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Abstract

Klebsiella variicola (K. variicola) is an emerging human pathogen, which poses a threat to public health. The horizontal

gene transfer (HGT) of plasmids is an important driver for the emergence of multiple antibiotic-resistant K. variicola. The

clustered regularly interspersed short palindromic repeats coupled with the CRISPR-associated genes (CRISPR/Cas) constitute

an adaptive immune system in bacteria, which provide acquired immunity against HGT. However, the information about

CRISPR/Cas system in K. variicola is still limited. In this study, a total of 487 genomes from NCBI database were used

to analyze the characterization of CRISPR/Cas systems. 105 of the 487 genomes harbored at least one confirmed CRISPR

array. Three types of CRISPR/Cas system, including types I-E, I-E*, and IV-A systems, were identified among 105 strains.

The distribution of type I system was strongly associated with MLST, whereas type IV system was randomly distributed.

Approximately one-third of spacer origins were homologous with plasmids or phages, indicating the role of CRISPR/Cas

systems in controlling HGT. Moreover, spacers in K. variicola tended to target mobile genetic elements (MGEs) from Klebsiella

pneumoniae, which provides new evidence for their interaction during evolution. Collectively, our results provide valuable

insights into the role of CRISPR/Cas systems in K. variicola.
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Abbreviations:

K. variicola : Klebsiella variicola

K. pneumoniae :

Klebsiella pneumoniae

MDR: multidrug-resistant

HGT: horizontal gene transfer

ARGs: antibiotic resistance genes

CRISPR: Clustered regularly interspersed short Palindromic repeats

Cas: CRISPR-associated

MGEs: mobile genetic elements

DRs: direct repeats

pre-crRNA: precursor CRISPR RNA

crRNA: CRISPR RNA

MFE: minimum free energy

KW: the non-parametric Kruskal-Wallis

PAM: protospacer adjacent motif

MLST: multiple locus sequence typing

STs: sequence types

Abstract

Klebsiella variicola (K. variicola ) is an emerging human pathogen, which poses a threat to public health. The
horizontal gene transfer (HGT) of plasmids is an important driver for the emergence of multiple antibiotic-
resistant K. variicola . The clustered regularly interspersed short palindromic repeats coupled with the
CRISPR-associated genes (CRISPR/Cas) constitute an adaptive immune system in bacteria, which provide
acquired immunity against HGT. However, the information about CRISPR/Cas system in K. variicolais still
limited. In this study, a total of 487 genomes from NCBI database were used to analyze the characterization
of CRISPR/Cas systems. 105 of the 487 genomes harbored at least one confirmed CRISPR array. Three
types of CRISPR/Cas system, including types I-E, I-E*, and IV-A systems, were identified among 105
strains. The distribution of type I system was strongly associated with MLST, whereas type IV system was
randomly distributed. Approximately one-third of spacer origins were homologous with plasmids or phages,
indicating the role of CRISPR/Cas systems in controlling HGT. Moreover, spacers in K. variicolatended to
target mobile genetic elements (MGEs) from Klebsiella pneumoniae , which provides new evidence for their
interaction during evolution. Collectively, our results provide valuable insights into the role of CRISPR/Cas
systems in K. variicola .

1 | Introduction

Klebsiella variicola ( K. variicola), a Gram-negative and facultative anaerobic bacillus, belongs to
theKlebsiella genus of the Enterobacteriaceae family [1]. Such bacteria have been found in human, ani-
mals, insects, plants, and environments [2-4]. K. variicola infections can cause a series of human diseases,
such as bloodstream infections, respiratory tract infections, and neonatal sepsis [5-7]. Moreover, bloodstream
infections due to K. variicola harbored a higher 30-day mortality rate than its notorious relative,Klebsiella
pneumoniae (K. pneumoniae ) [8]. Notably, most cases caused by K. variicola infections were often misiden-
tified as being infected withK. pneumoniae because of their high similarities in biochemical and phenotypic
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features, which leads to the underestimation of the real prevalence of K. variicola infections in clinical prac-
tice [9]. Additionally, K. variicola could cause bovine mastitis and affect the milk production and quality
[10]. With the misuse and abuse of antibiotics in clinical and agriculture environments, the last few years has
witnessed the rapid increase of multidrug-resistant (MDR) K. variicola strains [11-13]. Accumulating evi-
dence has reported that MDR K. variicola strains were detected in several countries, such as USA, Australia,
Tanzania, Germany and China [3, 14]. Horizontal gene transfer (HGT) is deemed as the main mechanism
for the transmission of antibiotic resistance genes (ARGs), in which plasmid serves a vector role. It has
been documented that K. variicola harbored an open genome and shared similar plasmid types with other
members of theKlebsiella genus, especially K. pneumoniae, thereby indicating frequent plasmid-mediated
HGT among these species [1, 15]. In particular, ARGs-related IncFIBk, IncFIIk and IncFII replicons were
often shared betweenK. variicola and K. pneumoniae [16, 17].

The clustered regularly interspersed short palindromic repeats (CRISPR) and CRISPR-associated genes con-
stitute an RNA-guided adaptive immunity system (CRISPR/Cas system), which protects bacteria against
HGT of mobile genetic elements (MGEs), such as plasmids and phages [18]. CRISPR/Cas system is com-
posed of three main parts: i) CRISPR loci that consist of several non-contiguous direct repeats (DRs)
separated by stretches of variable sequences called as spacers; ii) a group of cas genes essential for adaptive
immunity; iii) the leader sequence that acts as the promoter [19]. Generally, the CRISPR/Cas system oper-
ates in three stages: adaptation, expression, and interference [20]. During adaptation, a fragment of foreign
DNA is captured and integrated into CRISPR array in an ordinal manner, thus forming a new R-S unit.
Subsequently, the R-S unit is transcribed into precursor CRISPR RNA (pre-crRNA), which is then processed
to produce a mature CRISPR RNA (crRNA). Upon subsequent infection, the crRNA targets and recognizes
complementary DNA sequence to degrade exogenous genes with the guide of Cas protein. According to
the content of cas genes, two classes, six types, and over 45 subtypes of CRISPR/Cas systems have been
identified [21]. Class I CRISPR/Cas systems (type I, III, and IV) rely on heteromeric multi-protein effector
complexes, whereas class 2 systems (type II, V, and VI) depend on single multi-domain effector proteins, such
as Cas9, Cpf1, and C2c2 [22]. In addition to the adaptive immunity, CRISPR/Cas system performs several
other biological roles, including regulating gene expression, and participating in DNA repair and genomic
evolution [23-25]. Several studies have explored the diversity of CRISPR/Cas systems in multiple species,
including Bifidobacterium[26], Escherichia coli [27], and even the relatives toK. variicola, K. pneumoniae
[28]. It has been demonstrated that K. pneumoniae mainly carried type I-E, I-E* and IV-A CRISPR/Cas
systems, which played different roles in the dissemination of antibiotic resistance in K. pneumoniae [29].
AlthoughK. variicola is becoming another species of concern afterK. pneumoniae in Klebsiella genus due to
its ability to acquire and spread ARGs, little is known about the role of CRISPR/Cas system in this species.

Here, we employed a genome mining approach to analyze the characterization of the CRISPR/Cas system in
K. variicolastrains, explore the association between CRISPR evolution and MLST (multiple locus sequence
typing), and discussed the potential role of CRISPR/Cas system in ARGs spread.

2 | Methods

2.1 | Data collection

As of September 2021, all K. variicola genomes publicly available were retrieved from NCBI (National Center
for Biotechnology Information) database (http://ftp.ncbi.nlm.nih.gov/genomes/all ). A total of 487 available
genomes of K. variicola were analyzed, including 56 complete and 431 draft genomes (Table S1).

2.2 | CRISPR/Cas identification

Based on the feature of repeat sequences within one single CRISPR locus, CRISPRCasFinder web server
(https://crispr.i2bc.paris-saclay.fr/Server/ ) divided CRISPR loci into ”confirmed” and ”questionable”
CRISPR. In all strains containing confirmed CRISPR loci, 10000 bp upstream and downstream of the
loci were extracted. These sequences were then uploaded to the CRISPRCasFinder web server to determine
the presence and content of cas genes. The subtypes of all CRISPR/Cas system were determined by the
CRISPRCas typer server (https://typer.crispr.dk/#/submit ) with default parameters [30]. Type I-E and
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type I-E* systems were classified based on the content of cas genes, as previously described [31].

2.3 | Repeat structure prediction

The characteristic of repeat sequences was identified by Weblogo (https://weblogo.berkeley.edu/logo.cgi ) web
server. The RNA secondary structures of the repeat sequences were predicted by the RNA fold Web server.
Meanwhile, the minimum free energy (MFE) was calculated.

2.4 |MLST and phylogenetic analyses

In silico analysis of MLST was performed by MLST 2.0 available on the CGE website us-
ing the seven housekeeping genes (i.e., leuS, pgi, pgk, phoE, pyrG, rpoB, and fusA ) as queries
(https://cge.cbs.dtu.dk/services/MLST/ ) [32]. Phylogenetic tree was constructed by Mega v7.0 using
neighbor-joining method. Multiple sequence alignment was completed by MUSCLE v3.8.31 [33]. The visu-
alization of the phylogenetic tree was implemented using iTOL v6 (https://itol.embl.de ).

2.5 | Spacer analysis, protospacer target identification andprotospacer adjacent motif ( PAM)
determination

The putative origin of CRISPR spacers was acquired by the CRISPRtarget web server
(http://crispr.otago.ac.nz/CRISPRTarget/crispr analysis.html ). The 8bp nucleotide sequences
from upstream of the predicted protospacers were extract to predict PAM using Weblogo
(https://weblogo.berkeley.edu/logo.cgi ) web server. The hierarchical clustering analysis of spacers
was performed by the “seaborn” module in python script. The network of K. variicolaspacers and MGEs
from other species were visualized in Gephi with the layout generated by a combination of Fruchterman
Reingold and Noverlap algorithms (https://github.com/gephi/gephi ). Each pair of species was connected
by at least one spacer-protospacer match.

2.6 | Statistical analysis

Statistical analyses were conducted using SPSS 21.0. The non-parametric Kruskal-Wallis (KW) test was
used to compare spacer numbers in three types of CRISPR/Cas systems. p [?] 0.05 was considered to be
statistically significant.

3 | Results

3.1 | Occurrence and diversity of CRISPR/Cas systems inK. variicola

The 487 genomes of K. variicola strains from the NCBI database were analyzed the occurrence and diversity
of CRISPR/Cas system. Based on CRISPRCasFinder search results, 21.56% of K. variicolastrains (105/487)
harbored CRISPR/Cas systems, which was lower than the estimated occurrence rate of other bacteria (45%)
[34]. Based on signature Cas proteins and repeat sequence, three different types of CRISPR/Cas systems
(i.e., type I-E, I-E* and IV-A) were identified, which were located on the chromosome or the plasmids. The
type I system was the most prevalent CRISPR/Cas system in K. variicola . Specifically, 72 type I-E, 10
type I-E* and 29 IV-A systems were identified among 105 strains (Figure 1A). As shown in Table S2, most
strains (94.29%, 99/105) only had one type of CRISPR/Cas system, but 6 strains were found to contain
two different types of systems. Type I-E and IV-A systems coexisted in five strains (strain HUMB 14438,
K5-12018, 7041, CRE843, and TUM14103), and type I-E* and IV-A system coexisted in strain AS012291.
Furthermore, most of CRISPR/Cas systems (91.89%, 102/111) harbored a series of intact cas gene clusters,
but the partial absence of cas genes were observed in 9 type I-E CRISPR/Cas systems. As described in
Figure S1, 6 strains were absent ofcas2 , 2 strains were absent of cas3 , and 1 strain was absent of both cas2
and cas3 . Interestingly, we observed that the order of type I-E cas genes was slightly different from that
of type I-E* cas genes. Regarding the type IV-A, csf1, cas6, csf4, csf3 and csf2 genes were encoded by the
strains (Figure 1B).

3.2 | Analysis of CRISPR repeat-spacer arrays
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The CRISPR array was composed of discontinuous DR sequences and intervening spacer sequences. As
presented in Figure 2A, the size and base arrangement of the repeat sequence were relatively conserved
within CRISPR types. The length of the repeat sequences was 29 nucleotides for type I-E and IV-A systems,
28 nucleotides for I-E* system, respectively (Figure 2D). In addition, the prediction results of RNA secondary
structure showed that all types of repeats formed stable ’stem-loops’ structures in the middle (Figure 2C).
According to the predictions, the RNA secondary structure included 9, 7, and 6 bp stem lengths for types
I-E, I-E*, and IV-A, respectively (Figure 2C). Based on the structure diagram and MFE value, the secondary
structures of repeat sequences can be analyzed for conservation and stability. A small MFE value indicated
high structural stability, the length of stem was proportional to structural stability. As shown in Figure 2C,
the secondary structure of type I-E repeat sequence had the least MFE values and the longest stem colored
in red, suggesting that the secondary structure of the type I-E repeat was the most stable.

Spacer sequences are captured into CRISPR array with the aid of Cas proteins. Spacer number reflects
the activity of CRISPR/Cas system. As seen in Figure 2E, the number of the spacers was diverse. Among
105 strains carrying CRISPR/Cas system, strain WUSM KV 47 had the largest number of spacers (41 type
I-E spacers). The smallest spacer number was identified in strain EuSCAPE TR218 (3 type IV-A spacers).
Moreover, type I-E system (26.5, 17-37) had more spacers than type I-E* (13, 8.5-15; p < 0.001) and type
IV-A (16, 13-20; p < 0.001). However, there was no significant difference in spacer numbers between type
I-E* and type IV-A systems (13, 8.5-15 vs 16, 13-20; p = 0.128).

PAM plays an important role in the acquisition of spacer sequences. As shown in Figure 2B, PAM sequences
for type I-E system, I-E* system was inferred to be 5’-AAG-3’ and 5’-(C) GAA-3’, respectively. Considering
that PAM was essential elements for Cas protein to recognize and degrading foreign DNA, diverse PAM
represented different Cas protein variants. The difference of PAM in type I-E and I-E* system further
supported the evolutionary and functional divergence. Notably, PAM predicted for type IV-A system (5’-
AAG-3’) was identical to that predicted for type I-E.

3.3 | Relationship between CRISPR distribution and MLST

Based on MLST results, 243 different sequence types (STs) were identified in 427 K. variicola strains, but
60 strains were not assigned to a defined ST due to the limited information in PubMLST database. The
most prevalent ST was ST20 (18/427, 4.22%), followed by ST60 (14/427, 3.28%) and ST10 (11/427, 2.58%).
Further analysis found that the distributions of type I-E and type I-E* systems were strong associated with
MLST, but type IV-A system was scattered throughout the whole genetic lineage (Figure 3). For example,
once one strain within one ST harbor type I-E or I-E* system, all strains within the same ST were type
I-E-positive (e.g., ST20, ST92, ST108, ST137) or I-E*-positive (e.g., ST188). However, this phenomenon
was not found in strains containing type IV-A system.

To further clarify the relationship between CRISPR evolution and MLST, a hierarchical clustering analysis
was performed based on the presence of spacers. Likewise, there was a strong association between the spacer
contents of type I system and MLST (Figure 4A and 4B). For example, all ST20 strains harbored relatively
conserved type I-E spacer contents. Likewise, type I-E* spacers also showed obvious aggregation (e.g.,
ST188). Differently, type IV-A spacer contents were random across MLST. As shown in Figure 4C, type IV-
A spacers compositions of ST271, ST115, and ST148 were highly similar though they were phylogenetically
unrelated.

3.4 | Analysis of spacer sequences and homology to foreign DNA

Spacers are the products of exogenous genetic elements, which records the encounters of host with invading
DNA. There was a total of 536 type I-E, 168 I-E*, and 128 IV-A spacers present in 111 CRISPR/Cas
systems. The homology search revealed that more than one-third of the spacers (39.30%, 327/832) were
homologous to plasmids or phages. Specially, 173 type I-E spacers (32.28%, 173/536), 59 type I-E* spacers
(35.12%, 59/168), and 95 type IV-A spacers (74.22%, 95/128) were homologous to plasmids or phages
(Figure 5A). There were cases where one spacer sequence targeted both the plasmid and the phage. Besides,
we observed that type I-E and IV-A systems displayed a target bias towards plasmids, whereas type I-E*

5



P
os

te
d

on
29

M
ar

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
68

01
06

50
.0

83
34

99
3/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

systems exhibited preference for phage targets (Figure 5A).

Through BLASTp analyses against the NCBI database, the function of proteins targeted by spacers was
further investigated. If the hypothetical proteins, unknown and non-coding regions were not considered,
conjugation transfer proteins were the most commonly targeted, such as TrbI, TrbD, and TrbH (Figure
5B). Notably, spacers from K. variicola targeted MGEs from multiple species, includingK. pnenumoniae ,
Escherichia coli, Salmonella enterica, and other species (Figure 6 and Table S6-S8). Moreover, 103 strains
have at least one spacer targeted MGEs from K. pneumoniae .

4 | Discussion

K. variicola is an emerging human pathogen with increasing antimicrobial resistance and virulence, which
poses a threat to public health [1]. CRISPR/Cas system is an acquired immunity system, the most abundant
form of innate immunity in prokaryotes. However, the diversity and characterization about CRISPR/Cas
system in K. variicola is not well known. Similar to K. pneumoniae [28],K. variicola strains harbored three
types of CRISPR/Cas systems, including type I-E, type I-E*, and type IV-A. Indeed, K. variicola was a
member of theK. pneumoniae complex, which phylogenetically related to K. pneumoniae [6, 16, 35]. The
consistency of CRISPR types provides new evidence for their evolutionary relationship.

Multiple types of CRISPR/Cas systems coexisted in the same strain inK. variicola . The coexistence of
type I-E and IV-A system was found in five strains, and type I-E* and IV-A system coexisted in one strain.
An explanation for this phenomenon was that the coexistence of different types of CRISPR/Cas systems
contribute to exploiting mutual cas genes to perform corresponding functions [36]. In this study, all type
IV-A systems lacked cas1 and cas2 genes. cas1 and cas2 genes are indispensable in the acquisition of spacers
during adaptation stage [37]. It could be speculated that type IV-A system can utilizecas genes from type I
system to perform adaptation roles. Meanwhile, we also noted that the PAM sequences of type I-E and type
IV-A systems were identical, which further affirms their functional relationships. Additionally, it has been
demonstrated that the synergy between coexisting subtypes was more conducive to avoiding immune evasion
of MGEs [38, 39]. One study has found that type III CRISPR/Cas systems could provide redundancy to
overcome phage escape from type I systems [38]. Accordingly, the coexistence of type I and type IV-A
system in K. variicola reinforces the immune defenses against MGEs. In addition, the absence of cas2 and
cas3 were found in type I-E CRISPR/Cas system. During CRISPR adaptation, the Cas2 dimer functions as
an adaptor protein and forms a binding surface for the protospacer DNA combined with two Cas1 dimers
[40]. Thecas3 harbors both nuclease and helicase activities, which is responsible for cutting and degrading
invading DNA [41]. The different degree absence of cas2 and cas3 genes in type I-E system may represent
a degenerated adaptation immunity role.

MLST has been applied to infer the phylogenetic relationship of strains [42]. Here, we observed the strong as-
sociation between the distribution of chromosome-encoded type I CRISPR systems and MLST inK. variicola
, which was also found in K. pneumoniae[43]. Nevertheless, plasmid-borne type IV-A systems in K. variicola
were randomly distributed across MLST. This phenomenon could be attributed to the stable inheritance
of chromosome-encoded CRISPR systems to the offspring and the HGT of CRISPR/Cas system mediated
by plasmid. Moreover, it has been demonstrated that the scarcity of chromosome-encoded type I systems
contributes to the global expansion of multidrug-resistant ST11 and ST258 clones in K. pneumoniae [44].
It can be speculated that the uneven distribution of CRISPR systems may be a contributor to the accumu-
lation of ARGs in specific lineages of K. variicola . It has been reported that CRISPR-positive plasmids
were rich in ARGs inKlebsiella genus [29]. The adaptive immune function carried by CRISPR might confer
drug-resistant plasmids more competitive advantage in survival.

Although different CRISPR loci contain diverse repeat sequences, the base composition and arrangement of
repeat sequence are conserved in the same CRISPR/Cas types [45]. We also noticed that the repeat sequences
showed conservation within the same subtypes in K. variicola . However, there were a small number of base
differences in the repeat sequences of the same CRISPR/Cas system. Although the repeat sequences were
diverse during evolution, the function was conserved. The repeat sequences could be transcribed during
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expression stage, thereby forming a stable RNA secondary structure [45, 46]. In this study, all types of
repeat sequence formed relatively stable secondary structure. In secondary structures, conserved motifs
interact to generate “stem-loop” that act as processing points for pre-crRNA through the cas6 endonuclease
[45-47]. According to MFE value theory, stems with higher GC content and larger match base numbers tend
to harbor lower MFE, suggesting more stable secondary structure. Here, the MFE of the type I-E repeat
sequence was the smallest, representing the most stable RNA secondary structure.

The adaptation activity of CRISPR/Cas system can be measured by the number of the spacer [22]. The
number of the spacers in K. variicola was diverse for different CRISPR/Cas types, ranging from 3 to 41
spacers, which indicated their different abilities to obtain spacers. Type I-E system contained the most
spacers, thereby demonstrating its strong adaptation ability. The protospacer sequence was the specific
sequence on the foreign gene that was consistent with spacers [48, 49]. About one-third of spacers in K.
variicola were homologous to plasmids or phages. The proportion of K. variicola spacers targeting foreign
genetic elements was significantly higher than other bacteria, such as Staphylococcus [50] and Clostridium
perfringens [51]. It might be owing to that the sequencing ofK. variicola -related MGEs was overrepresented
in the current databases. In this study, type I-E spacers showed homology with plasmids more than phages.
Previous studies have shown that type I-E CRISPR/Cas systems in K. pneumoniae affected the dissemination
of IncF antibiotic-resistant plasmids [44, 52]. Considering the evolution relationship between K. variicola and
K. pneumoniae , it is possible that type I-E systems in K. variicola play a similar role in limiting the uptake
and survival of antibiotic-resistant plasmids. Different from type I-E system, type I-E* system biasedly
targeted phages, suggesting their different responsiveness to diverse MGEs. Uniquely, plasmid-borne type
IV-A spacers target plasmids more effectively than phages. Moreover, the target preference for plasmids
in type IV-A system was more obvious than chromosome-encoded type I system (type I-E and I-E*). The
strong association between type IV-A system and plasmids can be attributed to the fierce battle between
similar entities competing for overlapping niches and resources [53-55].

The spacer sequence reflects the history of interaction between bacteria and MGEs [56]. We observed that
K. variicola spacers prefer to target MGEs from K. pneumoniae, which suggested that K. varricolla were
frequently challenged by K. penumoniae MGEs. Previous study has shown that K. variicola displayed similar
biological features to K. pneumoniae [57]. The strong interaction between K. varricola and K. pneumoniae
that are implied by spacer target events provides new evidence for their evolutionary affinity. In addition,
we analyzed the genes-targeted characteristics. The diversity of coding products indicated the wide range
of spacer sources and the diversity of CRISPR functions [58]. Conjugative transfer-related proteins were
the most frequently targeted proteins, such as TrbI, TrbD, and TrbH. These Trb proteins were required
for pilus extension and conjugal DNA transfer, which were relatively active [59-61]. Conjugative transfer
was the main mechanism in the spread of ARGs in which conjugative transfer proteins played an important
role in mediating plasmid DNA exchange [62]. In our study, we observed that 15.15% (35/231) spacers
targeted conjugative transfer proteins, which further highlight the important role of CRISPR/Cas system
in influencing the dissemination of antibiotic resistance. In addition, conserved genes encoding phage tail
protein, methyltransferase, kinase, terminase were also frequently targeted by CRISPR spacers. These direct
targets to conserved gene regions is beneficial for improving the defense efficiency of CRISPR systems and
avoiding immunity escape of MGEs.

In conclusion, our results discovers that K. variicola harbors diverse and complex CRISPR/Cas systems,
including three types. The distribution of chromosome-encoded type I CRISPR/Cas system is associated
with MLST whereas plasmid-encoded IV-A system is randomly distributed across MLST. Spacer homology
analysis reveal that CRISPR/Cas systems targeted diverse MGEs, especially conjugative transfer-related
proteins related to antibiotic-resistant plasmids, thereby suggesting the critical role of CRISPR/Cas system
in control ARG spread in K. variicola . Overall, this study provides new insights into the evolution of
CRISPR/Cas systems in this specie.
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Figure Legend

Figure 1 CRISPR/Cas systems in K. variicola . (A) The pie chart shows the proportion of 105 strains
with and without CRISPR/Cas systems. The stacking plot represents the number of each CRISPR/Cas
subtype. (B) Schematic diagram of each CRISPR/Cas subtype. Different colors are used to represent the
CRISPR/Cas system and its gene neighbor. The K. variicola type I-E system is located between thecysH
and iap genes, and the cas genes are shown in blue. The type I-E* system is located on the downstream
of the ABC transporter system, and the cas genes are shown in green. The type IV-A system is adjacent
to the umuD and umuC , and thecas genes are shown in orange. The repeats and spacers of CRISPR are
represented by white diamonds and black rectangles, respectively. All genes are drawn to scale.

Figure 2 (A) Visualization and alignment of nucleotides of repeat sequences in each CRISPR/Cas subtype.
(B) PAM prediction of each CRISPR/Cas subtype. (C) Secondary structure prediction and MFE value of
each CRISPR/Cas subtype. Nucleotide bases are colored by base-pair probability. (D) The repeat length of
three types of CRISPR/Cas system. (E) The number of three types of CRISPR/Cas system. The box plot
represents the number of spacers detected in each subtype. *: p< 0.05, **: p < 0.01, ***: p< 0.001, ns:
non-significance.

Figure 3 Phylogenetic tree based on MLST. From inside to outside, the colored rings indicate the type I-E,
type I-E*, type IV-A CRISPR/Cas systems, respectively. The short band indicates that thecas genes in the
system is incomplete, and the long band indicates that the CRISPR/Cas system is complete.

Figure 4 Hierarchical clustering analysis of spacer arrangements in type I-E (A), type I-E* (B), type IV-A
systems (C). The various colors correspond to different STs, and the STs are marked on the left. The blue
and gray squares denote the presence and absence of spacers, respectively.

Figure 5 (A) Comparison of detected spacer-protospacer matches for type I-E, type I-E*, and type IV-A
systems. (B) Spacers target specific exogenous genes. Nearly one-quarter of K. variicolaspacers have a
match to genes with informative annotations, and the proportion of gene matching is presented.

Figure 6 The network ofK. variicola and MGEs from other species based on protospacer-spacer matches in
type I-E (A), type I-E* (B), type IV-A (C) systems. Nodes indicate individual spacers and edges represent
CRISPR spacer targeting based on spacer-protospacer matches.

Figure S1 Comparison of cas genes between K. variicola strain WCHKP19 and 9 K. variicola strains. The
genes (cas3, cse1, cse2, cas7 , and cas5 ) responsible for the interference are shown in blue. The gene (cas6
) involve in expression is highlighted in red. The adaptation genes (cas1 andcas2 ) are depicted in orange.
The repeats and spacers are represented by white diamonds and black rectangles, respectively. All genes are
drawn to scale.
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