluted into the same medium at an OD of 0.05. InverSIL experi-
ments with Methylosinus sp. strain LW3 were set up at this point as described
in the InverSIP section. After 5 d of culturing at 30 °C, the supernatant was sep-
arated from the cell pellet by centrifugation. The supernatant was then acidified
with acetic acid to a final concentration of 0.1% (v/v) before being loaded onto a
Discovery Cyq S0lid-phase extraction (SPE) column (1 mL, 50 mg) preequilibrated
with MeOH containing 0.1% (v/v) acetic acid and then sequentially eluted with
2 mL of 50%, and 100% MeOH/H,0. Both 50 and 100% fractions were pooled
and dried under nitrogen gas and reconstituted in 1 mL50% MeOH/H,0 before
analysis by LC-HRMS/MS. InverSIL data analysis was performed as described in
the InverSIP section.

Ferrous and Ferric Iron Growth Studies. Wild-type Methylosinus sp. strain
LW3, Methylosinus sp. strain LW3 AdhbA, and Methylosinus sp. strain LW4 were
grown in NMS with the indicated species and concentrations of iron. To begin
an experiment, exponentially growing cultures were subdiluted to an ODygg,
of 0.02 and DMSO or DMSO containing the dried 50% MeOH/H,0 SPE fraction
from a 5-d-old culture of wild-type Methylosinus sp. strain LW3 or the AdhbA
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mutant were added (final extract concentration 100 pg/mL). The cultures were
grown for 3 d at 30 °C before measuring 0D qg,-

High-Resolution Tandem Mass Spectrometry (LC-HRMS/MS). Mass spec-
trometry data were collected using a Thermo Scientific Orbitrap Exploris 120
coupled to a Vanquish UHPLC system with an Acquity UPLC BEH Cyq column
(1.7 pm, 2.1 x 50 mm). Solvent A: Water + 0.1 % (v/v) formic acid, Solvent B:
Acetonitrile + 0.1% (v/v) formic acid. The sample was eluted from the column
using a 12-min linear solvent gradient: 0 to 0.1 min, 1% B; 0.1 to 10 min, 1 to
95% B.The solvent flow rate was 0.2 mL min~". Mass spectra were collected in
positive ion mode, with following parameters: mass resolving power: 30,000,
TopN: 4, NCE: stepped 25-35-50, isolation width: 1.5, apex trigger: on, dynamic
exclusion: on, microscans: 1, isotopic exclusion: on, AGC target: standard.

Genetic Manipulation. All gene locus tags in this manuscript refer to the JGI
IMG/M system (63). Genetic manipulation of Methylosinus sp. strain LW3 was
performed as previously described (64). Sequence-verified plasmids were conju-
gated using the £. coli S17-1 donor strain (65). Plasmids and strains used are listed
in S Appendix, Table S8, and primers in S/ Appendix, Table S9. Briefly, 500 uL of
exponentially growing cultures of the donor and recipient strains were pelleted
at 16,100 rcf for 1 min and resuspended in 500 L sterile ultrapure water. These
strains were then pelleted again, and the two pellets were combined in a total
volume of 50 L sterile ultrapure water. Next, the entire mixture was spotted onto
amodified NMS agar plate containing 10% (vol/vol) nutrient broth and incubated
for2 dat30°C. Successful transconjugants were selected on modified NMS plates
containing kanamycin (50 ug mL™"). To construct the unmarked insertion mutants,
kanamycin-resistant integrants (single crossovers) were restreaked and then plated
on a modified NMS plate containing 1% (m/v) sucrose for counterselection. The
resulting colonies were screened for double crossovers by kanamycin sensitivity
and colony PCR before the final mutant was verified by Sanger sequencing.

Methylocystabactin Purification and Structure Elucidation. To isolate
sufficient quantities of methylocystabactin for structural elucidation, we scaled
up production and isolated methylocystabacin from Methylosinus sp. strain LW3
guided by LCMS and CAS assays.An exponentially growing culture of Methylosinus
sp. strain LW3 was inoculated into 300 mL of iron-limited nitrate mineral salts in
ascrew-top 1 L bottle with 50% (v/v) methane in air and grown at 30 °C and 200
rpm for 5 d for a total of 15.0 L. The cell-free supernatant was obtained through
centrifugation, and HP-20 Diaion resin was added, incubated, and shaken for 1
h.The resin was then collected and washed with distilled water, and crude extract
was eluted sequentially from the resin using 1.0 L of 50% MeOH/H,0 and 100%
MeOH. Methylocystabactin and its analogs were found in the 50% HP-20 Diaion
fraction.The crude extracts containing methylocystabactin were then dried in vacuo
and further fractionated by resuspension in 1 mLof 50% MeOH/H,0 and loaded
onto a preequilibrated Discovery C,g SPE column (6 mL, 1 g) and then sequentially
eluted with 15 mL of 25, 50, 75, and 100% MeOH/H,0. Methylocystabactin and
its analogs were found in the 25 and 50% MeOH/H,0 fractions. Reverse-phase
HPLC purification was performed using a Sunfire ;5 OBD column (5 um, 10 x 100
mm) using a gradient of 20/80% to 60/40% ACN/H,0 with 0.05% trifluoroacetic
acid over 20 min at 4 mL/min while continuously monitoring the eluent at 310
nm. Another reverse-phase HPLC using the same method was used to purify the
compounds further (Methylocystabactin, 2.1 mg, t; = 8.4 min)

Methylocystabactin. (DHB-Gly-'Ser);. White powder; High-Resolution MS:
[M+H]" calc. 841.2164, obs. 841.2159, —0.59 Appm. NMR data: S/ Appendix,
Figs. S2-S5 and Table S4.

Determination of Amino Acid Configuration. Purified methylocystabactin
(~1mg)was hydrolyzed in 1 mLof 6 N HCl overnight at 110 °C with stirring. The
solution was then evaporated to dryness, and the resulting solid was resuspended
in 250 pLof water. An aliquot (50 pL) of the hydrolysate solution was then trans-
ferred toa clean glass vial to which 20 pL 1 M NaHCO; and 50 pL Marfey's reagent

1. PForsteretal, "The Earth's energy budget, climate feedbacks, and climate sensitivity" in Climate
Change 2021: The Physical Science Basis: Working Group | to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change (Cambridge University Press, ed. 1,2023).

2. K.A.Mar, C. Unger, L. Walderdorff, T. Butler, Beyond CO, equivalence: The impacts of methane on
climate, ecosystems, and health. Environ. Sci. Policy 134,127-136 (2022).
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(L-FDLA, 1% w/v solution in acetone) were added. The mixture was stirred for 1 h at
40 °Cand then quenched with 20 uL 1 N HCI. This solution was filtered and then
dried before being resuspended in 50% MeOH/H,0 for UHPLC-MS analysis. The
same derivatization using Marfey's reagent was done on amino acid standards.
Analysis was performed on a Waters Acquity UHPLC coupled with a QDa mass
detector using an Acquity UPLCHSS T3 C18 column (5/95% ACN/H,0 to 40/60%
ACN/H,0 containing 0.1% formic acid, 25 min, 0.5 mL/min). Retention times for
amino acids derived from methylocystabactin, and amino acids standards are
summarized in S Appendix, Table S5.

ECD Spectroscopy of Fe(lll)-Methylocystabactin Complex. The Fe3+—methy-
locystabactin complex for ECD analysis was prepared as previously described (35).
Briefly, FeCl, was added to a stock solution of apo-methylocystabactin in DMSO
to achieve an equimolar concentration of 0.1 mM in 1 mM sodium phosphate
(pH 7.4).The spectra were obtained using a quartz cuvette with 1 cm path length
and recorded on a Jasco J-815 spectropolarimeter. Units were converted from
millidegrees (m°) to molar extinction coefficient (¢) as described previously (45)
using the equation: & = m°/(c)(1)(32,980).

CAS Assay. CAS assay solution was prepared as previously described (37). Extracts
were resuspended in 50% MeOH/H,0 and were added to the CAS assay solution
to achieve a final concentration of 1 mg/mL. The reaction was incubated at room
temperature for 1 h, and the resulting color changes were observed by visual
inspection.

sMMO Naphthalene Assay. Wild-type Methylosinus sp. strain LW3, Methylosinus
sp.strain LW3 AdhbA, and Methylosinus sp. strain LW4 were passaged two timesin
copper-free NMS. On the third passage, cells were washed and subdiluted to 0.05
ODygonm in copper-free NMS with the ferrous iron replaced with ferric iron (FeCl;)
atafinal concentration of 2 pM. DMSQ or DMSO containing the dried 50% MeOH/
H,0 SPE fraction from a 5-d-old culture of wild-type Methylosinus sp. strain LW3 or
the AdhbA mutantwas added (final extract concentration 100 ug/mL).The cultures
were grown for 3d at 30 °C

Whole-cell sSMMO activity was monitored using a naphthalene-based assay
(66, 67).1na 96-well microtiter plate, 100 pL of each culture was added in each
wellin triplicates, and the 0Dy, was measured for normalization. A saturated
naphthalene solution in water was prepared, and 100 pl was added to each
well. The plate was incubated for 2 h with shaking, 20 pL of freshly prepared Fast
Blue B (tetrazotized o-dianisidine, 4.21 mM) was subsequently added, and the
formation of the diazo dye complexes was immediately monitored at 528 nm
and compared to a napthol standard curve. The intensity of the diazo dye is pro-
portional to the concentration of naphthol produced. The specific SMMO activity
was then expressed as nanomoles of naphthol formed per OD .-

Data, Materials, and Software Availability. All metagenome and meta-
transcriptome sequence reads are publicly available in the NCBI via BioProject
PRINA1242065 (68). The mass spectrometry data were deposited in the public
repository MassIVE via MSV000097480 (69).
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