
ORIGINAL RESEARCH

Precision Methylome and In Vivo Methylation

Kinetics Characterization of Klebsiella
pneumoniae

Jing Fu
1,2,3,#

, Ju Zhang
1,#

, Li Yang
1,3,#

, Nan Ding
1,#

, Liya Yue
1,#

,

Xiangli Zhang 1,3, Dandan Lu 1,3, Xinmiao Jia 1,4, Cuidan Li 1, Chongye Guo 1,

Zhe Yin 5, Xiaoyuan Jiang 5, Yongliang Zhao 3,6, Fei Chen 1,3,*, Dongsheng Zhou 5,*

1CAS Key Laboratory of Genome Sciences and Information, Beijing Institute of Genomics, Chinese Academy of Sciences and China
National Center for Bioinformation, Beijing 100101, China

2Department of Oncology, Henan Provincial People’s Hospital, People’s Hospital of Zhengzhou University, People’s Hospital
of Henan University, Zhengzhou 450001, China

3University of Chinese Academy of Sciences, Beijing 100049, China
4Department of Medical Research Center, Peking Union Medical College Hospital, Peking Union Medical College &
Chinese Academy of Medical Sciences, Beijing 100730, China

5State Key Laboratory of Pathogen and Biosecurity, Beijing Institute of Microbiology and Epidemiology, Beijing 100071, China
6CAS Key Laboratory of Genomic and Precision Medicine, Beijing Institute of Genomics, Chinese Academy of Sciences and

China National Center for Bioinformation, Beijing 100101, China

Received 10 February 2021; revised 19 March 2021; accepted 11 June 2021
Available 29 June 2021

Handled by Ting Wang

KEYWORDS

DNA methylation;

Epigenomics;

6mA;

5mC;

Epigenetic regulation

Abstract Klebsiella pneumoniae (K. pneumoniae) is an important pathogen that can cause severe

hospital- and community-acquired infections. To systematically investigate its methylation features,

we determined the whole-genome sequences of 14 K. pneumoniae strains covering varying serotypes,

multilocus sequence types, clonal groups, viscosity/virulence, and drug resistance. Their methy-

lomes were further characterized using Pacific Biosciences single-molecule real-time and bisulfite

technologies. We identified 15 methylation motifs [13 N6-methyladenine (6mA) and two 5-

methylcytosine (5mC) motifs], among which eight were novel. Their corresponding DNA methyl-

transferases were also validated. Additionally, we analyzed the genomic distribution of GATC

and CCWGG methylation motifs shared by all strains, and identified differential distribution pat-

terns of some hemi-/un-methylated GATC motifs, which tend to be located within intergenic
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regions (IGRs). Specifically, we characterized the in vivo methylation kinetics at single-base resolu-

tion on a genome-wide scale by simulating the dynamic processes of replication-mediated passive

demethylation and MTase-catalyzed re-methylation. The slow methylation of the GATC motifs

in the replication origin (oriC) regions and IGRs implicates the epigenetic regulation of replication

initiation and transcription. Our findings illustrate the first comprehensive dynamic methylome map

of K. pneumoniae at single-base resolution, and provide a useful reference to better understand

epigenetic regulation in this and other bacterial species.

Introduction

Klebsiella pneumoniae (K. pneumoniae), an important member
of the Enterobacteriaceae, can cause severe hospital- and

community-acquired infections such as pneumonia, genitouri-
nary tract infection, and septicaemia. There are various typing
methods for K. pneumoniae strains, including serotyping,

multilocus sequence typing (MLST), and clonal group (CG)
typing [1,2]. Studies indicate that the hypervirulence phenotype
usually corresponds to K1/K2/K57 serotypes and CG23-ST23

[1–3], while the multidrug resistance (MDR) phenotype often
corresponds to CG258-ST11/ST258 [4].

Studies on DNA methylation in K. pneumoniae strains

using molecular biological techniques identified three DNA
methyltransferases (MTases) and corresponding motifs,
including two restriction-modification (R-M) systems

(M.KpnI: GGTACC; M.KpnBI: CAAAN6RTCA, where
N=A or C or G or T and R=Gor A) and one orphanMTase

(Dam: GATC) [5–7]. In eachmotif, the methylated nucleotide is
shown in bold, and the nucleotide pairing with the
methylated nucleotide on the complementary strand is marked

with an underline. Further research on Dam revealed the
epigenetic mechanism involved in regulating mismatch repair,
virulence, and pathogenicity of K. pneumoniae strains [8].

Recent rapid progress on high-throughput sequencing
techniques, such as Pacific Biosciences (PacBio) single-
molecule real-time (SMRT) sequencing for accurate detection

of modified bases [mainly N6-methyladenine (6mA)] on a
genome-wide scale, and bisulfite sequencing for efficient anal-
ysis of genome-wide 5-methylcytosine (5mC) [9,10], has
greatly facilitated DNA methylome investigations in bacteria.

It is well known that 6mA and 5mC are the two most impor-
tant types of DNA methylation in prokaryotes [9]. Numerous
bacterial methylomes have been precisely determined using

the aforementioned two techniques, including Escherichia coli,
Mycoplasma genitalium, Bifidobacterium breve, Clostridium
difficile, Campylobacter jejuni, Helicobacter pylori [9–13],

and Mycobacterium tuberculosis complexes (MTBC) reported
by our group [14].

By precisely and comprehensively analyzing the bacterial
methylome, a lot of valuable information has been obtained,

including methylation motifs and their corresponding MTases,
motif distributions in genomes, and related epigenetic regula-
tory mechanisms in bacteria [9,15,16]. Most identified MTases

and their corresponding motifs belong to the R-M system,
which primarily functions to disrupt (cleave) invading DNA
and protect genomic DNA through methylation-mediated

mechanisms [9–14]. Distinctively, some orphan MTases (with-
out cognate restriction enzymes) and their corresponding
motifs perform multiple epigenetic regulatory functions in bac-

teria [15–18]. Among them, the Dam/GATC motif is the most

well-known due to its presence in almost all Enterobacteriaceae
bacteria, and its involvement in the epigenetic regulation of
replication, transcription, and mismatch repair [15–17,19–21].
In particular, its regulatory role in replication initiation has

been studied in E. coli. Its replication origin (oriC) region con-

tains five DnaA boxes and 11 GATC motif sites. Replication-

mediated passive demethylation causes the hemi-methylated

GATC motifs adjacent to the DnaA boxes to be specifically

recognised and bound by SeqA, leading to competition for
the motif sites between Dam and SeqA [17]. As a result, re-
methylation of the motifs is delayed, which in turn prevents

the initiation cascade for chromosome replication induced by
the DnaA protein [17,19]. Re-methylation of the upstream

GATC motifs of the third and fifth DnaA boxes are the rate-
limiting steps for DNA replication initiation in E. coli strains
[17]. Additionally, Dam also participates in the transcriptional

regulation of downstream genes such as opvAB in Salmonella
enterica [15].

Although several MTases and corresponding motifs have
been revealed in K. pneumoniae strains, the whole methylome

has not yet been reported. Herein, we obtained whole-
genome sequences of 14 K. pneumoniae strains of various
types, and characterized their methylomes using SMRT/

bisulfite sequencing. A total of 15 methylation motifs were
identified, including 13 6mA and two 5mC methylation motifs.
Among them, eight motifs were novel, corresponding to eight

novel MTases [K. pneumoniae adenine methyltransferases A–G
(KamA–G) and K. pneumoniae cytosine methyltransferase A
(KcmA)]. We further analyzed the distribution patterns of

the GATC and CCWGG (where W = A or T) methylation
motifs shared by all K. pneumoniae strains. Importantly, by
establishing a mathematical model to simulate the dynamic

processes of passive demethylation and re-methylation for
each motif in the exponential phase, we characterized the
genome-wide in vivo methylation kinetics at single-base resolu-

tion. Motifs at different genomic locations displayed different

re-methylation rates, and the GATC motifs in the oriC regions

and intergenic regions (IGRs) had slow re-methylation rates.
Our findings indicate potential roles of epigenetic regulation
in replication initiation and transcription in the K. pneumoniae

genome, and provide important insight into K. pneumoniae
epigenomics.

Results

General bioinformatic analysis of 14 K. pneumoniae strains

We first obtained the whole-genome sequences of 14 K. pneu-
moniae strains (including NTUH-K2044, 11492, 11420,

11454, 12208, 11311, 23, 11305, N201205880, 309074, 13190,
283747, 721005, and 11021) differing in terms of serotypes,
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MLSTs, CGs, viscosity/virulence, and drug resistance (Tables
S1–S3) by SMRT sequencing followed by correction using Illu-

mina sequencing (Figure 1). We then constructed a phyloge-
netic tree using 76 complete genomes of K. pneumoniae
strains (14 from the current work and 62 obtained online)

(Figure S1; Table S4). Our 14 K. pneumoniae strains covered
many common CGs and MLSTs of K. pneumoniae strains in

China (e.g., CG23-ST23 and CG258-ST11) [22], indicating
good representation and diversity of K. pneumoniae strains
selected in our study.

Figure 1 Circos plots displaying general genomic information for 14 K. pneumoniae strains

The circles are as follows (from outside to inside): 1) physical map scaled in megabases from base 1, the start of the putative replication

origin; 2) coding sequences transcribed in a clockwise direction; 3) coding sequences transcribed in a counterclockwise direction; 4) GC

content based on a 2-kb sliding window (red and green indicate a GC content higher or lower than average, respectively); 5) GC skew

[(G�C)/(G+C)] based on a 2-kb sliding window (orange and green indicate GC skew above and below zero, respectively); 6) GATCmotifs;

and 7) CCWGG motifs. The other circles inside indicate the other 13 methylation motifs. In each motif, the methylated nucleotide is

shown in bold, and the nucleotide pairing with the methylated nucleotide on the complementary strand is marked with an underline.

Degenerate bases used in the motifs are as follows: R=G or A, Y=C or T,M=A or C, K=G or T, S=G or C,W=A or T, B=C or

G or T, D = A or G or T, H = A or C or T, V = A or C or G, N = A or C or G or T. Mb, megabase.
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The bioinformatic analyses provided general genome infor-
mation (Table 1, Figure 1), including genome size (5.20–

5.50 Mb), GC content (57.37%–57.68%), predicted number
of protein-coding genes (4990–5468), gene length (886–
922 bp), and the percentage of coding regions (88.26%–

90.23%) [23]. In addition, each K. pneumoniae strain contained
1–8 plasmids, with lower GC content (45.72%–54.85%), lower
percentage of coding regions (75.98%–88.63%), and shorter

average gene length (574–831 bp) (Table 1).
Additionally, the relatively conserved genomic sequences

and structures among the 14 K. pneumoniae strains were also
indicated. Average nucleotide identity (ANI) analysis revealed

more than 99% identity among the 14 K. pneumoniae strains;

no extensive translocations, duplications, or inversions were
found in the K. pneumoniae genomes except for strains 11492

and 11454, each containing a large inverted fragment in the
genome (Figure S2).

Seven known and eight novel methylation motifs and correspond-

ing MTases in K. pneumoniae strains

A total of 13 6mA and two 5mC methylation motifs were iden-

tified in the 14 K. pneumoniae strains (Tables 2–4) by SMRT
and bisulfite sequencing techniques (Tables S2 and S5), includ-
ing seven known and eight novel methylation motifs (Table 5,

Table S6). It is worth noting that GATC and CCWGG motifs

Table 1 General genomic information for the 14 K. pneumoniae strains

Strain name Chromosome/plasmid Genomic

size (Mb)

GC content

(%)

No. of

genes

Average gene

size (bp)

Coding region

(%)

No. of

tRNAs

No. of

rRNAs

NTUH-K2044 NUTH-K2044_chr 5.25 57.68 5050 917 90.09 86 25

pNUTH-K2044-1 0.22 50.17 243 701 83.28 0 0

11492 11492_chr 5.25 57.45 5017 922 88.43 87 25

p11492-1 0.19 50.37 202 724 82.72 0 0

11420 11420_chr 5.44 57.46 5264 912 88.35 88 25

p11420-1 0.23 50.10 257 688 83.43 0 0

p11420-2 0.08 50.56 101 605 84.45 0 0

11454 11454_chr 5.20 57.60 4990 917 88.35 86 25

p11454-1 0.21 50.67 225 717 83.74 0 0

12208 12208_chr 5.21 57.59 5067 910 89.42 82 25

p12208-1 0.33 47.27 353 709 83.79 0 0

p12208-2 0.21 49.69 232 698 82.90 0 0

11311 11311_chr 5.27 57.56 5048 918 88.26 86 25

p11311-1 0.20 49.93 209 733 82.74 0 0

23 23_chr 5.29 57.54 5120 910 88.31 85 25

p23-1 0.20 49.93 212 730 82.76 0 0

p23-2 0.11 49.46 106 831 87.78 2 0

11305 11305_chr 5.32 57.46 5186 901 88.37 88 25

p11305-1 0.06 53.29 60 690 75.98 0 0

N201205880 N201205880_chr 5.21 57.50 5106 901 88.85 87 25

pN201205880-1 0.23 51.08 240 758 82.03 0 0

pN201205880-2 0.15 52.33 146 755 88.63 0 0

pN201205880-3 0.11 54.85 134 661 83.30 0 0

pN201205880-4 0.11 49.31 108 815 88.07 1 0

pN201205880-5 0.08 50.29 88 733 84.69 0 0

pN201205880-6 0.08 54.00 96 596 78.08 0 0

pN201205880-7 0.07 52.85 83 657 86.33 0 0

pN201205880-8 0.06 52.45 69 609 82.19 0 0

309074 309074_chr 5.31 57.46 5181 907 90.23 89 25

p309074-1 0.19 53.44 197 735 83.60 0 0

p309074-2 0.07 51.83 85 668 83.78 0 0

p309074-3 0.05 49.03 65 667 85.67 0 0

13190 13190_chr 5.26 57.50 5172 897 89.34 88 25

p13190-1 0.31 47.26 316 703 84.09 0 0

p13190-2 0.08 53.86 85 649 79.42 0 0

p13190-3 0.04 45.72 50 674 86.66 0 0

283747 283747_chr 5.50 57.37 5441 891 90.07 85 25

p283747-1 0.15 54.40 192 574 78.82 0 0

721005 721005_chr 5.48 57.38 5468 886 89.57 85 25

p721005-1 0.27 46.48 283 716 82.85 0 0

p721005-2 0.16 53.92 199 627 82.14 0 0

p721005-3 0.06 51.76 77 631 88.59 0 0

11021 11021_chr 5.45 57.46 5386 893 89.67 85 25

p11021-1 0.24 51.69 271 682 82.43 0 0

p11021-2 0.17 53.48 217 605 81.85 0 0
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were shared by all strains. The other motifs were shared by at
most two K. pneumoniae strains (Tables 2–4). Further analyses

indicated the relationships between the motifs and stain types

(serotype, MLST, and CG). The MTCGAK (where M = A or

C, K=G or T) motif was present in NTUH-K2044 and 11492
belonging to the K1 serotype and ST23-CG23, the most com-
mon types of hypervirulent K. pneumoniae strains. The

CCAYN7TTYG (where Y = C or T, N = A or C or G or
T) motif was shared by two strains (11311 and 23) of hypervir-

ulent serotype K57 and ST412. The CCAGN7RTTC (where
N = A or C or G or T, R = G or A) motif was present in

strains 11305 and 13190 belonging to MDR CG147.
Modification analysis indicated that not all motif sites were

fully methylated (methylated on both strands, Tables 2–4). A
minority of motif sites (< 30%) were detected as being

hemi-methylated (methylated on one strand only) or un-
methylated within the K. pneumoniae genomes. The only

exception was the MTCGAK motif in the NTUH-K2044

and 11492 genomes, in which over half of the sites were
hemi-/un-methylated (56.03%–56.77%). Further analysis indi-

cated that the un-methylated MTCGAK motif tended to be
preceded by a guanine (G) (Figure S3, Table S7).

To search for the respective MTases, we first predicted 22

MTase genes [24]. Among them, seven genes encode MTases

which as well as their corresponding motifs had been verified

in previous studies (Table 5). To determine the MTases

responsible for the eight newly detected methylation motifs,

we performed restriction digestion and SMRT/bisulfite

sequencing using plasmids containing the predicted MTase

genes in MTase-free E. coli ER2796. Crossover validation

identified the corresponding eight MTases that could specifi-

cally recognize and methylate the respective eight novel motifs

(Table 5, Tables S6 and S8; Figures S4–S6).

We further analyzed the distribution of 15 MTase genes in
the genomes of the K. pneumoniae strains. Thirteen genes were

located on chromosomes, and two others were located on

Table 2 The three types of modification patterns of the GATC motif in the 14 K. pneumoniae strains

Strain name Motif No. of motifs Methylated motif (%) Hemi-methylated motif (%) Un-methylated motif (%)

NTUH-K2044 GATC 30,727 30,151 (98.13%) 551 (1.79%) 25 (0.08%)

11492 GATC 30,316 30,271 (99.85%) 31 (0.10%) 14 (0.05%)

11420 GATC 31,847 26,835 (84.26%) 4669 (14.66%) 343 (1.08%)

11454 GATC 30,278 28,046 (92.63%) 2142 (7.07%) 90 (0.30%)

12208 GATC 31,512 30,695 (97.41%) 790 (2.51%) 27 (0.08%)

11311 GATC 30,623 29,520 (96.4%) 1076 (3.51%) 27 (0.09%)

23 GATC 31,275 26,523 (84.81%) 4423 (14.14%) 329 (1.05%)

11305 GATC 30,369 29,222 (96.22%) 1122 (3.69%) 25 (0.09%)

N201205880 GATC 33,171 28,007 (84.43%) 4852 (14.63%) 312 (0.94%)

309074 GATC 31,208 30,384 (97.36%) 782 (2.51%) 42 (0.13%)

13190 GATC 31,419 28,766 (91.56%) 2515 (8.00%) 138 (0.44%)

283747 GATC 31,335 30,156 (96.24%) 1126 (3.59%) 53 (0.17%)

721005 GATC 32,242 31,521 (97.76%) 687 (2.13%) 34 (0.11%)

11021 GATC 32,080 27,907 (86.99%) 3968 (12.37%) 205 (0.64%)

Note: The methylated adenine in the motif is shown in bold; the underlined letter represents the thymine pairing with the methylated adenine on the

complementary strand. The number of motifs include the ones on the plus and minus strands of chromosomes and plasmids.

Table 3 Modification patterns of the 12 motifs with 6mA in the 14 K. pneumoniae strains

Strain name Motif No. of motifs Methylated motif (%) Hemi-methylated motif (%) Un-methylated motif (%)

NTUH-K2044 GRACRAC* 2104 2060 (97.91%) / 44 (2.09%)

11420 RTACN5GGC* 1275 1156 (90.67%) / 119 (9.33%)

TTCAN7TTC* 853 598 (70.11%) 231 (27.08%) 24 (2.81%)

11454 AGCN5CTTC 991 930 (93.84%) 61 (6.16%) /

12208 AGGAAG* 2864 2848 (99.30%) / 16 (0.7%)

11311# CCAYN7TTYG* 667 608 (91.15%) 58 (8.70%) 1 (0.15%)

23# CCAYN7TTYG* 687 534 (77.73%) 145 (21.11%) 8 (1.16%)

11305^ CCAGN7RTTC 342 325 (95.03%) 17 (4.97%) /

N201205880 CCAN7TCAC* 543 433 (79.75%) 102 (18.78%) 8 (1.47%)

309074 CTAN5GTAA 165 164 (99.39%) 1 (0.61%) /

CAGN6TCAA* 439 413 (94.08%) 26 (5.92%) /

CATCN6TTYG 634 589 (92.90%) 45 (7.10%) /

13190^ CCAGN7RTTC 379 338 (89.19%) 40 (10.55%) 1 (0.26%)

GGCAN8TCG 1065 874 (82.06%) 184 (17.28%) 7 (0.66%)

Note: The methylated adenine in each motif is shown in bold; the underlined letter represents the thymine pairing with the methylated adenine on

the complementary strand. Degenerate bases used in our recognition sequences are as follows: R = G or A, Y = C or T, M = A or C, K = G or

T, S = G or C, W=A or T, B = not A (C or G or T), D = not C (A or G or T), H= not G (A or C or T), V = not T (A or C or G), N= A or C

or G or T. The number of motifs include the ones on the plus and minus strands of chromosomes and plasimds. *, newly reported motifs. #, two

strains (11311 and 23) possess motif CCAYN7TTYG. ^, two strains (11305 and 13190) possess motif CCAGN7RTTC.
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plasmids (Figure 2). Additionally, within the 15 identified
MTases, there were 10 Type I MTases, three Type II MTases,

and two classical orphan MTases (Dam and Dcm). Here, dam
and dcm genes were present in all K. pneumoniae strains, and

responsible for the methylation of GATC and CCWGG
motifs, respectively. Among the three newly identified Type
II MTases, KamC and KamD were predicted to be Type

IIG enzymes, for which endonuclease and methyltransferase
activities are encoded by a single gene (Table 5, Table S6).

Nonrandom distributions of GATC and CCWGG motifs in K.

pneumoniae genomes

Among the 15 methylation motifs, GATC and CCWGG had
the most extensive distributions in all 14 K. pneumoniae strains,

each containing � 30,000 GATC and � 20,000 CCWGG mod-

ified sites (Tables 2 and 4). The distributions of the two motifs
in the genomes of K. pneumoniae strains were further analyzed,
and differential/uneven distributions were observed (Figure 1).

Both motifs exhibited some high-density and low-density
regions in the genomes, where the genes were clustered into dif-
ferent Clusters of Orthologous Groups (COG) functional cat-

egories (Figure S7). Notably, the GATC motif showed the
highest distribution density in the oriC region (� 34 sites/kb)

of the 14 K. pneumoniae genomes (average density:

5–6 sites/kb) (Figure S8). By contrast, the CCWGG motif

did not display such enrichment in the oriC region.
We then compared the density distributions of the two

motifs in the 14 K. pneumoniae genomes and the simulated gen-
ome with the same base composition (Figure 3, Figures S9 and

Table 4 Modification patterns of the two motifs with 5mC in the 14 K. pneumoniae strains

Strain name Motif No. of motifs Methylated motif (%) Hemi-methylated motif (%) Un-methylated motif (%)

NTUH-K2044 CCWGG 19,530 16,117 (82.52%) 1756 (8.99%) 1657 (8.49%)

MTCGAK* 5410 2339 (43.23%) 270 (4.99%) 2801 (51.78%)

11492 CCWGG 19,284 19,015 (98.61%) 86 (0.45%) 183 (0.94%)

MTCGAK* 5386 2368 (43.97%) 258 (4.79%) 2760 (51.24%)

11420 CCWGG 20,175 18,828 (93.32%) 839 (4.16%) 508 (2.52%)

11454 CCWGG 19,314 14,983 (77.58%) 2367 (12.26%) 1964 (10.16%)

12208 CCWGG 20,108 19,874 (98.84%) 35(0.17%) 199 (0.99%)

11311 CCWGG 19,668 19,126 (97.24%) 299 (1.52%) 243 (1.24%)

23 CCWGG 19,941 18,668 (93.62%) 963 (4.83%) 310 (1.55%)

11305 CCWGG 19,460 18,964 (97.45%) 261 (1.34%) 235 (1.21%)

N201205880 CCWGG 21,115 20,867 (98.83%) 38 (0.18%) 210 (0.99%)

309074 CCWGG 19,966 17,464 (87.47%) 1460 (7.31%) 1042 (5.22%)

13190 CCWGG 20,060 19,149 (95.46%) 694 (3.46%) 217 (1.08%)

283747 CCWGG 20,156 19,141 (94.96%) 574 (2.85%) 441 (2.19%)

721005 CCWGG 20,832 20,470 (98.26%) 145 (0.70%) 217 (1.04%)

11021 CCWGG 20,736 18,352 (88.50%) 1358 (6.55%) 1026 (4.95%)

Note: The methylated cytosine in the motif is shown in bold; the underlined letter represents the guanine pairing with the methylated cytosine on the

complementary strand. Degenerate bases used in our recognition sequences are listed as follows: R =G or A, Y= C or T, M=A or C, K=G or

T, S = G or C, W=A or T, B = not A (C or G or T), D= not C (A or G or T), H = not G (A or C or T), V = not T (A or C or G), N= A or C

or G or T. The number of motifs include the ones on the plus and minus strands of chromosomes and plasimds. *, newly reported motifs.

Table 5 The 15 methylation motifs and corresponding DNA MTases in the 14 K. pneumoniae strains

Motif Modification R-M/orphan MTase Comment

GATC 6mA Orphan Dam Known

RTACN5GGC 6mA R-M system Type I KamA New

TTCAN7TTC 6mA R-M system Type I KamB New

GRACRAC 6mA R-M system Type II KamC New

AGCN5CTTC 6mA R-M system Type I M.KpnGH01II Known

AGGAAG 6mA R-M system Type II KamD New

CCAYN7TTYG 6mA R-M system Type I KamE New

CCAN7TCAC 6mA R-M system Type I KamF New

CCAGN7RTTC 6mA R-M system Type I M.KpnAATI Known

CTAN5GTAA 6mA R-M system Type I M.Kpn35657I Known

CAGN6TCAA 6mA R-M system Type I KamG New

CATCN6TTYG 6mA R-M system Type I M.Kpn39795II Known

GGCAN8TCG 6mA R-M system Type I M.KpnAATIV Known

CCWGG 5mC Orphan Dcm Known

MTCGAK 5mC R-M system Type II KcmA New

Note: The methylated nucleotide in each motif is shown in bold; the underlined letter represents the nucleotide pairing with the methylated

nucleotide on the complementary strand. Degenerate bases used in the recognition sequences are as follows: R = G or A, Y = C or T, M = A or

C, K=G or T, S = G or C, W=A or T, B= not A (C or G or T), D= not C (A or G or T), H= not G (A or C or T), V= not T (A or C or G),

N = A or C or G or T. The MTase prediction was based on the sequence alignment with REBASE database (http://rebase.neb.com/rebase/rebase.

html). The predicted MTases were further classified as Type I, Type II, or orphan MTases according to the annotation information. MTase,

methyltransferase; R-M, restriction-modification.
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S10). The results revealed that their distribution densities in the
K. pneumoniae genomes (1-kb consecutive window) were

higher than those in the simulated genome, indicating a

high-density/nonrandom distribution for these two motifs in
the K. pneumoniae genome. To explore the underlying causes

for their high-density distributions, we investigated the impact

Figure 2 The 15 MTase genes and corresponding methylation motifs for the 14 K. pneumoniae strains

Hypervirulent and low-virulent strains are labeled in red and green, respectively. The large and small circles represent chromosome and

plasmid genomes, respectively. ORF, open reading frame.
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of selection pressure on these two motifs by calculating the
ratio of nonsynonymous substitutions (Ka) to synonymous

substitutions (Ks) [25] of the corresponding fragments in gene
regions (GRs), and more than 90% of the two motifs were
located in GRs (Figure S11). We observed that the amino acid

(AA) codons with two motifs (two AA codons for the GATC

motif, two or three AA codons for the CCWGG motif) were
under strong negative/purifying selection with Ka/Ks of
� 0.09/0.09, compared with a ratio of 0.39/0.54 for the scram-

ble (control) sequences in GRs.

Differential distribution patterns of methylated, hemi-methylated,

and un-methylated GATC and CCWGG motifs in K. pneumoniae

genomes

We identified three methylation patterns (methylated, hemi-

methylated, and un-methylated) for the GATC and CCWGG

motifs. Most GATC (84.26%–99.85%) and CCWGG

(77.58%–98.84%) sites were found to be methylated (Tables
2 and 4), while only a small percentage of motif sites were
hemi-methylated (< 15%) or un-methylated (< 10%) in the

K. pneumoniae genomes. Further analysis demonstrated that

the ratio of hemi-methylated GATC motifs (� 6.48%) was

much higher than that of un-methylated GATC motifs
(� 0.38%), while hemi-methylated (� 3.60%) and

un-methylated (� 2.94%) CCWGG motifs accounted for sim-
ilar proportions.

We then investigated the distribution ratios of methylated,

hemi-methylated, and un-methylated GATC and CCWGG

motifs in GRs and IGRs (Tables S9 and S10). The hemi-/un-

methylated GATC motifs tended to be located in IGRs, since

their ratios in IGRs were significantly higher than that of the

methylated GATC motifs (7.78% for hemi-methylated, 41.79

for un-methylated, 5.14% for methylated; P<0.01, Figure 4A,
Table S9). Analysis of the ‘fraction of methylated reads’
(FRAC value) for the motifs in GRs/IGRs also supported

the aforementioned finding that hemi-/un-methylated GATC
motifs tended to be located in the IGRs (Figure 4B).

Analysis of the GATC motif density in the 50 upstream
region (USR), the coding sequence (CDS), and the 30 down-
stream region (DSR) also supported the aforementioned con-
clusion: the methylated motifs displayed a higher density in
GRs, while the hemi-/un-methylated motifs were more abun-
dant in IGRs (both 50 USR and 30 DSR; Figure 4C). As for

the CCWGG motifs, we did not observe higher abundant
hemi-/un-methylated sites in IGRs than in GRs (Figure 4D).

We further explored the hemi-/un-methylated GATC sites
shared in the 50 USRs of 14 K. pneumoniae strains, and 13

hemi-/un-methylated GATC sites corresponding to 11 genes
were observed (Table S11). We also detected 12 high-density

hemi-/un-methylated GATC clusters (no less than three con-
secutive hemi-/un-methylated motifs in at least two strains)

in the 50 USRs (Table S12).
We then analyzed the sequence conservation of the DNA

fragments (20 nt on both sides) containing hemi-/un-

methylated or methylated motifs to determine the causes lead-
ing to their differential distributions in IGRs. The results

showed that the fragments with hemi-/un-methylated GATC
motifs (44 nt) exhibited higher conservation than those with

methylated GATC motifs in IGRs (Figure S12).

Methylation kinetic analysis revels different re-methylation rates

for GATC and CCWGG motifs during the growth cycle

Since there are no demethylases in bacteria, in vivomethylation
kinetics characterisation is based on the dynamic equilibrium
between replication-mediated passive demethylation and

MTase-catalyzed re-methylation [18]. To explore the features

of methylation kinetics of GATC and CCWGG motifs during

the growth cycle, we first characterized the methylomes of the
NTUH-K2044 and 11492 strains at the exponential phase (at
1 h), the transition-to-stationary phase (4 h), and the station-

ary phase (at 24 h) (Figure 5A; Tables S13 and S14). By com-
prehensively analyzing the genome-wide sequencing coverage
and the fraction of methylated reads (methylated read ratio/

FRAC value), GATC and CCWGG motifs were found to
exhibit distinct kinetic features during the growth cycle (Fig-

ure 5B, Figure S13). Regarding the GATC motif, the methy-
lated read ratios were more than 90% throughout the
genomes in all three phases (Figure 5B), although the sequenc-

ing coverage varied between genomes during the growth cycle

(Figure S13A). This indicates that the GATC motif may be re-

methylated in a very short time after passive demethylation

Figure 3 Density distribution of the GATC/CCWGG motifs in

the K. pneumoniae and randomly generated genomes

Green histograms show the density distributions of GATC (A) and

CCWGG (B) in the K. pneumoniae genome, which follow Poisson

distributions with k = 5.64/3.62. Orange histograms show the

density distributions of GATC (A) and CCWGG (B) motifs in the

randomly generated genome, which also follow Poisson distribu-

tions with k = 3.73/2.89 (total number of GATC/CCWGG

motifs � 1000 per genome size).
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caused by replication (i.e., the re-methylation rate was almost
identical to the passive demethylation rate).

Compared to the GATC motif, the CCWGG motif showed
a much slower re-methylation. First, in the exponential phase

(at 1 h), the methylated read ratio of CCWGG motifs in the
oriC regions (55.66% ± 18.54%) was much lower than that in
the replication termination (Ter) regions (82.63% ± 12.71%;
Figure S13B). Secondly, the average methylated read ratio

in the transition-to-stationary phase (54.50% ± 27.14%, at
4 h) was close to that of the exponential phase (60.50% ±
17.71%, at 1 h), but not close to that of the stationary phase

(80.28% ± 19.05%, at 24 h; Figure S13B). These findings
suggest a much slower re-methylation, compared to the
replication-mediated passive demethylation rate for the

CCWGG motif, which resulted in the aforementioned differ-
ences in methylated read ratios.

To quantify the re-methylation time per motif in the expo-
nential phase, we first investigated the replication kinetics of
the two aforementioned K. pneumoniae strains. Figure S13
shows that the genome sequencing coverage in the oriC regions

was more than twice as much as that in the Ter regions (2.93-
and 3.02-fold for the 11492 and NTUH-K2044 strains, respec-
tively), indicating that the next round of replication was re-

initiated before replication termination in the exponential
phase. We then constructed a replication model (Figure 5C)
by fitting genome coverage data, and obtained the ratio

(tD/tR) of doubling time (tD) to replication termination time
(tR) as described in the Materials and methods. The tD in the
exponential phase also reflects the re-initiation time. Interest-

ingly, we obtained the same tD/tR values (0.59) for the two
K. pneumoniae strains (Figure 5D), suggesting a similar regula-
tory mechanism for the replication cycle, as expected for

Figure 4 Distribution of GATC/CCWGG motifs with different methylation patterns in GRs and IGRs

A. Bar plots showing the ratios of GATC/CCWGG motifs with different methylation patterns in GRs and IGRs in the 14 K. pneumoniae

strains. Blue, yellow, and green bars indicate the ratios of methylated, hemi-methylated, and un-methylated motifs in GRs and IGRs,

respectively. B. Box plots showing the methylation levels of GATC/CCWGG motifs in GRs and IGRs (red and blue boxes, respectively).

C. Frequency distribution of the methylated (top) and hemi-/un-methylated (bottom) GATC motifs in GRs and IGRs in the 14 K.

pneumoniae strains. D. Frequency distribution of the methylated (top) and hemi-/un-methylated (bottom) CCWGG motifs in GRs and

IGRs in the 14 K. pneumoniae strains. The dotted gray lines represent the positions of the start and stop codons. USR, 50 upstream region;

CDS, coding sequence; DSR, 30 downstream region; GR, gene region; IGR, intergenic region. *, P < 0.05; **, P < 0.01.
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K. pneumoniae strains. Two tD values were then calculated by
fitting growth curves (� 34.64 min for strain 11492;

� 27.95 min for NTUH-K2044; Figure 5A). We could
therefore infer tR from the tD/tR (� 58.71 min and � 47.36 min
for strains 11492 and NTUH-K2044, respectively).

We further obtained the re-methylation time per motif
(Table 6) by simulating the dynamic processes of passive

demethylation and re-methylation in the exponential phase
based on five parameters: the methylation read fraction of each
motif (M(x)), the initial methylation read fraction of each motif

Figure 5 Dynamic methylation analysis of GATC and CCWGG motifs in NTUH-K2044 and 11492

A. Growth curves of K. pneumoniae NTUH-K2044 (red) and 11492 (blue). The X-axis represents the growth time, including lag phase,

exponential phase, transition-to-stationary phase, and stationary phase. The Y-axis represents the logarithms of normalized OD values.

At 1, 4, and 24 h, aliquots of bacterial cultures were collected and sequenced using PacBio and Illumina platforms. The tD values of the

two strains are also labeled in the plot. B. Genome-wide methylation level versus genome position for the two motifs (GATC and

CCWGG) at the exponential phase. The bold fitting lines approximate the average methylation levels across the genomes (5-kb window

size). C. Schematic diagram showing the process of DNA replication in the exponential phase. 1) The origin replication complex binds to

the oriC region. 2) The first round of replication is initiated when the first replication complex binds the oriC region. 3) The second round

of replication begins before completion of the first round of replication. 4) Six replication forks are generated in one bacterium. 5) The first

round of replication completes, followed by a new cell replication cycle. D. Fitting of the genomic coverages with the mathematical model

of replication. The genomic coverage plots of 11492 (upper) and NTUH-K2044 (lower) strains are shown in gray, and the mathematically

fitting curves are shown in red. tD, doubling time; oriC, replication origin.
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(M0
ðxÞ), tD, tR, and the distribution density of the first replica-

tion forks (P x1ð Þ) (see Materials and methods for details).

In general, the mean re-methylation time of 6mA was

shorter (3.52 min and 3.46 min for GATC and GRACRAC
motifs, respectively) than that of 5mC (9.23 min and

4.55 min for CCWGG and MTCGAK motifs, respectively)
in the exponential phase (Table 6). Regarding specific motifs,
the re-methylation time in the NTUH-K2044 strain was
slightly shorter than that in the 11492 strain (Figure S14). In

addition, the flanking bases could influence the re-

methylation rates of the GATC and CCWGG motifs; when

the flanking bases were C/G rather than T/A, the GATC motif
exhibited a faster re-methylation, which was completely

reversed for the CCWGG motif (Table 6; Figure S15).

The re-methylation of GATC motifs in the intergenic and oriC

regions is slow at the exponential phase

To investigate the role of GATC motifs in transcriptional reg-

ulation in K. pneumoniae strains, we analyzed the re-
methylation rates of the motifs in IGRs (including 50 USRs
and 30 DSRs) at the exponential phase (Figure 6A). The results

indicated slower re-methylation of GATC motifs in IGRs
(3.94 ± 5.82 min) than in GRs (3.50 ± 5.10 min). Since most
50 USRs in bacteria overlap with the promoter regions, and are

involved in transcriptional regulation [26], we further explored
the COG functional categories of the top 5% of genes with the
slowest re-methylation sites (> 7.04 min/motif) in 50 USRs

(Table S15). Four enriched functional categories (‘‘cell cycle
control, cell division, chromosome partitioning”, ‘‘carbohy-
drate transport and metabolism”, ‘‘intracellular trafficking,

secretion, and vesicular transport”, and ‘‘translation, riboso-
mal structure and biogenesis”) were observed (Table S15), of
which at least 5% of genes contained slow re-methylation sites

(> 7.04 min/motif) in 50 USRs. Among them, the ‘‘carbohy-
drate transport and metabolism” functional category
accounted for the most genes (22) with slow re-methylation
in 50 USRs, including three hemi-/un-methylated motifs shared

in the 14 K. pneumoniae strains, as well as one hemi-/
un-methylated motif cluster.

To further explore the role of the GATC motifs in regulat-

ing replication in K. pneumoniae strains, we analyzed the

re-methylation rates of the GATC motifs in oriC regions

(Figure 6B). The GATC motifs in oriC regions had the highest
distribution density (� 34 sites/kb) (Figure S8) and slower

re-methylation rates (10.35 ± 8.69 min), compared to the aver-
age re-methylation rate of all genomic regions. Among the 14

GATC motifs in oriC regions, nine and eight motifs with slow
re-methylation (> 7.04 min/motif) were enriched in the
upstream sequence of the AT-rich region in 11492 and

NTUH-K2044 strains, respectively (Figure S16).

Discussion

In this study, we precisely characterized the methylomes of
14 K. pneumoniae strains differing in serotypes, MLSTs,
CGs, viscosity/virulence, and drug resistance using SMRT/

bisulfite sequencing, and identified 15 DNA methylation
motifs (eight of which were novel) corresponding to 13
R-M system MTases and two orphan MTases. Two motifs

(GATC and CCWGG) and their respective orphan MTases
(Dam and Dcm) appeared to be the most important since

they were present in all K. pneumoniae strains, with more
extensive distributions in genomes than other motifs (Tables
2 and 4). This feature was also reported previously for
almost all members of the Enterobacteriaceae family

[21,24]. Functional analysis in previous reports indicated

that these two motifs, especially GATC, may perform multi-

ple functions including transcriptional regulation, cell cycle
control, and mismatch repair in E. coli and S. enterica
[15–17,19–21]. We also demonstrated their high-density dis-

tributions in the K. pneumoniae genome relative to the sim-
ulated genome (Figure 3, Figures S9 and S10), presumably
due to purifying selection (Figure S11), leading to their evo-

lutionary conservation (Figure S12), as reported for other
bacterial genomes [27]. This well-conserved feature also
implies an essential role of these two motifs in K.
pneumoniae.

Table 6 Average re-methylation time per motif in the NTUH-

K2044 and 11492 strains

Motif sequence No. of motifs (%) Re-methylation time (min)

GATC 59,424 (100%) 3.52 ± 0.54

SGATCS (fast) 17,041 (28.7%) 3.41 ± 0.54**

WGATCW (slow) 9803 (16.5%) 3.78 ± 0.54***

CCWGG 35,516 (100%) 9.23 ± 4.93

SCCWGGS (slow) 13,573 (38.2%) 9.65 ± 4.88***

WCCWGGW (fast) 5800 (16.3%) 8.27 ± 4.48***

MTCGAK 10,467 (100%) 4.55 ± 0.54

GRACRAC 2002 (100%) 3.46 ± 0.45

Note: Degenerate bases used in our recognition sequences are as fol-

lows: R = G or A, Y = C or T, M = A or C, K = G or T, S = G or

C, W = A or T, B = not A (C or G or T), D = not C (A or G or T),

H = not G (A or C or T), V = not T (A or C or G), N = A or C or G

or T. Values for re-methylation time are shown as mean ± SD; ** and

*** means that the re-methylation time of the motifs with certain

flanking sequences show the significant difference (**, P < 0.01; ***,

P < 0.001) comparing with the average re-methylation time of total

motifs.

Figure 6 Comparison of re-methylation time of GATC motifs in

different genome regions

A. Box plot showing the re-methylation time of GATC motifs in

GRs and IGRs. B. Box plot showing the re-methylation time of

GATC motifs in oriC and all regions. The value in each box

represents the midian. **, P < 0.01; ***, P < 0.001. tM, mean re-

methylation time.
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The hemi-/un-methylated GATC motifs tended to be loca-
lised in IGRs, including 50 USRs and 30 DSRs (Figure 4A and

C). Since promoters in K. pneumoniae were also predicted to be
located throughout the 50 USRs (Figure S17), these hemi-/un-

methylated GATC motifs in 50 USRs might be protected from
methylation by competitively binding certain regulators to the
promoter regions [17,19]. In E. coli strains, this feature facili-

tates the epigenetic regulation of downstream gene expression
[28]. The status of these motifs suggests similar epigenetic
mechanisms in K. pneumoniae strains, which might be a conse-

quence of selection during long-term evolution (Figure S11),
since our findings suggest that the genomic fragments with

hemi-/un-methylated GATC motifs in IGRs have higher
sequence conservation (Figure S12).

Importantly, by establishing a mathematical model to sim-
ulate the dynamic processes of passive demethylation and re-

methylation for each motif in the exponential phase, we
derived the re-methylation time for each motif throughout
the whole genome (Table 6; Figure S14). Our studies revealed

that the motifs at different genomic locations display different
re-methylation rates. We could reasonably infer that the slower
re-methylation in some sites/regions might also be due to the

competitive binding of certain proteins to prevent methylation
[17,19]. Thus, the slow re-methylation could precisely reflect
the methylation-mediated epigenetic regulation at these sites/

regions in vivo.
There are two types of methylation-mediated epigenetic reg-

ulation, transcription and replication, and both were examined
by methylation kinetic analysis in our study. Firstly, the tran-

scriptional regulation analysis indicated that the GATC motifs
in IGRs present slower re-methylation than those in GRs

(Figure 6). This is consistent with the distribution characteris-

tics of the GATC motifs in IGRs (i.e., lower methylated read

ratios and more hemi-/un-methylated motifs; Figure 4A and
B). As described above, most IGRs in bacteria overlap with
the promoter regions and participate in transcriptional regula-

tion [26]. Thus, the promoter regions with slow re-methylation

motifs should be the locations where the GATC motifs with

hemi-/un-methylated status function as transcription regula-
tors in K. pneumoniae strains. Similarly, this should also be a
consequence of the competitive binding between Dam and cer-
tain transcription regulatory proteins (such as OxyR) to these

sites/regions [15,28,29], which is analogous to the epigenetic
transcriptional regulation mediated by competition between
DNA MTases and CCCTC-binding factor (CTCF) in CpG

islands of eukaryotic cells [30]. Secondly, replication regulation

analysis identified 7–8 slow GATC motifs enriched in the

upstream sequence of the fourth DnaA binding site (DnaA
box) and the adjacent AT-rich region (Figure S16). SeqA has
been shown to bind preferentially to these motifs in order to

lower re-methylation rates [31] and prevent the initiation cas-
cade for chromosome replication [17,31]. Therefore, re-
methylation of these motifs in the fourth DnaA box and AT-

rich regions likely represents the main rate-limiting steps for
triggering DNA replication initiation in K. pneumoniae strains.
We also identified numerous promoter regions with slower re-
methylation motifs in K. pneumoniae strains (Figure 6); there-

fore, it is reasonable to speculate that epigenetic regulation in
bacteria is complex rather than simple, as previously believed.

Compared with the GATC motif, the CCWGG motif has
different distribution characteristics in GRs and IGRs (Fig-

ure 4A and B). We therefore performed COG functional anal-

ysis of genes with hemi-/un-methylated CCWGG sites in

IGRs, since previous studies demonstrated the epigenetic reg-
ulation of hemi-/un-methylated sites in IGRs in bacteria [32].
Our findings showed that the top three enriched functional cat-

egories for genes with hemi-/un-methylated CCWGG sites in
IGRs were ‘‘replication, recombination and repair”, ‘‘cell

motility”, and ‘‘coenzyme transport and metabolism” (Fig-
ure S18A), suggesting the possible epigenetic regulation of

CCWGGmethylation in K. pneumoniae. However, the analysis
implied totally different COG categories for genes with hemi-/

un-methylated GATC sites in IGRs (Figure S18B), suggesting
differences in epigenetic regulation between the two main
methylated sites in K. pneumoniae.

We also explored the methylation kinetic features of

CCWGG motifs during the growth cycle. A total of 1961

CCWGG sites were differentially methylated during the
growth cycle: 1954 sites that were hemi-/un-methylated in the
exponential phase became methylated in the stationary phase,

and seven sites that were un-methylated in the exponential
phase became hemi-methylated in the stationary phase. No
sites that were methylated in the exponential phase became

hemi-/un-methylated in the stationary phase. Such dynamic
changes in methylation status might be due to active and inac-
tive replication in exponential and stationary phases [13].

Active replication at the exponential phase may result in more
hemi-/un-methylated sites in the genome due to replication-
mediated passive demethylation; inactive replication at the sta-
tionary phase may lead to more methylated sites in the genome

due to almost complete MTase-catalyzed methylation. Inci-

dentally, seven hemi-methylated CCWGG sites in the station-

ary phase are located in genes encoding four small subunit
ribosomal RNAs, two mobile element proteins, and one possi-
ble transcription regulator (Table S16), which may be neces-

sary for the survival of bacteria [33].
Importantly, eight novel MTases and related motifs were

detected, including five Type I and three Type II MTases

(Table 5, Tables S6 and S8). These novel MTases and cognate
restriction endonucleases (REases) form R-M systems, which
are known to protect bacterial cells by cleaving foreign phage

DNA [9–14]. We subsequently investigated the hemi-/un-
methylated sites in IGRs, since previous studies demonstrated
epigenetic regulation of hemi-/un-methylated sites in IGRs of
some bacteria [32]. Among the eight novel methylation mofits,

the MTCGAK motifs were shared by the NTUH-K2044 and
11492 strains, which possessed the most hemi-/un-methylated

sites (56.77% and 56.03% for NTUH-K2044 and 11492
strains, respectively) among the strains investigated (Table 4).

More than 60% of un-methylated MTCGAK motifs were
shared by the two strains (Table S17), which were mainly
enriched in the ‘‘transcription”, ‘‘inorganic ion transport and

metabolism”, and ”replication, recombination and repair”

COG categories (Figure S19). The CCAYN7TTYG motifs

were also present in two strains (23 and 11311) (Table 3).

Three hemi-methylated CCAYN7TTYG motifs were shared

by these two strains, associated with ascB, deoC, and fecA
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genes, respectively (Table S18). These hemi-/un-methylated

MTCGAK and CCAYN7TTYG motifs in IGRs were shared

by two strains, and they may contribute to the epigenetic reg-
ulation of related gene expression. In addition, we also per-
formed COG analysis on the other six newly identified

methylation motifs, which were only detected in one of the
K. pneumoniae strains (Figure S19). These hemi-/un-
methylated sites in only one K. pneumoniae strain may be

derived from replication-mediated passive demethylation [34],
which represents a limitation.

Most previous studies on MTase kinetics focused on in vitro

analysis [35–37]. Several analyses on in vivo methylation kinet-
ics have been reported, including one publication on bacteria,
but have not explored single-motif methylation kinetics [38–
40]. Our current study is the first to characterize the in vivo

methylation kinetics at single motif resolution throughout
the whole genome. The findings provide valuable resources
to better understand epigenetic regulation in this and other

bacterial species.

Materials and methods

Strain information, growth curves, and phenotypic characterisation

Details of the 14 K. pneumoniae strains used in this study are
included in Table S1. The strains were cultured overnight in
Luria-Bertani (LB) medium at 37 �C. A 1 ml sample of over-

night culture was transferred to a flask containing 200 ml of
LB medium and cultured in a shaker at 200 r/min. The bacte-
rial growth curve was determined by recording OD600 values at

different time points. This experiment was performed in
triplicate.

Drug susceptibility tests were performed by VITEK 2 (bio-

Mérieux, Durham, NC), and drug resistance phenotypes were
determined by Clinical and Laboratory Standards Institute
(CLSI) standards (https://clsi.org/standards/products/microbi
ology/documents/m100/). The string test was conducted on

K. pneumoniae strains, and hypermucoviscosity was defined
by viscous strings with a length of more than 5 mm [41].

Genomic DNA extraction, sequencing, assembly, correction, and

annotation

Genomic DNA was extracted using TIANamp Bacteria Geno-

mic DNA Kit (Catalog No. DP302, TIANGEN, Beijing,
China). Whole-genome sequencing was performed using a Pac-
Bio RS II platform with P6/C4 chemistry (Pacific Biosciences,

CA). Each strain was sequenced using 1–2 SMRT cells with
genome coverage of more than 50� (Table S2).

De novo assembly of the genome was performed using
Hierarchical Genome Assembly Process 3 (HGAP3) in the

SMRT Portal (v2.2.0; https://smrt-analysis.readthedocs.io/en/
latest/SMRT-Pipe-Reference-Guide-v2.2.0/). Gap closing was
completed by PBJelly [42]. Based on BLAST results, genome

circularisation was finished by manually removing overlapping
contig regions.

To correct polymer errors, we re-sequenced strains using

Illumina sequencing (Table S3). Paired-end libraries were
prepared, and clean reads were obtained after eliminating

redundant and low-quality raw reads. Paired reads were
extracted and then mapped onto the assembled genome
sequences to obtain unique mapped reads using BWA [43],

and Pilon (v1.13) was subsequently employed to polish genome
sequences using unique mapped reads [44].

Genome sequences were annotated by the Rapid Annota-

tion using Subsystem Technology (RAST) [45]. Unannotated
genes were then predicted by alignment in the NCBI non-
redundant (NR) database using BLAST (https://blast.ncbi.

nlm.nih.gov/Blast.cgi). Protein functions were annotated
based on COG, tRNAs were predicted by tRNAscan-SE
[46], and rRNAs were predicted by ‘search_for_rnas’ tools in
the RAST server (http://RAST.nmpdr.org).

Genome structure and phylogenetic analysis

ANI and coverage were calculated by ANI on EzBioCloud

(http://www.ezbiocloud.net/tools/ani) and online BLAST.
Multiple alignments of genomic sequences were performed
using Mauve multiple alignment software [23].

Single nucleotide polymorphisms (SNPs) were detected by
MUMmer [47] based on the 14 genomes in this study and 62
published genomes (Table S4) using HS11286 as reference.

PRANK [48] was used to annotate the protein-coding genes
of the 76 K. pneumoniae genomes, and Roary was employed
to predict 3173 core genes [49]. SNPs (117,142) in core genes
were used to construct a phylogenetic tree based on maximum

likelihood using FastTree [50], followed by decoration using
evolview (v2) [51].

Genome-wide detection of 6mA and related motifs using SMRT

sequencing data

The SMRT Portal (v2.2.0) was applied to detect genome-wide

6mA modification and related motifs using standard settings in
the ‘‘RS_Modification_and_Motif_Analysis.1” protocol as
previously described (https://smrt-analysis.readthedocs.io/en/

latest/SMRT-Pipe-Reference-Guide-v2.2.0/). We subsequently
identified the motifs by selecting the top 1000 kinetic hits and
submitting a window of ±20 bases around the detected mod-
ified base to MEME-ChIP [52], and then compared the results

with predicted MTase targeting motif sequences in REBASE
[24].

There are three methylation patterns for motifs: methy-

lated, hemi-methylated, and un-methylated. Methylated/
hemi-methylated/un-methylated motifs indicate sites with
methylated nucleotides on both/one/no strands, respectively.

Genome-wide detection of 5mC and related motifs using bisulfite

sequencing data

The 5mC methylation was detected by bisulfite sequencing
(Table S5). Trimmomatic (v0.32) [53] was used to trim adap-
ters and low-quality bases using default parameters. Clean
reads were mapped against reference genomes by Bismark

(v0.12.2) [54]. We identified motifs by submitting a window
of ±20 bases around the detected modified base to MEME-
ChIP [52], and then compared the results with predicted

MTase targeting motif sequences in REBASE [24].
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MTase cloning and verification

The predicted MTase genes were amplified from bacterial
genomic DNA using gene-specific primers (Table S19) and
cloned into the plasmid pRRS as previously described [14].

The corresponding methylation-sensitive restriction sites (used
to detect the activity of MTases) were included in the 30-end
oligonucleotides. The recombinant plasmids were transformed
into the ER2796 bacterial host (not containing known MTase

genes), followed by bacterial culture overnight. Plasmids were
prepared using QIAprep Spin Miniprep Kit (Catalog No.
27104, QIAGEN). The appropriate restriction enzymes were

then used to determine the presence or absence of methylation
motifs in recombinant plasmids. Digestion reactions were con-
ducted for 4 h at 37 �C and products were separated on 1%

agarose gels. Methylation motifs were further confirmed by
SMRT/bisulfite sequencing of the recombinant plasmids.

Density distributions of the GATC and CCWGG motifs in K.

pneumoniae and simulated genomes

The simulated genome was generated based on the same length
and GC content as the K. pneumoniae genomes. We then cal-

culated the number of motifs in consecutive 1-kb segments

to determine the density of GATC and CCWGG motifs across

the K. pneumoniae and simulated genomes.
We defined high-/low-density regions by calculating the

number of motifs in each 2-kb non-overlapping sliding window

in the genome. Through normal distribution analysis using the
‘‘pnorm” function in R, the top and bottom 5% of regions
were defined as high-density and low-density regions,

respectively.

Ka/Ks analysis of the GATC and CCWGG motif sequences and

corresponding scramble sequences

We first extracted the minimum DNA sequences (2–3 codons)
containing the motifs from the open reading frames of genes to
obtain motif sequences. Corresponding scramble sequences

were obtained by random shuffling (eliminating the motif
sequences). The top 10 most frequent scramble sequences were
used in subsequent analysis. We then identified the reference

sequences of motif sequences/scramble sequences in the refer-
ence genome (HS11286) by Multiple Alignment using Fast
Fourier Transform (MAFFT) [55]. The motif sequences,

scramble sequences, and corresponding reference sequences
of each strain were respectively concatenated, and their
Ka/Ks ratios were calculated by ParaAT [56].

Sequence conservation analysis of the GATC and CCWGG

motifs

We extracted the methylated motifs and their flanking

sequences (20 nt) in IGRs from one genome and obtained
the corresponding sequences of 13 other genomes by multiple
sequence alignment. Using the aforementioned 14 sequences,

conservation scores were calculated by PhyloP [57]. The con-
servation scores of hemi-/un-methylated motifs with 20 nt
flanking sequences in IGRs were calculated using the same

method.

Calculation of genomic replication termination time through

simulating genomic coverage plots

Genomic coverage plots reflect the accumulated copy numbers
across genomes. Since replication forks always proceed from

the oriC to the doubling point (sDP), only a few can get close
to the doubling point in the exponential phase. As a result,
the sequencing coverage in the oriC region is much higher than
that in the doubling point region. In each cell, the copy num-

ber for each site (s) depends on its relative position to the first
replication fork (s1) and the minimal time of successive initia-
tions (re-initiation). The re-initiation time is consistent with the

tD in the exponential phase, reflecting the growth rate of K.
pneumoniae strains.

After initiation, replication forks should advance bi-

directionally at similar speeds in the exponential phase. There-
fore, genome coverage plots are symmetrical near the doubling
point. We divided the coverage plots into left (s � sDP) and

right (s � sDP) parts by doubling point, and simulated the
curves independently. We then obtained the relative position
(x 2 0;ð 1�) of each genomic site using Equation (1) where SG

represents the half-length of the genome.

x ¼ s=SG

x ¼ 2� s=SG

� ðs � sDPÞ
ðs � sDPÞ

ð1Þ

We subsequently calculated the relative distance of the first
replication fork when another one at oriC is re-initiated (DxR)

using Equation (2) where tR represents the genomic replication
termination time.

DxR ¼ tD=tR ð0 � tD � tRÞ ð2Þ
By constructing the replication frequency matrix of geno-

mic sites (x) with different distances from the first replication
fork (x1), the copy number of the genomic site (fðx;x1Þ) can be

determined using Equation (3). When the genomic site is in
front of the first replication fork (x � x1), its copy number is
1; when the site is between the first and second replication

forks (x1 � DxR � x � x1), its copy number is 2. The rest were
deduced by analogy.

f x;x1ð Þ ¼ 2 x1�xð Þ=DxRd e� � ð3Þ
Next, we used the B distribution to assess cell population

density with different genomic positions of the first replication

forks (x1 2 0; 1½ �). Since x is not continuous data (step
size = 1=SG), the cell population density of the first replication
forks (P x1ð Þ) at each genomic site was determined from the dif-

ference of accumulated densities (Ixða; bÞ) of the adjacent sites.
P x1ð Þ ¼ Iðx1Þ a; bð Þ � I

x1� 1
SG

� � a; bð Þ ð4Þ

Genome coverage plots could be determined as the integral
of the copy numbers of each genomic site in the cellular pop-

ulations ðH xð ÞÞ using Equation (5). The integral was calcu-
lated based on P x1ð Þ and the relative distance between x and

x1 (x1 � x). By substituting Equations (2)–(4) into Equation
(5), we established a mathematical model to fit the genome

coverage plots using Equation (6).

H xð Þ ¼
Z 1

0

fðx;x1Þ � P x1ð Þdx1 ð5Þ
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H xð Þ ¼
Z 1

0

2 x1�xð Þ�tR=tDd e� �� Iðx1Þ a; bð Þ � I
x1� 1

SG

� � a; bð Þ
0
@

1
Adx1

ð6Þ
We then substituted Equation (1) into Equation (6), and

repeatedly fitted the genome coverage plots by selecting contin-
uous parameters with step sizes of 0.1. We finally obtained the
optimal solutions of DxR and B distribution parameters (a,b)
through goodness of fit tests. Since tD could be calculated from
the growth curve of each K. pneumoniae strain, we could
obtain the tR using Equation (2).

Calculation of the re-modification time of motifs

In the exponential phase, the methylation read fraction (M(x))

of each motif was determined from its initial methylation read

fraction (M0
ðxÞ), replication-induced passive demethylation, and

MTase-catalyzed re-methylation. Based on M(x) in the expo-
nential phase and B distribution parameters (a,b), we calcu-
lated the proceeding distance of the corresponding

replication fork when the hemi-methylated motif was re-
methylated (DxM). As shown in Equation (7), DxM corre-
sponds to the ratio of mean re-methylation time (tM) to the

genomic replication termination time (tR).

DxM ¼ tM=tR ð7Þ
When motif x is located downstream of a replication fork

(xj � x), its methylation read fraction (M(x)) remains

unchanged due to no replication-induced passive demethyla-
tion. When motif x is located upstream of a replication fork

with a longer distance (xj � xþ DxM), the methylation read

fraction is also unchanged due to the completion of re-

methylation of motif x. Thus, we only considered the demethy-
lation effect of replication forks in a certain range
(x � xj � ðxþ DxMÞ) on M(x) in the mathematical derivation,

where j represents the serial number of the replication fork
affecting M(x).

If the hemi-methylated motifs can be rapidly re-modified
before the next replication fork (tM � tD), we only need to
evaluate the demethylation effect of one replication for all

replication forks in the range of x � xj � xþ DxM. Here, we

include the first replication forks (x1) and other effective repli-
cation forks (xj) in the range. We then substituted the accumu-

lated B distribution density of the first replication forks
(xþ j� 1ð ÞDxR � x1 � xþ DxM þ j� 1ð ÞDxR) with that of
the corresponding effective replication forks

(x � xj � xþ DxM). Due to semi-conservative replication, we

further obtain DxM from Equation (8) where N represents

the upper limit of j, which is determined by DxR and the rela-
tive genomic position (x) of methylated motifs.

M xð Þ ¼ M0
xð Þ � 1� 0:5 �PN

j¼1

I xþDxMþ j�1ð Þ�DxRð Þ a; bð Þ�
I xþ j�1ð Þ�DxRð Þ a; bð Þ

� � !

N ¼ 1� xð Þ=DxRd e

8><
>:

ð8Þ
If the methylation is slow, the hemi-methylated motifs may

not be re-modified when the next replication fork crosses them
(tM > tD). In this case, the effect of multiple passive demethy-
lation on M(x) should be considered using Equation (9), which

is determined by the ratio of mean re-methylation time (tM) to
re-initiation time (tD), where n represents the upper limit of
multiple passive demethylation times (i).

n ¼ tM=tDd e ¼ DxM=DxRd e ð9Þ
We then converted the genomic positions of effective

replication forks (xj) into those of the corresponding first

replication forks (x1), and substituted the accumulated B dis-
tribution density of x1 (xþ j� 1ð Þ � DxR � x1 � xþ j � DxR)
for the xj population density (x � xj � xþ DxM). Considering

the differential influences on M(x) in the case of j < n and

n � j � N, we calculated DxM using Equation (10) by compre-
hensive calculations.

M xð Þ ¼ M0
xð Þ �

1�Pn�1
j¼1

Pj
i¼10:5

i � I xþj�DxRð Þ a;bð Þ�
Iðxþ j�1ð Þ�DxRÞ a; bð Þ

� �

�PN
j¼n

Pn�1
i¼1 0:5

i � I xþj�DxRð Þ a; bð Þ�
Iðxþ j�1ð Þ�DxRÞ a; bð Þ

� �

�0:5n �PN
j¼n

I xþDxMþ j�nð Þ�DxRð Þ a;bð Þ�
I xþ j�1ð Þ�DxRð Þ a;bð Þ

� �

0
BBBBBBBB@

1
CCCCCCCCA

n ¼ dtM=tDe ¼ dDxM=DxRe
N ¼ dð1� xÞ=DxRe

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

ð10Þ
Based on the growth curves and genome coverage plots of

the sequencing data, we deduced various parameters in differ-
ent K. pneumoniae strains, including tD, tR, and Ixða; bÞ. The
mean re-methylation time (tM) of each motif could be further
calculated by substituting the aforementioned parameters,

Equations (2) and (7), the methylation read fraction in the

exponential phase (M(x)), and the stationary phase (M0
ðxÞ) into

Equation (10).
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