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CRISPR-Cas3 and type I restriction- =
modification team up against blayp-IncF
plasmid transfer in Klebsiella pneumoniae
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Abstract

Objective We explored whether the Clustered regularly interspaced short palindromic repeat (CRISPR)-Cas and
restriction-modification (R-M) systems are compatible and act together to resist plasmid attacks.

Methods 932 global whole-genome sequences from GenBank, and 459 K. pneumoniae isolates from six provinces of
China, were collected to investigate the co-distribution of CRISPR-Cas, R-M systems, and blaypc plasmid. Conjugation
and transformation assays were applied to explore the anti-plasmid function of CRISPR and R-M systems.

Results We found a significant inverse correlation between the presence of CRISPR and R-M systems and blaypc
plasmids in K. pneumoniae, especially when both systems cohabited in one host. The multiple matched recognition
sequences of both systems in blayp-IncF plasmids (97%) revealed that they were good targets for both systems.
Furthermore, the results of conjugation assay demonstrated that CRISPR-Cas and R-M systems in K. pneumoniae could
effectively hinder blaypc plasmid invasion. Notably, CRISPR-Cas and R-M worked together to confer a 4-log reduction
in the acquisition of blayp plasmid in conjugative events, exhibiting robust synergistic anti-plasmid immunity.

Conclusions Our results indicate the synergistic role of CRISPR and R-M in regulating horizontal gene transfer in K.
pneumoniae and rationalize the development of antimicrobial strategies that capitalize on the immunocompromised
status of KPC-KP.
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Introduction

Klebsiella pneumoniae carbapenemase (KPC)-produc-
ing K. pneumoniae (KPC-KP) has emerged as an urgent
threat to global public health because of its prevalence
and associated high mortality rate. Therefore, control-
ling the dissemination of KPC-KP has become a criti-
cal global issue [1]. Of epidemiological significance, the
international pandemic of KPC-KP is primarily associ-
ated with blayp- harbouring plasmids, with blayp--IncF
plasmids (IncF blayp--harbouring plasmids) being domi-
nant [1, 2].

In our previous work, we proposed a mechanism
for the emergence of the KPC-KP. We found that these
strains lack endogenous barriers to horizontal gene
transfer (HGT), including clustered regularly interspaced
short palindromic repeat (CRISPR)-Cas systems and
restriction-modification (R-M) systems [3-5]. Antibi-
otic use inadvertently selects for the outgrowth of these
immunocompromised strains with enhanced abilities
to acquire resistant elements (such as blaypc plasmid),
thereby assisting their rapid adaptation to antibiotic-
treated patients and the hospital environment [3-5].

By analysing the whole genome sequences of a series of
K. pneumoniae, only type I-E CRISPR systems in chro-
mosomes were identified (dataset) [3, 4, 6]. We previ-
ously revealed a significant inverse correlation between
the presence of type I-E CRISPR systems and blayp¢ har-
bouring plasmids in clinical K. pneumoniae isolates [3, 4].
The mechanism of type I-E CRISPR-Cas genome defense
has been recently reviewed. The system encodes the
CRISPR-associated complex for antiviral defense (cas-
cade) complex to bind to a bona fide target (proto-spacer)
upon PAM (proto-spacer adjacent motif) recognition
and subsequently recruits the Cas3 protein to execute
DNA cleavage [7-9](Figure S1).

Restriction-modification (R-M) systems provide
another form of genome defense by acting as barriers to
HGT through self-recognition versus non-self-recogni-
tion of methylation signatures [10, 11]. By analysing 932
whole genome sequences of K. pneumoniae in GenBank,
we focused on the type I R-M systems (dataset) and
observed a remarkable inverse correlation between the
presence of type I R-M systems and that of blay, har-
bouring plasmids [5]. A type I restriction enzyme com-
prises three subunits encoded by three closely linked
genes: hsdR (HsdR, restriction), hsdM (HsdM, methyl-
transferase), and hsdS (HsdS, conferring target sequence
specificity) [5, 10]. Type I R-M systems are also known
for their diversity and the relative ubiquity of their recog-
nition sequences in prokaryotes [10]. We have previously
classified type I R-M systems of K. pneumoniae into one
of five discrete families: type IA, IB, IC, ID, and Im6A.
Among these R-M families, those in type IC were plas-
mid-borne, and those belonging to types IA, IB, and ID
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were specified in the bacterial chromosome. The linkage
between IC R-M units and blayp--plasmids suggested
that these systems would treat related resistant genes as
self-DNA elements, not attacking (restriction) but pro-
tecting (methylation); hence, we categorized IC R-M
systems of K. pneumoniae as immunocompromised [5].
Notably, others lack HsdR (HsdMS, Im6A), which has
only methyltransferase activity but offers no barrier to
blaypc invasion [5].

Despite being two of the most well-studied defense
systems, which often cohabit in the same host, only
a few studies have explored the possibility of interac-
tions between the R-M and CRISPR-Cas systems [12,
13]. Although we have demonstrated that CRISPR-Cas
and R-M systems have the potential to limit the entry of
blaypc genes [3-5], epidemiological and functional data
supporting the synergistic role of both systems in rapidly
spreading high-risk KPC-KP remain insufficient. More-
over, a bacterium encodes more than one defense system,
raising the possibility of interactions between defense
mechanisms in plasmid infection. We aimed to explore
these potential interactions to unveil the existence of
complex immune strategies in bacteria.

In this study, we collected 932 global whole-genome
sequences from GenBank, and 459 K. pneumoniae iso-
lates from six provinces of China, to investigate the co-
distribution of CRISPR-Cas and type I R-M systems. We
also studied the distribution of both defense systems
and blaypc genes, to clarify the relationship between the
team-up activity of such systems and bla,; dissemina-
tion in K. pneumoniae. We also analyzed whether the
dominant blaypc harbouring plasmids (blaypc-IncF plas-
mids) would be good targets for both the CRISPR and
R-M systems. Finally, we used the conjugation assay to
deeply explore the anti-plasmid function of CRISPR and
R-M alone and the potential coupling function of both
systems in perturbing the dissemination of the blaypc
harbouring plasmids. This study is the first step toward
understanding the interaction between CRISPR and R-M
systems in regulating HGT in K. pneumoniae.

Materials and methods

K. pneumoniae isolates

All global K. pneumoniae complete genome sequences in
this study (932 in total) are publicly available and down-
loaded from the NCBI database in May 2022 (dataset,
sheetl). The plasmid incompatibility type was identi-
fied by comparison with the information in the plasmid
MLST locus/sequence definitions database (https://
pubmlst.org/bigsdb?db=pubmlst_plasmid_seqdef).
The acquired antibiotic resistance genes were identi-
fied using ResFinder (https://cge.cbs.dtu.dk/services/
ResFinder/), with the default threshold. Kleborate v2.0
(https://github.com/klebgenomics/Kleborate), was used
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to screen genome assemblies for MLST, capsular type,
and virulence loci. Moreover, we also randomly collected
459 non-duplicated K. pneumoniae isolates from individ-
ual patients at seven hospitals in six provinces of China.
The presence of blaypc in these strains was determined
using the pair of primers listed in Table S1. Multilocus
sequence typing (MLST) was performed according to the
protocol described on the Pasteur Institute MLST web-
site for K. pneumoniae.

Prevalence of type I-E CRISPR-Cas and type | R-M systems
For the 932 global K. pneumoniae isolates extracted from
the NCBI database, CRISPR-Cas finder [14](https://cris-
prcas.i2bc.paris-saclay.fr/CrisprCasFinder/Index)  was
used with default parameters to identify the Cas operon
and CRISPR loci in the genomes (dataset, sheetl and
sheet3) and determine the number and sequences of
spacers within the CRISPR repeat arrays. The compo-
nents of R-M systems were obtained from the REBASE
database (http://rebase.neb.com) [15]. For the 459 clinical
K. pneumoniae isolates, the prevalence of CRISPR-Cas
and R-M was determined using polymerase chain reac-
tion with primers described previously (Table S1) [4, 5].
Nucleotide BLAST was also used to search for matched
proto-spacers and R-M recognition sites with a mini-
mum of 90% homology to blaypc-IncF plasmids (data-
set). The IncFlI; plasmid, p187-2 (GenBank accession
No. CP025468.1) from our previous studies, was used
as a reference plasmid for comparison. CGView (http://
cgview.ca/) was used to visualize the IncF plasmids to
exemplify the conservative backbone sequences targeted
by the CRISPR-Cas and R-M systems (E-value, <0.1).

Generation of isolates harbouring CRISPR-Cas or R-M used
in this study

The pACYC-KP8CRISPR was assembled with three frag-
ments: the two fragments (with 50-bp overlap) of the
CRISPR-Cas system were amplified from KP8 ((type
I-E, CP025636.1), being blayp--negative and belonging
to ST458, was used as a model owing to its abundant
matched spacers), and the Pi-dependent plasmid back-
bone (Kana®) was amplified from pACYC-184 using
primers with 30-bp homology to the CRISPR-Cas frag-
ment of KP8 (Table S1). Plasmid fragments were com-
bined using the in-fusion cloning method and NEBuilder
HiFi DNA assembly master mix (New England Bio-
Labs). The pACYC-KP8CRISPR plasmid was then trans-
formed into E. coli NM1049 (Type IA RM system, EcoKI,
(AACNNNNNNGTGC), CRISPR-, Kana®), NK354(Type

Table 2 Recognition information of p187-2 plasmid

Page 3 of 10

Table 1 Strains information

Strain Characteristics Reference

Donor

JS531 E. coliTop10 harboring p187-2 plasmid [17]
(an IncF conjugative plasmid isolated
from K. pneumoniae, AmpR, GenBank
Accession No. CP025468.1)

Recipients

NM1049 E. coli DE3, Type IA RM system, EcoKl, [16]
(AACNNNNNNGTGC), CRISPR-, Kana®

NK354 E. coli DE3, Type IB RM system, EcoAl [16]
(GAGNNNNNNNGTCA), CRISPR-, Kana®

NM1009 E. coli DE3, Type ID RM system, StySBLI [1e]
(GGTANNNNNNTCG), CRISPR-, Kana

NM1261 RM system null, HsdS-, CRISPR-, Kana® [16]

JS696 E.coli, NM1261 harboring plasmid This study
pACYC-KP8CRISPR, RM-, KP8-CRISPR+,
Kana

JS697 E.coli, NM1049 harboring plasmid This study
PACYC-KP8CRISPR, Type IA RM system+,
KP8-CRISPR+, Kana®

JS698 E.coli, NK354 harboring plasmid pACYC-  This study
KP8CRISPR, Type IB RM system-+, KP8-
CRISPR+, Kana®

JS700 E.coli, NM1009 harboring plasmid This study
PACYC-KP8CRISPR, Type ID RM system-+,
KP8-CRISPR+, Kana®

IB RM system, EcoAI (GAGNNNNNNNGTCA),

CRISPR-, Kana®), NM10091(Type ID RM system, StyS-
BLI (GGTANNNNNNTCG), CRISPR-, Kana®), and
NM1261(RM system null, HsdS-, CRISPR-, Kana®) [16]
to produce an effective CRISPR system and resistance
to kanamycin. Moreover, as all isolates harbouring type
I R-M systems, including the null control, lacked a suit-
able resistance marker, the plasmid pACYCY-184-Kana®
was transformed to them, thereby conferring resistance
to kanamycin. All isolates are listed in Table 1.

Conjugation experiment

E. coli isolates harbouring CRISPR or R-M were con-
structed as recipient strains (Table 1). Cultures of the
donor strain E. coli ]S531 containing the plasmid p187-2
(Table 2, an IncF conjugative plasmid isolated from
K. pneumoniae, Amp®), which harbours blaypc_, and
matches the recognition sites of CRISPR and R-M sys-
tems, and recipient (Kana®) cells in logarithmic phase (1
mL) were mixed at a ratio of 1:1, and then resuspended
in 20 pL MgSO4 (10 mM). The suspension was spot-
ted on a Luria-Bertani (LB) plate and incubated at 37 °C
overnight. After 20-hour static incubation at 37 °C, serial
dilutions were plated in the appropriate media (100 mg/L

p187-2 KP8-CRISPR Type | R-M
spacerl spacer3 spacer4 spacer5 spacer6 1A 1B ID
Numbers 2 1 1 3 1 12 13 11
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ampicillin and 50 mg/L kanamycin). All transconjugants
were confirmed by screening for the blay,- gene using
the primers listed in Table S1. The conjugation frequency
was calculated as conjugants per recipient. All conjuga-
tion experiments were performed in triplicate.

Statistics
Statistical significance was assessed by one-way analysis
of variance (ANOVA) using GraphPad Prism9 software.

Results

The co-distribution of type I-E CRISPR-Cas and type | R-M
systems in Klebsiella pneumoniae

Our previous studies also confirmed the wide distribu-
tion and pleomorphism of type I-E CRISPR-Cas and type
I R-M systems in Klebsiella pneumoniae, but the ratio of
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genomes that co-encode both systems has not been clari-
fied. A total of 932 global latest K. pneumoniae whole-
genome sequences available in GenBank databases
(dataset) and 459 K. pneumoniae isolates from six prov-
inces of China (dataset) were analyzed to determine the
distribution of CRISPR-Cas and type I R-M systems.

We found that the CRISPR-Cas and type I R-M systems
were rare (17.4%) in both KPC-KP and carbapenem-
resistant Klebsiella pneumoniae, but abundant (54.4%) in
blaypc-negative isolates (Fig. 1Ai and S2, dataset), which
was consistent with our previous findings. Moreover, type
I R-M systems were more widely present in sequenced
K. pneumoniae genomes than CRISPR-Cas (360/932 vs.
247/932), indicating that R-M systems may confer more
defense to prevent blayp. invasion (dataset). As previ-
ously described, one bacterium always harbours multiple

iii © CRISPR
(@] bIaKPC
O R-M

CRISHR&R Mgbla.

o 42 %

|
|
1
|
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1 ‘
|
|
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|
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Klebsiella pneumoniae haboring CRISPR&R-M&bla, /
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| | I

Fig. 1 Distribution of CRISPR-Cas systems, R-M systems, and blaye in 932 completely sequenced global Klebsiella pneumoniae(A) Presence of CRISPR-Cas
systems, R-M systems, and blaypc in 271 blays- harbouring isolates in (i), 247 CRISPR-positive isolates, and 360 R-M positive isolates. (B) Distribution of dif-
ferent types of CRISPR-Cas and R-M systems in Klebsiella pneumoniae co-harbouring CRISPR, R-M and blayec
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anti-plasmid strategies. Among the CRISPR-positive iso-
lates in this study, approximately 60% of the strains held
type I R-M systems simultaneously (Fig. 1Aii). For the
R-M-positive strains, immune strategies were more com-
plex; we observed that approximately 42% of the isolates
possessed CRISPR systems; however, approximately 30%
of the strains encoded more than one type I R-M systems
(Fig. 1Aiii, dataset). Many genomes encode both systems,
raising questions regarding their interactions.

When only one defense strategy was present in the
isolates, we still detected some blaypc-escapers. How-
ever, we only observed that 1-2% (15/932;10/459) of
isolates carried both CRISPR and R-M systems, and
blaypc genes (Fig. 1B and S1). Notably, the presence of
Im6A/IC R-M systems (immunocompromised R-M sys-
tems) or I-E* CRISPR-Cas systems (low-matched spac-
ers) were the main factor causing this phenomenon. In
other words, the co-existence of such immune systems
does not achieve functional interaction between the two
systems, and only one effective system plays a defensive
role. When K. pneumoniae co-carried IA/B/D R-M sys-
tems and I-E CRISPR-Cas system, the detection rate of
blaypc approached 0 (Fig. 1B and S1). These results indi-
cate that the co-existence of the IA/B/D R-M systems and
I-E CRISPR-Cas system may enhance immune function

IncF
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and influence the dissemination of blayp- harbouring
plasmids.

blaypc-IncF plasmids can be well-targeted by both CRISPR
and R-M systems in K. pneumoniae
The relationship between CRISPR and R-M systems
and the occurrence of blaypc harbouring plasmids in
K. pneumoniae have been investigated [3—5]. We evalu-
ated whether blaypc-harbouring plasmids were effec-
tively targeted by CRISPR and R-M systems. We analyzed
the distinct spacers and recognition sites in 932 glob-
ally sequenced K. pneumoniae genomes, identified 247
CRISPR loci (dataset), and obtained 18 matched proto-
spacers, as previously described [3, 4], in the blaypc
harbouring plasmids extracted from these isolates. More-
over, we also identified eight major R-M clades and four
main recognition sites (“GAAYNNNNNNNCTGG,
“ACANNNNNNNNTGAC;, “CATCNNNNNNTTYG,
and “ACGNNNNNGTTG”) in IA/B/D R-M systems [5].
In K. pneumoniae, the IncF plasmid is the most pre-
dominant plasmid incompatibility type and plays a criti-
cal role in the worldwide dissemination of blayp in K.
pneumoniae [2, 18]. Our analysis showed that IncF plas-
mids serve as a dominant vector (~ 60%) for blayp genes
(Fig. 2A). Hence, we searched for matched sequences on
all blaypc-IncF plasmids to determine whether CRISPR

O protospacer
O R-M recognition sites

Only R-M recognition sites

3%

protospacer&R-M recognition sites

97 %

ii R-M recognition sites

21-30
31-40
41-50
51-60
61-70
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Fig. 2 Characteristics of blayp harbouring plasmids extracted from 932 global Klebsiella pneumoniae. (A) The incompatibility type distribution of blaypc
harbouring plasmids. (B) The number of proto-spacers (i) and R-M recognition sites among IncF blays harbouring plasmids (ii)
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and R-M systems are associated with the dissemination of
blaypc. Of the blaypc-IncF plasmids extracted from 932
global K. pneumoniae, 97% of plasmids were identified
as being targeted with more than one spacer and R-M
recognition sites. Consistent with our previous findings,
85.7% of blayp--IncF plasmids were matched with more
than six spacers, and 97.9% of plasmids were targeted by
more than 20 R-M recognition sites (Fig. 2B). These tar-
get sequences (including spacers and R-M recognitions)
were were conservative and related to plasmid carriage
and propagation (dataset, Fig. 3A). These findings indi-
cate that the dominant blayp-IncF plasmids are inhib-
ited by both CRISPR and R-M systems in K. pneumoniae.

Type | R-M systems reduce the conjugative transfer of
blaypc-IncF plasmid

The paucity of the IA/B/D R-M system in blayp-positive
K. pneumoniae suggests that R-M units may be involved
in preventing the acquisition of blaypc harbouring plas-
mids. Hence, we used conjugation assays to determine
whether the type I R-M system was disadvantageous to
the dissemination of blaypc plasmids. Type I R-M sys-
tems in Enterobacteriales are diverse and subdivided into
families (such as IA/B/D), which are currently defined by
DNA hybridization, subunit complementation, antibody
cross-reactivity, and sequence conservation. For each
family, the functional domains of HsdM (modification)
and HsdR (restriction) are conserved, and the essen-
tial difference between the two members of one family

M GC Skew+
Il GC Skew-
Il GC Content
Ecbs
Wp187-2

[T pKPHS2
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resides in the regions of the HsdS subunit that confer
sequence specificity [10, 11, 19, 20].

We selected isolates carrying classical and well-stud-
ied type IA/B/D R-M systems identified as recipients in
Enterobacteriales to confirm whether type I R-M sys-
tems could restrict blayp- dissemination. Moreover, one
isolate lacking R-M units was used as a negative con-
trol (NM1261), and JS531 [17] were used as the donor.
According to a previous analysis, IncF-type plasmids
were the dominant vectors for blayp- gene. Moreover,
the targeted sequences of the two defense systems corre-
sponded with the plasmid stability regions and conjuga-
tion modules, which were conserved in the IncF plasmids
(Dataset sheet 6, Fig. 3A) [18]. Hence, the typical blaypc-
IncF plasmid p187-2 selected in this study could reflect
immune interference for blayp in the CRISPR and R-M
systems.

The conjugation frequencies of the three recipients
were compared with those of the negative controls. As
shown in Fig. 3B, the R-M systems confer over 1-log
reduction in the acquisition of the blayp- plasmid. For
the IB and ID families, the frequencies were reduced by
2-log. These results show that type I R-M had a signifi-
cant impact on conjugative blayp--IncF plasmid transfer
in bacteria.
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Fig. 3 Conjugation frequencies of p187-2 plasmid in strains with or without type | R-M systems. (A) Comparative analysis of IncF blaysc harbouring
plasmids using p187-2 as the reference. The CRISPR and R-M targeted regions are illustrated with red dotted boxes. The detailed information on these
plasmids is listed in the dataset. (B) Type | R-M systems influence the conjugation of the p187-2 plasmid. The data represent the mean+SD for three
independent biological replicates. ****p <0.0001 indicate significant differences between strains and the control group as determined using one-way
ANOVA with Dunnett correction
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Type | R-M and CRISPR-Cas systems exhibited no
significant difference in hindering blay, invasion
The above analyzes suggest that CRISPR-Cas and R-M
systems may exist and function independently in some
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K. pneumoniae strains. Although both are recognized as
robust defense barriers to incoming DNA, their molecu-
lar mechanisms areare quite different, and the functional
diversity between them remain unclear in K. pneu-
moniae. Hence, we constructed an isolate harbouring
the KP8-CRISPR system (K. pneumoniae, CP025636.1,
abundant matched spacers) and strains harbouring type
IA/B/D R-M systems as recipients to evaluate the dis-
crepancy between these two immune systems in terms
of anti-plasmid function. The conjugation results showed
that both the CRISPR and R-M systems significantly
restricted the invasion of the blaypc plasmid, and both
conferred an approximately 2-log reduction in the acqui-
sition of the blap plasmid with no significant difference
(Fig. 4).

CRISPR-Cas and restriction-modification systems are
compatible and increase plasmid restriction

Next, we sought to determine whether CRISPR-Cas
and R-M confer additive genome defense in K. pneu-
moniae. We constructed recipients harbouring I-E
CRISPR-Cas (extracted from K. pneumoniae KP8) and
IA/B/D R-M systems and applied conjugation assays to
determine the relative defense contributions. The con-
jugative experimental design is shown in Fig. 5A. When
neither defense system is active, the average conjuga-
tion frequency (expressed as transconjugants/donors) is
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Fig. 5 CRISPR-Cas and R-M provide additive defense against pl87-2 plasmid. (A) Schematic representation of donor and recipient strains used to assess
the individual and collective contributions of R-M and CRISPR-Cas to genome defense. (B) Conjugation frequencies of p187-2 in different derivatives
strains. Results of these experiments show that the combined effects of CRISPR-Cas and R-M outweigh the effect of either system alone. Data represent
results of a minimum of three independent conjugations for all experiments shown. The open circle indicates that no valid conjugant was obtained
(JS700, CRISPR&ID R-M). ****p <0.0001 indicate significant differences between strains and corresponding CRISPR & R-M group as determined using one-
way ANOVA with Dunnett correction. E.g, the type IA R-M strains were compared with type IA R-M & CRISPR strains; the CRISPR strains were compared
with type IA R-M & CRISPR, type IB R-M & CRISPR, and type ID R-M & CRISPR strains
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1.28x1073, We used this value as a reference for com-
parisons. When CRISPR-Cas defense was compromised,
but R-M defense was active, the average conjugation
frequency was 2.23x107°, a 57-fold decrease in plasmid
transfer. When R-M defense is not active, but CRISPR-
Cas defense is active, the average conjugation frequency
is 5.13x107° a 25-fold decrease in plasmid transfer.
When both CRISPR-Cas defense and R-M defense were
active, the average conjugation frequency was 3.07 x 1077,
a 4167-fold decrease in plasmid transfer (Fig. 5B). Nota-
bly, when CRISPR-Cas defense was combined with ID
R-M immunity, we did not obtain transconjugants har-
bouring blayp plasmid. Overall, we conclude that R-M
and CRISPR-Cas, both individually and collectively, have
significant effects on conjugative blayp plasmid transfer.

Discussion

A correlation between the lack of type I-E CRISPR-Cas or
type I R-M systems and multidrug resistance in K. pneu-
moniae has been previously established using genome
analysis [3—-5]. We found that CRISPR or R-M systems
could not completely influence the invasion of some
antibiotic resistance genes into K. pneumoniae. On their
own, they are imperfect barriers to invasion by foreign
DNA [3-5]. While some resistance genes can successfully
evade restriction conferred by CRISPR or R-M systems
alone, these defense systems are rarely present alone in a
cell. K. pneumoniae has developed multiple defense sys-
tems against foreign DNA; however, little is known about
whether and how they interact with each other. Here, we
studied the connection between these defense systems in
K. pneumoniae and assessed the coupling anti-plasmid
immune function.

We investigated the prevalence of type I R-M and
CRISPR in K. pneumoniae and found a highly signifi-
cant inverse correlation between the presence of both
functional systems and the acquired blayp- genes in K.
pneumoniae. Notably, one bacterium always harboured
multiple anti-plasmid strategies, and CRISPR-Cas sys-
tems usually cohabit with more than one I R-M system in
the same host. Although some types of CRISPR-Cas sys-
tems (I-E*) and R-M systems (Im6A/IC) may be immu-
nocompromised against blayp harbouring plasmids, the
co-existence of other functional systems (I-E CRISPR
and IA/B/D R-M) would compensate for this low-active
defense and result in blayp elimination. Such co-distri-
bution raises the possibility of interactions between R-M
and CRISPR-Cas systems. Spacers (CRISPR-Cas) and
recognition sites (type I R-M) are key elements of these
two system-mediated immunities [3-5]. Hence, both
matched proto-spacers and recognition sites harboured
by the prominent blayp--IncF plasmids were collected
and analyzed. The results indicated that more than one
matched sequence from both systems were present in all
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plasmids. Overall, these findings showed that CRISPR
and R-M systems have the potential to achieve blaypc
elimination.

Conjugation and transformation assays were used to
comprehensively assess the ability of CRISPR and R-M
to impede the transmission of blayp- harbouring plas-
mids. The results demonstrated that CRISPR and R-M
harboured by K. pneumoniae resulted in effective immu-
nity to blaypc harbouring plasmids containing matched
sequences. Each system can successfully cleave DNA at
its respective targeted sites with no significant functional
differences. Although type I-E CRISPR-Cas and type I
R-M had a significant impact on conjugation frequency
and transformation rates, they were not perfect barriers
to plasmid transfer. Previous studies have demonstrated
that CG15, CG147, and other MDR groups can acquire
matched resistance plasmids, such as blacry_p_15 Suc-
cessfully evading CRISPR restriction [21, 22]. In R-M
systems, defense failures are usually attributed to the
pre-methylation of invading resistance genes or the pres-
ence of anti-restriction proteins [23, 24]. However, these
“blaypc-escapers” are rare, as blayp harbouring plasmids
are usually recognized and eliminated by both defense
systems in K. pneumoniae concurrently, instead of being
interfered with by CRISPR or RM alone.

Although two of the most well-studied defense systems
often cohabit in the same strain, only a few studies have
explored the possibility of interactions between them. It
was previously observed that the expression of the type II
R-M system in Streptococcus thermophilus was compat-
ible with the presence of endogenous type II CRISPR-Cas
and provided additive protection against phage infection
[24]. Another study using the same experimental setup
showed that these systems are not only compatible but
also synergistic [25]. Here, we showed that a type I-E
CRISPR-Cas immune system is compatible with a type I
R-M system in K. pneumoniae to increase the inhibition
of blaypc plasmid invasion. When both immune systems
co-exist in one isolate, the possibility of pre-methylation
of the R-M system would not limit the main activities
of the CRISPR-Cas system, and R-M defense can still
impede plasmid transfer in CRISPR-Cas low-activity
cells. Moreover, we also observed that the combined
action of both functional systems significantly reduced
the likelihood of the emergence of blayp- harbouring
plasmids capable of simultaneously evading R-M and
CRISPR-Cas systems. Our observation that CRISPR-
Cas and R-M defenses individually contribute signifi-
cantly to anti-plasmid genome defense is consistent with
a previous report that the two modes of defense (type II
R-M and type II CRISPR-Cas9 systems) work additively
against plasmid invasion in E. faecalis [26].

However, the molecular mechanism by which the syn-
ergy of both systems is achieved remains unexplored.
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Recently, one study determined the molecular mecha-
nism of the cooperation between type II R-M and type
II CRISPR-Cas in S. aureus [12]: cleavage of viral DNA
by R-M generates double-strand breaks, producing sub-
strates for the acquisition of spacers in CRISPR-Cas
systems. This study found that the restriction of endo-
nucleases provides short-term defense, which is rap-
idly overcome through the methylation of the phage
genome. However, restriction results in the acquisition
of spacer sequences from the cleavage site, which medi-
ates a robust type II-A CRISPR-Cas immune response
against methylated phage. This mechanism is reminiscent
of eukaryotic immunity, in which the innate response
offers the first temporary line of defense and activates a
second and more robust adaptive response. In our study,
when both I-E CRISPR-Cas and Type I R-M systems were
present in the strain, few blayp-plasmid-escapers were
observed, and a long-term anti-blayp--plasmid effect
was achieved. In addition to type II, the type I-E system
of Escherichia coli can use dsDNA ends as preferred sub-
strates for new spacers [27]. These similarities with the
spacer-acquisition mechanism of type II CRISPR systems
suggest that restriction from R-M would also enhance
type I-E CRISPR-Cas responses by incorporating new
spacers from restricted DNA. Hence, the anti-plasmid
cooperation we observed may also be explained by a sim-
ilar mechanism, and the presence of a type I R-M system
may be a determinant in the acquisition of a new spacer
of the type I-E CRISPR system.

Overall, our study demonstrated that the interaction
of type I R-M and type I-E CRISPR-Cas systems sig-
nificantly influences the acquisition of blayp resistance
genes in Klebsiella pneumoniae. The limitation of our
study is that we only demonstrated the additive effect
of CRISPR-Cas and R-M systems against plasmid inva-
sion in K. pneumoniae without exploring the related
molecular mechanism. Although we had hypothesized
the potential molecular mechanism of the synergy of
both systems according to previous studies on type II
R-M and type II CRISPR-Cas, we would further confirm
this mechanism in the future. Moreover, all these find-
ings could not quantitatively determine synergy between
CRISPR-Cas and R-M systems, which we would further
explored in the future. Antibiotics are used extensively in
hospital settings, so we must also consider the impact of
CRISPR and R-M systems on the spread of drug-resistant
plasmids in an antibiotic environment. In the future, we
will need to simulate this environment in vitro.
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