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Supplementary Notes

Improved reconstruction of metagenome-assembled genomes (MAGSs)

Abundance correlation improves the number and quality of recovered MAGs

To evaluate the overall impact of abundance correlation on the recovery of MAGs, we
reconstructed MAGs with and without abundance correlation in a random subset of
metagenomes (20 from Tara Oceans virus- and prokaryote-enriched datasets, five from
Malaspina, 10 from bioGEOTRACES and five from each time-series study). We computed
how well a sample was binned into MAGs using the sum of the quality scores (Q’) (Methods)
of the reconstructed MAGs (i.e., after filtering incomplete or contaminated bins) to capture
variations in both the number and quality of the recovered MAGs. For each sample, we then
computed the ratio of this metric between binning with and without abundance correlation
(Extended Data Fig. 1b). We found the ratios to be >1 (except for a single virus-enriched
sample from which no MAG could be recovered with either strategy), with a median ratio of
2.3 across all randomly selected samples. This increase is due to both an increased number
(mean 2.7 times) and improved quality (mean +20%) of the recovered MAGs, indicating the
use of abundance correlation to be strictly beneficial. Out of the 26,293 MAGs reconstructed
in this study, we estimated that more than 95% benefited from abundance correlation, as they
were detected in 23 samples (75% in =210 samples).

Reconstructed MAGs have improved qualities compared to previous efforts

We compared the quality of MAGs reconstructed in this study to previous ocean microbial
genomes reconstruction efforts, namely:

(1) Parks et al. 2017, where the authors reconstructed 1.4k MAGs from the global ocean
using single sample assemblies but without abundance correlation binning.

(2) Tully et al. 2018, where the authors reconstructed 2.6k MAGs from the global ocean
using single-assembly, followed by regional co-assembly of the resulting contigs, and
included abundance correlation for binning.

(3) Delmont et al. 2018, where the authors reconstructed ~1k manually curated MAGs
from the global ocean using regional co-assembly and included abundance correlation
for binning.

(4) Nayfach et al. 2021, where the authors reconstructed 5.9k MAGs from the global ocean
using single-sample assembly but without abundance correlation binning.

Comparisons were performed on the basis of the quality scores (Q’) described above
(Methods). For the first two datasets of external MAGs reconstructed with automated
workflows?>'%°  the comparison was performed based on shared GTDB™ species-level
annotations (i.e. 95% ANI single-linkage). An additional comparison was made with manually-
curated MAGs?® included in the OMD on the basis of MAGs sharing the same species-level
cluster (95% ANI clustering). In both comparisons, samples that were binned in this study but
not included in the publicly available MAGs datasets were excluded. For all the species that



had at least one MAG reconstructed in this study and at least one from either dataset, we
calculated the difference in Q’ score of the best-scoring MAGs.

The results revealed that the approach of combining single-sample assemblies with large-
scale abundance correlations achieved on average significantly higher community-defined
quality scores® than automatically generated MAGs*'®, and even manually-curated, co-
assembled MAGs? (Extended Data Fig. 2c-d).

Finally, these results were confirmed by comparing the numbers of MAGs recovered in the
third automated approach'®. Indeed, we found that our efforts recovered 4.5 times more
MAGs, and allowed the recovery of 6 times more high-quality MAGs.

Enhanced recovery of mobile genetic elements

We further sought to investigate the ability of the binning strategy to recover mobile genetic
elements (MGEs) within MAGs, since this has been reported as a challenge associated with
MAGs reconstruction''®. More specifically, we focused on plasmids and phages, with the
expectation that recovering plasmids would be desirable while associating virus fragments
(except for prophages) to MAGs could be considered as contamination. To this end, all the
>80M metagenomic scaffolds were annotated with PlasmidFinder (v2.1, with -/ 0.66 -t 0.5)""",
PlasFlow (v1.1.0, with --threshold 0.7 --batch_size 10000)""?, cBar (v1.2)'**, VirSorter (v1.0.5,
with --db 2 --no_c)"'*, DeepVirFinder (v1.0)'"®, EukRep (v0.6.6, with --min 1000 --seq_names
-m balanced --tie skip)'*® and ccontigs (https://github.com/Microbiology/ccontigs/). These tools
allowed the identification of plasmids (first three tools) and viruses (VirSorter and
DeepVirFinder) in the metagenomes, while accounting for eukaryotic scaffolds (using
EukRep) that can be detected as false positives, and complete circular molecules (ccontigs).

We found plasmids to be binned within MAGs at a much improved rate (Extended Data Fig.
2b) compared to previous reports''?. Specifically, the difference in probability of binning a
plasmid vs a chromosomal fragment (biased against plasmids) ranged from -10 to -17%, a
leap compared to previously reported difference of at best -50%. Furthermore, the rates of
viral fragments (excluding prophages) associated with MAGs below 0.1% suggest little
sensitivity of our reconstruction method to viral contaminants, which would not be picked up
by usual quality metrics relying on prokaryotic marker genes.

Evaluation of chimera through taxonomic uniformity

A particularly critical issue with the reconstruction of MAGs is that the reliance on single-copy
marker genes counts for contamination estimation can still lead to chimerism, with populations
sometimes from completely different clades being mixed within a single genome'”'. To
quantify this risk for the genomes in the database, we annotated 10 single-copy marker
genes’ and evaluated the homogeneity of their taxonomic annotation for each genome using
STAG (v0.7, https://github.com/zellerlab/stag). Briefly, STAG annotates marker gene
sequences along a provided taxonomic tree, here the NCBI taxonomy available from the
progenome database (v2)'"°, using a LASSO classification model at each bifurcation of the
tree. We evaluated, for each genome, the congruence of these annotations, defining the
following categories: "No annotation" if a maximum of one gene was annotated; “Agreeing" if
all genes had the same annotation; "Majority agreeing" if more than half the genes had the




same annotation and “Not agreeing” otherwise. Notably, across all MAGs the rate of
disagreement was <1% with that rate being ~0.1% for MAGs with differential coverage index
210 (i.e. 75% of the MAGs) (Extended Data Fig. 2f-g).

Biosynthetic potential of the ocean microbiome

Machine learning-based (GECCQO) detection of potential BGCs

To complement the rule-based BGC prediction approach used by antiSMASH we additionally
used GECCO (v0.8.0) (https://gecco.embl.de)'®, a recently developed, machine learning-
based approach, which has the potential to detect BGCs of unknown architecture. Notably,
when applied to the same set of genomes, GECCO (using its default parameters) predicted a
total of 330,556 clusters, as opposed to 51,851 predicted by antiSMASH (this number is larger
than the reported 39,045 BGCs in the main text, as it includes scaffolds <5 kbp and MarDB
genomes that were not detected across the 1,038 metagenomes). Although this seven-fold
increase likely includes false positives, this reserve of candidate BGCs may also include novel
classes of natural products that are not picked up by usual prediction approaches (Supporting
data).

Assessing the completeness of predicted BGCs

Before subsequent analyses, we sought to explore the fragmentation of antiSMASH-predicted
BGCs in our metagenomic datasets to assess potential consequences. First, to reduce the
risks of working with highly fragmented BGCs, we only selected BGCs on scaffolds above 5
kbp for analysis, as done previously'®. Second, antiSMASH provides an estimation of BGC
completeness based on the presence of sufficiently large flanking regions on both sides of a
predicted BGC. According to such criteria, >40% of the predicted BGCs were deemed
complete. However, when these flanking regions are not long enough does not de facto imply
that the BGC is fragmented.

As such, we explored BGC completeness by comparing the length and number of genes of
the predicted BGCs to those of characterized BGCs from the MIBIG database®. These
completeness estimates showed that most BGC classes had similar lengths and a similar or
higher number of genes compared to characterized pathways. Only NRPSs and PKSs were
significantly shorter although the number of genes we found were higher than those present
in the MIBIG database (Extended Data Fig. 4e-f).

Finally, we also probed whether GECCO could provide additional completeness information,
and found that among the complete GECCO BGCs overlapping with antiSMASH predicted
BGCs 13% were flagged as incomplete by antiSMASH.

Improved BGC clustering and BGC class enrichment in the ocean

The recent analysis of ~1.2 M BGCs predicted from ~190,000 genomes deposited at RefSeq
relied on pairwise euclidean distances between BGCs based on BGC features followed by
BIRCH clustering to identify GCFs?°. Among the identified GCFs, nearly 40% of them were
predicted to encode for NRPS and only <5% were predicted to encode for RiPPs. Applying
the same approach to the set of 39,055 filtered BGCs in the OMD, we found, by contrast, that



most GCFs were predicted for other classes of natural products, followed by terpenes.
Notably, 8% of the GCFs were predicted to encode RiPPs (Supplementary Table 2).

However, this previous clustering approach was found to have lower sensibility for product
classes usually encoded by fewer features, e.g., terpenes and RiPPs’®. To address that issue,
we adapted the previous strategy by using cosine rather than euclidean distances and average
linkage rather than BIRCH clustering. Comparing both approaches to the set of 39,055 filtered
BGCs in the OMD, we found the number of GCFs to increase from 5,195 to 6,907 and, most
strikingly, the proportion of RiPPs among these was increased by over two-folds (from 8 to
17%). The proportion of terpenes also grew from 25 to 32%, while, relatively, other classes
had their proportions reduced (Supplementary Table 2).

The OMD provides genomic context to most BGCs

In addition to the 39,055 BGCs identified in the genomes of the database, we found 14,106
that were encoded on metagenomic fragments that were not binned into MAGs. To evaluate
how much of the biosynthetic potential of the ocean microbiome was not captured by the OMD,
we grouped both sets of BGCs and clustered them into GCCs and GCFs (Methods). We found
that 95% and 81% of these GCCs and GCFs, respectively, had at least one representative
encoded in a genome within the OMD. Notably, we found that BGCs encoding for a specific
product type, nucleosides, were poorly recovered by MAGs. Instead, these BGCs were
particularly enriched in predicted phages (Extended Data Fig. 5¢c-d), suggesting that they may
carry BGCs usually involved in producing hypermodified nucleosides. These clusters span 87
different GCFs mostly from two GCCs. Although phages are known to encode and use DNA
hypermodifications'’, this finding suggests such modifications may be widespread in marine
phages and possibly linked to an arms race with bacteria defense mechanisms'#.

The ocean microbiome specialized metabolism

We found several GCCs to harbour a particularly large phylogenomic distribution (>10 phyla)
and to be particularly prevalent in the metagenomic dataset (detected in >80% of the samples).
Interestingly, these were predicted, for example, to encode for heterocyst-like glycolipid (hglE-
KS), polyunsaturated fatty acids (PUFA), aryl polyenes, ectoines and siderophores which can
be involved in membrane fluidity, oxidative and osmotic stress resistance as well as iron
uptake respectively'?>-'%_ Together, this suggests that these GCCs could capture an ocean
specialized metabolism, that reflects microbial adaptation to the marine environment, rather
than a lineage-specific secondary metabolism.

Ecology of the ocean microbiome biosynthetic potential

Beyond its diversity and novelty, we also investigated the biogeographic structuring of the
ocean biosynthetic potential. We grouped samples based on the metagenomic abundance
distribution of GCFs (Methods) into three distinct clusters (PERMANOVA, p-value < 0.001, n
= 1,038, Extended Data Fig. 4a).

This density-based clustering (HDBSCAN) was performed on dimension-reduced distances
(UMAP) resulting in a strongly supported embedding (UMAP’s trustworthiness >0.9 up to
K>>100) and that the clustering outcome was supported with both internal clustering



evaluation (DBCV of 0.78 for this optimum) and external clustering evaluation (Prediction
Strength > 0.9, Extended Data Fig. 4b). We also found the outcome of the clustering to be
reproducible with alternative clustering algorithms, e.g. V-measure of 0.98 with the CLARA
algorithm.

The three clusters distinguished low latitude, epipelagic, prokaryote-enriched and virus-
depleted communities, mostly from surface (cluster 1) or deeper sunlit waters (cluster 2), from
polar, deep ocean, virus-enriched and particle-enriched communities (cluster 3) (Extended
Data Fig. 4c). These differences were associated with higher abundances of RiPP and terpene
BGCs in both clusters 1 and 2 as opposed to NRPS and PKS BGCs in cluster 3. We
additionally found significantly different (FDR-corrected pairwise Wilcoxon tests, p-value <
2*107%, n = 1,038) average genome sizes (Methods, Extended Data Fig. 3d) between the
clusters. Notably, streamlined genomes in clusters 1 and 2 were found to correlate with more
compact BGCs (RiPPs, terpenes), while larger genomes in deeper and colder waters were
associated with larger BGCs (PKS, NRPS) (Extended Data Fig. 4, Figure Extended Data Fig.
3b-c). Surprisingly, some of the largest average genome sizes, which are expected to
positively correlate with cell size?®, were found in the virus-enriched (<0.22 ym) samples in
cluster 3.

Estimating genome sizes

We note that the community-level genome sizes are based on an estimator, i.e. completeness
corrected genome size for genomes of good quality or above. Using a subset of 84 species
(mOTUs clusters) with both good quality MAGs and reference genomes (REFs), we found this
indicator to perform well (Extended Data Fig. 3d). However, it may remain subject to volatility
and systematic biases, the resulting estimates should thus be interpreted carefully.
Nonetheless, the trends between clusters appear to be robust beyond these limitations as they
align with the taxonomic profiling of the respective samples.

Recovery of BGCs across different size fractions

Having found that virus-enriched communities were associated with high abundance of BGCs
(Extended Data Fig. 4c), including novel ones (Extended Data Fig. 5), we sought to investigate
the distributions of predicted BGCs across the studied size-fractions.

Out of the 39,055 BGCs analyzed in this work, 28,109 were predicted in the newly
reconstructed MAGs. Among these, 8,619 (31%) were predicted in genomes from virus-
enriched fractions, 16,350 (58%) in genomes from prokaryote-enriched fractions, 781 (3%) in
genomes from particle-enriched fractions and 2,359 (8%) in genomes from virus-depleted
fractions. This contrasts with the distribution of MAGs across said fractions, with 12%, 66%,
2% and 20% reconstructed virus-enriched, prokaryote-enriched, particle-enriched and virus-
depleted fractions, respectively, confirming that virus-enriched and particle-enriched fraction
may be of particular interest for bioprospection.

The ocean microbiome biosynthetic potential is structured beyond taxonomic signal

We next sought to explore how much of the biosynthetic potential structuring was reflected in
the taxonomic structuring of the ocean microbiome as a result of GCFs phylogenetic



specificity. To that end, we first compared the GCF-based distances to the mOTUs-based
distances and found them to be only weakly correlated (R? of 0.11). Then, we subjected the
mOTUs taxonomic profiles to the same clustering analysis, and after dimension reduction and
density-based clustering we found four clusters. We found this taxonomy-based clustering to
relate, but only partially, to the GCF-based clustering (V-measure ~= 0.4). To contextualize
this value, we estimate this difference to correspond to assigning about a third of the samples
from the GCF-profiles randomly, suggesting that albeit related, the GCF-based clustering
provides complementary and only partially predictable information to a taxonomic
composition-based structuring of the ocean microbiome.

Unsuspected diversity of ultra-small bacteria

Among the recovered MAGs, we found members of two new candidate orders within the
Alpha- and Gammaproteobacteria. Members of these taxa were found to have genome sizes
ranging from 2 to 4.5 Mbp and to be prevalent and often detected exclusively in this size
fraction. Whether these MAGs represent other viable members of ultra-small bacteria
(including pleomorphism or starvation forms)'?” and/or content of gene transfer agents'?,
rather than sampling artifacts remains to be elucidated. These observations complement
previous gene-centric work'?°, which focused on ultra-small and genome-reduced microbes'*

in a subset of virus-enriched Tara Oceans samples.

Data accessibility through the microbiomics.io web application

The database and results generated in this study are available on public repositories as well
as through a dedicated web application hosted at microbiomics.io/ocean/. The flask-based
framework provides interactive access to the data, allowing the user to filter and browse
summary tables for all genomes and BGCs in the database. Additional genome- or BGC-
specific pages are generated on the fly to provide the user with an overview of the annotations,
metagenomic and metatranscriptomic distributions of genomes and BGCs through the
mOTUs and GCFs profiles, respectively. The insights provided through this automated data
visualisation may help the user to pick additional BGCs for characterization or genomes to
study further. The web application additionally leverages recent development in metagenomic
data representation and indexing™’ to provide a fast, graph-based, k-mer search allowing the
user to search for a DNA sequence in all the genomes in the database.

The marine lineage of Ca. Eremiobacterota

Binomial naming of a new marine Ca. Eremiobacterota lineage

Based on whole genome ANls, taxonomic annotations and phylogenomic analyses (Figure 3)
(Methods), we identified five species from three genera belonging to the same family. We
propose the following names'*%:

‘Candidatus Eudoremicrobium’ (Eu.do.re.mi.cro'bi.um; N.L. fem. n. Eudore, the Nereid, sea
deities in Greek mythology, of fine gifts from the sea; N.L. neut. n. microbium, a microbe; N.L.
neut. n. Eudoremicrobium, a gifted microbe from the sea);



‘Candidatus Eudoremicrobium malaspinii’ (malaspinii; after Malaspina, the name of the
expedition that recovered the genetic material of the microbe). Type species of the genus with
the chromosome-level pacbio long-read metagenome-assembled genome
E.malaspinii_ MAG_MP1648_PBLIHF as type material;

‘Candidatus Eudoremicrobium taraoceanii’ (taraoceanii; after Tara Oceans, the name of the
expedition that recovered the genetic material of the microbe). With the genome designated
as TARA_SAMEA2623601_METAG_PIAMPJPB as type material;

‘Candidatus Amphithomicrobium’ (Am.phi.tho’e.mi.cro'bi.um; N.L. fem. n. Amphithoe, the
Nereid, sea deities in Greek mythology, she that flows around; N.L. neut. n. microbium, a
microbe; N.L. neut. n. Amphithomicrobium, a microbe from the sea flowing around, referring
to the original observation of its distribution across the oceanic depth layers);

‘Candidatus Amphithomicrobium indianii’ (indianii; after the Indian Ocean, basin where the
genetic material of the microbe was recovered). With the genome designated as
TARA_SAMEA2730749_METAG_OLPPLKCL as type material;

‘Candidatus Amphithomicrobium mesopelagicum (mesopelagicum; after the mesopelagic
depth layer, where the microbe was originally observed to be most abundant). With the
genomes designated as TARA_SAMEA2623054_METAG_OCMKBGHM as type material;

‘Candidatus Autonomicrobium’ (Au.to.no’e.mi.cro'bi.um; N.L. fem. n. Autonoe, the Nereid, sea
deities in Greek mythology, with her own mind; N.L. neut. n. microbium, a microbe; N.L. neut.
n. Autonomicrobium, a microbe from the sea with its own mind, based on the original recovery
of a single species in the genus);

‘Candidatus Autonomicrobium septentrionale’ (septentrionale; from septentrio, the north,
referring to the original detection of the microbe almost exclusively in the northern
hemisphere). With the genomes designated as TARA_SAMEA2623601_METAG_LGBFILLL
as type material;

On the basis of these clades, we further propose ‘Candidatus Eudoremicrobiaceae’ (fam.
nov.), ‘Candidatus Eudoremicrobiales’ (ord. nov.) and ‘Candidatus Eudoremicrobiia’ (class
nov.);

Manual inspection of the species representatives

We used Anvi'o to manually inspect the abundance correlation patterns of each of the
representative genomes (Extended Data Fig. 6a,c-f). The uniform read coverage across the
scaffolds and stable GC content support a high quality of the identified MAGs. We did note
some irregularities in the coverage, yet careful inspection of one such region with higher
coverage (e.g., Extended Data Fig. 6a) revealed that this fraction of a larger scaffold was
flanked by recombinases, indicating that it is probably present in several copies within the
genome, but collapsed in the present assembly. We additionally tested the quality of the Ca.
E. malaspinii representatives by inspecting the assembly graphs. Briefly, we extracted reads
mapping to the genome from several samples and conducted a specific assembly (same
parameters as before) to check whether scaffolds would be connected in the assembly graph,
suggesting that connected fragments could be part of a single chromosome (Extended Data



Fig. 6b). We indeed found that over 99% of the genome was connected to each other,
including through what appears to be complex repeat regions.

Refining the contamination estimates of Ca. Eudoremicrobiaceae MAGs

Initial contamination estimates based on universal single-copy marker genes (CheckM, Anvi'o)
were initially above the recommended 10% for some of the recovered MAGs. However, this
is not unexpected since considering that this set of genes is not optimized for such
underexplored phyla (e.g., CheckM later integrated an alternative set of markers more
appropriate for CPR genomes) and among the markers used by CheckM and Anvi'o, several
are found in more than 1.1 average copies®. We therefore additionally used the set of 40
uscMGs that were selected with more stringent parameters. Indeed, based on these 40
markers the contamination estimates of these MAGs ranged from 2.5 to 5% with COG0124
duplicated in the five species and COG0522 in three of them. To test whether these
duplications were due to actual contamination or biological duplication events, we constructed
phylogenetic trees based on these genes (Methods). We found, for instance, COG0124 to be
consistently duplicated across the MAGs reconstructed in our study as well as external MAGs
belonging to related Ca. Eremiobacterota lineages (Extended Data Fig. 6g-h). Interestingly,
one copy of COG0124 displayed a pattern similar to the phylogenomic analyses while the
other was more closely related to Actinobacteria and Planctomycetota. These results support
a duplication of the marker gene through introgression rather than contamination during the
reconstruction process. Interestingly, these potential introgressions for BGC-rich phyla could
be linked to the increased genome sizes and biosynthetic potential observed within the new
species.

Recovering a chromosome-level assembly of Ca. Eudoremicroobium malaspinii

We then corroborated the short-read metagenomic reconstruction of Ca. E. malaspinii draft
genomes by subjecting the DNA leftover (~6 ng) of one sample to ultra-low input, long-read
metagenomic sequencing (Methods). Through targeted assembly of the resulting
metagenome, we recovered a near-complete Ca. E. malaspinii genome, composed of a single
9.63 Mbp linear chromosome with a 75 kbp repeat as the only remaining ambiguity, and found
this chromosome-level assembled MAG to fully contain the short-read-based draft genome
sequence. Overall, this corroborates the previous manual inspection of short-read
reconstructions of Ca. Eudoremicrobiaceae spp. genomes.

Genomic trait prediction in Ca. Eudoremicrobiaceae spp.

To gain potential insights into the possible ecology of Ca. Eudoremicrobiaceae spp. in the
global oceans, we first explored computational trait and lifestyle predictions (Methods). The
results suggest Ca. Eudoremicrobiaceae spp. to be putatively gram-negative, motile,
heterotrophic bacteria. Members of this family harbor a rich repertoire of degradative enzymes
as well as diverse secretion systems, which, along with their biosynthetic potential, could
represent the genomic evidence for predatory behavior*'. We found support for this hypothesis
in high predatory index® values for Ca. Eudoremicrobium spp., which were even higher than
for Bdellovibrio spp. (Supplementary Table 3), a well-studied model for predatory
specialization in bacteria*'.



Metatranscriptomic distribution of Ca. Eudoremicrobium spp.

We then leveraged metatranscriptomic data from Tara Oceans®® to explore gene expression
patterns in natural communities. First, we found evidence for all BGCs of Ca.
Eudoremicrobiaceae spp. detected in the metatranscriptomic dataset to be expressed (Figure
3C, Extended Data Fig. 7e-g). Then, we focused on ’Candidatus Eudoremicrobium
taraoceanii’ as it was found to be the most prevalent Ca. Eudoremicrobiaceae species in the
surface oceans (Figure 3). Through dimensionality reduction and unsupervised density-based
clustering, we determined that 29.4% of the transcriptome variance could be explained by four
discrete clusters (PERMANOVA, p-value < 0.001, n = 28) suggestive of distinct transcriptional
states (Extended Data Fig. 7a). With little to no gene content variation in Ca. E. taraoceanii
(Extended Data Fig. 7b) and a high number of genes expressed in all the samples studied,
the four identified states are most likely resulting from changes in gene expression. One of
these states corresponded to the gene expression profile of Ca. Eudoremicrobium taraoceanii
in all particle- and eukaryote-enriched samples (all samples >0.8 um: i.e., 0.8-5, >0.8 and 5-
20 uym). The remaining transcriptional states were all derived from prokaryote-enriched
samples (0.2-3 ym). Across all four states, there was no clear separation by geographic origin.
Combined with the predicted traits (motile, heterotrophic, predatory), these findings suggest
that Ca. Eudoremicrobium spp. may be cosmopolitan bacteria (Figure 3) alternating between
free-living (prokaryote-enriched) and particulate organic matter-associated states.

To explore the functional changes linked to these four states, we identified differentially
expressed functional groups across them (Supplementary Information) and found BGCs,
secretion systems, degradation enzymes and predatory markers to be among the most
discriminative features (Supplementary Table 4). Specifically, the expression level of genes
belonging to these groups were on average highest in the particle-enriched size fractions,
although we also found them to be expressed in one of the free-living states (Extended Data
Fig. 7a). By contrast, flagellar genes were more highly expressed in prokaryote-enriched
fractions, further supporting the idea of particle-attached vs free-living lifestyles of these
bacteria. Together, these observations suggest a strong association between the ecology of
Ca. E. taraoceanii and the expression of its BGCs, which may reflect a secondary metabolite-
driven predatory behavior as reported for some antibiotics-producing bacteria’?.

The biosynthetic potential of Ca. Eudoremicrobiaceae

To further explore the remarkable biosynthetic potential within Ca. Eudoremicrobiaceae, we
contrasted its core and clade-specific BGCs. To that end Ca. Eudoremicrobiaceae BGCs
(antiSMASH predictions) were clustered using BiG-SLICE (v1.1.0). This clustering was
manually curated to identify core and clade specific BGCs.

A shared biosynthetic potential

We identified six candidate BGCs shared across the five Ca. Eudoremicrobiaceae species
that constitute the shared biosynthetic potential of the lineage. However, the bacteriocin
DUF692 was present in four out of five species, only missing in Ca. A. mesopelagicum. This
species was only represented by a single MAG with a completeness estimate of 94.3% and



using this metric as a probability estimate to find a feature in the reconstructed genome, there
is a 5.7% chance that this cluster would be missing by chance. Considering that this probability
wouldn't meet significance criteria as well as the phylogenetic relationship between the five
species, we conclude that this cluster is most likely shared by the five species.

Interestingly, some of these clusters have similarity with characterized biosynthetic gene
clusters from the curated MIBiG database® providing insights into the potential chemical and
functional profiles of Ca. Eudoremicrobiaceae secondary metabolites. This suggests the
seven shared clusters encoded putative natural products most likely involved in e.g., the
regulation of osmotic stress, iron uptake and membrane fluidity (see below).

Siderophore

A classical siderophore biosynthesis cluster conserved across all Ca. Eudoremicrobiaceae
species which likely has a role in iron scavenging that may provide a fitness advantage in iron-
limited marine regions or link to their putative predatory behavior'®.

Ectoine

Another conserved gene cluster encoding an ectoine synthetase suggests that Ca.
Eudoremicrobiaceae spp. may produce the osmolyte ectoine. Ectoine and related products
have been shown to help microorganisms survive osmotic stress such as fluctuating salinity
conditions in variable ocean environments'?+'3,

Type lll polyketide synthase

A type Ill polyketide synthase cluster conserved across all Ca. Eudoremicrobiaceae species
shared similarity with two of the three genes of the characterized BGCs encoding for
alkylpyrone or alkylresorcinol-type metabolites. These metabolites typically have long aliphatic
tails that are believed to incorporate into cytoplasmic membranes and play a role in regulating
membrane rigidity'*>'%. Ca. Eudoremicrobiaceae MAGs were recovered from different ocean
fractions with estimated particle sizes ranging between 0.8 and 20 ym, suggesting that they
may form microcellular aggregates such as biofilms. Biofilm formation can also be regulated
by secondary metabolites, such as alkylpyrone-type molecules. For example, in Bacillus spp.,
exogenous addition of 4-hydroxyl alkylpyrones resulted in a hyper-wrinkled biofilm
morphology'’.

Polyunsaturated fatty acids and hydrocarbons

A polyketide cluster conserved in the Ca. Eudoremicrobiaceae family encodes enzymes with
similarity to the multimodular polyunsaturated fatty acid synthase known to produce long-chain
polyunsaturated fatty acids (PUFASs). Interestingly, PUFA genes are co-localized with o/leBCD
genes known to form a complex for the production of long-chain (Cs1+) polyunsaturated
hydrocarbons'?. These long-chain hydrocarbons likely alter membrane fluidity in response to
variable temperature and pressure conditions which Ca. Eudoremicrobiaceae members are
likely to experience in the marine environment. Metatranscriptomic analysis suggested the
expression of Ca. Eudoremicrobiaceae polyunsaturated hydrocarbon biosynthetic cluster is
constitutive. This finding is consistent with previous studies that have shown that transcription
of PUFA genes in the deep-sea bacterium Photobacterium profundum strain SS9 does not
change under variable cultivation conditions such as increased pressure or reduced



temperature despite an observed increase in PUFA production'®. An independent study found

that hydrocarbons produced via the oleABCD pathway are also constitutively produced®,

Ca. Eudoremicrobium-specific biosynthetic potential

Despite this shared biosynthetic potential, the Ca. Eudoremicrobium genus stood out as its
members were found to encode for up to 15 additional BGCs. Among them, 10 were identified
as NRPS and PKS clusters and seven as RiPPs spanning multiple peptide classes™,
including proteusin pathways predicted by antiSMASH, more than any organism characterized
so far. Proteusins are of particular biotechnological interest owing to their varied bioactivities
and the expected density and diversity of unusual chemical modifications installed by enzymes

encoded in relatively short BGCs*.

T1PKS/3*NRPS

Notably, Ca. Eudoremicrobium representatives encode for a particularly large (over 70 kbp)
and architecturally complex type | PKS/NRPS hybrid. An unusual feature of this cluster is the
presence of terminal reductase domains in both of the two NRPS proteins. Notably, the
maijority of characterized natural products modified by these domains have shown varied and

enhanced bioactivity such as protease inhibition and antitumoral properties'.

More specifically this pathway contains a hybrid T1PKS/NRPS megasynth(et)ase with two
neighboring NRPS modules forming an interleaved cluster 77 kb in length (Figure 3D). The
total of four adenylation domains in the cluster were all predicted to have specificity for
aromatic amino acids such as phenylalanine, tryptophan, hydroxyphenylglycine or
dihydroxybenzoate by NRPSsp'#?. The BGC shares some similarities with the bacilysin
pathway found in Bacillus spp.'** Bacilysin is a dipeptide ‘Trojan horse’ antibiotic in which L-
alanine is bound to L-anticapsin for export prior to peptidase cleavage and release of the active
anticapsin drug. Both pathways encode relatively small peptidic products with aromatic side
chains that are highly modified by an abundance of reductases and dehydrogenases in the
cluster (Extended Data Fig. 8a). However, unlike the bacilysin pathway which produces a
dipeptide, we predict the Ca. Eudoremicrobiaceae BGC encodes a hybrid PKS/NRPS final
product, which is likely also glycosylated as suggested by the presence of two
glycosyltransferases encoded in the cluster. Additional Fe(ll)/a-ketoglutarate-dependent
oxygenases and O-demethylase Rieske oxygenases suggests the final product is likely more
oxidized than bacilysin.

Candidate proteusin BGC 54.1

The most complex, lineage-specific RiPP BGC identified in Ca. Eudoremicrobium BGC is of
exceptional intricacy as it encodes over 10 maturation enzymes, including a lanthionine
synthetase and three epimerases that likely modify a precursor peptide along with the
complete genetic machinery for cleavage and transport of the mature peptide (Extended Data
Fig. 8b). The pathway is classified as a proteusin by antiSMASH and the predicted presence
of p-amino acids and (methyl)lanthionine rings resulting from the first half of the cluster
suggests some shared structural features to the recently characterized antiviral
landornamides*®. However, the precursor peptide appears to be similar to Nif11-type leaders



as opposed to the usual NHLP leader of proteusins, suggesting that it could be a non-proteusin
epimerized RiPP.

More specifically, the precursor peptide contains a Nif11-like leader portion, with a canonical
C-terminal Gly-Gly cleavage motif. Notably, a second Gly-Gly site is identified within the
predicted core region. A LanM-type lanthionine synthetase (encoded by orf9) putatively installs
up to four lanthionine bridges on the precursor peptide, as four cysteine residues are present
in the core peptide. Predicted radical SAM (rSAM) epimerases (orf10, orf11, orf19)
homologous to PoyD and OspD are likely to install b-amino acids on the peptide, and B12-
dependent radical SAM enzymes (orf12, orf21) homologous to C-methyltransferases
potentially methylate carbons in the precursor*®®. A number of other metalloenzymes
belonging to the rSAM, P450, mononuclear non-heme iron a-ketoglutarate dependent
families, encoded by orf13, orf14, orf16, orf17, orf20, likely oxidize the peptide product. Finally,
predicted transporters (orf3-orf7), including some with an N-terminal C39 peptidase, are
expected to both cleave the Nif11-type leader peptide and export the mature natural product
to the extracellular milieu. This cluster is also co-localized with an uncharacterized family of
phage plasmid transfer proteins (encoded by orf22) found in the plasmid SCP1 of
Streptomyces coelicolor and various Mycobacterium phage genomes, suggestive of cluster
mobility.

Proteusin BGC 34.1

This proteusin cluster contains a precursor peptide rich in small hydrophobic amino acids and
harboring an NXsN pattern of residues in the core region. Together with the presence of other
key maturases such as rSAM epimerases (Extended Data Fig. 8c), this cluster is highly
characteristic of pore-forming B-helix peptides, such as the highly cytotoxic polytheonamides
and aeronamides*>89.144

Deep-sea specific BGCs

Aryl polyene

The deep-sea Ca. Eudoremicrobium (Ca. E malaspinii) also have a unique aryl polyene
cluster, which is surprising given that aryl polyenes typically play a role in protection from
photodamage by visible light by quenching reactive oxygen species (ROS). However, visible
light does not reach depths of 2,000 — 4,000 m where organisms with the aryl polyene cluster
are exclusively found. This suggests the aryl polyene product might play a different ecological
role, or that ROS may be generated from other sources. A recent study found that marine
microbial ROS production through one-electron reduction of O, to superoxide production plays
a larger role in the marine oxygen cycle than previously realized'®. Indeed, ‘dark’ biological
superoxide production was demonstrated in most major groups of marine microbes. This
suggests ROS mitigation strategies such as through aryl polyene production may also be
essential for the survival of bathypelagic microbes even in the absence of visible light.

RiPP BGC 75.1

Additionally, we found the deep ocean species (Ca. E. malaspinii) representatives to encode
for a unique RiPP cluster within these clades. Due to this particularity, we selected this cluster
for further characterization.



Ca. Eudoremicrobiaceae as a source of new enzymes and natural products

For experimental validation of biosynthetic pathways in Ca. Eudoremicrobiaceae we selected
the best short-read genome of the type species (Ca. E. malaspinii), i.e. the MAG
MALA_SAMNO05422137_METAG_HLLJDLBE, as the reference genetic sequence.

Experimental validation of Ca. E. malaspinii RiPP BGC 75.1

In silico cluster analysis

Protein sequence similarity® shows EmbA harbors an N-terminal leader region commonly

found in ribosomal natural products, with homology to the Nif11 enzyme, involved in nitrogen
fixation. The C-terminus of the leader peptide includes the prototypical Gly-Gly cleavage moatif,
where the leader peptide is removed for complete maturation of the peptide product, resulting
in an 18 amino acid core with sequence MVTTFFIPSESDDQFFKK. Using the DeepRiPP
workflow, EmbA is predicted to be a class Il lanthipeptide with 79% class prediction probability,
but very low similarity to other RiPP cores'®. Threonine and serine residues are present in
the core sequence, and could be sites for phosphorylation and dehydration, as is characteristic
in lanthipeptide biosynthesis. Nonetheless, cysteines are not found in the core peptide
sequence, eliminating the possibility of (methyl)lanthionine macrocycle formation. BLASTp
analysis on EmbM shows homology to the dehydration domain of type 2 lanthipeptide
biosynthesis proteins, generally termed LanM, which are bifunctional enzymes capable of
catalyzing dehydration and cyclization reactions on their substrates'’. EmbM was modelled
using Phyre2'¥® In accordance with BLAST results, EmbM shows predicted structural
similarity to protein kinases and to the dehydratase domain of CylM (83% coverage of the
sequence, modelled with 100% confidence), the Enterococcal lanthipeptide synthetase
enzyme from the cytolysin biosynthetic pathway (Extended Data Fig. 9a-b)**. EmbM, however,
does not contain the typical Zn-dependent cyclization domain which catalyzes the lanthionine
macrocycle formation between the thiol side chain of Cys and dehydroamino acids. This
observation is consistent with the lack of cysteine residues in the precursor peptide EmbA.
Notably, biosynthetic enzymes homologous to the dehydration domain of LanM and lacking
the cyclization domain are also present in the biosynthetic clusters for the polytheonamides
and aeronamides, highly cytotoxic compounds from ‘Candidatus Entotheonella factor’ and
Microvirgula aerodenitrificans*® "% These enzymes, PoyF and AerF, were shown to
dehydrate threonines at core position 1.

In CyIM, residues required for phosphorylation are Lys274, Asp347, His349, Asn352, and
Asp364*. In EmbM, sequence alignment and structural modelling allows us to map these
residues to Lys178, Asp252, His254, Asn257, and Asp269, suggesting EmbM'’s ability to
phosphorylate Thr or Ser residues in the precursor peptide core (Extended Data Fig. 9c-d).
Mutagenesis investigations in representative lanthipeptide synthetases and CylM have
identified residues Lys274, Asp252, His254, Argb06 and Thr512 as key for facilitating
phosphate elimination*®'471%0.1%1 | ys274, Asp252 and His254 are proposed to both activate
the phosphate group for transfer from ATP and stabilize the phosphate in the elimination step.
In EmbM, the first two residues correspond to Lys178 and Asp155. Notably, EmbM is missing
the equivalent of His254, and this residue corresponds to a Leu or a Pro in EmbM based on
structure and sequence comparisons, respectively. In CylM, mutational analysis showed that



a CylIM-H254A mutant completely abolished phosphate elimination and generation of
dehydrated products.

Arg506 and Thr512 are proposed to directly assist phosphate elimination in CylIM. Thr512 is
thought to act as a general base to deprotonate the a-carbon of the phosphorylated residue,
generating an enolate, which is stabilized by the side chain of Arg506. In EmbM, CylM’s
Arg506 is mapped to Arg390 and CylM’s Thr512 to Ser396 (Extended Data Fig. 9c-d).
Although highly unusual, Thr to Ser mutation is not unprecedented: in Nostoc sp. 106C, a
LanM enzyme (WP_086758087) with a Ser as predicted general base is associated with a
Nif11 precursor peptide (WP_086758085). To our knowledge, the function of this particular
LanM enzyme has not been experimentally validated. Nonetheless, mutagenesis studies in
CyIM indicate that a T512A mutant is capable of generating phosphorylated intermediates, but
elimination and generation of dehydrated peptides is not observed*.

Immediately downstream of embM is orf3. The resulting small protein, which we termed Embl,
shows only distant similarity to proteins of unknown function. Notably, Embl shows no
similarity to PqqgD, the prototypical RiPP recognition element (RRE)'2'%3_ A prediction of
secondary structural elements of Embl using PSIPRED and analysis using transmembrane
hidden Markov model (TMHHM), indicates the Embl is comprised of two alpha helices, of
which the C-terminal is predicted to be a transmembrane helix'**'*°. Along with the high
calculated isoelectric point and proximity to bacteriocin biosynthetic genes, an immunity
related function is suggested for Embl. The scaffold containing embA and embM also harbors
open reading frames likely involved in regulation via a two-component system. Orf1 is
predicted to act as a sensory histidine kinase and Orf2 shows high homology to response
regulators. The C-terminus of Orf6é shows distant homology to peptidase family C40, often
involved in cell wall degradation or remodeling'®. Finally, Orf7 shows homology to glutamine
aminotransferase, which takes part in the biosynthesis of guanosine nucleotides. Typical
transporters associated with Nif11-type precursor peptides are not present in the cluster
neighborhood.

Functional characterization

In order to functionally characterize cluster 75.1, heterologous co-expression experiments and
in vitro enzymatic assays were conducted. Heterologous co-expression in E. coli was initially
performed with the constructs pACYCDuet-1-EmbA(MCS1) in E. coli BL21(DE3), as a
negative control; and pACYCDuet-1-EmbA(MCS1) + pCDFDuet-1-EmbM(MCS2) in E. coli
BL21(DE3) (Supplementary Table 6). Expression of both embA and embM, followed by nickel-
affinity chromatography for purification of EmbA resulted in high expression levels for both
proteins. Proteolysis with trypsin followed by HPLC-MS analysis resulted in the appearance
of two new peaks in the chromatogram upon comparison with an experiment in which only
EmbA was produced. The new peaks displayed monoisotopic masses (M+3H)** 1182.8769
and (M+3H)** 1209.5277, which correspond to a difference of +79.9743 and and +159.9267,
respectively, in relation to the unmodified trypsin digest fragment of EmbA (Supplementary
Table 6). This mass difference corresponds to the single and double phosphorylation of EmbA
(monophosphorylated EmbA calculated mass (M+3H)*" 1182.8685; double phosphorylated
EmbA calculated mass (M+3H)** 1209.5239, Supplementary Table 6). HPLC-MS/MS was
utilized to localize the modifications in the peptide sequence. Fragment ions y16, y15, y14 and



b17, b16, b15 allow us to map modifications to Thr(3) and Thr(4) for monophosphorylated
products and both Thr(3) and Thr(4) for doubly phosphorylated products (Extended Data Fig.
9j, Supplementary Table 6). Fragment ions corresponding to Thr(4) phosphorylation were
more abundant, pointing to initial modification at that position being favored. Cleavage of
EmbA with LahT150% resulted in the removal of the leader peptide and identification of mono
and double phosphorylated peptide cores, in line with the results obtained with trypsin
(Supplementary Table 6).

In silico analysis of EmbM suggests the enzyme is capable of phosphorylation of substrate
peptides, given all residues proposed to be involved in kinase activity of CylM can be mapped
to EmbM. This hypothesis is confirmed experimentally with the results described above.
EmbM is generally similar to AerF, PoyF and the dehydration domain of LanM enzymes.
However, EmbM does not contain key active site residues that are responsible for catalyzing
phosphate elimination, and we hypothesized that the linear, phosphorylated peptide could be
the terminal product of the EmbM maturase. Our hypothesis was supported by the fact that no
dehydrated EmbA was found in the initial experiments described above. A number of
additional co-expression conditions were tested: E. coli expression hosts were varied, along
with expression media, temperature, and time (Supplementary Table 6). Different construct
combinations were also tested: precursor and EmbM were expressed in their genetic context
or expressed from individual plasmids with different copy numbers and the genes encoding
each protein were also codon-optimized for E. coli expression. Embl was also included in co-
expression experiments, given its putative role in providing the native producing organism,
and likely the heterologous expression host, with immunity to the biological activity of the
cluster product. All conditions assayed resulted in the same outcome: high amounts of
phosphorylated products were detected, but dehydration was not observed.

Co-expression of EmbA and EmbM was also performed in Microvirgula aerodenitrificans, a
Betaproteobacterium isolated from activated sludge®. We hypothesized that, due to the broad
similarities between EmbM and AerF and the fact that M. aerodenitrificans is also found in
aquatic environments, EmbM was likely to display its full predicted activity. Nonetheless, 94%
of the precursor peptide was converted to phosphorylated products (percent conversion was
calculated based on the relative peak areas in extracted ion chromatograms). In vitro
enzymatic assays with EmbA and EmbM were also conducted. The proteins were individually
purified and assayed with MgCl, and ATP as a co-substrate. A variety of conditions were
screened and, upon incubation of EmbA and EmbM at 37 °C for 3 days, upwards of 75%
conversion to phosphorylated products was observed, in line with the results of co-expression
experiments.

Intriguingly, efficient phosphorylation by wild-type LanM-type enzymes without concomitant (3-
elimination and generation of dehydrated amino acids is, to our knowledge, unprecedented.
We attribute this result to the fact that EmbM is missing one of the three residues thought to
stabilize the phosphate group for elimination and, notably, the predicted base that
deprotonates the a-carbon of phosphorylated residues is a Ser as opposed to a more common
Thr. This is supported by the consistency of the mutations across all MAGs containing this
BGC. In the model enzyme CylM, the equivalent residues (H254, T512) were shown to be
essential for phosphate elimination based on mutational analysis*®.



In order to test and compare the biological activities of precursor peptide, phosphorylated
peptide and hypothetically dehydrated peptide, dehydration of phosphorylated peptide was
recreated in vitro by combining enzymatic and chemical methods. Single and double
phosphorylated products were generated by reaction of EmbA and EmbM. Cleavage of the
leader peptide with the promiscuous LahT150 protease yielded the phosphorylated core
peptide. Finally, B-elimination of phosphorylated peptides was achieved by treatment with
base. Production of single and double dehydrated products was confirmed by HR-MS and HR-
MS/MS (Supplementary Table 6, Extended Data Fig. 9k). Further confirmation of the presence
of a,B-unsaturated Thr residues resulted from derivatization of EmbA trypsin fragments with
DTT (Supplementary Table 6, Extended Data Fig. 9k). Dehydrobutyrine residues are more
stable in the Z configuration and, with the exception of cypemycin, all Dhb-containing RiPPs
harbor the Z isomer'"~">°. We thus depict Dhb(3) and Dhb(4) in the Z configuration.

A number of biological activity screens were performed with unmodified precursor peptide,
phosphorylated peptide and dehydrated peptide. MTT assays resulted in no cytotoxic effect
at biologically-relevant concentrations against HelLa cells for all peptides. Similarly, no
antimicrobial activity was observed against a varied panel of bacteria. Protease inhibition
screens yielded no activity against trypsin, chymotrypsin and cathepsin B. Gratifyingly,
however, the phosphorylated peptide inhibited neutrophil elastase at an 1Cso of 14.3 uM,
whereas the precursor and dehydrated peptides showed no activity.

In silico analysis and functional characterization of EreA

Through our analysis of the Ca. Eudoremicrobium biosynthetic potential, we identified a BGC
that was highly-expressed (Figure 3D) and predicted by antiSMASH to produce a RiPP
belonging to the proteusin class of natural products'®. The 5.2-kb BGC, ereAIMDB, encodes
a nitrile hydratase-like precursor (NHLP) and four candidate maturases (Figure 4E). In
comparison to the polytheonamide BGC, the locus did not encode a PoyE-like asparagine-N-
methyltransferase homolog nor did the core sequence have interlocking ‘NXsN’ motifs critical
for the B-helical peptide secondary structure'® of the pore-forming polytheonamide-like
RiPPs®*°_Instead, the EreA 46 aa core consisted mainly of hydrophobic residues including
a 4x repeating ‘GGP[T/S] motif and 16 valines residues. The protein encoded by the full-
length 406-bp ereA precursor gene contains a characteristic ‘AVAGG’ RiPP cleavage motif
preceded by a sequence of acidic residues, which we predicted would enable proteolysis by
the promiscuous RiPP peptidase LahT150%. Heterologous expression of the Nhis-ereA
precursor gene in E. coli BL21(DE3) followed by purification, proteolytic digest with LahT 150,
and HPLC-HR-MS/MS analysis resulted in identification of a chromatogram peak with a
(M+3H)** of 1433.1095 Da corresponding to the 46 aa unmodified core peptide (Extended
Data Fig. 11a). We next co-expressed each maturase gene in the BGC in combination with
the Nhis-ereA precursor gene.

Erel: Aspartinyl-asparaginyl B-hydroxylase protein family

The most upstream predicted maturase encoded in the cluster, Erel, is an iron(ll)/2-
oxoglutarate-dependent oxygenase belonging to the aspartinyl/asparaginyl B-hydroxylase
protein family. Erel shares 22% aa identity with Poyl, a hydroxylase in the polytheonamide
BGC, the first characterized member of the proteusin RiPP class'*®. In vivo modification was



not observed when erel was expressed solely with Nhis-ereA. In vitro assays with purified
NHis-Erel also failed to modify the EreA or EreA + EreD core. In contrast, when Nhis-ereA
was co-expressed in combination with other maturases, erelMD and ereIMDB, peptides with
a mass shift corresponding to the addition of one methyl group and incorporation of one
oxygen was detected (Extended Data Fig. 11a). The oxygen incorporation could only be
localized to the two C-terminal residues of the core by MS? analysis (Extended Data Fig. 11b).
The most likely position is at a tert-Leu methyl group, since hydroxylations at any other site
would result in an unstable molecule.

EreM: New RiPP maturase in the FkbM-like methyltransferase family

EreM is a new predicted type of RiPP maturase belonging to the FkbM-like O-
methyltransferase family. In vivo co-expressions of ereM with Nhis-ereA resulted in a new
peak in the HPLC-HRMS chromatogram compared to experiments in which only NHis-ereA
was expressed. The new peak displayed a monoisotopic mass of (M+3H)** 1437.7845
corresponding to the addition of CH, (+14.0143 Da) in comparison to the unmodified LahT-
digested EreA core (Extended Data Fig. 10b). FkbM-like enzymes are S-adenosyl methionine
(SAM) dependent, therefore we set up in vitro enzyme cascades to biosynthesize either SAM
or '*C-SAM, respectively'®?. In vitro reactions indicated a single methyl group (14.0143 Da) or
3C-methyl group (15.0146 Da) was incorporated (Extended Data Fig. 10a) and detected in
the corresponding 48 aa long N-terminally Gly-Gly-extended EreA core fragments with the
monoisotopic masses of (M+3H)** 1475.7971 Da and 1476.1310 Da, respectively. MS2-
fragmentation of the two methylated 48mer EreA core fragments suggested methylation at the
terminal cysteine residue (Extended Data Fig. 10b, Supplementary Table 5). In order to
elucidate which heteroatom is methylated by EreM, we subsequently performed HSQC NMR
spectroscopy on an epimerized product of Nhis-EreA + EreM in vitro assay using *C-labeled
3CHs-L-methionine. The HSQC spectrum revealed two signals with chemical shifts of
2.03/17.3 ppm and 2.88/25.9 ppm (Extended Data Fig. 10d) that we assumed as "*C-
heteroatom bonds based on chemical shifts. Using C-H-uncoupled '"H NMR analysis and
comparison to a standard '"H NMR, our assumption was supported by observation of peak
splitting indicating *C-H bonds of *C-labeled methyl groups (Extended Data Fig. 10c). In
addition, four signals with chemical shifts of 3.46/70.0 ppm, 3.55/70.0 ppm, 3.64/62.2 ppm and
3.69/74.6 ppm were detected. The detected signals were further assigned by comparison with
the literature: The four downfield signals are most likely from the Tris buffer'®®. Comparison of
the chemical shifts with the NMR assays performed by Mordhorst et al. suggested that the
signal at 2.88/25.9 ppm shows a "*C-N bond and the signal at 2.03/17.3 ppm shows a *C-S
bond. The latter is of residual ™*CHs-L-methionine origin from the in vitro assay. Based on the
observed MS2-fragments (Extended Data Fig. 10b) the "*C-N bond would be part of the valine-
cysteine amide moiety. The formation of an O-methylated iminol tautomer of the amide bond
was excluded due to the higher chemical shifts reported for model compounds of the two
tautomers (~1 ppm in '"H NMR, ~15 ppm in "*C NMR)'%*1%_Comparison with chemical shifts
of N-methylated amide bonds in omphalotin further supported the *C-N bond assignment
(chemical shifts in omphalotin - valine: 2.71-2.97 ppm for '"H NMR, 28.6-29.8 ppm for *C NMR;
isoleucine: 2.59 and 3.01 ppm for '"H NMR, 29.1 and 30.5 ppm for '*C NMR; and glycine: 2.81-
2.93 ppm for '"H NMR, 36.0-36.3 ppm for *C NMR)'%. S-methylation of the cysteine side chain



was excluded by the chemical shifts of N-acetyl-S-methyl-DL-cysteine (2.11 ppm for '"H NMR,
17.7 ppm for *C NMR)'%’. Regarding the reported chemical shift and the detected signal at
2.03/17.3 ppm, a mixture of N- and S-methylated cysteine cannot be completely ruled out.
However, the presence of an additional signal at 2.88/25.9 ppm makes S-methylation of
cysteine less likely. To our knowledge, this peptide bond N-methylation is the first report of N-
methyltransferase activity by an FkbM-like O-methyltransferase family enzyme and first
demonstration of an involvement in RiPP modification.

EreM shares 28% aa identity with FkbM from Streptomyces hygroscopicus (AAF86398.1), the
namesake for the protein family. FkbM transfers a methyl group from SAM to the 31-O position
of the immunosuppressant polyketide FK506*"'%3. To compare the characterized activity of
EreM to FkbM-like methyltransferases in other biosynthetic pathways, we searched all BGCs
in MIBiG v 2.0 using the standard FkbM-like methyltransferase family Hidden Markov Model
(HMM, Methyltransf_21, PF05050) and identified 29 hits within characterized BGC boundaries
(Extended Data Fig. 10e). Four of the 29 FkbM homologs had been previously functionally
characterized either by genetic knockout studies or heterologous expression and all were
found to be O-methyltransferases. Based on biosynthetic logic and the final natural product
structure, the remaining 25 hits in MIBIiG were also proposed in the literature to be O-
methyltransferases, suggesting that EreM is the first FkbM family member to display N-
methyltransferase activity. Moreover, none of the FkbM hits were in RiPP biosynthetic
pathways, further supporting that peptide bond N-methylation by EreM is, to the best of our
knowledge, a new role of FkbM members in posttranslational modification. Additionally, we
did not find any report of N-methyltransferase activity for any member of the FkbM family.

To probe the substrate range of EreM, we tested for in vivo activity with a library of core
variants ranging between 35 and 46 aa in length (Extended Data Fig. 10f). We observed in
vivo incorporation of a single methyl group by EreM for all core analogs tested (Extended Data
Fig. 10g), which was localized to the C-terminus of the peptide (data not shown). Moreover,
when Nhis-ereA was co-expressed with a subset of other maturase genes, i.e., erelMD, we
observed mass shifts corresponding to up to six methylations per core peptide (Extended Data
Fig. 10h), whereas in constructs lacking erel/ we only observed a single methylation (Extended
Data Fig. 10g). Multiple methylation sites could be localized by MS? analysis to V9, V13, V15,
V37, V44, and V45/C46 (Extended Data Fig. 10i). No hydroxylations were observed at these
residues, suggesting that amide bonds were the sites of methylation. This multiple methylation
pattern observed in conjunction with Erel suggests protein-protein interactions between EreM
and Erel may be necessary for multiple methylations to occur. Such protein-complex formation
was proposed earlier for RiPP maturation in lipolanthine biosynthesis where allosteric
activation of a precursor-maturase complex by an additional enzyme may be required'®. EreM
activity with a variety of core analogs opens new areas of research to explore the
biotechnological potential of EreM to generate mono- and multi-methylated peptides.

EreD: radical SAM epimerase

We next tested the activity of the radical SAM epimerase EreD. Co-expression of Nhis-ereA
and ereD in E. coli resulted in a product with an identical m/z to the unmodified core but
improved product solubility and a 0.47 minute retention time shift relative to the unmodified
core suggesting epimerization (Extended Data Fig. 11c). Analysis using an orthogonal D,O-



based induction system (ODIS)'®®, which incorporates a deuterium atom at each epimerized

site that can be localized by MS?, resulted in deuteration of seven residues (Figure 19B), five
valines and two alanines (V10, A12, A14, V16, V18, V29, and either V44 or V45). Weak MS?-
fragmentation did not allow us to distinguish the epimerization site between the final two C-
terminal valine residues, although a mass shift corresponding to one epimerized residue was
detected in this region. Advanced Marfey’s analysis of the peptide confirmed the presence of
D-Val and D-Ala residues, in a ratio with L-Val and L-Ala, respectively of approximately 1:3
(Extended Data Fig. 11f). Based on the core amino acid composition, this would correspond
to five valines and two alanines and a total of seven epimerized residues as confirmed by a
mass shift of +7.04 Da by ODIS (Extended Data Fig. 11e). The first five epimerized sites
display an alternating pattern similar to previously reported epimerase activities such as
PoyD'® which shares 36% aa identity with EreD, while the remaining peptide portion features
a distinct epimerization pattern.

EreB: B1o-dependent C-methyltransferase active in a non-standard heterologous host

We observed no activity of the Bi>-dependent C-methyltransferase, EreB, in E. coli, even
when co-expressed with a complete BtuCEDFB cobalamin uptake system and with added
hydroxycobalamin, FeCls, and cysteine'®. Recently, we developed the betaproteobacterial
wastewater denitrifier, Microvirgula aerodenitrificans containing a complete pathway for
cobalamin biosynthesis as an alternative heterologous expression platform for Bi.-dependent
RiPP maturases®. We cloned Nhis-ereAD, Nhis-ereADB, Nhis-ereAIMD, and Nhis-ereAIMDB
into the pLMB509-m vector (an arabinose-inducible variant of pLMB509) and conjugated the
constructs individually into the newly-constructed M. aerodentrificans Aaer, which carries a
deletion of the native aeronamide RiPP BGC® containing a Bi.-dependent C-
methyltransferase gene. Following successful conjugation, expression, and purification of the
EreA core from M. aerodenitrificans Aaer, we observed the formation of a mixture of multiple
methylated products absent in our control constructs lacking ereB. We detected mass shifts
up to +98.13 Da corresponding to the addition of 7 methyl groups (Extended Data Fig. 12a).
Following proteolytic digestion and MS? analysis, we were able to localize C-methylation sites
to seven different valine residues in the core peptide: V9, V13, V15, V35, V37, V44, and V45
(Extended Data Fig. 12c). Similar to reports from Bi.-dependent C-methylation of the
polytheonamides, we always obtained a mixture of C-methylated products (Extended Data
Fig. 12b) despite testing a range of expression conditions (Supplementary Table 5). Evidence
for side chain C-methylation of valines was further supported by advanced Marfey’s detection
of tert-Leu residues in cores purified from M. aerodentrificans (Extended Data Fig. 12d).

Defining BGC boundaries

Through comparative BGC analysis, close homologs of the four maturase genes ere/MDB,
were co-localized with a highly similar NHLP-like precursor conserved across all Ca.
Eudoremicrobium MAGs. To test the BGC boundaries, we cloned and co-expressed three
flanking ORFs downstream from ereAIMDB from Ca. Eudoremicrobium malaspinii. EreF was
annotated as a homocysteine S-methyltransferase and EreG as a carboxymuconolactone
decarboxylase family enzyme. EreR shares homology to IscR transcription factors that
regulate Fe-S cluster biogenesis'®’. We did not observe any effects or additional core
modifications from multiple co-expressions of Nhis-ereA, Nhis-ereAD, and Nhis-ereAID with



ereF, ereR, or ereG. Based on these findings, we propose ereAIMDB forms the complete
proteusin BGC. In conclusion, despite its relatively small size (5.2-kbp) the BGC characterized
here encodes remarkable biosynthetic complexity. Based on our experimental
characterization of the four RiPP maturases, up to 1 hydroxylation, 7 epimerizations, and 13
methylations are introduced into a 46 aa core (Figure 4G).



Supplementary Table Legends

Supplementary Table 1

Accession numbers and metadata for samples, genomes, metagenomes,
metatranscriptomes, assemblies, bins and MAGs used in this study.

Supplementary Table 2

Data associated with describing the biosynthetic potential of the ocean microbiome, including
the clustering of BGCs into GCFs and GCCs, and its metagenomic structuring.

Supplementary Table 3

Information about BGC-rich lineages described in this study with details on the Ca.
Eudoremicrobiaceae family, such as taxonomy and biosynthetic potential annotations.

Supplementary Table 4

Supplementary information and data for the transcriptomic analysis of natural Ca. E.
taraoceanii populations, including detailed genome annotations and differentially expressed
functions.

Supplementary Table 5

Supplementary information and data for the experimental characterization of the pythonamide
pathway.

Supplementary Table 6

Supplementary information and data for the experimental characterization of the phospeptin
pathway.
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