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Abstract

DNA methylation is vital for understanding microbial biology, but a rarely used feature in
recovery of metagenome-assembled genomes (MAGs). Recently, Oxford Nanopore
introduced all context methylation detection models. We leveraged this to develop Nanomotif
- a tool for identification of methylated motifs in metagenomic contigs. We demonstrate how
this enables MAG contamination detection, association of mobile genetic elements, and linking
of motifs with the responsible methyltransferase directly from Nanopore data.

Main

In all domains of life, genomes are subjected to epigenetic modifications, which directly
influences gene expression, replication, and repair processes. In bacteria, the most common
epigenetic modification is DNA methylation, which primarily acts as a host-defense
mechanism against phages’. DNA methylation is facilitated by DNA methyltransferases
(MTases), which recognizes specific DNA sequences, called motifs, and adds a methyl group
to the DNA'2, MTases often appear in restriction-modification systems, where a restriction
enzyme recognizes the motif and cleaves the DNA if it lacks the specific methylation. All DNA
in the host must therefore have the correct methylation pattern for it to persist, including mobile
genetic elements?3. Historically, DNA methylations have been identified using bisulfite
conversions followed by short-read sequencing’. In recent years, Pacific Biosciences (PacBio)
and Oxford Nanopore Technologies (ONT) have enabled direct detection of DNA methylations
without the need for pre-treatment. The most common methylations in bacteria are 5-
methylcytosine (5mC), N6-methyladenine (6mA), and N4-methylcytosine (4mC). PacBio was
first to demonstrate de novo detection of DNA methylation?, but currently has a low sensitivity
for 5mC which requires a high sequencing coverage (250x)%6. In 2023, ONT introduced all
context methylation detection models making 5mC and 6mA methylation calls readily available
with high sensitivity (https://github.com/nanoporetech/dorado). Despite this, only one effort
has been made to utilize ONT methylation calls for methylation motif discovery in bacteria’,
but none which extends motif discovery to metagenome sequencing of microbial communities.
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In metagenomics, DNA methylation motifs are directly applicable in binning by clustering
contigs, assess contamination in bins, and associate mobile genetic elements to specific
microbial hosts. Previous studies have utilized methylation motif information for metagenomic
binning and association of plasmids?. However, these methodologies suffer from the low
PacBio sensitivity for 5mC?2 or require whole genome amplification for detection of motifs
using ONT".

Building on the recent methylation calling capabilities of ONT sequencing, we developed
Nanomotif, a fast, scalable, and sensitive tool for identification and utilization of methylation
motifs in metagenomic samples. Nanomotif offers de novo methylated motif identification,
metagenomic bin contamination detection, bin association of unbinned contigs, and linking of
MTase genes to methylation motifs (Fig. 1a).

Nanomotif finds methylated motifs in individual contigs by first extracting windows of 20 bases
upstream and downstream of highly methylated (>80%) positions. Motif candidates are then
built iteratively by considering enriched bases around the methylated position. Afterwards,
windows that constitute the specific motif are removed and the process repeated to identify
additional motifs in the contig (supplementary note 1). Motifs de novo identified in the contig
are referred to as ‘direct detected’. Afterwards, all direct detected motifs are scored across all
contigs to identify missed motifs and referred to as ‘indirect detected’.

We benchmarked Nanomotif's motif finder on three monocultures by segmenting their
genomes to a varying number of motif occurrences and coverages to simulate metagenomic
conditions (Fig. 1c and Supplementary Fig. 1-3) and compared Nanomotif to MicrobeMod?,
the only other tool for performing motif discovery using ONT methylation calls®. Nanomotif
achieved a high recall rate at low coverage and occurrences across all benchmarks, vastly
outperforming MicrobeMod. Nanomotif detected G6mATC with high sensitivity at genome
coverage of 10x and motif occurrences of 10. Furthermore, Nanomotif maintained a high recall
rate for more complex motifs such as GGC6mMA(N)sTGG at low coverage and motif
occurrence. The de novo search algorithm can sporadically miss complex bipartite motifs like
GGCB6mMA(N)sTGG, but only one direct motif identification on a single contig is required for
subsequent indirect detection of the motif across all contigs (Fig. 1d).

We applied the Nanomotif motif finder to identify putative methylated motifs in ten
monocultures. A total of 25 unique motifs were identified with 19 highly methylated (>95%) in
at least one species, which is consistent with previous observations'. Motifs observed with
reduced degree of methylation, may result from involvement in regulatory functions?. All
plasmids exhibited methylated motifs consistent with their corresponding genomes,
highlighting methylation as a potential feature for plasmid host association - a difficult task with
conventional metagenomic binning features (Fig. 1b). A unique feature of Nanomotif is that
motifs can be identified in complex metagenomic samples. We therefore used Nanomotif on
four increasingly complex metagenomic samples (Fig. 2e). In all metagenomic samples,
except soil, the average number of motifs pr. metagenome-assembled genome (MAG) range
between 1-2 and at least one motif was identified in >75% of high-quality (HQ) MAGs. In saill,
at least one motif was identified in 35% of HQ-MAGs. This is in the same range as previous
small-scale meta-epigenomic studies, which identified methylation motifs in approximately
50% of MAGs using PacBio''.
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93  Building on the motif discovery algorithm, we developed three modules for Nanomotif, which
94 uses the motif methylation pattern; MAG contamination detection, inclusion of unbinned
95  contigs, and linking of motifs to the responsible methyltransferases.
96  Current MAG contamination evaluation tools rely on lineage-specific markers derived from
97 genome databases'?>'4, however, as the databases are far from complete, and exceptions
98 exist even within closely related organisms, it is a difficult task. Using methylation patterns,
99 contamination in MAGs can be directly detected as the methylation patterns must match
100  across all contigs in a bin. Using the Nanomotif contamination detection module, we highlight
101 two HQ MAGs from the anaerobic digester in Fig. 2a, which in both cases include contigs with
102  inconsistent methylation patterns. In bin.1.257, contig 3819 (151 kbp) and 28180 (39 kbp),
103  both completely lack GAm6TC methylation, despite the remaining bin being methylated at
104  46% of GATC positions. Another example is contig 77426 (69 kbp) in bin.1.84, which shares
105 no methylated motifs with the bin. In a few cases, the methylation degree for a motif varies
106  heavily within a bin. For example, in contig 75285 of bin.1.84, the methylation degree for
107 TTCGAAmMG6 deviated from the bin consensus, leading to its identification as putative
108 contamination. The cause of such varying methylation degrees are not fully understood, but
109 may be related to unknown biological factors rather than the contig actually being a
110  contaminant. Overall hundreds of contigs were flagged as putative contamination across the
111 complex metagenomic samples, including in HQ MAGs (Fig. 2e). In three cases,
112  decontamination changed the MAG quality from MQ to HQ (Supplementary Fig. 4-7 and
113  Supplementary data 3). This indicates a high potential for methylation to serve as a powerful
114  post-binning cleanup, especially as this information is directly available for all new Nanopore
115  sequencing projects.
116
117  The Nanomotif contig inclusion module assigns unbinned contigs to existing bins by
118  comparing the methylation pattern of unbinned contigs to bins in the sample. The contig must
119  have a perfect unique match to a bin for it to be associated. Using Nanomotif contig inclusion
120  module we highlight contigs 600, 609, and 1929, classified as two plasmids and a virus, which
121  were assigned to bin.1.1 with a perfect and unique methylation profile match (Fig. 2d). The
122  plasmids were likely missed in the binning as they have a 2-3x higher coverage compared to
123  the chromosomal contigs of bin.1.1 (Fig. 2c). Associating mobile genetic elements with MAGs
124  is of major importance as these can carry vital functionality®. For instance, geNomad identified
125 three antimicrobial resistance genes (Supplementary data 4) in contig 600 that would have
126  been missed using traditional binning features.
127
128  Restriction-modification (RM) systems are often substantial obstacles to genetic
129  transformation, which pose a significant barrier for the implementation of novel bacteria as cell
130 factories. Circumventing these systems through RM system evasion or through heterologous
131  expression of the methyltransferases in the cloning host (RM system mimicking) has shown
132 toincrease transformation efficiency significantly'®'”. Therefore, we developed the Nanomotif
133  MTase-linker module, which links methylation motifs to their corresponding MTase and, when
134  present, their entire RM system (Supplementary data 1 & 2). We were able to confidently link
135 24 out of 31 detected motifs to an MTase in the monocultures (Fig. 1b). Of these, ten were
136  associated with a complete RM system. In the metagenomic samples, nanomotif successfully
137 linked MTase genes to 12-32% of identified motifs (Fig. 2e), and found that 57-72% these
138 genes were part of a complete RM system. Hence, Nanomotif has the potential to drastically
139 increase the number of putative links between motifs and MTase genes, thereby vastly
140  improving the molecular toolbox and the RM-system databases.
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141 With Nanomotif, de novo motif discovery is now seamlessly possible with standard Nanopore
142  sequencing, even for short and low coverage contigs from metagenomes. Furthermore, we
143  provide simple implementations that utilize these motifs for robust identification of putative
144  contamination in MAGs, association of mobile genetic elements to hosts, and linkage of motifs
145  to restriction-modification systems. As Nanopore sequencing becomes better at detecting
146  modifications, the value of Nanomotif will increase further. Currently, more than 40 and 150
147  covalent modification types are known for DNA and RNA, respectively®'819, As the detection
148  of these becomes reliable, they can readily be integrated into Nanomotif.

149

150 Data availability

151  Sequencing data generated during the current study is available in the European Nucleotide
152  Archive (ENA) repository, under the accession number PRJEB74343. Assemblies, bins, and
153  output from Nanomotif are available at https://doi.org/10.5281/zenodo.10964193.

154  Code availability

155 Nanomotif is available at https://qithub.com/MicrobialDarkMatter/nanomotif. Code for
156 reproducing  figures and  supplementary resources can be found at
157 https://github.com/SorenHeidelbach/nanomotif-article.
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174  Fig. 1: Nanomotif overview and benchmark. a, Overview of Nanomotif functionality. White

175  boxes on the top row are required inputs for Nanomotif, colored boxes are Nanomotif modules.
176 b, Heatmap of de novo identified motifs and their methylation degree in the monocultures. c,
177  Benchmarking of a palindrome, bipartite, and short non-palindromic motif with Nanomotif and
178  MicrobeMod®. The low motif recall of MicrobeMod, at high coverage and high motif occurrence
179  settings, primarily stems from identification of similar motifs that are not identical to the
180  benchmarking motif, e.g. SNGAmMG6TC instead of GAmM6TC. d, For each condition in the top
181 panel of ¢, green indicates when a motif was included for indirect detection, and therefore
182 included in downstream processes.


https://www.zotero.org/google-docs/?uJa7Ma
https://doi.org/10.1101/2024.04.29.591623
http://creativecommons.org/licenses/by/4.0/

183
184

185
186
187
188
189
190

191

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.29.591623; this version posted May 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

a Anaerobic Digester b Anaerobic Digester c Simple Fecal
bin.1.257: Comp. 93.76 - Cont. 0.97 10000 4
contig_2722 380kb 300
contig_46076 307kb | 1000 .
contig_2678 232kb | [0} 0N @ 100 4
=) =) "
contig_27905 206kb -| IS IS ”
i o 9]
S 5 o, o 8]
contig__ 55kb —| o ’M bin.1.84 &) °
contig_3819 151kb - o -
contig_76333 137kb | 10 10 4
contig_3910 109kb
contig_22331 96kb | 3
contig_76994 90kb | T T T
contig_24993 61kb | 40 50 . 60 70 30 40 50o 60 70
contig_75662 39kb | - - GC (%) GC (%)
contig_28180 39kb | | | \ X o .
Contamination MGEs in bin.1.1 Contig length
® FALSE ® TRUE W Plasmid A Virus 10k 250k 500k 1000k 5000k
bin.1.84: Comp. 93.91 - Cont. 2.57
contig_26 218kb si
contig_32461 203kb d imple Fecal
contig_21810 173kb | Virus contig_1929 94kb — ||
contig_29 170kb Plasmid contig_600 81kb — |
contig_14145 165kb | Plasmid contig_609 46kb — | ]
contig_118 163kb | bin.1.1 :
P N Comp. 100.0
contig_27 158kb Cont. 0.13 L
contig_288 137kb |
contig_75289 131kb gin-cﬂ 99.99
contig_75290 124kb | Cont 027
contig_75287 123kb |
fa1en bin.1.10
contig_54153 118kb Comp. 99.55
contig_21891 112kb | Cont. 0.87
contig_75313 103kb bin.1.2
contig_75286 102kb — Comp. 99.97
contig_51196 96kb | Cont. 1.01
contig_75285 83kb bin.1.3
i N Comp. 99.81
contig_77426 69kb [ Cont. 0.06
contig_75298 68kb |
N bin.1.4
76404 5%b |
contig_76404 59kb Comp. 99.98
contig_257 39kb | Cont. 2.47
contig_119 38kb bin.1.6
contig_64475 37kb | |- [l Comp. 98.56
T 1 T T T T T T T Cont. 0.1 —_
VOO 20VVWOOEORLOOQ>> 8 R
229 nggr—_ﬁg»—usg?f(ﬁg bin1.7
2
250%555?<2<§5<000 Comp. 98.75
<O 2 0004000200050 Cont. 3.53 a .
<o$005o ‘95@(800’; [ | ] i o | o | o |
© © o O>X 0O HKHO 2QRKEOQOOOO QO 2QOHOOOQQO
BER3eCc33liEER 1 848382338
Methylation degree <“§<<‘g<§<o$t‘1f5§§goozﬂ!oo§g§<§8
is Puta i ’ . ’ ©3858°CcL283S5EEseR9%88¢95¢
axis Putative contamination 0% 40% 80% I 3 Z(’) 6 o) 8 = E Pooc ek 50003 2 &
No motif observations 20% 60% 100% S <
=Y}
e
# Sequenced # Contigs Contig N50 # MAGs #Motifs Motifs/MAG % MAGs w/ # MTases* #MTases in  Linked motifs* Contamination Contigs included
bases (Gbp) 9 (Kbp) (HQ) (HQ) (HQ) motif (HQ) RM-systems* (%motifs) (#contigs (HQ)) (#contigs (MGEs))
Monocultures - - - 10 (10) 31(31) 3.1(3.1) 100% (100%) 52 21 24 (77%) - -
Simple fecal 42 2034 184.9 14 (8) 25(19)  1.8(24) 85% (100%) 32 9 6 (32%) 11(0) 135 (27)
Complex fecal 49.1 11625 202.4 190 (93) 245(192) 1.3(21)  56% (75%) 591 247 51 (27%) 179 (20) 712 (518)
Anaerobic digestor 176.0 65077 98.4 423 (230) 667 (486) 1.6 (2.1)  60% (77%) 1391 583 57 (12%) 771 (121) 3498 (744)
Soil 206.6 374780 51.7 552 (66) 173 (26) 0.3(04) 30% (35%) 105 26 8 (31%) 435 (7) 12472 (3399)
*in HQ-MAGs

Fig. 2: Nanomotif MAG contamination detection and association

of mobile genetic

elements. a, Methylation profile of two HQ bins recovered from the Anaerobic digester
sample. Contigs highlighted in red are putative contamination identified by Nanomotif. b, GC%
and coverage of the anaerobic digester sample. ¢, GC% and coverage of the simple fecal
sample. Contigs are colored according to the assigned bin. d, Methylation profile of the HQ
bins in the simple fecal sample and highlighted plasmid & viral contigs. e, Sample stats from
binning and the Nanomotif modules.
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192 Materials And Methods

193 Sampling

194  Escherichia coli K-12 MG1655 (labcollection), Meiothermus ruber 21 (DSM 1279), and
195  Parageobacillus thermoglucosidasius DSMc 2542 were grown overnight in LB, DSMZ 256
196  Thermus ruber medium, and SPY medium, respectively. ZymoBIOMICS HMW DNA Standard
197 D6322 was used for the remaining monoculture organisms.The simple fecal sample was
198  collected at Aalborg University Hospital at the Department of Gastrointestinal Surgery as part
199  of a clinical trial (ClinicalTrials.gov NCT04100291). The complex fecal sample was collected
200 at Aalborg University with consent from the provider. Sampling of the anaerobic digester
201  sludge has been described elsewhere?°.

202 Extraction

203  DNA from cell pellets of overnight grown cultures of E. coli K-12 MG1655 and M. ruber 21 was
204  extracted with the PureLink Genomic DNA mini kit (Invitrogen, Thermo Fisher Scientific, USA)
205 following manufacturer’s instructions with final elution in DNAse/RNAse free water. DNA from
206 cell pellets of P. thermoglucosidasius DSM 2542 was extracted with the MasterPure Gram
207  positive DNA purification kit (Biosearch Technologies (Lucigen)), according to manufacturer’s
208 instructions with a 60 min incubation step and final elution in DNAse/RNAse free water. DNA
209 from the simple fecal sample was extracted with the DNeasy PowerSoil Pro kit as described
210  previously?'. DNA from Complex fecal sample was extracted using DNeasy PowerSoil Pro kit
211 according to manufacturer’s instructions. DNA was extracted from the anaerobic digester as
212  described previously?.

213  Sequencing

214  All samples were sequenced on the Promethion24 using the R10.4.1 nanopore. Libraries were
215  prepared with SQK-LSK114 for the anaerobic digester and the complex fecal sample, whereas
216  the other samples were prepared with the SQK-NBD114-24 ligation kit. Samples were
217  basecalled with Dorado v0.3.2+d8660a3 using the dna_r10.4.1_e8.2_400bps_sup@v4.2.0
218 model and DNA methylation was called with the respective methylation models for 5mC and
219  6mA.

220 Assembly and binning

221  All samples were assembled and binned using the mmlong2-lite v1.0.2 pipeline available at
222  https://github.com/Serka-M/mmlong2-lite. Briefly, flye?? is used for assembly and polished
223 using medaka (https://github.com/nanoporetech/medaka). Eukaryotic contigs are removed
224  with tiara?® before assembly coverage is calculated with minimap22+. Binning is performed as
225  anensemble using SemiBin?®, MetaBat22%, and GraphMB?’, whereafter the best bin is chosen
226  with DAS tool?®. Recovered MAGs were evaluated with CheckM24,

227  Methylation pileup

228 Reads with methylation calls were mapped to the assembly using minimap2 v2.24?* using
229  default settings. Nanopore’s modkit v0.2.4 (https://github.com/nanoporetech/modkit) was
230 used to generate the methylation pileup from mapped reads using default settings.
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231  Motif identification
232  Nanomotif was developed using python 3.9. Nanomotif motif discovery algorithm has three

233  submodules, “find-motifs”, “score-motifs” and “bin-consensus”. “find-motifs” identifies motifs in
234  contigs, referred to as directly identified motifs. This is done using a greedy search and
235 candidates are selected based on a Beta-Bernoulli model, where each motif occurrence is
236  Bernoulli trial, being a success if the fraction of methylation of reads at the position is above a
237  predefined threshold. “score-motifs” takes the complete set of motifs and calculates a Beta-
238 Bernoulli model for all motifs in all contigs. “bin-consensus” evaluates which motifs are
239  considered highly methylated motifs within bins. All subcommands are gathered in a parent
240 command “complete-workflow”, which was executed with the following arguments for all
241 samples: threshold_methylation_confident=0.8, threshold_methylation_general=0.7,
242  search_frame_size=41, threshold_valid_coverage=5, minimum_kl_divergence=0.05. For
243  details about the algorithm see supplementary note 1.

244 Benchmark

245  Direct motif identification was benchmarked using motifs identified in the monocultures, whose
246  validity was manually verified. Benchmarking was performed across two parameters; read
247  coverage and number of motif occurrences. Lower coverage was achieved using rasusa?® by
248  subsetting the total length of reads to a multiple of the assembly length of the respective
249  benchmarking organisms. Motif occurrences is the number of times a motif sequence occurs
250 on the reference. For each benchmarking setup, the reference was split into chunks,
251  containing exactly the number of motif occurrences being benchmarked; if the final chunk does
252  not satisfy the number of motif occurrences, it is dropped from the benchmark. If the number
253  of chunks, resulting from splitting the reference, exceeded 100, 100 chunks are randomly
254  sampled and used for benchmarking. The methylation pileup is generated during the
255  MicrobeMod execution. For a fair comparison, the same methylation pileup was also used for
256  Nanomotif for direct motif identification. Then motif identification was performed with
257  Nanomotif using the “find-motifs” command (version 0.1.19) and MicrobeMod using the
258  “call_methylation” command (version 1.0.3). We calculate the recall rate for each benchmark
259  condition as the number of chunks, where the motif was identified with the correct motif
260 sequence, correct methylation position, and correct methylation type, divided by the number
261  of benchmarking chunks. Benchmarking of indirect motifs identification was conducted on the
262  Nanomotif output from the comparison above, where all chunks from the reference were
263 treated collectively as a single bin. The motif was only reported as being identified if it was
264  reported exactly as the benchmarking motif.

265

266 Benchmarks in supplementary figures S1-3 were performed on pileups generated as
267  described in the “methylation pileup” section. This benchmark was performed on all chunks
268  resulting from the splitting of the reference.

269

270 Contamination detection

271  Contamination is evaluated using “nanomotif detect contamination” which defines a
272  methylation pattern for each bin, and compares the methylation pattern of each contig in the
273  bin against the bin consensus pattern. If a mismatch is observed between the contig and the
274  bin consensus, the contig is reported as contamination.
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275  Firstly, motifs not exceeding 25% mean methylation (--mean_methylation_cutoff) or observed
276  less than 500 times in the bin consensus (--n_motif_bin_cutoff) are removed. The remaining
277  motifs are used to create an extended bin consensus using the methylation detected for all
278  contigs in a bin. Ambiguous motifs, defined as motifs where more than 40% of the mean
279  methylation values (--ambiguous_motif_percentage_cutoff) in a bin are between 5% and 40%,
280 are then removed. After removing ambiguous motifs, a motif is considered methylated in the
281 bin if the mean bin methylation is at least 25% (--mean_methylation_cutoff). This creates a
282  binary index for each motif as either methylated or not methylated. For methylated motifs in a
283  bin, the standard deviation of the mean methylation values for each motif is calculated. To be
284 included in the calculation of the standard deviation, the contig must have at least 10 motif
285 occurrences and the motif must be at least 10 % methylated. Each motif is then scored for a
286  given contig in a given bin. If the motif is methylated in the bin consensus, the motif in the
287  contig is deemed methylated if the mean methylation is higher than the bin consensus mean
288  methylation minus four standard deviations or if the contig mean value is above 40%. If the
289  bin consensus mean minus four standard deviations is lower than 10% then the threshold is
290 setto 10%. If the bin consensus is not methylated for a given motif, then the contig is deemed
291 methylated if the mean methylation degree exceeds 25%. Given these criteria, a methylation
292  mismatch score is calculated between the bin consensus and each contig. If one mismatch is
293 found the contig is reported as contamination.

294  Include contigs

295 The “nanomotif include_contigs” scores all unbinned contigs and contigs reported as
296  contamination similar to the “detect_contamination” module. Contigs are hereafter compared
297 to each bin consensus pattern. If a perfect unique match with at least 5 comparisons (--
298 min_motif_comparisons) is found between a contig and a bin, the contig is assigned to that
299  bin. Only contigs and bins with at least one positive methylation are considered. Mobile genetic
300 elements were identified using geNomad 1.7.4%°.

301 MTase-Motif-Linker

302  The Nanomotif MTase-linker module initially uses Prodigal®° for protein-coding gene prediction
303 (default settings) followed by DefenseFinder®' to predict MTases and related RM-system
304 genes. The output file defense finder_hmmer.tsv is filtered for all RM-related MTase hits.
305 When asingle gene has several model hits, the model that yields the highest score is selected.
306  The output file defense_finder_systems.tsv is used to determine whether the identified MTase
307 s part of a complete RM system.

308 Using hmmer (with parameter —cut_ga) the predicted MTase protein sequences are queried
309 against a set of hidden markov models (PF01555.22, PF02384.20, PF12161.12, PF05869.15,
310 PF02086.19, PF07669.15, PF13651.10, PF00145.21) from the PFAM database®, to predict
311 the modification type (5mC or 6mA/4mC). Furthermore, to infer the probable target recognition
312  motif, the MTase protein sequences are queried using BLASTP against a custom database of
313  methyltransferases with known target recognition motif from REbase33. We employ a threshold
314  of 80% sequence identity and 80% query coverage to confidently predict the target recognition
315  motif. Lastly, the RM sub-type, mod-type, and predicted motif information for each
316  methyltransferase gene are used to link methylation motifs to the genes. The pipeline identifies
317  high confidence MTase-motif matches, labeled as “linked”, through either a precise match
318  between the predicted motif and the detected motif or when a single gene and a single motif
319  share a similar combination of methylation features, which are unique within a MAG. When a
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320 high confidence match cannot be elucidated, the MTase-Motif-linker assigns feasible
321  candidate genes, with the corresponding motif type and modification type, for each motif.

322
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403  Supplementary Figures
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405
406 Fig. S1: Benchmarking of motif identification in Meiothermus ruber was conducted using
407  Nanomotif for direct motif identification. In each benchmark, the reference sequence was
408 divided into chunks, each containing the specified number of motif occurrences. For the
409  purpose of recall calculation, 'true positives' are defined as the number of chunks in which the
410  exact same motif as the benchmarking motif was identified.
411
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P. thermoglucosidasius
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Fig. S2: Benchmarking of motif identification in Parageobacillus thermoglucosidasius
conducted using Nanomotif for direct motif identification. In each benchmark, the reference
sequence was divided into chunks, each containing the specified number of motif occurrences.
For the purpose of recall calculation, 'true positives' are defined as the number of chunks in
which the exact same motif as the benchmarking motif was identified.
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E. coli K12
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Fig. $3: Benchmarking of motif identification in Escherichia coli conducted using Nanomotif
for direct motif identification. In each benchmark, the reference sequence was divided into
chunks, each containing the specified number of motif occurrences. For the purpose of recall
calculation, 'true positives' are defined as the number of chunks in which the exact same motif
as the benchmarking motif was identified. The bipartite motifs were not benchmarked at 500
motif occurrences, as the complete genome of E. coli did not contain this many motif
occurrences.
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428  Fig. S4: Completeness and contamination before and after removal of putative contamination.
429  Only MAGs that are either HQ before and/or after decontamination are shown.
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432  Fig. S5: Methylation pattern and GC% - coverage plot of bin.2.97 in the Anaerobic Digester.

433  bin.2.97 is of medium quality before decontamination and high quality after.
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Fig. S6: Methylation pattern and GC% - coverage plot of bin.2.99 in the Anaerobic Digester.
bin.2.99 is of medium quality before decontamination and high quality after.
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439  Fig. S7: Methylation pattern and GC% - coverage plot of bin.3.227 in the Anaerobic Digester.
440 bin.3.227 is of medium quality before decontamination and high quality after.
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Different motif methylation distrubutions
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Fig. S8: Three different methylation degrees of motifs in contig 26 of the anaerobic digester
sample bin.1.84. Each dot is an occurrence of the motif on the contig, with its respective
fraction methylated reads. The threshold line indicates the general methylation threshold,
above which a position is considered methylated and below which a position is considered
non-methylated, when calculating mean methylation of the motif. The density of the fraction of
reads methylated is shown to the right of the plotting frame. The CAGGAG motif, which has a
density distribution around the threshold, gives rise to middle value means, despite all
positions having a fraction of methylated reads >0.35.
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Fig. S9: Motif identification in bins across N50 and coverage for metagenomic samples.
Demonstration of drop off in percentage of bins with identified motif when the strand coverage
drops below the threshold in nanomotif. The percentage of bins with at least one bin-
consensus motif, has been indicated on both sides of the nanomotif coverage threshold.
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457  Supplementary Note 1

458 Direct motif identification in contigs

459 The assembly sequence and the methylation pileup from modkit are used to identify
460 methylated motifs. Motifs are identified in each contig sequence separately from other contigs
461 in an assembly. We use the “fraction modified” value in the modkit pileup output to determine
462 if a position on the contig is methylated. “Fraction modified” corresponds to the number of
463 mapped reads modified at the position divided by the number of valid bases at the position,
464  which is the number of reads with the same canonical base as the respective modification
465  type (C for 5mC and A for 6mA). Firstly, positions with less than 5 valid bases at a position are
466 removed. We then define two ways in which a position can be methylated; generally
467  methylated positions, which is used when evaluating the degree of methylation of a motif and
468 confidently methylated position, which is used for extracting sequences for the search
469  algorithm. The fraction modified threshold for these are by default 0.70 and 0.80, respectively.
470

471  Motif search is initiated at a seed motif (the default is the respective base to the evaluated
472  methylation type, C for 5mC and A for 6mA). To determine which position to expand we extract
473  sequences in a window around all confidently methylated positions, default window size is
474 41, 20 bases upstream and 20 bases downstream of the methylated position. These
475 sequences are aligned with respect to the methylation position and a positional nucleotide
476  frequency table is calculated. This generates a 4x41 table, where the 41 columns correspond
477  to the relative position with respect to the methylation and the 4 rows correspond to the
478 nucleotide. Next, 10,000 sequences of the same window size are sampled from the contig and
479  a positional nucleotide frequency table of the same dimensions is calculated. For each relative
480 position, the KL-divergence is calculated from the four frequencies of the methylated sequence
481  frequency table to the four frequencies of the sampled sequence frequency table. This
482  generates a vector of size 41, where each entry corresponds to a KL-divergence value.
483  Positions are, per default, only considered for expansion if the KL-divergence is greater than
484  0.05. After selecting which position to expand, we select which bases to incorporate at each
485 of these positions by two criteria; the frequency of a base in the methylation sequence
486  frequency table must be above 35% and the frequency of a base must be above the frequency
487 in the sampled sequence frequency table. If more than one base at a position meets this
488  criteria, we keep both of them and combinations of them a, e.g. accepting A and G at relative
489  position 2 with seed NNANN would give rise to NNANA, NNANG and NNANR.

490

491 Each new motif candidate after the expansion is evaluated using a beta-Bernoulli model,
492  treating each motif occurrence as a Bernoulli trial, being a success if it is a generally
493  methylated position and a failure if it is not a generally methylated position. Positions filtered
494  away from insufficient valid bases are not counted. We use a Beta(a=0, 3=1) as a prior, which
495 means the posterior is also a Beta distribution with the parameters:

496 @ = A prior T Nmethylated B = .Bprior *+ Npon—methylated

497  The posterior distribution is used to score each motif using the mean, standard deviation, and
498  difference in mean from the preceding motif. The mean represents the degree of motif
499  methylation, a value expected generally to tend towards 1 in fully methylated organisms. The
500 standard deviation is used to penalize when few observations are present. Mean difference is
501 expected to be high, when a desirable nucleotide addition is made, as it keeps the N highly
502 methylated motif variants and disregards 4-N non-methylated motif variants, and is
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503 approximately zero for nucleotide insertion which contributes nothing to the recognition
504  sequence.

505 score = mean girr - mean - —log;o(standard deviation)

506  After scoring each of the new motifs, the highest scoring motif is stored. Next, one of the motifs
507 s selected for propagation to the new set of motifs. The objective of the search is to converge
508 on the motif candidate contributing the most positive methylation sites. The search heuristic is
509 therefore formulated to minimize the proportion of generally methylated positions removed
510 and maximize the proportion of hon-methylated positions removed with respect to the seed
511  motif. Concretely, the heuristic is calculated using the a and B parameters of the beta-Bernoulli
512  posterior of the current motif and the seed motif, as they represent the number of methylated
513  and non-methylated motif sites.

514 priority = (1 - (acurrent/aseed)) : (.Bcurrent/.gseed)

515  The motif with the lowest priority is then chosen for the next iteration. For the next iteration,
516  the methylation sequences extracted initially are subsetted to those only containing the motif
517  picked for expansion. After this the positional frequency table and KL-divergence is
518 recalculated and the same procedure as before follows. The algorithm expands and scores
519 following the steps described above, until the maximum score of a motif has not increased for
520 10 rounds or no more motif candidates are left to explore. The best scoring motif is then kept
521 and saved to candidate motifs if its score is >0.1, otherwise dropped. The whole procedure is
522  then repeated from the same seed, but removing sequences containing previously identified
523 candidate motifs from methylated sequences. This is continued until 25 candidate motifs with
524  insufficient score have been dropped or only 1% of methylation sequences remain.

525

526  After all candidate motifs have been identified in a contig, they are subjected to a series of
527  post-processing steps to improve final motifs. First, motifs which are a sub motif of other motifs
528 are removed, which is the case if the sequence of any other motif is contained within the
529 sequence of the current motif, e.g. ComCWGG would give rise to removal of 6mACCWGG,
530 as CCWGG is contained with ACCWGG. This step was added to mitigate false positive motifs
531 resulting from 5mC methylations in close proximity to adenine can result in 6mA methylation
532  calls, which subsequently produce a sufficiently strong signal to “detect” 6mA motifs. In this
533  case we accept the possibility of removing similar motifs with different methylation types. Next
534  we remove motifs which have isolated bases, defined as a non N position with at least 2 N’s
535 on both sides. Next we merge motifs whose sequences are similar, which can be the case for
536  more generic motifs such as CCWGG, where CCAGG and CCTGG were found as separate
537  motifs, but should constitute one motif. Motif merging is done by constructing a distance graph
538 between all motifs, where motifs are only connected if the hamming distance is 2 or less.
539 Motifs are then defined to be part of the same cluster in the graph if they are mutually
540 reachable. All motifs within the same cluster are merged into a single motif, representing all
541 motifs contained within the cluster. The merged motif is only accepted if the mean degree of
542  methylation is not less than 0.2 of the mean methylation of the pre merge motifs, otherwise
543  the premerge motifs are kept as is. Finally, motifs are queried for motif complements. If another
544  motif is the complementary sequence of the motif, it gets removed and added as a
545 complementary motif instead. Palindromic motifs are always considered as the
546  complementary of itself.

547

548

549
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550 Indirect motif detection

551  Direct motif identification is performed on one contig without any information from other contigs
552 in an assembly. To detect potentially missed motifs in contigs, we perform what we term
553 indirect detection of motifs in contigs, so called as they are only detected because the motif
554  was directly detected with high confidence in another contig. To get indirectly identified motifs,
555  we take the complete set of all motifs identified in all contigs and calculate « and B of the Beta
556  posterior of the beta-Bernoulli model for all contigs. We report the a and beta parameters as
557  the number of motif methylations and non-methylations, respectively.

558

559 Bin consensus

560 Bin consensus is evaluated by taking the complete set of motifs for a bin and checking if a
561  motif meets a set of criteria. Firstly, a motif has to have been directly detected in at least one
562 of the contigs in the bin. Next, we remove motifs that are not methylated in at least 75% of the
563 contigs in the bin. We estimate this by counting the number of motif occurrences in contigs
564  with a mean methylation of a motif above 25% and dividing by the total number of motif
565 occurrences in the bin; if the fraction of motif occurrences present in methylated contigs is
566 above 0.75, they are kept. Lastly, of the kept motifs, sub-motifs are removed as described in
567 the post-processing step in the direct motif identification section. The remaining motifs are
568 considered bin consensus motifs.

569

570 Supplementary Data

571 (See supplementary_data folder)
572
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