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Abstract

Background Klebsiella pneumoniae is one of the most prevalent pathogens responsible for multiple infections
in healthcare settings and the community. K. pneumoniae CG147, primarily including ST147 (the founder ST), ST273,
and ST392, is one of the most globally successful MDR clone linked to various carbapenemases.

Methods One hundred and one CG147 strains were sequenced and additional 911 publicly available CG147 genome
sequences were included for analysis. The molecular epidemiology, population structure, and time phylogeny were
investigated. The virulome, resistome, and mobilome were analyzed, and the recombination in the capsular region
was studied. The CRISPR-Cas and anti-CRISPR were identified. The interplay between CRISPR-Cas, anti-CRISPR, and car-
bapenemase-encoding plasmids was analyzed and experimentally validated.

Results We analyzed 1012 global CG147 genomes, with 80.4% encoding at least one carbapenemase (NDM
[529/1012, 52.3%], OXA-48-like [182/1012, 17.7%], and KPC [105/1012, 10.4%)]). Surprisingly, almost all CG147 strains
(99.7%, 1009/1,012) harbor a chromosomal type I-E CRISPR-Cas system, with 41.8% (423/1012) containing an addi-
tional plasmid-borne type IV-A3 CRISPR-Cas system, and both target IncF plasmids, e.g., the most prevalent KPC-
encoding pKpQlIL-like plasmids. We found the presence of IV-A3 CRISPR-Cas system showed a negative correlation
with the presence of KPC. Interestingly, a prophage-encoding anti-CRISPR AcrlE8.1 and a plasmid-borne anti-CRISPR
AcrlE9.2 were detected in 40.1% (406/1012) and 54.2% (548/1012) of strains, respectively, which displayed positive
correlations with the presence of a carbapenemase. Plasmid transfer experiments confirmed that the I-E and IV-A3
CRISPR-Cas systems significantly decreased (p <0.001) KPC-encoding pKpQIL plasmid conjugation frequencies,
while the AcrlE8.1 and AcrlE9.2 significantly increased (p < 0.001) pKpQIL conjugation frequencies and protected plas-
mids from elimination by CRISPR-Cas I-E system.
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Conclusions Our results indicated a complex interplay between CRISPR-Cas, anti-CRISPR, and mobile genetic ele-
ments that shape the evolution of CG147. Our findings advance the understanding of multi-drug resistance mecha-
nisms and will aid in preventing the emergence of future MDR clones.

Keywords Klebsiella pneumoniae, CG147, CRISPR-Cas, Anti-CRISPR, Genomic epidemiology

Background

Klebsiella pneumoniae is one of the most prevalent path-
ogens, responsible for a large range of infections, such
as bloodstream-associated, intra-abdominal, respiratory
tract, and urinary tract infections. In addition, K. pneu-
moniae can harbor a substantial number of antimicrobial
resistance (AMR) genes, making it a significant AMR
pathogen in global health [1].

Several globally successful and epidemiologically pre-
dominant clones that disproportionately contribute to
the global disease burden have been identified in K. pneu-
moniae [2]. The clonal group (CG) 258, which frequently
carries K. pneumoniae carbapenemases (KPCs), is a clini-
cally significant example that has disseminated globally
[3]. Recently, another globally successful MDR clone,
CG147, primarily including sequence type (ST) 147 (the
founder ST), ST273, ST392, and other minor variants, has
been increasingly highlighted [4, 5]. CG147 was initially
reported in Hungary and Spain in 2008-2009, character-
ized by the production of CTX-M-15 extended-spectrum
[-lactamase (ESBL), and the harboring of gyrA S83I and
parC S80I mutations in the quinolone resistance-deter-
mining region (QRDR) [6, 7]. Since 2009, CG147 strains
encoding KPC, VIM, NDM, and OXA-48-like carbapen-
emases have emerged and disseminated across European
countries, subsequently extending to Asia and Northern
and Southern American countries within a short period
[8-13], and caused multiple outbreaks [11, 14, 15].

Within the K. pneumoniae population, horizontal gene
transfer (HGT) of mobile genetic elements (MGEs),
specifically AMR plasmids, plays a substantial role in
both the development and spread of globally successful
clones, including CG147. In contrast to gene movement
and to prevent exogenous nucleic acid invasion, bacte-
rial hosts have developed various defense mechanisms
against HGT, among which the CRISPR-Cas system is
the most important [16]. The CRISPR-Cas system is an
adaptive immune system consisting of clustered regu-
larly inter-spaced short palindromic repeats (CRISPRs)
and CRISPR-associated (Cas) proteins [17]. In K. pneu-
moniae, the chromosome-borne type I-E CRISPR-Cas
system has been reported to restrict the transfer and
maintenance of blayp--harboring IncF plasmids [18], and
predictably, their presence correlate with the low detec-
tion of IncF plasmids in specific clones, such as in ST23
and ST15 [18-20].

Conversely, to counteract the CRISPR-Cas system,
MGEs have evolved various strategies to evade immu-
nity [16]. One prevalent mechanism is the production of
CRISPR-Cas inhibitors known as anti-CRISPRs (Acrs)
[21]. Notable examples of Acrs such as prophage-borne
AcrlE8.1 and plasmid-borne AcrIE9.2 that block the I-E
CRISPR-Cas system have been reported in certain K.
pneumoniae clones and other species [22, 23].

Previous genomic studies have shown that CG147
strains, similar to ST23, universally harbor a chromo-
some-based I-E CRISPR-Cas system [24]. However, unlike
ST23, CG147 has successfully evolved into a global MDR
successful clone, despite harboring the CRISPR-Cas sys-
tem. The factors contributing to the epidemiological suc-
cess of K. pneumoniae CG147 are unclear and therefore
warrants further investigation. In this study, we inves-
tigate 1012 global K. pneumoniae CG147 strains, recon-
struct their molecular evolution, and explore the interplay
between the CRISPR-Cas systems, anti-CRISPR proteins,
and MGEs. Our study provides an in-depth understand-
ing of this unique globally successful MDR clone.

Methods

K. pneumoniae clonal group 147 genomes

C@G147 contains ST147, ST273, ST392, and other minor
variants including ST1880, ST2292, ST2358, and ST3740.
A total of 911 CG147 isolates collected worldwide were
retrieved from the NCBI whole genome sequence data-
base or short reads archive (dated as 12/2022), compris-
ing all the genomes publicly available at the time of the
study. Additional 101 CG147 isolates from our collection
were also included in this study. The accession number,
host, isolation source, geographical origin, and genotype
data are listed in theAdditional file 1: Table S1.

Whole-genome sequencing and analysis

Whole-genome sequencing was performed as previously
described using Illumina NextSeq 500 platform with
2% 150 bp paired-end reads [25]. Draft genomes were
assembled using SPAdes v3.13.0 [26]. Additionally, two
strains, Kp46564 and Kp46596, were sequenced using
Oxford Nanopore and assembled to closure via Unicyl-
cer 0.4.9 [27] leveraging both short and long sequenc-
ing reads. Kleborate v2.3 [28] was employed to screen
the genome assemblies of K. pneumoniae CG147 for the
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prediction of sequence type, capsular type and the detec-
tion of virulence loci, including hypermucoidy genes
rmpADC, rmpA2 and siderophore systems, such as yers-
iniabactin (ybt), colibactin (clb), aerobactin (iuc), salmo-
chelin (iro), as well as their associated mobile elements
(ICEKp). Resistance genes were called by AMRFind-
erPlus v3.10.20 [29] and ARIBA v2.14.6 [30]. CRISPR-
Cas was identified using cctyper v1.8.0 [31]. Redundant
CRISPR arrays and spacers were removed by CD-HIT
v4.8.1 [32]. The self-targeting spacer sequence, defined
as an additional copy of spacer sequences located in the
genomes but that are not in the CRISPR array, was identi-
fied by BLASTn v2.12.0 [33]. Anti-CRISPR proteins were
detected by BLAST against the AcrDB [34] database. The
prophages were identified by PHASTEST [35]. The linear
alignment of prophages were visualized by Easyfig v2.1
[36]. Plasmid replicons were identified by ABRicate v1.01
[37] using the PlasmidFinder [38] database with 90%
identity and 80% query coverage cutoffs.

K. pneumoniae CG147 strains phylogeny

The paired-end raw fastq reads were mapped to the ref-
erence genome Kp46564 (Genbank: CP059317.1) using
Snippy v4.6.0 [39]. If raw sequencing data of genomes
from public database are not available, genome assem-
blies were used to simulate 10 M 150 bp paired-end
reads using the wgsim algorithm from Samtools v1.16.1
[40], followed by mapping to reference as describe above.
Repeated and recombination regions were detected using
MUMmer v4.0.0 [41] and Gubbins v3.0.0 [42], respec-
tively, followed by filtering in Snippy analysis. The maxi-
mum likelihood phylogenetic tree was constructed using
RAxML v1.0.1 [43].

To estimate node dates of CG147 strains, a subset
of 306 genomes was selected and analyzed using the
BactDating v1.1 R package [44]. The 306 genomes were
selected according following priority: (a) covering all
the major clades on the maximum likelihood phylo-
genetic tree; (b) having available meta-data, including
time and geographical information; (c) having available
raw sequencing data; and (d) having a high N50 if raw
sequence data were not available. The isolation time and
the recombination-corrected tree from Gubbins out-
put were used as the inputs in BactDating. We imple-
mented a mixed model with 10® iterations to ensure
that the Markov chain Monte Carlo (MCMC) was run
for long enough to converge (the effective sample size
of the inferred parameters a, y, and o were >200). Three
BactDating replicates and one with a randomized tip
date were conducted, and the convergence were evalu-
ated by Gelman diagnostic using the coda v0.19 R pack-
age. The temporal signal significance was determined by
comparing the first replicate model to the model with
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randomized tip date using the model compare function
of the BactDating package. The maximum likelihood
phylogenetic tree and resulting BactDating tree were
annotated using iTOL v5 [45].

For CRISPR-Cas systems and self-targeting spacer
analysis, the genomes were dereplicated using Assembly
Dereplicator v0.3.2 [46] with a cutoff of mash distance
0.0001 to avoid interference from duplicated strains.

CPS switch analysis

The recombination regions of different subclones cor-
responding to the reference genome Kp46564 were
extracted from the Gubbins output. The potential
donor of the CPS recombination region was analyzed
according to the previous methods [47, 48]. The SNP
densities of KP131_H (Biosample: SAMN13301701),
47,226 (Biosample: SAMN37917565), 5085 (Biosample:
SAMN20338550), 50,490 (Biosample: SAMN37917589),
44,383 (Biosample: SAMN37917502), 4300STDY 6542362
(Biosample: SAMEA4394732), 53,323 (Biosample:
SAMN37917624), EuSCAPE_TR302 (Biosample:
SAMEA3729896), 49,189 (Biosample: SAMN44379006),
53,330 (Biosample: SAMN37917631), and AR_0097-R3
(Biosample: SAMN29227743) were analyzed in com-
parison to the reference strain Kp46564. The SNP density
plot was generated by ggplot2 v3.4.4 R package.

Prediction of the co-existence of self-targeting sequence
and carbapenemas-encoding genes

The self-targeting sequence and carbapenemas-encoding
gene were considered to co-exist on the same fragment
if one of the following criteria was fulfilled: (a) they co-
existed on the same assembled plasmid or contig and (b)
the self-targeting sequence and carbapenemas-encoding
gene carrying contigs had the same average read cover-
ages, with evidence supporting their potential co-exist-
ence based on the NCBI Klebsiella plasmid database.
To estimate the average reads coverages, the raw reads
were mapped to the contig sequences by BWA v0.7.17
[49]. The reads coverage for each site (non-coding, repeat
and IS regions were excluded) was calculated by bed-
tools v2.30.0 [50]. Subsequently, 100 sites were randomly
selected, and coverages were compared by T test. p<0.05
was considered as statistically significant.

Construction of the acrlE9.2 and IEtarget mutant

The acrlE9.2 knockout mutant in clinical plasmid pKp-
QIL-03 [51] was constructed using the two-plasmid
CRISPR-Cas9 system, as previously described [52, 53]. In
brief, the pCasKp-Apr was electroporated into pKpQIL-
03-harboring E. coli DH10B and selected on LB agar
plates containing 30 pg/ml apramycin (APR) and 1 pg/
ml meropenem (MEM) at 30°C. The 20-nt base pairing



Jiang et al. Genome Medicine (2025) 17:9

region (N20) of a sgRNA was designed using Geneious
Prime 2023 and inserted into the plasmid pSgKp-Rif to
generate pSGkp-TacrlE9.2 via Golden Gate Cloning. A
90 bp ssDNA oligonucleotide repair template was syn-
thesized from Azenta Life Sciences (South Plainfield, NJ).
pSGkp-TacrIE9.2 and ssDNA repair template were mixed
and electroporated into arabinose-induced pKpQIL-03
and pCasKp-Apr harboring E. coli DH10B competent
cell. Electroporants were selected on LB plates supple-
mented with rifampicin (RIF, 100 pg/ml), 30 pg/ml APR,
and 1 pg/ml MEM, followed by PCR confirmation. Sin-
gle colonies were transferred to LB agar plates containing
5% sucrose and incubated at 37 °C to remove pSGkp-
TacrIE9.2 and pCasKP-Apr vectors to generate pKpQIL-
03AacrlE9.2-harboring E. coli DH10B. Subsequently,
a 1315 bp region, containing the four common type I-E
protospacers on pKpQIL-03AacrIE9.2 was knocked out
using the same method, resulting in E. coli DH10B har-
boring the pKpQIL-03AacrIE9.2 AlEtarget plasmid.

Type I-E CRISPR-Cas spacers, acrlE8.1, acrlE9.2, and type
IV-A3 CRIPSR-Cas system cloning

The sequences of acrlE8.1 from Kp46596, acrlE9.2 from
pKpQIL-03, and IV-A3 CRIPSR-Cas systems, including
CasIVa3-1 from BK42810 with 19 spacers and CasIVa3-2
from BK54145 with 7 spacers, were amplified using Q5
Hot Start DNA polymerase (NEB) with pKpQIL-03
plasmid DNA or the genomic DNA from BK42810 and
BK54145 as the templates. Purified PCR products were
then integrated into the pClone-Apr plasmid follow-
ing manufacturer instructions for NEBuilder HiFi DNA
assembly. Correct constructs were identified through
PCR and confirmed by Sanger sequencing, resulting
in the creation of plasmid pClone-acrIE8.1, pClone-
acrlE9.2, pClone-CasIVa3-1, and pClone-CasIVa3-2.

Experimental validation the function of CRISPR-Cas
systems and anti-CRISPRs

To validate the immunity of the I-E CRISPR-Cas system,
we used pKpQIL-03AacrIE9.2-harboring and pKpQIL-
03AacrlE9.2 AlEtarget-harboring DH10B as the donor
strains, respectively, and K. pneumoniae strain BK56682
(containing an intact type I-E CRISPR-Cas system with
the corresponding spacers against pKpQIL-03) as the
recipient strain and conducted a mating conjugation
assay. In brief, donor and recipient strains were grown
at log phase before mixing in a 1:1 ratio and placed onto
a 0.22-um filter paper on LB agar and incubated at 37°C.
After 6-h mating, the filter paper was washed, and the
mixtures were series diluted and plated onto APR and
MEM plates or APR only plates. The conjugation effi-
ciency was calculated as the number of transconjugants
divided by the number of recipient strains.
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To validate the anti-CRISPR function of the acrlE8.1
and acrlE9.2, we use pClone-acrlE8.1 and pClone-
acrlE9.2-harboring K. pneumoniae BK56682 as the
recipient strains, respectively, and pKpQIL-03AacrIE9.2-
harboring DH10B as the donor strain and conducted a
mating conjugation assay as above.

For the function of the IV-A3 CRISPR-Cas system, we
used two IV-A3 CRISPR-Cas system-harboring DH5a
constructs (pClone-CasIVa3-1 with the IV-A3 CRIPSR-
Cas system from BK42810 and pClone-CasIVa3-2 with
the IV-A3 CRIPSR-Cas system from BK54145) as the
recipient strains and pKpQIL-03AacrIE9.2-harboring
DH10B as the donor strain and conducted a mating con-
jugation assay as above. An empty pClone-Apr vector
was used as control. The conjugation efficiency was cal-
culated as above.

Stability of newly formed transconjugants

To examine the stability of pKpQIL-03 within an I-E
CRISPR-Cas bacterial host, and the impact of anti-
CRISPR proteins (AcrIE8.1 and AcrIE9.2), we performed
serial passages of the transconjugants of pKpQIL-
03AacrIE9.2-harboring BK56682 with and without
acrlE8.1 and acrIE9.2 genes for 3 days for a total of 60
generations in fresh LB. After every 10 passages, the
culture was diluted (1:100) into fresh LB and incubated
with 200 rpm shaking. To measure the percentage of
pKpQIL-03AacrIE9.2-positive strains, the plasmid stabil-
ity was calculated as the percentage of colonies grown on
LB agar with 1 pg/ml MEM to that on LB agar without
MEM. Strains, vectors, and primers used in this study
were listed in Additional file 1: Table S2 and Table S3.

Statistical analysis

We performed a descriptive analysis to describe CG147
isolates. Categorical data was summarized using absolute
and relative frequencies, and the distribution of quanti-
tative data was summarized using the median and inter-
quartile range. The transfer frequencies were compared
by T test, and p<0.05 was considered as statistically
significant. KPC, NDM, OXA-48-like carbapenemase,
or CTX-M ESBL was analyzed respectively against
STs, regions of isolation, IV-A3 CRISPR-Cas system,
AcrIE8.1, AcrlE9.2, and AcrIF11 with logistic regression
model. All the variables were treated as categories. The
logistic regression was performed by using R and Wald
tests were used for each variable with p <0.05 considered
as statistically significant.

Results

General characteristics of CG147

The 1012 strains originated from 59 different coun-
tries and spanned the period between 2002 and 2020.
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Isolates were collected from humans (n=954, 94.3%),
animals (=10, 1%), the environment (n=14, 1.4%), and
unknown (n=34, 3.4%) sources. Isolates of human ori-
gin were obtained frequently from rectal swabs or stools
(n=302, 31.6%), followed by urine (n=176, 18.5%), blood
(=99, 10.4%), and the upper respiratory tract (n=65,
6.8%). Most isolates were collected in North Amer-
ica (n=278, 27.5%) and countries in Southern Europe
(n=241, 23.8%), Eastern Europe (n =286, 8.5%), and West-
ern Asia (n=76, 7.5%) (Fig. 1). The major sequence types
include ST147 (n=2881, 87.1%), ST392 (n=85, 8.4%), and
ST273 (n=36, 3.6%) (Table 1).

K. pneumoniae CG147 strains harbor AMR genes
conferring resistance to multiple antibiotic families,
including B-lactams, fluoroquinolones, aminoglycosides,
rifampicin, tetracyclines, sulfonamides, and trimetho-
prim. Genes conferring resistance to tigecycline, colistin,
and fosfomycin were less commonly observed (Addi-
tional file 1: Table S1). In this collection, we detected that
67.6% (n=684) of isolates carried at least one CTX-M
ESBL gene, with CTX-M-15 (n=647, 94.6%) being the
most frequent. Notably, 80.4% (n=2814) of isolates carried
at least one carbapenemase gene. blay, was detected in
52.2% (n=>529) of isolates, blagy s _4s.1ike i 17.9% (n=182)
of isolates, blaypc in 10.4% (n=105), and blayy in 4.5%
(n=46) of isolates. Interestingly, in 2010, the frequency
of KPC and NDM was similar; however, after 2014, NDM
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predominated among CG147 strains (Additional file 2:
Fig. S1). The details of AMR genes, plasmids, capsular
polysaccharide (CPS) types, and virulence factors are
summarized in Additional file 3: Supplementary results.

The population structure and phylogenetic dating

of CG147

The CG147 phylogeny revealed a basal clade containing
two quinolone susceptible isolates of ST147-KL55 and a
larger clade containing the remaining isolates which car-
ried QRDR mutations. In this larger clade, three primary
branches emerged, corresponding to ST147 (n=2879,
86.9%), ST273 (n=36, 3.6%), and ST392 (n=85, 8.4%).
Within the ST147 clade, two additional branches were
identified. The first branch comprised 70 isolates, pre-
dominantly ST147 (n =69, 98.6%) with one ST1880. Most
of ST147 isolates within this branch encoded the cap-
sular loci KL10 (66/69, 95.7%). These strains were col-
lected in Southeastern Asia (27/69, 39.1%) and Western
Asia (12/69, 17.4%), primarily from human hosts (66/69,
95.7%) and isolated from blood (17/69, 24.6%) and urine
(15/69, 21.7%) specimens. The QRDR mutation GyrA-
83Y-GyrA-87A-Par801 (67/69, 97.1%) was frequently
found in this clade. Additionally, a small subclade within
ST147-KL10 encoded vyersiniabactin (ybt10-ICEKp4)
(29/66, 43.3%) (Fig. 2).
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Fig. 1 Isolate map depicting the collection sites of 1012 CG147 isolates over the world. Pie graphs show ST distribution in each continent,
and donut graphs show carbapenemase (inner ring) and CTX-M (outer ring) distribution within each ST
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Table 1 General characteristics of CG147 genomes publicly available from 2002 to 2020
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Characteristics
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The second branch consisted of ST147 isolates
(n=818) predominantly encoding the KL64 capsu-
lar locus (767/818, 93.8%). The most common QRDR
mutation pattern among ST147-KL64 isolates was
GyrA-831-ParC-80I (711/767, 92.7%), followed by GyrA-
831-GyrA-87N-ParC-801 (48/767, 6.3%), with a small
proportion carrying other mutations (8/767, 1%). Within
this branch, four subclades were identified, correlated
with different yersiniabactin lineages. The first subclade
comprised 207 isolates encoding ybt9 in the ICEKp3 ele-
ment (207/207, 100%). These isolates were exclusively
recovered from human hosts (207/207, 100%), predomi-
nantly from Southern Europe (126/207, 60.9%), with rec-
tal swabs or stool specimens being the most common
sources (107/207, 51.7%). This subclade frequently car-
ried B-lactamases such as CTX-M-15 (196/207, 94.7%)
and NDM-1 (188/207, 90.8%), with no isolates encoding
KPC carbapenemases (Fig. 2).

The second ST147-KL64 subclade carried ybt10 in the
ICEKp4 element (69/72, 95.8%). These isolates were col-
lected primarily in North America (14/72, 19.4%), South-
ern Europe (12/72, 16.7%), and Western Asia (12/72,
16.7%). Most were recovered from human hosts (61/72,
84.7%), with urine (16/61, 26.2%), and respiratory speci-
mens (12/61, 19.7%) being the most common sample
types. This subclade commonly encoded ESBL CTX-
M-15 (69/72, 95.8%) and OXA-48-like carbapenemases
(50/72, 69.4%), primarily OXA-181 (37/50, 51.4%). NDM
variants, mainly NDM-5 (16/72, 22.2%) and NDM-1
(15/72, 20.8%), were also present, though only one isolate
carried KPC-2 (Fig. 2).

The third ST147-KL64 subclade (n=99) primarily
encoded ybti16 in the ICEKpI2 element (91/99, 91.9%).
These strains were collected mostly in Eastern Europe
(50/99, 50.1%), Southern Europe (8/99, 8.1%), and West-
ern Europe (18/99, 18.2%) and were primarily of human
origin (98/99, 98.9%). This subclade was frequently
associated with CTX-M-15 (92/99, 92.3%) and NDM-1
(57199, 57.6%), with some isolates also encoding OXA-
48-like carbapenemases (32/99, 32.3%). None carried
KPC carbapenemases, and CRISPR-IV-A3 was present in
17.2% (17/99) of isolates. A smaller subclade (n=27) also
carried ybt16 in ICEKp12 (26/27, 96.3%), with 12/27 iso-
lates from human sources. This subclade encoded KPC-3
(24/27, 88.9%) but no other carbapenemases (NDM or
OXA-48-like). Only three isolates (11.1%) encoded CTX-
M-15 (Fig. 2).

The second main branch included all ST273 isolates
(n=36), frequently encoding KL74 (25/36, 69.4%).
These strains were mostly collected in Southeastern
Asia (10/36, 27.8%) and North America (9/36, 25.0%).
CTX-M-type ESBLs were common (28/36, 77.8%),
mainly CTX-M-15 (18/36, 50.0%). Yersiniabactin was
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rare among ST273 isolates, with 86.1% (31/36) testing
negative. Only ten isolates carried NDM, two carried
KPC-2, and another two had OXA-48 carbapenemases
(Fig. 2).

The last main branch consisted of all ST392 isolates
(n=86), exclusively encoding KL27 (86/86, 100%). Most
strains were from human sources (79/86, 91.9%), with
specimen types including the urine (22/86, 25.6%), skin
and soft tissue (13/86, 15.2%), respiratory (11/86, 12.8%),
and blood (11/86, 12.8%). Yersiniabactin was rare in this
branch, with 95.4% (82/86) testing negative; only two iso-
lates carried ybt16-ICEKp12. CTX-M-15 was frequent
(75/86, 87.2%), while carbapenemases were less common,
with KPC detected in 17.3% (14/86), NDM-1 in 13.9%
(12/86), and OXA-48-like in 13.9% (12/86) of isolates.

Three ST147-KL64 subclades from different regions
independently acquired distinct yersiniabactin loci. In
2005 (95% CI, 2003-2007), a subclade primarily from
Western Europe acquired ybt16; in 2009 (95% CI, 2009—
2012), a Southern European subclade acquired ybt9; and
in 2007 (95% CI, 2003-2009), a subclade from Western
Asia and Eastern Europe acquired ybt10, suggesting geo-
graphically associated acquisition of yersiniabactin in
CG147. The rmpADC and rmpA2 loci were estimated
to have been acquired in 2002 (95% CI, 2000-2004) and
1998 (95% CI, 1994—2002), respectively.

We then implemented a Bayesian phylogeny analy-
sis to reconstruct the global evolutionary history of
CG147 using a subset of 306 genomes. The BactDating
model estimates that the most recent common ances-
tor of CG147 was around 1963 (95% confidence inter-
val [CI], 1948-1975) (Fig. 3). Our phylogenetic analysis
identified an ancestral branch corresponding to the two
ST147 isolates harboring KL55, which were predicted
to be susceptible to most antibiotics, except for ampi-
cillin, due to the chromosomal blagyy, ;; gene. Around
1990 (95% CI, 1985-1994), ST147 acquired two QRDR
mutations (GyrA-83I and ParC-80I) and K locus (KL)
64, followed by acquisition of plasmids harboring
resistance determinants, such as ESBLs and carbapen-
emases, and became an epidemic MDR cluster. Among
this cluster, most strains were ST147-KL64; however,
three major subclades evolved, including the emergence
of ST273-KL74 in~2003 (95% CI, 2000-2005), ST147-
KL10 in ~ 2004 (95% CI, 2002-2007), and ST392-KL27
in~2004 (95% CI, 2001-2006). Most of the CG147
strains (n=884) harbored GyrA-83I and ParC-80I
mutations; whereas, 48 strains harbored an additional
GyrA-87N mutation. Interestingly, besides ParC-80I,
the majority of ST147-KL10 strains (97.1%, 67/69) har-
bored the GyrA-83Y and GyrA-87A mutations, which
appears to have originated by a genomic recombination
event (see below). The detailed population structure of
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Fig. 3 Phylogenetic dating of 306 genomes of CG147 strains. Colors in columns illustrate regions of origin, host, specimen, sequence type (ST),
K'locus, yersiniabactin, CTX-M, KPC, NDM, OXA-48-like, QRDR substitutions (GyrA and ParC), type IV-A3 CRISPR-Cas system, AcrlE8.1, AcrlE9.2,

and AcrlF11. Relevant evolutionary events are displayed in red boxes, and selected divergence time and 95% Cls are shown at the nodes
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CG147 and phylogenetic dating of other genetic fac-
tors are described in Additional file 3: Supplementary
results.

Capsular variation of CG147

Our phylogenetic dating showed ST147-KL64 was
likely descendant from ST147-KL55, while ST392-
KL27, ST273-KL74, and ST147-KL10 originated
from ST147-KL64 (Fig. 3). To unravel the recombina-
tion events associated with KL switching, we evalu-
ated four major subclones with different ST, KL,
and O locus combinations: i.e., ST147-KL64-O2vl,
ST147-KL10-0O3/03a, ST392-KL27-O4, and ST273-
KL74-O3b (Fig. 4A). The recombination analysis
showed that all the KL-associated recombination was
located in a~793 Kb region (Fig. 4B) that spanned
from a UbiX family flavin prenyltransferase gene
(locus ID H1D29_06765 in Kp46564) to the MFS trans-
porter gene (H1D29 12740) and encompassed the
MLST locus of tonB, the fluoroquinolone-resistant-
associated gene gyrA, and K and O antigen encoding
operons. In detail, ST147-KL64-O2v1 resulted from
a~ 370 Kb recombination event that spanned from gltX
(H1D29 08410) to hisA (H1D29_10050) between a
ST147-KL55-0O3a and a ST395-KL64-02v1-like strain;
ST392-KL27-O4 resulted from a~558 Kb recombi-
nation event that spanned from bg/X (H1D29_09590)
and iron ABC transporter permease (H1D29_12350)
between a ST147-KL64-O2v1 and a ST1758-KL27-O4-
like strain; ST147-KL10-O3/0O3a resulted from a~ 305
Kb recombination event that spanned from UbiX fam-
ily flavin prenyltransferase (H1D29_08925) and alpha/
beta fold hydrolase (H1D29_10260) between a ST147-
KL64-0O2v1l and a ST3603-KL10-O3/O3a strain, and
ST273-KL74-0O3b resulted from a~636 Kb recombi-
nation event that spanned from the ABC transporter
substrate-binding protein (H1D29_09595) and MEFS
transporter (H1D29_12740) between ST147-KL64-
O2v1 and a ST147-KL74-O3b strain (Fig. 4A). In addi-
tion, minor subclones including ST147-KL107-O2v1,
ST147-KL81-OL101, and ST147-KL20-O2vl were
investigated, and they too resulted from recombination
within the ~793 Kb region (Fig. 4B). An SNP density

(See figure on next page.)
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plot illustrated in Fig. 4C depicts the recombination
regions.

CRISPR-Cas systems in CG147

We next analyzed the distribution of CRISPR-Cas sys-
tems in 1012 CG147 strains. We identified two distinct
CRISPR-Cas systems: a chromosome-borne type I-E sys-
tem in 99.7% (n=1009) and a plasmid-borne type IV-A3
system in 41.8% (n=423) of the genomes.

A total of 96 different CRISPR spacers (short DNA
fragments that are stored in CRISPR arrays for target
recognition) were identified and 41 spacers were present
in>90% of the I-E CRISPR-Cas system harboring strains
(Additional file 3: Supplementary results), indicating the
I-E CRISPR-Cas system is conserved and an important
element in the evolution of CG147.

To investigate the potential impact of I-E CRISPR-Cas
system on the distribution of carbapenemase-encod-
ing genes, we analyzed the presence of I-E protospac-
ers (a complementary DNA sequence that is recognized
by CRISPR-Cas system) in 1084 completely sequenced
carbapenemase-encoding plasmids obtained from K
pneumoniae genomes in the NCBI database (accessed
in 02/2023). Our investigation revealed the presence of
11 I-E protospacers on 423 carbapenemase-encoding
plasmids. Notably, four protospacer sequences (IESP-2,
[99.2%, 1001/1009], IESP-4, [99.1%, 1000/1009], IESP-
30, [93%, 938/1009] and IESP-31, [92.6%, 934/1009],
Additional file 1: Table S4) were identified highly preva-
lent in CG147 strains. The four highly prevalent proto-
spacers were located within an approximate 830 bp
region, including traC, a gene of DUF3560 domain, and
the intergenic region between single-stranded DNA-
binding protein (ssb) and SAM-methyltransferase gene
on IncF plasmids. Notably, these protospacers-har-
bored IncF plasmids, such as IncFII(pHN7A8) (e.g.,
NZ_CP116905.1), IncFIB(pQil) (e.g., NZ_CP103551.1),
IncFIB(Kpn3) (e.g, NZ_CP098346.1), IncFII(pKP91)
(e.g, NZ_OW970445.1), or FII(pBK30683) (e.g., NZ_
CP087613.1) plasmids, are frequently associated with
KPC.

The IV-A3 CRISPR-Cas system was identified on
IncHI1B/IncFIB plasmids in CG147 and most IV-A3
CRISPR-Cas system harboring isolates were collected

Fig.4 A Hypothesized evolutionary history in K. pneumoniae CG147 strains. B MLST allele locations on Kp46564 genome (GenBank CP059317).

The blue arrow denotes the genome of Kp46564, and the green region shows the ~793-Kbp putative recombination region between the ST147
and other genomes. C Core genome SNP distributions of strains ST392-KL27, ST1758-KL27, ST147-KL10, ST3603-KL10, ST147-KL107, ST147-KL81,
ST147-KL20, and ST147-KL55 compared to reference strain Kp46564. The number of SNPs (y axis) per 1000 nt is plotted according to the position

on the Kp46564 genome (x axis). cps and Ips are illustrated by small vertical bars in blue and green respectively. The box indicates the recombination

region
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from North America (=167, 39.5%) and Southern
Europe (n=146, 33.8%). These isolates clustered into two
major subclades on the phylogenetic tree (Fig. 2). A total
of 347 unique spacers were identified and only 11 spac-
ers present in>65% of the IV-A3 CRISPR-Cas harboring
strains (Additional file 3: Supplementary results), sug-
gesting that the acquisition of IV-A3 CRISPR-Cas system
was a relatively recent event in comparison to the acqui-
sition of I-E CRISPR-Cas system.

Among the 347 unique IV-A3 spacers, 16 were found
to target 402 carbapenemase-encoding plasmids from
the NCBI database. Among these, only one spacer
(IVA3SP-10, [65.2%, 276/423], Additional file 1: Table S5)
was present in>65% strains, 13 spacers were harbored
by>2 strains, while the remaining were identified in
individual strains. The mostly frequent encountered
protospacer (IVA3SP-10) was located in tralL on KPC-
or CTX-M-harboring IncF plasmids, such as plasmids
belonging to IncFII(pHN7A8) (e.g., NZ_CP107017.1),
IncFIB(pQil) (e.g, NZ_CP027056.1), or FII(pBK30683)
(e.g., NZ_CP059890.1) replicon types.

Among the 402 carbapenemase-encoding plasmids
targeted by IV-A3 CRISPR-Cas system (from NCBI data-
base), 332 were also targeted by I-E CRISPR-Cas system,
indicating a redundant anti-IncF plasmid strategy by two
different CRISPR-Cas systems in CG147.

Anti-CRISPR proteins in CG147

We then mined the distribution of anti-CRISPR proteins
in 1012 CG147 genomes. We identified anti-type I-E
CRISPR protein AcrlE8.1 in 40.1% (n=406), AcrIE9.2
in 54.2% (n=>548), and anti-type I-F CRISPR protein
AcrIF11 in 3.2% (n=32) CG147 strains (20.7% [n=209]
strains harbored both AcrIE8.1 and AcrIE9.2).

The gene acrlE8.1 was located on different prophages
that size around 46 Kb. Two major prophage types were
characterized: Phage-1 was in the arginine-tRNA ligase
site on both the ST147 and ST273 chromosomes and
Phage-2 was identified in ST392 where it inserts in the
threonine-tRNA ligase site (Additional file 2: Fig. S3A).
Phage-1 and Phage-2 are both intact prophages with
defined attachment (att) sites, have high sequence simi-
larity with each other, and likely evolved from a common
ancestor (Additional file 2: Fig. S3A). The acrIE8.1 har-
boring strains were clustered into three major subclades
on the phylogenetic tree, which corresponds to the pres-
ence of the two prophages (Additional file 2: Fig. S3B).

The genomic analysis showed that the acrlE9.2 was
predominantly associated with a group of IncF plas-
mids, such as the epidemic blayp--harboring pKpQIL
plasmids (e.g., CP059315, CP023928, and CP059315)
in CG147 strains. Furthermore, the acrlF11 was identi-
fied on different IncF plasmids that lacked both I-E and
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IV-A CRISPR-Cas systems targeted sequences. These
plasmids were more commonly harbored by E. coli (e.g.
CP046417.1). The strains harboring acrIF11 are concen-
trated into one major cluster, all of which belonged to
ST147 (Fig. 2).

The phylogenetic dating indicates that the chromo-
some-borne I-E CRISPR-Cas system emerged in CG147
as early as 1963 (95% CI, 1948—1975). The plasmid-borne
IV-A3 CRISPR-Cas system was acquired around 1992
(95% CI, 1987-1996), which aligns with the emergence of
anti-CRISPRs, including the phage-borne acriE8.1 (1990
[95% CI, 1985-1994]) and the plasmid-borne acrlE9.2
(1992 [95% CI, 1987-1996]) in CG147. In contrast, the
acquisition of acrIF11 appears to be a more recent event
(2006 [95% CI, 2003-2009]).

Self-targeting CRISPR spacers in CG147

We next analyzed the presence of self-targeting CRISPR
spacers (additional copies of spacer sequences found
elsewhere in the genomes but not in the CRISPR array)
among CG147 strains. The existence of self-targeting
spacers primarily indicates the functionality of anti-
CRISPR mechanisms [54]. To avoid duplications, we
included 646 non-redundant strains in this study, all of
which possessed I-E CRISPR-Cas systems (Additional
file 1: Table S6).

Interestingly, we found that a significant proportion
(71.2%, 460/646) of strains contain I-E CRISPR-Cas
self-targeting spacers. Among these, 218 harbored self-
targeting spacers on plasmids, 87 on chromosomes,
and 155 on both plasmids and chromosomes. Of the
242 strains harboring chromosomal self-targeting spac-
ers, 87.6% (212/242) had self-targeting spacers located
in prophage regions. This finding is unexpected because
self-targeting spacers were expected to be eliminated by
the endogenous I-E CRISPR-Cas system. However, fur-
ther analysis revealed that nearly all the strains with I-E
self-targeting spacers (442/460, 96.1%) also harbored at
least one anti-type I-E CRISPR gene to overcome the pre-
sumed I-E immunity. This included 224 (48.7%) strains
with acrlE8.1, 359 (78.0%) strains with acrIE9.2, and 141
(30.1%) strains possessing both. In contrast, the occur-
rence of anti-type I-E CRISPR proteins among strains
lacking type I-E self-targeting spacers was considerably
lower (2 strains with acrlE8.1 and 3 strains with acrIE9.2,
2.9%, 5/186) (p<0.001). This significant difference
strongly suggests that AcrlE8.1 and AcrIE9.2 provide
protection against I-E CRISPR-Cas system, consistent
with previous experimental tests [22, 23].

To further understand other factors that affect the pres-
ence of I-E self-targeting spacers, we conducted a logistic
regression analysis of the presence of self-targets with
STs, isolation regions, and the presence of anti-CRISPR
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proteins AcrlE8.1, AcrlE9.2, and AcrIF11. The analy-
sis showed that only AcrIE8.1 (odd ratio [OR]=537.98,
p<0.001) and AcrIE9.2 (OR=977.55, p<0.001) signifi-
cantly associated with the presence of I-E self-targeting
spacers (Table 2), providing additional credence to the
hypothesis that AcrIE8.1 and AcrIE9.2 are countermeas-
ures against the I-E CRISPR-Cas system.

We also examined the factors associated with the
presence of IV-A3 CRISPR-Cas system. Among the 646
strains, 195 harbored the IV-A3 CRISPR-Cas system
and ~ 60% isolates (116/195) possessed IV-A3 self-target-
ing spacers. Among them, 40 strains harbored self-target-
ing spacers on plasmids, 61 on chromosomes, and 15 on
both plasmids and chromosomes, of which 46.1% (35/76)
had self-targeting spacers located within prophage
regions. However, the logistic regression analysis failed
to detect any significant associations between the pres-
ence of anti-CRISPR proteins (AcrlE8.1, AcrIE9.2, and
AcrIF11) and the occurrence of IV-A3 self-targeting
spacers (Table 2), suggesting that these anti-CRISPR pro-
teins may not have evolved as a countermeasure against
the IV-A3 CRISPR-Cas system.

Associations between CRISPR-Cas systems, anti-CRISPR
proteins, and AMR genes in CG147

We next investigated the relationships between CRISPR-
Cas systems, anti-CRISPR proteins, and AMR plasmids
in CG147 at a population level (Fig. 5A). We employed a
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logistic regression analysis to examine the associations of
AMR genes with STs, isolation regions, and the presence
of IV-A3 CRISPR-Cas system, as well as anti-CRISPR
proteins AcrIE8.1, AcrIE9.2, and AcrIF11.

When both STs and geographic regions were con-
trolled, we observed significant differences in the detec-
tion of the IV-A3 CRISPR-Cas system among various
AMR strains. IV-A3 CRISPR-Cas system was commonly
found in strains harboring NDM (OR=4.16, p<0.001),
but less frequently associated with KPC-(OR=0.52,
p=0.02) and CTX-M-positive strains (OR=0.42,
p<0.001) (Table 3). To investigate this observation
in more detail, we analyzed 50 completely assembled
CG147 genomes including both chromosomes and plas-
mids. The result showed that the primary target of the
IV-A3 CRISPR-Cas system, tral, was consistently pre-
sent in plasmids associated with KPC and CTX-M pro-
duction (e.g., CP023916, CP075261.1, and CP023928),
but absent in plasmids linked to NDM or OXA-48-like
genes. Furthermore, we noted instances where blaypy
co-existed with the IV-A3 CRISPR-Cas system on the
same plasmids (e.g., CP066856). This co-occurrence may
contribute to the increased association between NDM
and the IV-A3 CRISPR-Cas system.

The result analyzing the prevalence of the anti-CRISPR
proteins showed a positive association between AcrIE8.1
and NDM (OR=4.16, p<0.001) and CTX-M (OR=2.33,
p<0.001), but a negative correlation with KPC (OR=0.48,

Table 2 Logistic regression of type I-E and type IV-A3 self-targeting spacers with STs, regions, type IV-A3 CRISPR-Cas system, and anti-

CRISPR proteins in 646 non-redundant strains

Type I-E self-targeting spacer (n =460)

Type IV-A3 self-targeting spacer (

n=116)
Odds ratio (95% ClI) p value Odds ratio (95% ClI) p value

ST

ST273 vs. ST147 4.33(0.52-33.61) 0.160 0.35 (0.06-1.25) 0.168

ST392 vs. ST147 1.24(0.03-100.14) 0.929 1.02 (0.48-2.08) 0.956
Region

Eastern Europe vs. Northern America 2.04(0.3-11.15) 0429 1.52(0.61-3.58) 0.348

Western Europe vs. Northern America 1.32(0.34-5.21) 0.683 1.82 (0.96-3.48) 0.066

Southern Europe vs. Northern America 0.29 (0.04-1.77) 0.199 1.34 (0.59-2.92) 047

South-eastern Asia vs. Northern America 0.12(0.01-1.24) 0.064 0.79(0.27-2.02) 0.642

Western Asia vs. Northern America 0.59 (0.12-2.64) 0.495 0.56 (0.21-1.36) 0.224

Other vs. Northern America 0.68 (0.17-2.64) 0.578 1.34(0.71-2.53) 0.368
CRISPR-Cas

Type IV-A3 CRISPR-Cas 1.08 (0.38-2.92) 0.883 NA NA
Anti-CRISPR

AcrlE8.1 537.98 (134.69-3856.23) <0.001*** 1.16 (0.72-1.86) 0.533

AcrlE9.2 977.55 (283.88-5329.1) <0.007%** 0.76 (0.49-1.19) 0.232

AcrlF11 0.25 (0.02-2.14) 0.275 0.38 (0.06-1.36) 0.2

***p<0.001
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Frequency
Frequency

Table 3 Logistic regression of KPC, NDM, OXA-48-like and CTX-M with STs, regions, type IV-A3 CRISPR-Cas system, and anti-CRISPR
proteins in 646 non-redundant strains

KPC (n =94) NDM (n =235) OXA-48-like (n =138) CTX-M (n =465)
Oddsratio (95% pvalue  Oddsratio(95% pvalue  Oddsratio(95% pvalue  Oddsratio(95% pvalue
()] (d)] (d)} Cl)
ST
ST273vs.ST147  2.22(0.71-6.29) 0.146 0.29 (0.1-0.73) 0.013* 0.28 (0.04-1.01) 0.096 0.82(0.34-2.12) 0.67
ST392vs.ST147  1.51 (0.65-3.48) 0.332 0.15(0.07-0.32) <0.001*** 0,61 (0.25-1.36) 0.247 2.1(0.94-5.09) 0.081
Region
Eastern Europe  1.02 (0.34-2.7) 0.967 0.37(0.16-0.79) 0.012* 7.74(3-21.01) <0.001*** 29 (1.3-7.06) 0.013*
vs. Northern
America
Western Europe 2.8 (1.27-6.15) 0.01* 0.09 (0.03-0.22) <0.001*  99(4.21-25.22) <0.001*** 1.23(0.64-2.4) 0.531
vs. Northern
America
Southern Europe 2.84 (1.46-5.62) 0.002** 0.22 (0.12-0.39) <0.001*  2.07(0.83-5.39) 0.122 122 (0.7-2.11) 0485
vs. Northern
America
South-eastern 0.1(0.01-0.53) 0.03* 0.64 (0.31-1.29) 0216 4.38(1.55-12.5) 0.005** 3.34(1.46-847) 0.007**
Asia vs. Northern
America
Western Asiavs. 0.1 (0.01-0.5) 0.026* 0.85 (0.45-1.61) 0.622 1042 (449-2637)  <0.001*** 52 (2.35-12.81) <0.0071***
Northern America
Other vs. North-  0.95 (0.46-1.93) 0.877 047 (0.27-0.79) 0.005** 4.21(1.93-10.06) <0.001*** 28(1.61-4.92) <0.001***
ern America
CRISPR-Cas
Type IV-A3 0.52 (0.29-0.9) 0.023* 416 (2.81-6.22) <0.001*** 1.2 (0.74-1.93) 0451 042 (0.28-0.63) <0.007%**
CRISPR-Cas
Anti-CRISPR
AcrlE8.1 048 (0.25-0.87) 0.02* 1.85(1.21-2.84) 0.005** 0.94 (0.58-1.53) 0.816 2.33(1.46-3.8) <0.0071%**
AcrlE9.2 3.18 (1.85-5.65) <0.001*** 0.9 1(0.62-1.34) 0.637 0.9 (0.57-1.41) 0.633 0.79 (0.53-1.18) 0.253
AcrlF11 NA 0.984 7.02 (267-21) <0.001*** 16,83 (5.81-58.76)  <0.001*** 2.73(0.75-17.65) 0.19

" P<0.05; **P<0.01; ***P<0.001

p=0.02). A more in-depth analysis of the association primarily driven by the over-representation of KPC-3 in
between KPC subtypes and AcrlE8.1 (Additional file 1:  AcrlE8.1-negative CG147 strains (OR=0.04, p=0.004).
Table S7) revealed that the negative correlation was  Notably, common blay,q5-harboring IncN plasmids
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(similar to LT838197) were detected in most KPC-3-pro-
ducing isolates from Portugal and France. Of significance,
these plasmids do not possess the I-E protospacers.

Additionally, our results unveiled a significantly posi-
tive association between AcrlE9.2 and KPC (OR=3.18,
p<0.001), particularly with KPC-2 (OR=4.77, p<0.001),
while no such association was observed with NDM,
OXA-48-like, or CTX-M. Through the analysis of com-
plete genome sequences, we have identified the co-
existence of acrlE9.2 with blaypc., on certain plasmids,
notably the epidemic pKpQIL plasmids (e.g., CP059315,
CP023928, and CP059315). Interestingly, as aforemen-
tioned, pKpQIL-like plasmids also harbor I-E and IV-A3
CRISPR-Cas systems target sequences, illustrating a
unique example of the co-occurrence of AMR genes, the
CRISPR-Cas targets, and anti-CRISPR genes in the same
epidemic plasmid vector.

Lastly, we evaluated the proportions of CRISPR-Cas
system-targeted carbapenemase plasmids over time. Our
findings indicate that the frequencies of I-E CRISPR-Cas
(Fig. 5B) and IV-A3 CRISPR-Cas systems that targeted
(Fig. 5C) carbapenemase plasmids declined year by year
from 2009 to 2019.

Experimental verification of the function of CRISPR-Cas
systems and anti-CRISPR proteins from CG147

To assess the anti-plasmid capability of the I-E CRISPR-
Cas system, we conducted a conjugation assay compar-
ing the transfer frequency of the pKpQIL plasmids, both
with and without type I-E CRISPR-Cas targets, into
strain BK56682. BK56682 is an ST147 strain, possess-
ing the I-E CRISPR-Cas system but it lacks the IV-A3
CRISPR-Cas system and acr genes. For this investigation,
the KPC-encoding pKpQIL plasmid was selected as the
test plasmid as it is an epidemic blayp-harboring vector
in various Enterobacteriale species, and it contains tar-
gets for both I-E and IV-A3 CRISPR-Cas systems. Spe-
cifically, we tested plasmid pKpQIL-03, which carries the
four highly frequent I-E protospacers. It is important to
note that the native pKpQIL-03 also contains acrlE9.2,
and therefore, to avoid any potential confounding effects
from this anti-CRISPR, we knocked out acrIE9.2 on
pKpQIL-03 (designated as pKpQIL-03AacrIE9.2) in the
test plasmid. Subsequently, we knocked out the 1315 bp
region containing the four common type I-E protospac-
ers on pKpQIL-03AacrIE9.2 (designated as pKpQIL-
03AacrIE9.2AIEtarget). The results demonstrated that the
conjugation frequency of pKpQIL-03AacrIE9.2 reduced
by approximately 7000 times (p<0.001) compared to
pKpQIL-03AacrIE9.2AlEtarget (Fig. 6A), confirming the
anti-plasmid functionality of the I-E CRISPR-Cas system
in CG147.
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We then evaluated the anti-CRISPR efficacy of
AcrlIE8.1 against the I-E CRISPR-Cas system in CG147.
The gene acrlE8.1 was cloned into plasmid vector,
pClone, and transferred to BK56682. This was followed
by a conjugation assay comparing the transfer frequency
of the pKpQIL plasmid into BK56682, both with (pClone-
acrIE8.1) and without (pClone) acrIES8.1. The conjugation
assays revealed that the transfer frequency of pKpQIL-
03AacrlE9.2 to BK56682 with pClone-acrIE8.1 was 4.2
times higher (p <0.05) than to BK56682 with the control
plasmid (Fig. 6B), thus confirming the anti-CRISPR effect
of AcrlE8.1.

To assess the dynamics of the I-E CRISPR-Cas system
over time, we conducted plasmid stability experiments
and compared the results of serial passaging the strains.
The findings showed that the carriage rate of pKpQIL-
03AacrlE9.2 remained around 80% after 60 passages in
strains with a repressed I-E CRISPR-Cas system, while
the carriage rate dropped to approximately 10% in nega-
tive control strains after 20 passages (Fig. 6C), confirming
the plasmid immunity of the I-E CRISPR-Cas system.

We also explored the anti-CRISPR effect of AcrIE9.2
by conjugating pKpQIL-03AacrIE9.2 to BK56682 with
(pClone-acrIE9.2) and without acrlE9.2 (pClone con-
trol). The conjugation frequency of pKpQIL-03AacrIE9.2
in BK56682::pClone-acrIE9.2 was 3.7 times higher
(p<0.001) compared to the transfer in BK56682::pClone,
indicating that AcrlE9.2 also possesses an anti-CRISPR
effect (Fig. 6D).

To verify the functionality of the plasmid-borne
IV-A3 CRISPR-Cas system, we cloned two different
IV-A3 CRISPR-Cas arrays (both with spacers targeting
pKpQIL-03) into pClone (pClone-IVA3-1 and pClone-
IVA3-2) and transferred them to E. coli DH5a. Through
conjugation assays, we observed that the conjugation
frequencies of pKpQIL-03 transferred to DH5a::pClone-
IVA3-1 and DHb5a::pClone-IVA3-2 were approximately
900 times lower (p <0.001) than that of pKpQIL-03 trans-
ferred to DH5a with the control plasmid (Fig. 6E), indi-
cating the robust anti-plasmid function of the IV-A3
CRISPR-Cas system. Lastly, despite the detection of
AcrIF11 in our experiments, no significant anti-CRISPR
effects on the I-E and IV-A3 CRISPR-Cas systems were
observed (data not shown).

Discussion

C@G147 is a unique MDR clone that conservatively har-
bors (found in 99.7% of analyzed genomes) a chromo-
somal I-E CRISPR-Cas system. This type of CRISPR-Cas
system usually targets IncF plasmids [18], which are com-
mon AMR vectors in Enterobacteriales. In comparison
to the CG23 clone, which also possesses the I-E CRISPR-
Cas system and has few acquired AMR plasmids, CG147
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Fig. 6 A Conjugation frequencies of pKpQIL-03AacrlE9.2 and pKpQIL-03 AacrlE9.2 AlEtarget to BK56682. B Conjugation frequencies

of pKpQIL-03 AacrlE9.2 transferred to BK56682:pClone and BK56682:pClone-acrlE8.1. C Plasmid stabilities of pKpQIL-03 AacrlE9.2 in BK56682:pClone
and BK56682:pClone-acrlE8.1. D Conjugation frequencies of pKpQIL-03 AacrlE9.2 transferred to BK56682:pClone and BK56682:pClone-acrlE9.2.

E Conjugation frequencies of pKpQIL-03 AacrlE9.2 transferred to DH5a:pClone, DH5a:pClone-IVA3-1 (no transconjugant observed)

and DH5a:pClone-IVA3-2 (no transconjugant observed). TC transconjugants, R recipient strains. *p <0.05, **p < 0.01, **p < 0.001

uniquely evolved into a highly successful MDR clone that
harbors diverse AMR plasmids while retaining the I-E
CRISPR-Cas system. CG147 also differs from other suc-
cessful clones, such as CG258 and CG307, which lack the
chromosomally encoded I-E CRISPR-Cas system. Previ-
ous studies suggested that the absence of this immunity
mechanism contributes to epidemiological success of
CG258 [55]. Our results shed light on the intricate inter-
play between CRISPR-Cas, anti-CRISPR, and MGEs in
contributing to the success of CG147 (see Fig. 7).
Through the examination of the spacers within the I-E
CRISPR-Cas systems of CG147, we identified prevalent
spacers targeting a conserved region on IncF plasmids.
Experimental investigations into the functionality of the
I-E CRISPR-Cas system in CG147 confirmed its ability
to eliminate plasmids with protospacers (Fig. 6). Initially,
this finding appears to be contradictory to the MDR

feature of CG147. However, further analysis revealed a
significant proportion of IncF plasmids in CG147 strains
harboring self-targeting spacers, indicating potential
dysfunction or inhibition of I-E CRISPR-Cas system.
Subsequent mining of CG147 genomes unveiled that an
overwhelming 96.1% of strains with I-E self-targeting
spacers harbored at least one anti-type I-E CRISPR gene,
including acrlE8.1 [22] and acrIE9.2 [23]. In contrast,
the occurrence of anti-type I-E CRISPR proteins among
strains lacking I-E self-targeting spacers was considerably
lower. Moreover, our experimental verification demon-
strated the inhibitory effects of AcrIE8.1 and AcrIE9.2 on
the I-E CRISPR-Cas system. At the population level, our
analysis revealed a positive correlation between AcrIES8.1
and KPC-2, NDM, and CTX-M ESBL, while AcrIE9.2
exhibited a positive correlation with KPC. These findings
suggest that anti-type I-E CRISPR proteins, specifically
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lacking CRISPR-Cas protospacer remain unaffected and can persist within the bacterial host

AcrIE8.1 and AcrIE9.2, play a pivotal role in facilitating
the acquisition of IncF plasmids carrying AMR genes
into CG147 and overcoming the immunity effect of the
I-E CRISPR-Cas system. This mechanism contributes sig-
nificantly to the molecular epidemics of this globally suc-
cessful MDR clone.

We also detected a plasmid-borne IV-A3 CRISPR-Cas
system in 41.8% of the 1012 analyzed CG147 strains.
The IV-A3 CRISPR-Cas system has been predomi-
nantly found on IncHI1B/IncFIB plasmids and reported
to target the fra genes on IncF plasmids [56, 57]. I[V-A3

CRISPR-Cas system lacks the Cas3-like nuclease gene
[58], and a recent study revealed that this system acted
similar to the CRISPRi-like mechanism which tran-
scriptionally repress the target genes [59, 60]. It is worth
highlighting that instances of self-targeting by the IV-A3
CRISPR-Cas system have been documented in clinical
isolates, even in the absence of known anti-type IV-A3
CRISPR mechanisms [61]. In this study, our conjugation
experiment confirmed that the anti-plasmid function of
the IV-A3 CRISPR-Cas system in CG147 (Fig. 6). In addi-
tion, our investigation unveiled a positive correlation
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between the presence of the IV-A3 CRISPR-Cas system
and NDM, while revealing negative correlation with
KPC and CTX-M ESBL plasmids. The negative correla-
tion is likely attributable to the IV-A3 CRISPR-Cas sys-
tem’s targeting of tral on IncF type plasmids, which are
common carriers of KPC and CTX-M ESBL genes [62].
Conversely, the positive correlation may arise from the
co-existence of IV-A3 CRISPR-Cas system and NDM on
the same plasmid. We observed that a large proportion
of strains harboring the IV-A3 CRISPR-Cas system also
contained self-targeting spacers. Further gene expres-
sion analysis found no significant difference in IV-A3
CRISPR-Cas system activity between isolates with and
without self-targeting spacers (data not shown). One can
hypothesize that the high prevalence of IV-A3 self-tar-
geting spacers may be linked to its distinct CRISPR inter-
ference like function [59, 61]. Additionally, the presence
of unknown anti-type IV-A3 CRISPR protein or regula-
tor cannot be ruled out.

Our phylogenetic dating analysis revealed that the I-E
CRISPR-Cas system integrated into the chromosome of
CG147 strains around the 1960s. However, the emergence of
acquired antimicrobial resistance (AMR) genes or chromo-
somal alterations, such as QRDR mutations, took place in
the 1990s. This coincided with the increased clinical use of
third-generation cephalosporins, carbapenems, and fluoro-
quinolones since the 1980s [63, 64]. Given that CTX-M-15
and KPC genes are commonly located on IncF plasmids, the
CG147 strains exhibited a remarkable ability to adapt and
circumvent the directed immunity. To overcome the anti-
biotic pressure, they adopted a novel anti-type I-E CRISPR
mechanism through the horizontal acquisition of MGEs,
including phages and plasmids. These MGEs encoded acr
genes, allowing the strains to overcome the endogenous
anti-plasmid I-E CRISPR-Cas system. This adaptation ren-
dered the CG147 isolates resistant to cephalosporins and
carbapenems. Concurrently, CG147 strains developed an
additional MGE-mediated anti-plasmid IV-A3 CRISPR-Cas
system. This system, utilizing a mechanism distinct from the
I-E CRISPR-Cas system, provides strains additional biologi-
cal flexibility during interactions with AMR plasmids con-
taining protospacers, ultimately offering additional IncF
plasmid immunity. On the other side of this dynamic inter-
play, the AMR gene ingeniously integrated into the plasmids
harboring anti-CRISPR genes, exemplified by the blayp.-
harboring pKpQIL plasmids. pKpQIL descended from the
KPC-negative pKPN4-like plasmid through the integration
of the blayp-harboring transposon Tn4401 [65]. This find-
ing also contributes to our understanding of the molecular
basis underlying the success of this epidemic KPC vector.
Additionally, it is noteworthy that the Acrs (AcrIE8.1 and
AcrIE9.2) only provide a low level of anti-CRISPR efficiency.
Over time, our results indicate a gradual decrease in the
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prevalence of KPC-harboring IncF plasmids (Additional
file 2: Fig. S1).

It is plausible that other non-MGE encoding fea-
tures could contribute to the epidemiological success of
C@G147. In K. pneumoniae, capsular polysaccharide (CPS)
and lipopolysaccharide (LPS) are two main virulence and
antigen-encoding factors. Our investigation unveiled a
dynamic landscape characterized by multiple capsular
switches driven by recombination events within CG147
and leading to the emergence of major subclones. Nota-
bly, ST147-KL64-O2v1 stands out the most predominant
subclone in CG147, globally disseminated and sharing
KL similarities with ST11 [66], another globally success-
ful clone commonly found in China. Previous research
suggested that KL64 may have superior selection advan-
tage over KL47 in the ST11 background [66]. Our results
also showed the ST147-KL64 has remained the most
dominant subclone in CG147 since the 2000s, prompt-
ing the need for further studies to determine whether the
success of CG147 is linked to KL64 specially.

Conclusions

In summary, the success of CG147 as a MDR clone
appears to be driven by an intricate interplay between
CRISPR-Cas immunity, anti-CRISPR mechanisms,
MGEs, and adaptations to host—pathogen interactions.
While the chromosomally encoded I-E CRISPR-Cas
system in CG147 typically restricts plasmid acquisi-
tion, CG147 has circumvented this immunity through
the acquisition of anti-type I-E CRISPR genes (e.g.,
AcrIE8.1 and AcrlE9.2), allowing the strain to retain
diverse AMR plasmids. This contrasts with other
clones like CG258, where the absence of CRISPR-
Cas immunity may facilitate plasmid accumulation.
The plasmid-mediated IV-A3 CRISPR-Cas system
also contributes a unique layer of regulation, selec-
tively targeting IncF plasmids associated with specific
AMR genes while being counterbalanced by possi-
ble unknown anti-type IV or regulation mechanisms.
This unique dual CRISPR strategy, alongside plas-
mid and phage-borne anti-CRISPR genes, exemplifies
an evolved mechanism enabling CG147 to adapt to
increasing antibiotic pressures. The timing of CG147’s
AMR evolution aligns with shifts in clinical antibiotic
use, suggesting that environmental pressures drove the
selection of both CRISPR inhibition and AMR acqui-
sition. Additionally, capsular switching events within
CG147, particularly the dominance of the ST147-
KL64-0O2v1 subclone, underscore the significance of
recombination in generating epidemiologically suc-
cessful lineages. The association of CG147 with vir-
ulence-related features, such as specific capsule and
yersiniabactin loci, highlights the contributions of both
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genetic adaptability and immunity-related mechanisms
to CG147’s success as a global MDR pathogen. Our
study offers valuable insights into the genomic epide-
miology and resistance mechanisms that have driven
the widespread dissemination of the CG147 clone.

Abbreviations

CG Clonal group

ST Sequence type

CRISPR  Clustered regularly interspaced short palindromic repeats
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