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ABSTRACT

Background. Klebsiella pneumoniae belongs to a group of opportunistic bacteria 
that can form multiple resistance to  antibiotics and transmit it to  various types 
of bacteria through horizontal gene transfer. These studies examine the structural 
and functional diversity of CRISPR/Cas systems that protect bacteria from foreign 
DNA. Their analysis using the  example of  antibiotic-resistant strains of  Klebsiella 
pneumoniae will demonstrate their resistance to  certain bacteriophages, which 
will make it possible to develop approaches to the treatment of complex infectious 
diseases caused by these microorganisms by creating targeted phage therapy.
The aim of the study. To perform a bioinformatics analysis of the identified struc-
tural components of  CRISPR/Cas systems for  screening bacteriophages through 
CRISPR cassette spacers using the example of antibiotic-resistant strains of Klebsiella 
pneumoniae.
Materials and methods. The article analyzed 29 full-genome sequences of Kleb-
siella pneumoniae, in the genome of which the structures of CRISPR/Cas systems 
and  antibiotic resistance genes were determined (according to  NCBI). To  achieve 
this  goal, using software modeling methods, a  search was made for  Cas genes 
and CRISPR cassettes, and their structural and functional characteristics were given.
Results. Using bioinformatic search algorithms in  the  genome of  antibiotic-
resistant strains, functionally active CRISPR/Cas systems with the presence of one 
or two CRISPR cassettes and belonging to Type I Subtype IE were identified. Groups 
of resistant strains with identical spacer composition of CRISPR cassettes have been 
identified. A phylogenetic analysis was carried out confirming their common origin. 
By  analyzing the  spacer sequences of  CRISPR cassettes, the  spectrum of  diversity 
of phages of bacteria of the genus Klebsiella, Salmonella, belonging to the same 
family Enterobacteriaceae, was determined. Thus, information was obtained about 
the bacteriophages that are targeted by the action of CRISPR systems of Klebsiella 
pneumoniae strains that have antibiotic resistance.
Conclusions. Analysis of the functional and structural features of the CRISPR/Cas 
systems of antibiotic resistant Klebsiella pneumoniae strains made it possible to ob-
tain information about their evolutionary history and about the  bacteriophages 
against which their action is directed, that is, about their phage resistance. The ap-
proach used in this study may serve as the basis for  the creation of personalized 
phage therapy.
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РЕЗЮМЕ

Обоснование. Klebsiella pneumoniae относится к группе бактерий-оппор-
тунистов, обладающих способностью формировать множественную анти-
биотикорезистентность и передавать её разным видам бактерий путём 
горизонтального переноса генов. Данные исследования посвящены изучению 
структурного и функционального разнообразия CRISPR/Cas-систем, защи-
щающих бактерии от инородной ДНК. Их анализ на примере антибио-
тикорезистентных штаммов Klebsiella pneumoniae продемонстрирует 
их устойчивость к определённым бактериофагам, что позволит разрабо-
тать подходы в лечении сложных инфекционных заболеваний, вызванных 
данными микроорганизмами, путём создания таргетной фаговой терапии.
Цель исследований. Выполнить биоинформатический анализ выявлен-
ных структурных компонентов CRISPR/Cas-систем для скрининга отбора 
бактериофагов через спейсеры CRISPR-кассет на примере антибиотикоре-
зистентных штаммов Klebsiella pneumoniae.
Материалы и методы. В статье проанализированы 29 полногеномных 
последовательностей Klebsiella pneumoniae, в геноме которых были опреде-
лены структуры CRISPR/Cas-систем и гены антибиотикорезистентности 
(по данным NCBI). Для решения поставленной цели с помощью программных 
методов моделирования произведён поиск Сas-генов и CRISPR-кассет, дана 
их структурная и функциональная характеристики.
Результаты. При помощи биоинформационных алгоритмов поиска 
в геноме антибиотикорезистентных штаммов были определены функци-
онально активные CRISPR/Cas-системы с наличием одной или двух CRISPR-
кассет и относящиеся к Type I Subtype IЕ. Определены группы резистентных 
штаммов, обладающие идентичным спейсерным составом CRISPR-кассет. 
Проведён филогенетический анализ, подтверждающий их единое проис-
хождение. Путём анализа спейсерных последовательностей CRISPR-кассет 
определён спектр разнообразия фагов бактерий рода Klebsiella, Salmonella, 
относящихся к  одному семейству Enterobacteriaceae. Таким образом, 
была  получена информация о  бактериофагах, на которые нацелено дей-
ствие CRISPR-систем штаммов Klebsiella pneumoniae, обладающих анти-
биотикорезистентностью.
Заключение. Анализ функциональных и структурных особенностей 
CRISPR/ Cas-систем антибиотикорезистентных штаммов Klebsiella 
pneumoniae позволил получить информацию об их эволюционной истории 
и о бактериофагах, против которых направлено их действие, то  есть 
об их фагоустойчивости. Использованный в данный исследованиях подход 
в дальнейшем может послужить основой для создания персонифицирован-
ной фаготерапии.

Ключевые слова: Klebsiella pneumoniae, антибиотикорезистентность, 
CRISPR/Cas-система, спейсер, протоспейсер, бактериофаг, биоинформатика
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INTRODUCTION

Antibiotics are one of mankind’s greatest achievements. 
With their invention, previously fatal diseases became 
curable. Nevertheless, the  formation of  microorganism 
resistance to antibacterial drugs is one of the most serious 
problems of the health care system today [1]. The prevalence 
of  antibiotic-resistant strains is  increasing worldwide 
[2–6]. Infectious diseases caused by  these pathogens 
are characterized by a longer course, adherence to numerous 
complications, increased disability and  mortality [7–
9]. As  a  result, the  economic costs associated with 
the increase in the duration and cost of treatment of patients 
in hospital significantly increased [10, 11]. In February 2017, 
the  World Health Organisation (WHO) published a  list 
of  bacterial pathogens that require new treatment 
approaches as a consequence of their high virulence and 
antibiotic resistance. Klebsiella pneumoniae belongs to this 
group. It  is a  Gram-negative opportunistic pathogen 
causing various infectious diseases including urinary 
tract infections, bacteremia, pneumonia and abscesses 
[12, 13]. The worldwide spread of Klebsiella pneumoniae 
clones producing extended-spectrum beta-lactamases 
(ESBL) and Klebsiella pneumoniae carbapenemase (KPCs) 
has become a serious threat to healthcare facilities, as they 
are a major cause of life-threatening nosocomial infections 
[14]. The  widespread prevalence of  strains with multiple 
antibiotic resistance necessitates the search for alternative 
methods to  combat them. WHO has initiated numerous 
campaigns to combat antibiotic resistance. Epidemiologic 
surveillance of  microbial resistance to  antimicrobial 
agents has been launched [1]. New approaches are being 
created in the treatment of infectious diseases that reduce 
or completely replace the use of antibiotics [15]. Against 
this background, there is a  renewed interest in  the  use 
of bacteriophages for the treatment of diseases of bacterial 
origin in medical practice. One of the real tools of effective 
control is  the  recently discovered CRISPR/Cas system 
in  bacteria, which protects bacteria from alien mobile 
genetic elements. Bacteria are  capable of  acquiring and 
integrating genetic elements into their own genome [16]. 
In this manner, they preserve the genetic record of previous 
attacks by  foreign nucleic acids in  CRISPR arrays. These 
arrays consist of short and conserved repetitive sequences 
called repeats, which are strategically placed between 
unique sequences called spacers. They are being integrated 
by  specialised Cas proteins into the  CRISPR array during 
infections by  nucleic acid invasion [17–20]. Adaptive 
immunity of prokaryotes against foreign genetic elements 
is achieved through the  formation of effector complexes 
of  RNA-oriented endonucleases, which  have the  ability 
to  detect and incise foreign DNA previously integrated 
into the  CRISPR array upon secondary infection [17, 21]. 
Thus, the  study of  the  peculiarities of  the  structure and 
functioning of CRISPR/Cas systems of Klebsiella pneumoniae 
strains with antibiotic resistance will provide an opportunity 
to work out approaches for the development of targeted 
phage therapy in  the  treatment of  complex infectious 
diseases.

THE AIM OF THE STUDY

Perform bioinformatics analysis of  the  identified 
structural components of CRISPR/Cas systems for screen-
ing bacteriophages through CRISPR cassette spacers us-
ing antibiotic-resistant Klebsiella pneumoniae strains 
as an exam ple.

MATERIALS AND METHODS

The study was performed at the Laboratory of Molec-
ular Virology and Biotechnology of the Research Institute 
of Biomedical Technologies of Irkutsk State Medical Univer-
sity. The system design of the conducted research is pre-
sented in Figure 1.

In these studies, 50 full-genome sequences of Klebsiel-
la pneumoniae were randomly identified in  the  genome 
of which CRISPR/Cas systems were revealed by a bioinfor-
matic method. The object of the study was 29 out of 50 full 
genome sequences of Klebsiella pneumoniae, download-
ed from GenBank database, in the genome of which anti-
biotic resistance genes were revealed (according to NCBI 
(National Center for Biotechnology Information)). To ad-
dress this goal, the developed bioinformatics software al-
gorithm was used to search for CaS genes and CRISPR cas-
settes, and  their structural and functional characteristics 
were obtained.

Software modeling methods were used to  search 
for  CRISPR/Cas systems and Cas genes: Macromolecu-
lar System Finder (MacSyF, ver.  1.0.2) with the  auxiliary 
packages makeblastDB (ver. 3.0) and HMMER (ver. 2.2.28). 
CRISPR cassettes in genomes were detected and analyzed  
using online services of available programs: CRISPRCasFind-
er [22] and CRISPROne [23]. To search for phages, the de-
coded spacer sequences in FASTA format were uploaded 
to the CRISPRTarget online application. Only those strains 
in whose genome CRISPR/Cas-systems were determined 
according to the results of all used programs were consid-
ered in this study.

Phylogenetic trees were constructed and aligned us-
ing the MEGA X program using the nearest neighbor join-
ing method (NJ) with bootstrap topology statistical sig-
nificance analysis (number of replicates – 500) and using 
the Maximum Composite Likelihood genetic distance mod-
el. To “root” the tree, a strain of another Escherichia coli spe-
cies (NC 000913.3) was added to the sample of test organ-
isms and constituted an outgroup.

RESULTS AND DISCUSSION

Twenty-nine out of 50 strains with CRISPR/Cas system 
present in the genome and possessing antibacterial drug 
resistance genes (according to NCBI) served as the object 
of the study. Of the 29 strains tested, 55.2 % (n = 16) had Kleb-
siella pneumoniae carbapenemase activity, 3.4 % (n = 1) each 
were resistant to rifampicin and trimethoprim-sulfamethoxa-
zole and 11 (37.9 %) strains had multiple antibiotic resistance.
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FIG. 1.  
Scheme of systematic research design

FIG. 2.  
Arrangement of CRISPR cassettes and Cas genes of the Type I Subtype IE system in the genome of Klebsiella pneumoniae strains (data from 
GenBank: NZ_CP011624.1, NZ_CP006798.1)
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Using several bioinformatic search programs, the pres-
ence of  one or two CRISPR cassettes was revealed 
in the CRISPR/Cas systems of the strains studied. In all cas-
es, a complete set of Cas genes characteristic of Type I Sub-
type IE systems (cas2, cas1, cas5, cas7, cas6, cse2gr11, cas8, 
cas3) was revealed next to the cassettes, which indicates 
the  functional activity of  CRISPR/Cas systems of  the  stu-
died bacteria (Fig. 2).

In  all CRISPR cassettes examined, the  number of  re-
vealed spacers was 1629. Among them, 498  spacers 
were non-repeatable, and 276 spacers had repeats at two 
or more CRISPR loci. No  spacer repeats were recorded  
within the cassettes. The number of spacers in the cassettes 
ranged from 4 to 64. The total number of spacers was great-
er in strains containing one cassette compared to strains 
containing two cassettes.

Two types of consensus sequences of CRISPR cassette 
repeats were observed during the study. This may indicate 
the presence of a certain type of CRISPR system (in our case 
it is Type I Subtype IE) and its rather stable operation, since 
these repeats are recognized by  Cas endonuclease pro-
teins, the action of which is aimed at cutting and destruc-
tion of the target (Fig. 3).

FIG. 3.  
Nucleotide sequence of CRISPR consensus repeats of antibiotic-re-
sistant Klebsiella pneumoniae strains

Screening of  CRISPR cassette spacer sequences 
of  the  strains under study showed their complete cor-
respondence to  the  protospacers of  phages of  bacteria 
of the family Enterobacteriaceae of the genus Klebsiella (Ta-
ble 1). It is important to note that for most spacers, there 
was no complete correspondence between the protospac-
ers of phages from known databases.

In  the  analysis it  was found that in  CRISPR cassettes 
of  the  studied strains (NZ_CP013322.1) there  was a  cor-
respondence of the site of one spacer (6) to protospacers 
of several phages of bacteria of the same family, and cor-
respondence of  several spacers (52, 55) of  one strain  
(NZ_CP017934.1) to  protospacers of  the  same phage. 
This  may indicate that during evolution, bacteria have 
adapted to  acquire only those phage DNA spacers 
that are efficiently recognized by their effector complex, 
thus enhancing the protective effect of CRISPR/Cas systems.

Therefore, the  full spectrum of  bacteriophages 
detected through spacer sequences of CRISPR cassettes 
of  antibiotic-resistant Klebsiella pneumoniae strains 
with access to  their complete genome in  GenBank 

was determined. Considering the principle of operation 
of  bacteria CRISPR/Cas-systems, it  can be  assumed 
t h a t   w h e n  e n c o u n t e r i n g  t h e s e  p h a g e s ,  t h e y 
will be destroyed by Cas-nucleases provided that a part 
of its genome corresponds to the sequence of the spacer 
in  the  CRISPR-cassette of  bacteria. This approach 
can be  used in  the  future as  a  basis for  the  creation 
of personalized phagotherapy.

Next, groups of bacteria possessing identical CRISPR 
spacer cassettes were revealed by  analyzing antibiotic-
resistant strains. The first group consisted of  two strains 
possessing a different combination of Klebsiella pneumoniae 
carbapenemase genes (NDM-1, OXA-48, OXA-181) 
that were associated with other resistance determinants, 
including extended-spectrum β-lactamases and ArmA 
methylase encoding resistance to  aminoglycosides. So, 
they were  defined as  pan-resistant, as  they possessed 
multiple antibiotic resistance. Among the  antibiotic-
resistant bacteria, five strains were revealed. It  should 
be  noted that these strains, having similar spacer 
composition, were isolated in different regions of the world 
(South Korea, China (Shanghai)) and  at  different times 
(2013, 2014) (Table 2).

The  second group consisted of  three strains with 
multiple antibiotic resistance isolated in the same hospital 
(Greece) but at  different times (2011, 2013). They were 
identified as  intrahospital strains. One CRISPR cassette 
was  identified in each of their genomes. Furthermore, two 
strains had the same spacer cassette composition represented 
by 24 spacers (Table 3).

The third group consisted of eight Klebsiella pneumo-
niae carbapenemase-producing strains isolated from pa-
tients treated at  a  hospital in  Lower Saxony, Germany, 
where  a  nosocomial outbreak caused by  Klebsialla pneu-
moniae was reported. These strains were found to have one 
CRISPR cassette each in the genome, consisting of 35 spac-
ers that were completely identical to each other. Also in-
cluded in this group were three other strains with similar 
spacer cassette composition but isolated in different regions 
of the world (Arab Emirates, USA, Singapore) and at differ-
ent times (2015, 2016, 2014).

The  similarity of  the  spacer composition of  cassettes 
in the genomes of the strains of the represented groups may 
indicate their common origin. It can be assumed that as a re-
sult of widespread circulation, strains genetically changed 
but retained the CRISPR cassette structure, while in hospital 
conditions (in-hospital outbreaks) they exchanged genet-
ic information, acquiring new properties but also retaining 
the CRISPR cassette structure. To confirm this point, a phy-
logenetic analysis of the strains under study was performed 
based on the 16S rRNA nucleotide sequence (Fig. 4).

Phylogenetic analysis revealed that strains with simi-
lar spacer composition of CRISPR cassettes in the studied 
groups are closely related, as they are located on bran ches 
having the same ancestor (one node). At  the same time, 
the strain (NZ_CP012745.1), which is a member of group 2 
and has an  individual spacer composition of CRISPR cas-
settes, has no common ancestor with the other represent-
atives of this group.
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T A B L E   1
DIVERSITY OF SPACERS AND THEIR CORRESPONDING PROTOSPACER PHAGES IN THE GENOMES  
OF ANTIBIOTIC-RESISTANT KLEBSIELLA PNEUMONIAE STRAINS

Strain Cassette/spacer Bacteriophage GenBank access number

NZ_CP008929.1 1/6 Klebsiella phage ST13-OXA48phi12.4 MK422450

NZ_CP009208.1 1/2 Klebsiella phage ST512-KPC3phi13.1 MK448235

NZ_CP009208.1 1/2 Klebsiella phage ST11-VIM1phi8.1 MK448233

NZ_CP009208.1 2/4 Klebsiella phage ST147-VIM1phi7.2 MK448232

NZ_CP009208.1 2/4 Klebsiella phage 1 LV-2017 KY271401

NZ_CP012426.1 1/3 Klebsiella phage ST101-KPC2phi6.1 MK448231

NZ_CP012743.1
NZ_CP012744.1

1/12 Klebsiella phage ST11-OXA245phi3.2 MK416010

1/12 Klebsiella phage ST11-OXA245phi3.2 MK416010

NZ_CP012745.1 1/3 Klebsiella phage ST101-KPC2phi6.1 MK448231

NZ_CP012745.1 1/22 Klebsiella phage YMC1601N133_KPN_BP MF476925

NZ_CP012745.1 1/25 Klebsiella phage 2b LV-2017 KY271395

NZ_CP013322.1 1/6 Klebsiella phage ST512-KPC3phi13.1 MK448235

NZ_CP013322.1 1/6 Klebsiella phage ST101-KPC2phi6.1 MK448231

NZ_CP013322.1 1/6 Klebsiella phage ST11-VIM1phi8.1 MK448233

NZ_CP013322.1 1/6 Klebsiella phage 2 LV-2017 KY271396

NZ_CP013322.1 1/6 Klebsiella phage 2b LV-2017 KY271395

NZ_CP015382.1 1/3 Klebsiella phage ST101-KPC2phi6.1 MK448231

NZ_CP015500.1 1/3 Klebsiella phage ST101-KPC2phi6.1 MK448231

NZ_CP015500.1 1/22 Klebsiella phage YMC1601N133_KPN_BP MF476925

NZ_CP015500.1 1/25 Klebsiella phage 2b LV-2017 KY271395

NZ_FO834906.1 1/10 Klebsiella phage ST11-VIM1phi8.2 MK448234

NZ_CP022127.1 2/6 Klebsiella phage ST13-OXA48phi12.4 MK422450

NZ_CP017934.1

1/53 Klebsiella phage ST405-OXA48phi1.2 MK416007

1/55 Klebsiella phage 1 LV-2017 KY271401

1/22 Klebsiella phage ST101-KPC2phi6.3 MK416017

1/36 Klebsiella phage 2b LV-2017 KY271395

1/52 Klebsiella phage ST101-KPC2phi6.3 MK416017

1/52 Klebsiella phage ST147-VIM1phi7.2 MK448232

1/52 Klebsiella phage 1 LV-2017 KY271401

1/18 Klebsiella phage ST16-OXA48phi5.1 MK416013

1/18 Klebsiella phage 5 LV-2017 KY271399

NZ_CP018140.1
NZ_CP018686.1
NZ_CP018695.1
NZ_CP018701.1
NZ_CP018707.1
NZ_CP018713.1
NZ_CP018719

NZ_CP017985.1

1/3 Klebsiella phage ST101-KPC2phi6.1 MK448231

NZ_CP018140.1
NZ_CP018686.1
NZ_CP018695.1
NZ_CP018701.1
NZ_CP018707.1
NZ_CP018713.1
NZ_CP018719

NZ_CP017985.1

1/14 Klebsiella phage YMC1601N133_KPN_BP MF476925
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T A B L E   1  ( c o n t i n u e d )

NZ_CP018140.1
NZ_CP018686.1
NZ_CP018695.1
NZ_CP018701.1
NZ_CP018707.1
NZ_CP018713.1
NZ_CP018719

NZ_CP017985.1

1/17 Klebsiella phage 2b LV-2017 KY271395

NZ_CP018458.1 2/6 Klebsiella phage ST13-OXA48phi12.4 MK422450

NZ_CP019047.1 2/11 Klebsiella phage 2 LV-2017 KY271396

NZ_CP019047.1 2/5 Klebsiella phage ST11-OXA245phi3.2 MK416010

NZ_CP019047.1 2/13 Klebsiella phage ST101-KPC2phi6.1 MK448231

NZ_CP019047.1 2/12 Klebsiella phage ST16-OXA48phi5.2 MK448230

T A B L E   2
SPACER COMPOSITION OF CRISPR CASSETTES OF THE FIRST GROUP OF PAN-RESISTANT KLEBSIELLA PNEUMONIAE 
STRAINS

No. of strain 
in GenBank NZ_CP014004.1 NZ_CP012753.1

Place and 
year of strain 

isolation

China, Jiangxi 
2014

South Korea 
2013

Ca
ss

et
te

 1

TGCCTCCAATGCAATCACCGGCCTGCTAACCGG TGCCTCCAATGCAATCACCGGCCTGCTAACCGG

CGTGTCGAAGCGCACCTCGTAGCCGAGCCAGTC CGTGTCGAAGCGCACCTCGTAGCCGAGCCAGTC

CGTCATCAGCGCCTTGTTCCAGCGGCGACCACC CGTCATCAGCGCCTTGTTCCAGCGGCGACCACC

TCCAGTCGTCGTAGTCCTCGGTAATGTCCTCGA TCCAGTCGTCGTAGTCCTCGGTAATGTCCTCGA

TATCGTGCAGAGTCACAACCTGACGGGATTATC TATCGTGCAGAGTCACAACCTGACGGGATTATC

TCGTGCATGGTGAGGATTCTACAGTCGCACCAT TCGTGCATGGTGAGGATTCTACAGTCGCACCAT

TACCTCCCGGCGTCCGCGCCAGGGCGATCACGTG TACCTCCCGGCGTCCGCGCCAGGGCGATCACGTG

CCTGCAGCTGGCCGTCGAGCTGACGGATGCCGG CCTGCAGCTGGCCGTCGAGCTGACGGATGCCGG

TTCATCACGTGTGAGCGGATTTGGCTCTATCCT TTCATCACGTGTGAGCGGATTTGGCTCTATCCT

TATCATCCCTATCGCGCAGCACTTCGACGGCGA TATCATCCCTATCGCGCAGCACTTCGACGGCGA

TACCGCCGCGATACTGGCAGTTTTCAGCTGAAT TACCGCCGCGATACTGGCAGTTTTCAGCTGAAT

TCCCGCTGGGTAAGCAATATATAACATTTGCAG

TTTAACATTCTGAAAGTGCAATTTTTGAGGCTC

TTAAGGAGGGGCGCCATGGAGCCCGTATTGATT

Ca
ss

et
te

 2

CAGCGGCGGCGGTAACGCCGCCAGGAGCAACCT CAGCGGCGGCGGTAACGCCGCCAGGAGCAACCT

CACCGATCTGCGCCAGCTGGGTGAGACGATGAC CACCGATCTGCGCCAGCTGGGTGAGACGATGAC

TACACTCAAGAAAACAAAATCTCAGGTTGATAC TACACTCAAGAAAACAAAATCTCAGGTTGATAC

TGGAAGGCGCGATTTGGAGATAGAGCAGCATGA TGGAAGGCGCGATTTGGAGATAGAGCAGCATGA

CTCGCACAGCATCGCCCGGATCCGCTTCCACGC CTCGCACAGCATCGCCCGGATCCGCTTCCACGC

CACCCGCGTTTTCGAAAGGGATGGCGGCTATGT CACCCGCGTTTTCGAAAGGGATGGCGGCTATGT

CGACGGGGCAGGTTTACGTCTACCCGGGCAGGG CGACGGGGCAGGTTTACGTCTACCCGGGCAGGG

CATACCAGTCTCCGCCGCGGTCGTACTCAATAT CATACCAGTCTCCGCCGCGGTCGTACTCAATAT

TCCGCCGTTTAATCGCGGTGATGATATCCGGCA TCCGCCGTTTAATCGCGGTGATGATATCCGGCA

GGAATCCACGACGCGCCGTACCAGCGCGGGCATTCGTTCT TGGAATCCACGACGCGCCGTACCAGCGCGGGCATTCGTTCT
Note. Identical spacers are highlighted in color.
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The  detection of  similar spacers in  CRISPR cassettes 
of different strains may thus indicate phylogenetic relation-
ships between strains. This technique can be used in epide-
miologic analysis of outbreaks caused by antibiotic-resist-
ant strains of Klebsiella pneumoniae.

Screening of  bacteriophages by  spacer sequenc-
es of  CRISPR cassettes of  strains from the  above groups 
is  presented in  Table  1, with the  exception of  two pan-
resis tant strains from the  first group (NZ_CP014004.1  

and NZ_CP012753.1), as no  complete correspondence 
of spacers in the composition of their cassettes to proto-
spacers from known databases was revealed. The analysis 
of the spacer sequences, however, resulted in the highest 
correspondence to the protospacers of phages of Klebsiella 
and Salmonella bacteria belonging to the same family En-
terobacteriaceae (Table 4).

Of  significance, the  CRISPR cassettes of  the  strains 
studied revealed the  correspondence of  one of  the  spa-

FIG. 4.  
Phylogenetic tree based on the 16S rRNA marker of antibiotic-resistant Klebsiella pneumoniae strains (Maximum Composite Likelihood 
model of genetic distances was used)
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cers to protospacers of several bacterial phages belong-
ing to the same family. This may indicate the conservativ-
ity of the acquired new spacers from phage DNA regions. 
In  this way, the  bacterium “one spacer” protects itself 
against multiple phages. The presence of this mechanism 
increases the  efficiency of  the  protective action of  CRIS-
PR/Cas systems.

The study of the identified bacteriophages revealed 
that  all Klebsiella phage are prophages of  Klebsiella 
pneumoniae bacteria belonging to  isolates which are 
part of clo nal group ST 307 (according to NCBI data) pro-
ducing Klebsiella pneumoniae carbapenemase (Table 5). 
The  ST  307 genome has been demonstrated to  en-
code genetic features that may provide an advantage 

T A B L E   4
DIVERSITY OF BACTERIOPHAGES CORRESPONDING TO IDENTICAL SPACERS IN THE FIRST GROUP  
OF KLEBSIELLA PNEUMONIAE STRAINS WITH MULTIPLE ANTIBIOTIC RESISTANCE

GenBank strain 
access number Nucleotide sequence of the spacer Bacteriophage

GenBank  
bacteriophage 
access number

Number 
of nucleotide 
substitutions

NZ_CP014004.1
TTCATCACGTGTGAGCGGATTTGGCTCTATCCT Klebsiella phage  

6 LV-2017 KY271400 2
NZ_CP012753.1

NZ_CP014004.1
TGCCTCCAATGCAATCACCGGCCTGCTAACCGG Klebsiella phage  

ST101-KPC2phi6.1 MK448231 1
NZ_CP012753.1

NZ_CP014004.1
CGTCATCAGCGCCTTGTTCCAGCGGCGACCACC Salmonella phage  

FSL SP-062 KC139634 2
NZ_CP012753.1

NZ_CP014004.1
NZ_CP012753.1 TCCAGTCGTCGTAGTCCTCGGTAATGTCCTCGA

Klebsiella phage  
ST512-KPC3phi13.1 MK448235 1

Klebsiella phage  
ST11-VIM1phi8.1 MK448233 1

Klebsiella phage  
ST101-KPC2phi6.1 MK448231 1

Klebsiella phage  
2b LV-2017 KY271395 1

Klebsiella phage  
2 LV-2017 KY271396 2

T A B L E   5
LIST OF IDENTIFIED BACTERIOPHAGES IN THE FIRST GROUP OF KLEBSIELLA PNEUMONIAE STRAINS WITH MULTIPLE 
ANTIBIOTIC RESISTANCE

Bacteriophage Bacteriophage Access 
Number (GenBank) Source of bacteriophage isolation

Location 
of bacteriophage 

isolation

Klebsiella phage 6 LV-2017 KY271400 Klebsiella pneumoniae ST307 Италия, Рим

Klebsiella phage ST101-KPC2phi6.1 MK448231 Klebsiella pneumoniae ST101-KPC2 Испания, Ла-Корунья

Salmonella phage FSL SP-062 KC139634 Молочная ферма Нью-Йорк, США

Klebsiella phage ST512-KPC3phi13.1 MK448235 Klebsiella pneumoniae ST512-KPC3 Испания, Ла-Корунья

Klebsiella phage ST11-VIM1phi8.1 MK448233 Klebsiella pneumoniae ST11-VIM1 Испания, Ла-Корунья

Klebsiella phage ST101-KPC2phi6.1 MK448231 Klebsiella pneumoniae ST101-KPC2 Испания, Ла-Корунья

Klebsiella phage 2b LV-2017 KY271395 Klebsiella pneumoniae KH43 –  
клон Klebsiella pneumoniae ST307 Италия, Рим

Klebsiella phage 2b LV-2017 KY271396 Klebsiella pneumoniae H151440672 –  
клон Klebsiella pneumoniae ST307 Италия, Рим
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in adaptation to the hospital environment and human 
host. All ST  307 isolates are encapsulated and there-
fore have a higher resistance to complement-mediat-
ed eradication. All this ensures the spread and preva-
lence of strains with this genetic sequence worldwide 
[24]. It is known that prophages remain latent in the ge-
nome for several cell divisions, but under the influence 
of external factors they change into virulent forms and 
lysate the  bacterial cell. In  summary, the  antibiotic-
resistant strains under study have a  genetic memory 
of these bacteriophages in the form of spacers of their 
CRISPR cassettes.

This analysis of the strains under study showed a rath-
er wide spacer composition of their CRISPR cassettes, di-
versity of  bacteriophages detected through spacer se-
quences, which makes it  possible to  suggest that they 
possess not only antibiotic resistance, but also resistance 
to  many bacteriophages. Consequently, a  personalized 
approach to  the  integrated selection of  antibiotics and 
bacteriophages will potentially help to address the treat-
ment of diseases caused by these strains.

CONCLUSION

The  results of  these studies provided information 
about the  structure of  CRISPR/Cas systems in  the  ge-
nomes of  antibiotic-resistant Klebsiella pneumoniae 
strains and their functional features. The  revealed di-
versity of spacer sequences indicates the evolutionary 
history and adaptive capabilities of these strains. In this 
case, the detection of similar spacers in CRISPR cassettes 
of different strains may indicate phylogenetic relation-
ships between strains. The study of phage-bacteria in-
teraction patterns based on spacer and protospacer se-
quences makes it possible to determine the resistance 
and sensitivity of  strains to  specific bacteriophages. 
In this way, the putative resistance of antibiotic-resist-
ant strains to specific phages was determined. The mech-
anism of studying CRISPR/Cas systems in bacterial ge-
nomes using bioinformatics analysis will in  the  future 
provide more complete information about the proper-
ties of causative agents, their evolution and the selec-
tion of highly specific bacteriophages.
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