Nucleic Acids Research, 2025, 53, gkaf226
https://doi.org/10.1093/nar/gkaf226
Methods

TH
J

OPEN ACCESS

ANNIVERSARY

OXFORD

Proxi-RIMS-seq2 applied to native microbiomes uncovers
hundreds of known and novel ™C methyltransferase

specificities

Weiwei Yang' !, Yvette Luyten’-’, Emily Reister?, Hayley Mangelson?, Zach Sisson?,
Benjamin Auch?, Ivan Liachko?, Richard J. Roberts ©1, Laurence Ettwiller ©1-*
"New England Biolabs, Inc., 240 County Road, Ipswich, MA 01938, United States

ZPhase Genomics, Inc., 1617 8th Ave N, Seattle, WA 98109, United States

“To whom correspondence should be addressed. Email: ettwiller@neb.com
The first two authors should be regarded as Joint First Authors.

Abstract

Methylation patterns in bacteria can be used to study restriction—modification or other defense systems with novel properties. While ™C and
m6A methylation are well characterized mainly through PacBio sequencing, the landscape of ™C methylation is undercharacterized. To bridge
this gap, we performed RIMS-seq?2 (rapid identification of methyltransferase specificity sequencing) on microbiomes composed of resolved
assemblies of distinct genomes through proximity ligation. This high-throughput approach enables the identification of ™C methylated motifs
and links them to cognate methyltransferases directly on native microbiomes without the need to isolate bacterial strains. Methylation patterns
can also be identified on bacteriophage DNA and compared with host DNA, strengthening evidence for phage-host interactions. Applied to three
different microbiomes, the method unveiled over 1900 motifs that were deposited in REBASE. The motifs include a novel eight-base recognition
site (CATM®CGATG) that was experimentally validated by characterizing its cognate methyltransferase. Our findings suggest that microbiomes
harbor arrays of untapped ™°C methyltransferase specificities, providing insights into bacterial biology and biotechnological applications.
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Introduction

The role of methylation, an important epigenetic mark, ex-
tends beyond the well-known restriction-modification (RM)
systems in bacteria, playing roles in the orchestration of
gene expression and other cellular mechanisms [1]. While
m4C and ™M®A methylation patterns have been extensively
identified, particularly through the use of Pacific Biosciences
(PacBio) single-molecule sequencing, our understanding of the
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landscape of ™ C methylation and methyltransferase specifici-
ties in bacteria lags behind. Efforts utilizing PacBio [2], Tet-
assisted PacBio sequencing [3], and more recently, nanopore
sequencing technology have begun to bridge this gap [4].
However, these methods require substantial amounts of native
DNA and have limited throughput, posing significant hurdles.

Conversely, high-throughput short-read sequencing enables
the rapid sequencing of entire microbiomes at very high
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coverage, expanding the study of microbiomes to a broad
range of starting materials and versatile selection protocols.
In addition to sequencing genomes, methylome information
can be obtained through short-read sequencing. However, the
most common approach to overlay methylation to sequence
information involves deamination of cytosine to uracil us-
ing bisulfite or enzymatic treatments. These treatments signif-
icantly alter the DNA sequence, making them incompatible
with mixtures of nonmodel organisms typically observed in
microbiomes for which no reference genomic sequences are
available.

Recently, rapid identification of methyltransferase speci-
ficity sequencing (RIMS-seq [5]) has been developed to se-
quence nonmodel organisms, such as bacterial genomes, and
simultaneously determine ™’ C methyltransferase specificities
without requiring a reference genome. However, RIMS-seq is
limited in its application to native microbiomes because short-
read assemblies do not result in long enough contigs to assem-
ble complete genomes from complex metagenomes.

To address this complexity, proximity ligation metage-
nomic sequencing has emerged as a strategy to deconvo-
lute complex microbial communities [6-8]. This technique
involves crosslinking DNA within intact cells prior to ly-
sis, preserving the spatial information about sequences orig-
inating within the same cells. This information is recovered
through ligating digested ends centered on a crosslink site,
and the resulting chimeric molecules are analyzed via paired-
end sequencing. When combined with a metagenomic assem-
bly, these chimeric reads can be used to link contigs from
the same consensus genome together into very high-quality
bins (referred to throughout the manuscript as metagenome-
assembled genomes or MAGs) and additionally to associate
mobile elements like phages and plasmids with their micro-
bial hosts without culturing.

In response to these challenges, we developed Proxi-RIMS-
seq2, which combines an improved version of RIMS-seq and
proximity ligation technologies to simultaneously assess the
genetic and ™ C epigenetic information on genome-resolved
microbiomes. To exemplify the potential of this methodol-
ogy, we applied Proxi-RIMS-seq2 to three highly diverse mi-
crobiomes and linked the methylated motifs to their cognate
methyltransferases.

Materials and methods

Microbiome genomic DNA source

We performed RIMS-seq on four synthetic or native micro-
biome genomic DNA samples, including: (i) a mock gut mi-
crobiome genomic mix containing an equal mixture of 12
fully sequenced and authenticated bacterial species observed
in the gut microbiome (ATCC, MSA-1006); (ii) human oral
microbiome (Phase Genomics); (iii) human fecal microbiome
(ZymoBIOMICS Fecal Reference, Zymo Cat #D6323); and
(iv) vermiculture microbiome (Phase Genomics).

Genome-resolved microbiomes

A Hi-C library was created with the Phase Genomics Prox-
iMeta Hi-C version 4.0 Kit using the manufacturer-provided
protocol [9]. Briefly, intact cells from two samples were cross-
linked using a formaldehyde solution, simultaneously digested
using the Sau3Al ("GATC) and MIuCI ("AATT) restric-
tion enzymes, and proximity ligated with biotinylated nu-

cleotides to create chimeric molecules composed of fragments
from different regions of genomes that were physically prox-
imal in vivo. Proximity ligated DNA molecules were pulled
down with streptavidin beads and processed into an Illumina-
compatible sequencing library. Separately, using an aliquot
of the original sample, DNA was extracted with a Zymo-
BIOMICS DNA Miniprep Kit (Zymo Research, #D4300), and
a metagenomic shotgun library was prepared using ProxiMeta
library preparation reagents. Sequencing was performed on
an Illumina NovaSeq, generating PE150 read pairs for both
Hi-C and shotgun libraries. Hi-C and shotgun metagenomic
sequencing files were uploaded to the Phase Genomics cloud-
based bioinformatics portal for subsequent analysis.

Shotgun reads were filtered and trimmed for quality
and normalized using fastp [10] and then assembled with
MEGAHIT [11, 12] using default options. Hi-C reads were
then aligned to the assembly following the Hi-C kit manu-
facturer’s recommendations (https://phasegenomics.github.io/
2019/09/19/hic-alignment-and-qc.html). Briefly, reads were
aligned using BWA-MEM [13] with the —5SP options spec-
ified and all other options default. SAMBLASTER [14] was
used to flag polymerase chain reaction (PCR) duplicates that
were later excluded from analysis. Alignments were then fil-
tered with Samtools [15] using the —F 2304 filtering flag to
remove nonprimary and secondary alignments. Metagenome
deconvolution was performed with ProxiMeta [16], resulting
in the creation of putative genome and genome fragment clus-
ters. Clusters were assessed for quality using CheckM [17]
and assigned preliminary taxonomic classifications with Mash
[18].

Viral annotation, binning, and host association

Viral contigs were identified using VIBRANT (version 1.2.1)
[19] with default settings. Putative viral contigs with bacte-
rial and viral sequences present are annotated as prophages if
50% or more of the contig length is annotated as viral; other-
wise, they are annotated as microbial.

ProxiPhage [14] viral binning utilizes a hybrid strategy
that combines proximity ligation signal clustering with tra-
ditional metagenomic binning methods to address the limita-
tions of each approach when used independently. An overlap
network was then constructed where nodes represented con-
tig clusters from each set, and edges indicated shared contigs
between clusters. This network was processed using a pro-
prietary greedy network collapse algorithm within the Prox-
iMeta platform to merge overlapping clusters into a single,
refined set of vMAGs.

The quality of viral contigs and vMAGs was assessed us-
ing CheckV (version 1.0.1) [20]. Both viral and plasmid host
assignments were carried out using the ProxiPhage host at-
tribution tool. Long-range Hi-C linkages between viral con-
tigs and their prokaryotic host genomes were analyzed to as-
sign likely hosts. Viral- and plasmid-host linkages were filtered
based on Hi-C linkage strength, connectivity ratios, and intra-
MAG connectivity, using default settings for the ProxiPhage
algorithm.

RIMS-seq library preparation and illumina
sequencing

To prepare individual DNA libraries for RIMS-seq, we used
genomic DNA (gDNA) input amounts ranging from 50 ng
to 80 ng. The microbiome gDNAs were first sheared to 250 bp
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with the Covaris S2 Focused Ultrasonicator. One reaction of
the NEBNext Ultra II DNA Library Prep Kit for Illumina
(NEB, #E7645) was used for each gDNA sample. Adaptor lig-
ated libraries were purified with 1x volume of NEBNext Sam-
ple Purification Beads (NEB, #E7103) and eluted with 45 ul
0.1x Tris-EDTA buffer. NaOH was then added to the purified
DNA libraries at 1 M with a 30 min incubation time at 60°C,
followed by addition of an equimolar amount of acetic acid
to neutralize the reaction. We included a uracil-specific exci-
sion reagent (USER, NEB,#MJ55035) treatment step to improve
RIMS-seq library quality. The detailed protocol was published
in our earlier work [21].

Prepared libraries were amplified and indexed with NEB-
Next Multiple Oligos for Illumina (NEB, #E6446). Short-read
sequencing was processed on an Illumina NextSeq instrument
with paired-end reads of 75 bp.

Reads are mapped to the MAGs reference sequences using
BWA-MEM [22] and processed as described here [5].

Imbalance in known contexts

A total of 44 TUPAC motifs, known to be recognition sites for
at least 10 distinct ™C methyltransferases cataloged in RE-
BASE, were selected, and the positions of the methylated bases
were recorded. The imbalance value was computed for all po-
sitions matching known motifs within a MAG. This value was
calculated by subtracting the total number of C-to-T conver-
sions in read 1 (R1) and G-to-A conversions in read 2 (R2)
from the total number of C-to-T conversions in R2 and G-to-
A conversions in R1, then normalizing to the total number of
C-to-T conversions observed, using the following equation:

Imbalance value = [ (C-to-T in R1 + G-to-A in R2) — (C-
to-T in R2 + G-to-A in R1)] / [ (C-to-T in R1 + G-to-A in R2)
+ (C-to-T in R2 + G-to-A in R1)]

Instances of C-to-T or G-to-A conversions were identified
using mpileup output. High-quality conversions were consid-
ered when the base quality score was >335 for C-to-T or G-to-
A when compared to the reference assembly within a MAG.
To avoid considering positions that contain true genetic vari-
ants, any position where the percentage of C-to-T or G-to-A
conversions exceeded 5% for at least five reads was ignored.
Programs and a detailed manual for the de novo identifica-
tion of motifs in Proxi-RIMS-seq2 are available on GitHub
(https://github.com/Ettwiller/RIMS-seq).

Clustering of the motifs and MAGs based on the imbal-
ance values was done using the pheatmap package (version
1.0.12) with the following options: clustering_distance_rows
= “manbhattan,” clustering_distance_cols = “minkowski.”

Proxi-RIMS-seq2 de novo motif identification
Using the mpileup files, £7-bp flanking genomic regions (15
bp total) for which a high-quality (base quality score > 35)
C-to-T in R1 or G-to-A in R2 was found were extracted for
the foreground. Positions and £7-bp flanking genomic regions
(15 bp total) for which a high-quality (base quality score > 35)
G-to-A in R1 or C-to-T in R2 was found were extracted for
the background. C-to-T or G-to-A in the first position of reads
was ignored. If the percentages of C-to-T or G-to-A were
above 5% for at least five reads at any given position, the po-
sition was ignored (to avoid considering positions containing
true variants).

De novo motif discovery in the mock microbiome was per-
formed using mosdi-discovery using the following parameters:
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“mosdi-discovery -v discovery -q x -i -T 1e-100 -M 8,2,0,4 8
occ-count” using the foreground sequences with x being the
output of the following command: “mosdi-utils count-qgrams
-A dna using the background sequences. To identify addi-
tional motifs, the most significant motif found using mosdi-
discovery is removed from the foreground and background
sequences using the following parameter: “mosdi-utils cut-
out-motif -M X,” and the motif discovery process is repeated
until no significantly enriched motif can be found. A motif is
found significantly enriched in the foreground sequence if P-
value < 1e—100.

De novo motif discovery in the microbiomes has been
performed using DiINAMO. For each MAG, +7-bp flank-
ing genomic regions (15 bp total) for which a high-
quality (base quality score > 35) C-to-T in R1 or G-to-
A in R2 was found were extracted for the foreground
(file_foreground.fasta). Positions and their +7-bp flanking
genomic regions (15 bp total) for which a high-quality
(base quality score > 35) G-to-A in R1 or C-to-T in
R2 was found were extracted for the background
(file_background.fasta). DINAMO was run using the fol-
lowing parameters: dinamo -pf file_foreground.fasta -nf
file_background.fasta -1 8 -t 1

Identification, cloning, and expression of DNA
methyltransferase genes

Putative DNA methyltransferase gene sequences were identi-
fied using HMMER [23] for the Pfam domain PF00145.20 (C-
5 cytosine-specific DNA methylase) [24]. Methyltransferase
target recognition domains (TRDs) were identified using the
conserved signature motifs identified by Posfai et al. [25].
Methyltransferases sequences for MAGs 10 and MAGs 51:
>M_MAGs_10 VKSSNAKSSVVQSQSQIECVDLFCGIG
GLTSGLAKGGIKVNAGIDVDEDCKFAYEKNNDAQFI
LKDI SSLTGPQIRKFFGEGSISLLAGCAPC QPESTYSRKS
RKTKEDDKWSLVLHFGRLIKRAQPTLVTMEN V PQLI
HHQVFDDFLKSLKGYSVWWKVVDCSELGIPQTRKR
LVLLASKLGSIKLLEPDLSEPSTVRSA IEGLMPLEAGSC
DPKDSLHAASDLSDINLRRIRASKPGGTWRDWNKSLLA
KCHRKKSGATFPSVYGR ~ MEWDKPSPTITTQCFGFGN
GRFGHPEQDRAISLREAALIQTFPSDYCFLAPGEKLVFAK
LGRLIGNAVPVKLGEIIANSLITHVDTYRT*
>M_MAGs_51 MIACIDFFCGVG  GLTHGLVRGG
VKVVAGVDVDPLCKYPYEANNEAKFIEQDVKQLS
ATDLLPLWPKKSVTMLAGCAPC QPFSTYSRRGRM
ERADAKWELAKEFGRLINQLQPKLVTMENV PQLA
DHSVFKDFTKSLKGYNLWHGIVECSKYGVPQTRKR
LVLLASKLGPISLAKPSIDESHPPTVRSAITGLLRLKAGE
YDSSDYLHWACKLSPLNLKRIKASKPGGTWRDWDESLI
SECHKKDTGETYPSVYGRMEWDKPSPTITTQCFGYGN
GRFGHPEQNRAITLREAAILQTFPKGYKFLPKGELPTF
AGMGRLIGNAVPVRLGEVIAQTVVAHVADHSx
Gene blocks for cloning M_MAGs_10 and M_MAGs_51
methyltransferase genes were synthesized by Integrated DNA
Technology (Coralville, IA), and codons were optimized
for expression in Escherichia coli. More specifically, the
M_MAGs_10, a 1071-bp methyltransferase gene, was syn-
thesized as two gene blocks (574 bp and 608 bp) con-
taining overlaps designed for NEBuilder HiFi assembly. The
M_MAGs_51,a 1080-bp methyltransferase gene, was synthe-
sized as a single gene block containing overlaps designed for
NEBuilder HiFi assembly.
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The expression plasmid pACYC184 [26] was pre-
pared by inverse PCR using Q5 Hot Start High Fi-
delity DNA Polymerase (NEB #M0493) according to the
manufacturer’s protocol. Forward and reverse primers
(For: §5-GCATGCACCATTCCTTGCGG-3' and Rev: 5'-
GGATCCACAGGACGGGTGTG-3') were added at a final
concentration of 400 nM. Cycling parameters were as fol-
lows: initial denaturation at 98°C for 30 s, followed by 25
cycles of 98°C for 10 s, 70°C for 20 s, and 72°C for 2.5 min,
and a final extension step at 72°C for 2 min. PCR amplifica-
tion was confirmed by visualization on a 0.8% agarose gel
stained with ethidium bromide. PCR product was digested
with 10 units of Dpnl restriction enzyme (NEB #R0176) for
30 min at 37°C to digest methylated template DNA, followed
by cleanup using the NEB Monarch nucleic acid purification
kit (NEB #T1030) according to the manufacturer’s instruc-
tions. Purified PCR product was quantified using the Qubit
dsDNA broad range assay kit (Invitrogen, #Q32853).

The DNA methyltransferase genes were cloned in the pA-
CYC184 expression vector under the control of a consti-
tutive Tet promoter using NEBuilder HiFi DNA assembly
master mix (NEB #E2621). Methyltransferase gene blocks
were mixed in a 2:2:1 molar ratio (M_MAGs_10) or 2:1
molar ratio (M_MAGs_51) with PCR-amplified vector, fol-
lowed by incubation at 50°C for 15 min as recommended
by the manufacturer. Two microliters of NEBuilder HiFi
reaction was transformed into NEB Express competent E.
coli cells (#C2523; gfbuA2 [lon] ompT gal sulA11 R (mcr-
73:miniTnl10-Tet%)2 [dem] R (2gb-210::Tnl0-Tet%) endAl
A (mcrC-mrr)114::1810). Individual colonies were selected
and grown overnight in LB broth supplemented with chlo-
ramphenicol (25 pg/ml). Plasmid DNA and total DNA were
isolated from overnight cultures using the Monarch® plas-
mid miniprep kit (NEB, #T1010) and the Monarch® ge-
nomic DNA purification kit (NEB, #T3010), respectively.
Plasmid DNAs were sequence-verified by Oxford Nanopore
Technology (ONT) sequencing using the EPI2ME clone val-
idation workflow (https:/github.com/epi2me-labs/wf-clone-
validation) and total DNA was prepared for sequencing on
PacBio Sequel II (Pacific Biosciences, Menlo Park, CA).

PacBio sequencing
In vivo modification activity and sequence specificity were
analyzed by sequencing on the PacBio Sequel II. Prior to li-
brary preparation, input DNA was sheared to an average size
of 5-10 kb using gTubes (Covaris, Woburn, MA) and con-
centrated using 0.6V Ampure beads (PacBio). Libraries were
prepared using the SMRTbell Express Template Prep Kit 2.0
(PacBio, #100-938-900) according to the manufacturer’s pro-
tocol. Barcoded libraries were TET-treated following an ab-
breviated protocol for the NEBNext Enzymatic Methyl-Seq
Conversion Module (NEB, #E7120) to enzymatically convert
modified cytosines into 5-carboxylcytosine. Briefly, libraries
were incubated for 1 h at 37°C with TET2 in the presence of
TET2 reaction buffer, an oxidative supplement, DTT, and an
oxidation enhancer, followed by the addition of stop reagent
and incubation at 37°C for 30 min. TET2-treated libraries
were cleaned up using 1V Ampure beads (PacBio).
TET-treated, barcoded libraries were prepared for se-
quencing on PacBio Sequel II using Sequel II Sequencing
Kit 2.0 (PacBio, #101-820-200). PacBio SMRT Link web
portal sample setup and run design calculators were used

to determine polymerase binding and instrument loading
conditions, respectively. Post-sequencing analyses, including
the circular consensus sequencing and Microbial Genome
Analysis programs, were performed using the SMRT Link
(v11.1.0.166339), applying the default analysis parameters.

Result

RIMS-seq?2 accurately identifies methylated context
on a mock gut microbiome

Earlier versions of RIMS-seq and RIMS-seq2 were employed
on mock microbiomes and human genomic DNA, respectively
[5, 21]. We first tested RIMS-seq2 on the mock gut micro-
biome (ATCC® MSA-1006™) spiked with XP12 bacterio-
phage genomic DNA, where all cytosines have been replaced
by ™ C. RIMS-seq2 has a higher deamination rate compared
to RIMS-seq and would require significantly less coverage
per genome. Sequencing reads were downsampled to 1 mil-
lion paired-end reads and were mapped to the mock commu-
nity reference genomes. We calculated the imbalance of C-to-
T transition between paired-end reads 1 and 2, established
previously to be linearly correlated with methylation [5, 21].
Using XP12 as our deamination control, we achieved around
a1.42% deamination rate on ™ C, which is consistent with the
previous report of RIMS-seq2 [21] (Supplementary Fig. STA).
This deamination level is large enough to detect the ™C
methylase specificity but too low to affect sequencing and as-
sembly quality.

For each genome in the mock community, we applied
mosdi-discovery [27], as described previously [5] to de novo
identify motifs predicted to be methylated. Using this ap-
proach, we identified all the methylation motifs that were pre-
viously detected by RIMS-seq and validated by bisulfite se-
quencing (Supplementary Table S1). Additionally, motifs were
discovered with significantly fewer reads than required by
RIMS-seq. For instance, the GATC motif was identified with
only 46 000 reads mapping to the Bifidobacterium adolescen-
tis genome (Supplementary Table S1).

These results indicate that RIMS-seq2 can replace RIMS-
seq for identifying methyltransferase specificities in mock mi-
crobiomes composed of 12 bacterial isolates at a fraction of
the sequencing depth. However, it is important to note that
the mock gut microbiome used in this study consists of an
equal mixture by weight of a limited number of bacterial iso-
lates with available high-quality reference genomes. Conse-
quently, this setup is not an accurate representation of native
microbiomes.

Proxi-RIMS-seq?2 identifies contexts of elevated
C-to-T transitions across phased-resolved
microbiomes

Next, we performed RIMS-seq2 on two distinct native mi-
crobiomes: human oral and earthworm (vermicompost), for
which shotgun sequencing and proximity ligation (Prox-
iMeta) were performed to resolve assemblies into genomes
(Proxi-RIMS-seq2). Additionally, we evaluated a reference fe-
cal microbiome (ZymoBIOMICS TruMatrix™ Fecal Refer-
ence) that was collected from healthy adult donors and ho-
mogenized in one large batch. This reference composite mi-
crobiome was sequenced using PacBio and proximity liga-
tion to obtain a high-quality, genome-resolved reference fe-
cal microbiome [28]. For all experiments, we aimed for an
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estimated 1% deamination rate at methylated sites (Fig. 1A,
see the “Material and methods” section). Proximity ligation
libraries were produced using Phase Genomics’ ProxiMeta
kits, and the resulting libraries were sequenced on the Illu-
mina NovaSeq X platform. Metagenomic assembly was per-
formed using MEGAHIT, and MAG deconvolution and analy-
sis was performed using the ProxiMeta platform, with phage
and plasmid genomes being reconstructed as described [29].
Sequencing of RIMS-seq2 libraries yielded ~200 million read
pairs for the vermicompost, 160 million read pairs for the
dental microbiome, and 700 million read pairs for the fe-
cal dataset. RIMS-seq2 reads were mapped to the genome-
resolved reference sequences using BWA-MEM [22].

Using the vermicompost microbiome, we first assessed
whether the imbalance between the C-to-T transition on R1
compared to R2 in RIMS-seq2 libraries could be observed
despite the high heterogeneity of sequences typically found

most significantly associated with C-to-T imbalance in MAG 17 (* indicates the

in population consensus genomes. Imbalance has been pre-
viously shown to represent damage rather than variants from
the reference sequence [30]. In RIMS-seq, an imbalance of C-
to-T represents a deamination of ™ C. Given that a typical mi-
crobiome is highly complex, we focused on a representative of
the Patulibacter genus, whose assembly is 92% complete and
has the highest read coverage in the RIMS-seq2 sequencing
dataset (Fig. 1B). Compared to mock microbiomes, we ob-
served relatively higher C-to-T transition rates in all 16 three-
base contexts (NCN with N = A, T,C, or G) for both R1 and
R2 (Fig. 1C), presumably due to the heterogeneity captured in
the population consensus genome. Despite this higher baseline
variant rate, a prominent imbalance was observed in the GCT
context (Fig. 1D), indicating methylation in this context or a
related context.

Next, we searched the Patulibacter genome for genes con-
taining an ™ C methyltransferase domain using HMMER



6 Yang et al.

A

W Oligoflexia 2
Acidobacteriae M Actinomycetia
r M Bacilli

W Unclassified
M Unclassified Bacteria B Gammapioteobacteria

Unclassified Archaea H M Bacteroidia
¥ Thermoleaphilia : §
I Alphaproteobacteria ]
M Actinomycetia
W Gammaproteobacteria
M bacteroidia

M Christensenellales
M RFN20

M Erysipelotrichales
Oscillospirales

M Lachnospirales

B Coriobacteriales

Figure 2. Imbalance profiles for selected clusters of MAGs (full dataset in Supplementary Fig. S2) in (A) vermicompost, (B) dental, and (C) fecal
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MAGS, y-axis corresponds to known recognition sites of ™C methyltransferases (as cataloged in REBASE), and z-axis (gray to red) indicates imbalance
values, ranging from 0 to 1%. MAGs are color-coded according to their taxonomic order. Both MAGs and motifs are clustered based on their imbalance
profiles. Rows are clustered using the Manhattan distance, and columns are clustered using the Minkowski distance, as implemented in Pheatmap.

[23]. A single hit containing an ™ C methyltransferase do-
main was found in the assembly. A homology search in RE-
BASE [31] identified the closest hits as M.Sgr13350I Type II
methyltransferase with known activity at GAGCTC sites [31].
Knowing the expected motif content, we then sought to ana-
lyze the imbalance in all six-base NNNCNN contexts. The
result reveals significant imbalance only in the GAGCTC con-
text at ~1% (Supplementary Fig. S1B and C). This result is
consistent with the expected deamination rate for RIMS-seq2
and the predicted methyltransferase specificity in Patulibac-
ter. Finally, to evaluate whether such motifs could have been
identified de novo without prior knowledge of the predicted
methylation motif, we used DINAMO, a motif-searching al-
gorithm that uses an exact discriminative method for discov-
ering IUPAC motifs in DNA sequences [32]. DINAMO was
supplied with all 15-bp sequences flanking a C-to-T transition
events in R1 (foreground) and R2 (background) and identifies
a position weight matrix (PWM) containing the GAGCTC as
the most significant motif associated with an excess of C-to-T
transitions in R1 (Fig. 1E).

Taken together, these results indicate that C-to-T imbal-
ance can be used to [i] assess whether a genome has ™C
methylation, [ii] identify known methylated context(s), [iii]
de novo identify methylated motif(s), and [iv] predict the as-
sociation between the identified motif(s) and their cognate
methyltransferase genes in individual genomes recovered from
metagenomes. While this has already been demonstrated for
individual genomes, we have now established that a simi-
lar strategy can be employed directly from complex genome-
resolved microbiomes, despite the high genotypic and pheno-
typic variability typically observed in population consensus
genomes.

Bacteria with similar methylation profiles tend to
belong to the same order

Next, we examined the methylation profile of all three micro-
biome samples at 44 motifs known to be methylated by previ-

ously characterized methyltransferases from REBASE (see the
“Materials and methods” section). For this, we computed for
each MAG the imbalance value in all these known motifs and
subsequently clustered both the MAGs and motifs according
to these imbalance profiles.

We observed that genomes within a cluster often belong to
bacteria of the same order (Fig. 2 and Supplementary Fig. S2).
For instance, in the dental microbiome, methylation at AGCT
motifs was predominantly found in the order Actinomycetales
(Fig. 2B). In the fecal microbiome, methylation at GGNCC
and GGWCC motifs was commonly found in the order Lach-
nospirales (Fig. 2C). While many methylation profiles are
shared by related bacteria of the same order, other profiles
were observed among evolutionarily divergent bacteria. For
example, CCWGG and CCNGG contexts were methylated in
a broad range of evolutionary diverse bacteria in the vermi-
compost (Fig. 2A).

Proxi-RIMS-seq2 de novo identifies ™C methylated
motifs and their cognate methyltransferases
directly on native microbiomes

Next, for each MAG, motifs associated with a C-to-T imbal-
ance in the RIMS-seq2 paired-end libraries were identified us-
ing DINAMO (see the “Materials and methods” section). Ac-
cordingly, these motifs are predicted to be methylated in their
respective MAGs. Most of the MAGs composed of assemblies
of at least 1 x 10° bp have at least one motif predicted to be
methylated (Fig. 1B and Supplementary material). Nonethe-
less, methylated motifs can be predicted in MAGs with as low
as ~20 000 reads (i.e. vermicompost, MAGs 150) or MAGs as
small as 150 000 bp of total sequences. For example, with only
150 843 bp and 5.49% completeness, we were still able to
predict the two methylated nonoverlapping motifs GCCGGC
and GAGCTC in vermicompost MAGs 162.

A total of 75 motifs, 166 motifs, and 1707 motifs
were found in the 81 oral microbiome MAGs (0.92 mo-
tifs per MAG), the 176 vermicompost MAGs (0.94 motifs
per MAG), and the 738 composite gut microbiome MAGs
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(2.3 motifs per MAG), respectively (see Supplementary
material). Motifs, methyltransferases, and MAGs were de-
posited into REBASE (http://rebase.neb.com/rebase/rebase.
html). We conducted several manual inspections of the link
between PWM and genotype data, often leading to suc-
cessful matches even in complex cases involving multiple
methyltransferase specificities. For example, we discovered
five methylated motifs in MAG 4 with closest resemblance
to Algoriphagus terrigena in the vermicompost microbiome
(Supplementary Fig. S3). Six genes or gene fragments encoding
™35 C methyltransferase domains were identified in the A. terri-
gena genome assemblies. Of these, four genes could be confi-
dently linked to their cognate methylated motifs based on se-
quence identity to previously characterized ™ C methyltrans-
ferases with experimentally validated specificities [31]. The
remaining motif (CCWGG) could not be assigned to a cor-
responding gene, likely due to insufficient sequence similarity
to known methyltransferases or the presence of gaps in the
assembled genome.

These results indicate that de novo discovery of methylated
motifs can be performed directly on native genome-resolved
microbiomes, even when only a small fraction of the genomic
sequences is available. Crucially, the binning of genomes al-
lows for the linkage of genotypes to their epigenetic states,
thereby enabling the association of methyltransferases to their
predicted activities.

Validation of newly identified methyltransferase
specificities from Proxi-RIMS-seq2 data

The systematic association of novel methyltransferases with
their sequence specificities at the microbiome level holds sig-
nificant biotechnological potential, particularly in identifying
enzymes with novel sequence specificities. To demonstrate the
applicability of this strategy, we searched for novel motifs of
interest that are predicted to be methylated.

One such newly identified methylation motif is
CATCGATG, which would correspond to a novel 8-bp recog-
nition site. Methyltransferases recognizing such extended
motifs are of significant biotechnological interest due to
their potential association with restriction enzymes of sim-
ilar specificity. This motif has been detected in two binned
genomes from the vermicompost MAGs 10 and 51, cor-
responding to the genera Oligoflexus and Anatilimnocola,
respectively. Using HMMER [23], we searched for genes
containing a ™ C methyltransferase domain and identified a
single gene per binned genome. Pairwise comparison between
Oligoflexus and Anatilimnocola methyltransferases shows
63.66% amino acid identity across the entire protein and
68% identity across the TRD, which would suggest simi-
lar specificity. The closest methyltransferase homolog with
known sequence specificities to those in Oligoflexus and
Anatilimnocola is M.Bbr28IIl from Bifidobacterium breve
with 48% and 52% identity, respectively. M.Bbr28III has a
known RTCGAY (with R = G or A and Y = C or T) motif
specificity (partial of CATCGATG) that has been confirmed
by bisulfite sequencing [31].

To experimentally validate the methylation specificities of
these newly identified methyltransferases, we cloned and in
vivo expressed them in an E. coli strain lacking endoge-
nous ™ C methylation while conserving ™A methylation at
GATC sites (NEB Express C2523 strain, Dem—; Dams+, see
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the “Materials and methods” section). The Oligoflexus and
Anatilimnocola methyltransferases were successfully cloned,
and genomic DNA from the corresponding recombinant clone
was sequenced using Tet-assisted PacBio SMRT-seq to assess
methylation patterns [3]. No C methylation can be detected
for the Anatilimnocola clone. In contrast, the Oligoflexus
clone exhibited notable interpulse duration (IPD) ratio both
at the GATC motif, consistent with ™A methylation by the
Dam methyltransferase, and at the CATCGATG motif, indica-
tive of ™C methylation (Fig. 3A and B). Using DINAMO,
we confirmed the presence of both the ™ C modification at
CATCGATG and ™A methylation at GATC motifs in the re-
combinant strain (Fig. 3C). These findings demonstrate the ac-
tivity of the Oligoflexus m5C methyltransferase, which specif-
ically targets the 8-bp recognition sequence CATCGATG, as
predicted by Proxi-RIMS-seq2.

Proxi-RIMS-seq2 on viral DNA strengthened
phage-host association

Proximity ligation provides linkage information to enable the
association of phages with their hosts. The physical interac-
tions between phage DNA and the DNA of its microbial host
can be captured /7 vivo using proximity ligation, and the Prox-
iPhage algorithm [29] is then used to reconstruct the vYMAG
and link it to its microbial host. We independently analyzed
the predicted methylation profiles in both host and viral ver-
micompost MAGs and compared the identified motifs in each
phage/host pair.

Out of 92 vMAGs, 13 have at least one motif predicted
to be methylated in both the MAGs and their corresponding
vMAGs. Out of these 13 vMAGs, 10 have a good match to at
least one motif from their predicted host (Supplementary Fig.
S4), and two have partial matches. These results indicate that
the phages/hosts are sharing some of their methylation pat-
terns and that the phasing of these interactions is reliable. In
most of the cases, either the host or the bacteriophages have
additional motifs, possibly indicating a more complex strati-
fication in the phages/host association than population con-
sensus genomes can resolve.

Conclusion

We developed Proxi-RIMS-seq2 to identify ™ C motifs di-
rectly in microbiomes and have demonstrated the ability to
de novo detect hundreds of such motifs across three distinct
microbiomes. In some instances, we observed that bacteria
within a microbiome and belonging to the same order share
similar methylated motifs. This observation suggests the exis-
tence of a shared or stable epigenetic state that may facilitate
genetic material exchange within the order. Further work is
required to elucidate the extent of this phenomenon and the
underlying mechanisms.

Two of these microbiomes were derived from unique sam-
ples, while the third, the fecal microbiome, is a microbial
reference material composed of stool samples collected from
numerous healthy donors. Application of Proxi-RIMS-seq2
to the fecal dataset revealed a higher number of methyla-
tion contexts per MAG compared with the other two micro-
biomes, suggesting a wide array of methyltransferase speci-
ficities. Given that the fecal dataset is a meta-metagenome
sourced from multiple donors, this observed diversity likely re-
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Figure 3. Validation of a new methyltransferase specificity using Tet-assisted PacBio sequencing. (A) IPD ratios at a specific E.coli locus containing both
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flects the natural variability of methyltransferase genes across
different individuals rather than an increased number or speci-
ficity of methyltransferase genes within a single stool.

MAGs represent population consensus genomes, and the
degree of similarity in the epigenetic states within such popu-
lations remains unknown. Consequently, the observed methy-
lation motifs likely originate from methyltransferases that are
common and stable among a substantial portion of individual
bacteria within these populations. Thus, the identified motifs
in the studies may be biased toward stable epigenetic marks,
such as the well-studied Dcm methylation in E. coli [33]. Con-
sistent with this statement, we often observed that methylated
motif profiles are shared amongst related bacteria within the
same order.

This study expands the potential applications of metage-
nomic data. For example, DNA methylation has been previ-
ously used as a complementary feature to enhance metage-
nomic binning [34]. Similarly, Proxi-RIMS-seq2 can be em-
ployed to validate genome binning from proximity ligation

data. Beyond improving binning accuracy, Proxi-RIMS-seq2
can be used to investigate the dynamics of methylation directly
within microbiomes and to identify novel methyltransferase
specificities, as demonstrated in this study with the identifica-
tion of a new CAT™ CGATG recognition motif and its asso-
ciated methyltransferases. This methyltransferase appears to
function within an RM system, and we are currently charac-
terizing the associated predicted restriction enzyme.

We have shown that it is possible to replace the conven-
tional shotgun library with RIMS-seq while maintaining sim-
ilar sequence accuracy and assembly statistics [5]. Similarly,
RIMS-seq2 could substitute for the conventional shotgun li-
brary that is required for the proximity ligation protocol. In
this case, we would achieve an efficient integration of methy-
lation data with genome-resolved microbiome information, at
minimal additional cost. Our study demonstrates that, despite
decades spent searching for novel methyltransferase specifici-
ties for biotechnological applications, microbiomes still har-
bor hidden methyltransferase specificities yet to be discovered.
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