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Deep-learning of Nanopore sequences reveals the 6mA distribution
and dynamics in human gut microbiome
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In contrast to eukaryotes, the N6-
methyladenine modification, or 6maA,
is an overwhelmingly dominant ge-
nomic DNA modification in bacteria
and archaea [1]. Evidence suggests that
6mA plays a role in regulating bacterial
chromosome replication and altering
chromosome formation [2-4]. Further-
more, it is associated with heterogeneity
in gene expression patterns within the
same bacterial population, which can lead
to clinically important phenotypic states
such as the production of pathogen sur-
face antigens and toxins [5-8]. The 6mA
methylome has been mapped for more
than 2000 cultured species of prokary-
otes, predominantly bacteria [9], how-
ever, there is paucity of data available on
the methylome of complex microbiomes,
largely due to technical challenges (See
Supplementary introduction).

To comprehensively profile the
methylome of the microbiome, we de-
veloped a deep-learning-based tool,
methCaller, which accurately predicts
genomic 6mA methylation from Oxford
Nanopore Technologies (ONT) reads.
We then evaluated its generalization
ability and performance (Figs S1-S3,
Supplementary primary analysis re-
sults). Subsequently, methCaller was
employed to determine the 6mA methy-
lome in human gut microbiome data
from a cohort of 100 healthy individuals
(Cross-sectional cohort, Supplementary
methods). Assembled
Genomes (MAGs) were previously
obtained from this cohort using hybrid

Metagenomic

sequencing and assemblies with ONT
and Illumina reads. Of 690 MAGs, 168
achieved 10 x depth of coverage and 80%
breadth of coverage in terms of ONT
reads, making them suitable for 6mA pro-
filing. A total of 4 074 065 6mA sites were
identified in the MAGs, with a range of
3088 to 65478 per MAG and 2174 to
18 759 per Mb of genome. The MEME
tool was employed to identify 29 non-
degenerate motifs, of which 18 were al-
ready present in the REBASE database
(as of 4 March 2024; see Table S1) and
the remaining 11 had not been previously
reported.

With respect to motif usage within
individual bacterial taxa, a phylogenetic
tree was constructed using the aforemen-
tioned 168 MAGs, and the modification
ratios of various motifs in each genome
were compared. Four 6mA sequence
motifs are widely distributed and present
in >5 bacterial species with moder-
ate to high modification ratios in the
genome, including the CAGCAG motif
(22.4%-63.7%), CCATC (60%-92.1%),
CATCC (21%-69.5%), and GAAGG
(27%-94.8%). Furthermore, 4 additional
motifs are uniquely distributed in indi-
vidual bacterial species with high methy-
lation ratios, including CAAATGC
(85.5%) in the species Agathobacter,
CCAATG (87.3%) in Parabacteroides,
GAGAAC (82.4%) in Prevotellamassilia,
and RAATTY (94.1%) in Akkermansia
muciniphila (Fig. S4A). Our findings sug-
gest that the utilization of bacterial motifs
in our healthy cohort exhibits taxonomic

specificity. Furthermore, irrespective of
motif usage, 6mA methylation levels were
relatively more stable within species than
across different species. (Fig. S4B, one-
way ANOVA, P = 1.26e-13).

The 6mA methylome has been re-
ported to be highly dynamic [10] and
we therefore set out to investigate the
relative stability of the 6mA methylome
in the gut microbiome of healthy individ-
uals. To this end, 10 healthy individuals
were monitored for 10 days (Time-
series cohort, Supplementary methods).
Despite the potential limitations on sta-
tistical power resulting from the study’s
design, the present study aims to pro-
vide novel insights into the stability of
6mA methylation. Our statistical frame-
work, named ‘methDiff” (see Methods),
revealed  significant  inter-individual
variation in 6mA methylation levels in
six bacteria with >5 occurrences, as
well as relatively stable levels within
the same individual (Fig. 1A, Wilcoxon
rank-sum test, one-sided P < 0.05). In
particular, Principal Coordinate Analysis
(PCoA) based on methDiff measures
revealed that 6mA methylome of Pho-
caeicola vulgatus, Bifidobacterium pseu-
docatenulatum, Bacteroides stercoris, and
Bifidobacterium
significant  inter-individual  variation
(Fig. 1B, PERMANOVA, P < 0.05).
Therefore, within the time frame of our
study, the 6mA methylome of specific

adolescentis  showed

bacterial species remains stable within the
same host individuals, allowing for the
distinction between different individuals.
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Figure 1. Analysis of the methylome of the human gut microbiome, including species-specific methylation patterns, differences between individuals,
between health and disease, and functional implications. (A) Differences in bacterial genome methylation usage within and between individuals. The
Bray—Curtis distance was calculated based on the 5-mer methylation usage of the bacterial genome. One-sided Wilcoxon rank sum test. *P < 0.05,
**P <0.01,***P < 0.001, ****P < 0.0001. (B) Principal coordinates analysis (PCoA) ordination plot of 5-mer methylation profiles in bacterial genomes
based on Bray—Curtis distances among different individuals. From left to right are the differences in 6mA methylation levels of Phocaeicola vulgatus,
Bifidobacterium pseudocatenulatum, Bacteroides stercoris, and Phocaeicola plebeius_A between individuals. (C) Boxplot of bacterial 6mA methylation
ratios between healthy individuals and UC patients. The left panel shows the methylation rate of Bacteriodies uniformis, and right panel P. vulgatus.
One-sided Wilcoxon ran sum test. (D) ROC curves for random forest classification models. (E) 6mA methylation ratio of coding versus non-coding regions
in the genomes of P. plebeius_A and Dialister. The P-values were obtained by paired t-test. (F) Scatterplot of the correlation between 6mA methylation
density and gene expression of genes encoded by P. plebeius_A in the time-series cohort. (G) Boxplot of motif frequency in prophages and corresponding
hosts. The number of motifs was corrected using genome length and expressed as the number of motifs per kb of genome length. The P-values were
obtained using paired t-test. (H, ) Lysis curves of Escherichia. coli strains K12 and top10 infected by T1 phage. The light blue and pink curves represent
the trends of OD values of £. coli in the M3 medium group and in the M9 medium supplemented with additional 0.1% methionine, respectively. Each
set of experiments include 4 biological replicates, and error bars for each time point were plotted based on the mean and standard deviation. One-way
ANOVA with Bonferroni's multiple comparison correction, *P < 0.05, **P < 0.01. (J) Number of 6mA methylation sites in the T1 phage genome, red:
the number of T1 phage genome 6mA methylated after additional supplementation of 0.1% methionine in the medium, green: control group. Two-tailed

Wilcoxon rank-sum test.

To gain insight into the underlying
methylome differences between healthy
individuals and those with ulcerative coli-
tis (UC), we performed a comprehensive
examination of the 6mA methylome in
a further 100 patients using methCaller

(UC cohort, Supplementary methods).
The investigation focused on two MAGs
(Bacteroides uniformis and P. vulgatus)
that were identified in >3$ cases in both
the healthy and UC patient popula-
tions. First, it was observed that the
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methylation levels were significantly
higher in healthy individuals than in UC
patients (Fig. 1C, Wilcoxon rank-sum
test, one-sided P < 0.05). Further-
more, the profiles of 6mA methylation,
which were predominantly enriched in



the coding genes of these two bacterial
species, showed significant divergence
between healthy individuals and UC
patients (Fig. SS, PERMANOVA, both
P < 0.01). Based on these findings, we
constructed a random forest machine
learning model that can be used to effec-
tively discriminate between the bacterial
species present in healthy individuals
and patients, with a precision of 87.5%
and 88.9%, and a ROC AUC of 92.2%
and 98.8%, respectively (Fig. 1D). In
conclusion, significant differences were
identified in the methylomes of indi-
vidual gut microbial species in UC,
which have the potential to serve as
markers for disease diagnosis in the
future.

We next investigated whether the lev-
els of 6mA methylation in individual bac-
teria and at the gut microbiome have an
impact on gene transcription. An initial
examination of the methylation levels in
Escherichia coli K12 and Top 10, revealed a
markedly elevated 6mA methylation fre-
quency in the coding region (CDS) rela-
tive to the intergenic region (non-CDS)
(Fig. S6A, paired t-test P = 2.568e-05).
The combination of transcriptome data
from both strains revealed a significant
positive correlation between transcript
expression levels and the number of 6mA
methylation sites within the coding re-
gion, even after correction for genome
length (Fig. S6B, both R > 0.5, P < 2.2e-
16). Subsequently, our investigation fo-
cused on Phocaeicola plebeius_A and Di-
alister in the Time-series cohort, which
were detected at multiple time points and
had sufficient coverage for 6mA analy-
sis (Fig. S7). As with the findings in E.
coli, 6mA sites were significantly enriched
in the coding regions of both species
(Fig. 1E, paired t-test P < 0.0S). Fur-
thermore, a significant positive correla-
tion was also identified between the num-
ber of 6mA sites in the CDS and the nor-
malized gene expression for each gene
(Fig. 1F, R > 0.6, P < 2.2¢-16; Fig. S8,
R > 035, P < 2.2e-16). Collectively,
these results suggest that the presence of
6mA methylation in the CDS region may
facilitate gene transcription, although the
underlying mechanism remains to be
elucidated.
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It is acknowledged that epigenetic
modification of bacterial genomic
DNA is necessary for the Restriction-
Modification (R-M) system, which
serves to defend against phage infection
and other foreign DNA [11,12]. Conse-
quently, an additional examination was
conducted on the 6mA methylation pro-
files of prophages in the healthy cohort
(Cross-sectional cohort and Time-series
cohort). A total of 746 phages were
identified from 396 MAGs, with a range
of 1 to 8 phages per MAG (Fig. S9A).
Furthermore, a total of 26 835 6mA
methylation sites and 25 motifs were
identified in 160 phages (Fig. S9B).
Notably, the frequency of 6mA motifs
showed a pronounced disparity between
phages and their hosts. This was partic-
ularly evident in the case of motifs that
were dominant in bacterial species, where
motifs from phages related to that species
were used significantly less frequently,
such as GATC (Fig. 1G). Given that bac-
terial restriction enzymes are capable of
recognizing and cleaving unmethylated
motifs in phages, the apparent strategy
of ‘motif depletion’ may be a means
of avoiding recognition and a defense
against host defense mechanisms.

Besides the usage of 6mA motifs, we
further tested the effect of changing 6mA
levels in modulating the phage-host in-
teractions. The lysis curves of wild-type
E. coli K12 and a restriction enzyme-
deficient strain, Top10, were observed
under culture conditions with or without
methionine after infection with T1 phage.
The amount of K12 was significantly re-
duced in cultures supplemented with an
additional 0.1% methionine compared to
the control (Fig. 1H). However, this re-
duction was not observed in the TOP10
(Fig. 11). Since methionine can be con-
verted to S-adenosylmethionine in bac-
teria, providing a methyl precursor for
methyltransferase, the methylation level
of T1 phage was investigated in detail.
The results demonstrated that methion-
ine supplementation led to a significant
increase in the level of 6mA methylation
in comparison to the control (Fig. 1],
Wilcoxon rank-sum test, P < 0.05). This
indicates that the elevated level of ge-
nomic methylation in the phage over-
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came the restriction enzyme recognition
and cleavage in K12, thereby enhancing
the efficiency of infection and lysis.

N6-methyladenine modification rep-
resents the predominant form of DNA
methylation in bacteria and plays a piv-
otal role in various biological processes.
Nevertheless, the intricate methylation
patterns observed in the gut microbiome
have remained largely uninvestigated.
The results of our study indicate that
6mA is a temporally stable and highly
personalized microbiome  signature.
Moreover, the 6mA profiles of specific
bacteria can be employed to distinguish
between healthy individuals and patients
with typical diseases, such as ulcerative
colitis. It is therefore recommended
that future studies should prioritize
elucidating functional differences, par-
ticularly those related to dysbiosis and
meta-epigenomes. In terms of functional
impact, our findings suggest that gene
coding regions are enriched in 6mA in
both E. coli and human gut microbiomes,
and that both are positively correlated
with higher levels of gene expression.
Furthermore, phages circumvent host
restrictive defense by depleting host-
preferred motifs. Conversely, increasing
6mA methylation through methionine
supplementation has been observed to
enhance phage-mediated bacterial cell
lysis. It seems reasonable to suggest that
increasing 6mA modification levels by
supplementing methyl donors such as
methionine in phage therapies targeting
drug-resistant bacteria could enhance
overall efficacy.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.
Conflict of interest statement. None declared.

Jiabao Cao'f, Yuging Zhang' 2 f,

Wenhui Zhang' 2, Faming Zhang®** and

Jun Wang'2-*

TCAS Key Laboratory of Pathogenic Microbiology
and Immunology, Institute of Microbiology,
Chinese Academy of Sciences, China; ZUniversity
of Chinese Academy of Sciences, China; 3Medical
Center for Digestive Diseases, The Second
Affiliated Hospital of Nanjing Medical University,


https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf120#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf120#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf120#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf120#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf120#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf120#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf120#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf120#supplementary-data

China and *Key Lab of Holistic Integrative
Enterology, Nanjing Medical University, China
*Corresponding author.

E-mail: junwang@im.ac.cn

w

[SaE =

Natl Sci Rev, 2025, Vol. 12, nwaf120

. Hernday A, Krabbe M, Braaten B et al. Proc Nat/

Acad Sci USA 2002; 99: 16470-6.

. Hsieh P. Mutat Res 2001; 486: 71-87.
. Beaulaurier J, Zhang X-S, Zhu S et al. Nat Com-

[ee]

w

. Heithoff DM, Sinsheimer RL, Low DA et al.

Science 1999; 284: 967-70.

. Beaulaurier J, Schadt EE, Fang G. Nat Rev Genet

2019; 20: 157-72.

fEqually contributed to this work. mun 2015; 6: 7438. 10. 0'Brown ZK and Greer EL. Adv Exp Med Biol 2016;
6. Tettelin H, Nelson KE, Paulsen IT et al. Science 945: 213-46.
2001; 293: 498-506. 11. Labrie SJ, Samson JE, Moineau S. Nat Rev Micro
REFERENCES 7. Manso AS, Chai MH, Atack JM et al. Nat Com- 2010; 8: 317-27.
1. Wion D and Casadests J. Nat Rev Micro 2006; 4: mun 2014; 5: 5055. 12. Kobayashi |. Nucleic Acids Res 2001; 29: 3742—
183-92. 56.

2. Boye E, Labner-Olesen A, Skarstad K. EMBO Rep
2000; 1: 479-83.

© The Author(s) 2025. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original
work is properly cited.

Page 4 of 4


mailto:junwang@im.ac.cn
http://dx.doi.org/10.1038/nrmicro1350
http://dx.doi.org/10.1093/embo-reports/kvd116
http://dx.doi.org/10.1073/pnas.182427199
http://dx.doi.org/10.1016/S0921-8777(01)00088-X
http://dx.doi.org/10.1038/ncomms8438
http://dx.doi.org/10.1126/science.1061217
http://dx.doi.org/10.1038/ncomms6055
http://dx.doi.org/10.1126/science.284.5416.967
http://dx.doi.org/10.1038/s41576-018-0081-3
http://dx.doi.org/10.1007/978-3-319-43624-1_10
http://dx.doi.org/10.1038/nrmicro2315
http://dx.doi.org/10.1093/nar/29.18.3742
https://creativecommons.org/licenses/by/4.0/

	SUPPLEMENTARY DATA
	REFERENCES

