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Abstract: Escherichia coli is a commensal and opportunistic bacterium widely distributed around the
world in different niches including intestinal of humans and animals, and its extraordinary genome
plasticity led to the emergence of pathogenic strains causing a wide range of diseases. E. coli is one of
the monitored species in maternity hospitals, being the main etiological agent of urogenital infections,
endometriosis, puerperal sepsis, and neonatal diseases. This study presents a comprehensive analysis
of E. coli isolates obtained from the maternal birth canal of healthy puerperant women 3–4 days
after labor. According to whole genome sequencing data, 31 sequence types and six phylogenetic
groups characterized the collection containing 53 isolates. The majority of the isolates belonged to
the B2 phylogroup. The data also includes phenotypic and genotypic antibiotic resistance profiles,
virulence factors, and plasmid replicons. Phenotypic and genotypic antibiotic resistance testing did
not demonstrate extensive drug resistance traits except for two multidrug-resistant E. coli isolates.
The pathogenic factors revealed in silico were assessed with respect to CRISPR-element patterns.
Multiparametric and correlation analyses were conducted to study the interrelation of different
pathoadaptability factors, including antimicrobial resistance and virulence genomic determinants
carried by the isolates under investigation. The data presented will serve as a valuable addition to
further scientific investigations in the field of bacterial pathoadaptability, especially in studying the
role of CRISPR/Cas systems in the E. coli genome plasticity and evolution.

Keywords: Escherichia coli; WGS; pathogenic potential; antibiotic resistance genes; virulence factors;
CRISPR/Cas system; pathoadaptability

1. Introduction

Escherichia coli is one of the most divergent and widespread species that can behave as
a commensal in the human gastrointestinal tract and persists in water and soil regardless of
the host. At the same time, it can behave as a pathogen causing different types of diseases
both in and outside of a human or animal host’s digestive system [1]. The remarkable and
complex plasticity of the E. coli genome contributes to the formation of the pathogenic
potential. Thus, as a result of taking up and accumulating pathogenic factors, multidrug-
resistant high-risk clones capable of causing a wide range of diseases in humans in a certain
biotope/system can emerge [2,3].

According to the combination of special genetic markers, E. coli can be subdivided into
eight phylogenetic groups: A, B1, B2, C, D, E, F, and G. Such phylogroup classification of E.
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coli is useful for comparative analysis of serogroup, virulence, and resistance traits, as well
as diversity assessment of E. coli populations within various hosts and environments [4,5].

The pathogenic potential of E. coli is implemented by the presence of various viru-
lence factors. There are different E. coli pathotypes represented by a group of clones that
share a certain set of specific virulence determinants [2]. The most common E. coli ST131
clone from phylogenetic group B2 is the predominant clone of high-risk worldwide, and
recently another ST1193 clone was recognized as an emerging high-risk clone belonging to
the same group. High-risk E. coli clones are spreading very quickly, which leads to their
existence in different niches, in human and animal intestinal tracts, and persistence in the
environment [3]. Moreover, phylogenomic approaches have shown that only four sequence
types (STs) are responsible for extraintestinal infections (ST131, ST73, and ST95 of a phy-
logroup B2, and ST69 of a phylogroup D), which were always studied in epidemiological
surveillance investigations and were therefore named “the big four ExPEC (extraintestinal
pathogenic E. coli) clones” [6].

Most E. coli strains are characterized by possessing either type I-E or I-F CRISPR/Cas
systems. These findings can explain an evolutionary interrelation between CRISPR and
pathogenicity in E. coli [7]. Taking into account the continuously accumulating data, it
becomes apparent that adaptive immunity is not the only role of CRISPR/Cas systems. It
was shown that the expression of many bacterial genes affecting the virulence and group
behavior of pathogenic bacteria is regulated by these systems. Additionally, CRISPR/Cas
participates in DNA repair and accelerates the evolution of the genomes [8]. Other studies
indicated an association between the presence of the CRISPR sequence and decreased
antibiotic resistance, thus suggesting that the presence of CRISPR limits the adaptability of
the microorganism [7,9].

It is noteworthy that most genome sequencing projects emphasize the analysis of
multidrug-resistant clones, clinically relevant pathogens, or epidemiological outbreaks.
However, there is a lack of genomic data on opportunistic E. coli populations obtained
from healthy patients, namely, puerperant women, who take a specific place in maternity
care facilities. They are not patients with some kind of pathology, but, at the same time,
they are “healthy patients” with an open system (maternal birth canal) or surgical suture
(after caesarian section), which are susceptible to infections in hospital conditions. Women
who give birth by cesarean section labor are estimated to have a 5-fold to 20-fold risk of
bacterial infection in comparison to women who give birth vaginally [10]. Regardless of the
labor type, women in the early postpartum period face transient immunodeficiency, and
decreased activity of local tissue immunity, which increases their sensitivity to bacterial
infection [11]. At the same time, E. coli bacteria play a major role in the etiology of puerperal
sepsis [12].

As a part of our ongoing molecular surveillance program, here we provide a detailed
investigation of E. coli isolates collected from maternal birth canal discharge of puerperant
women in two perinatal centers of Ekaterinburg, Russia (referenced as ‘Crie-Pu’ isolates
below). We used whole genome sequencing (WGS) to characterize E. coli isolates as a
dominating bacteria collected. The entire collection of the strains was examined in terms
of population structure, phenotypic and genotypic profiles of antimicrobial resistance,
virulence factors, plasmid replicons, and analysis of CRISPR-elements patterns. Informa-
tion on resistance and virulence genes and correlation analysis is an important tool for
epidemiological studies in assessing the pathogenic potential and total pool of important
determinants in a population of opportunistic E. coli and monitoring the emergence of new
clinically and epidemically significant resistance and virulence phenotypes.

2. Materials and Methods
2.1. Isolate Collection

The study was conducted by continuous sampling method in the postpartum depart-
ment of two Perinatal Centers in the Ural region. It included 100 and 130 clinically healthy
puerperant women on the 3rd–4th day after labor immediately before discharge from the
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department of municipal and regional perinatal centers, correspondingly. Nurses of the
departments collected biological material from the maternal birth canal with the informed
consent of the women. The samples were collected using sterile disposable probes fol-
lowed by preliminary seeding on a transport medium. Isolation of pure bacterial cultures
was carried out by seeding on solid nutrient media (Endo Agar) with subsequent species
identification based on cultural-morphological, biochemical, and antigenic properties. The
species for all isolates under study were identified by time-of-flight mass spectrometry
(MALDI-TOF MS) using the VITEK MS system (bioMerieux, Marcy-l’Étoile, France).

Sixty-two bacterial cultures of opportunistic pathogens were obtained from the mu-
nicipal perinatal center, including 10 E. coli isolates. One hundred opportunistic bacterial
pathogens including 43 E. coli isolates were collected from the patients of the regional
perinatal center. The age of patients from whom E. coli samples were isolated (n = 53)
ranged from 19 to 42 years with a median equal to 29 (Table S1).

2.2. Determination of Antibiotic Susceptibility

The antibiotic susceptibility was evaluated by the disc diffusion method using the
Mueller–Hinton medium (bioMerieux, Marcy-l’Étoile, France) and disks with antibiotics
(BioRad, Marnes-la-Coquette, France), and by the boundary concentration method on
VITEK2 Compact 30 analyzer (bioMerieux, Marcy-l’Étoile, France). The isolates were
tested for their susceptibility/resistance to the following antimicrobial drugs: imipenem,
amoxicillin, amoxicillin/clavulanic acid, amikacin, gentamicin, levofloxacin, ciprofloxacin,
cefotaxime, cefixime, ceftriaxone, and cefuroxime. The EUCAST clinical breakpoints
version 12 was used to interpret the results obtained (https://www.eucast.org/clinical_
breakpoints/, accessed on 20 December 2022).

2.3. Whole Genome Sequencing

Genomic DNA was isolated using a DNeasy Blood and Tissue kit (Qiagen, Hilden, Ger-
many) and passed to the paired-end library preparation with Nextera™ DNASamplePrep-
Kit (Illumina®, SanDiego, CA, USA). Whole genome sequencing (WGS) of 53 isolates
was conducted on the Illumina® NextSeq2000 platform (Illumina®, San Diego, CA, USA).
Assemblies were obtained using SPAdes versions 3.15.2 and 3.15.4 and were uploaded to
NCBI Genbank under the project number PRJNA1151703.

2.4. Data Processing

The genomes assembled were processed using the custom pipeline described earlier
by us [13,14]. In brief, for all isolates, we performed MLST typing using the Achtman 7
Gene MLST scheme with the profiles presented in Enterobase (https://enterobase.warwick.
ac.uk/species/index/ecoli, accessed on 21 May 2024), and serotyping was made with
SerotypeFinder 2.0 (https://cge.food.dtu.dk/services/SerotypeFinder/, accessed on 21
May 2024). Phylogroups were assigned based on the data from Clermont et al. [15]. We used
the Resfinder 4.0 database with default parameters for antimicrobial gene identification
(http://genepi.food.dtu.dk/resfinder, accessed on 22 May 2024). Plasmid sequences were
revealed and typed using PlasmidFinder 2.1 with default parameters (https://cge.food.dtu.
dk/services/PlasmidFinder/, accessed on 26 May 2024). Virulence factors were revealed
by searching in VFDB (http://www.mgc.ac.cn/VFs/main.htm, accessed on 25 May 2024).

CRISPRCasFinder version 4.2.20 with default parameters [16] was used to identify
the presence of CRISPR/Cas systems and spacers in the genomes analyzed. The data on
CRISPR-elements in 3210 reference isolates were obtained from the CRISPRCas database
(https://crisprcas.i2bc.paris-saclay.fr/MainDb/StrainList, accessed on 3 July 2024).

The analysis of spacers in CRISPR arrays of Crie-Pu E. coli isolates with putative
CRISPR/Cas systems was performed by Web BLAST®. The spacers were identified and
downloaded from the CRISPRDetect web tool [17] (http://crispr.otago.ac.nz/CRISPRDetect/
predict_crispr_array.html, accessed on 10 July 2024). CRISPRDetect FASTA sequences of Crie-
Pu E. coli spacers were uploaded to Web BLAST® blastn suite (https://blast.ncbi.nlm.nih.gov,
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accessed on 10 July 2024) and analyzed using default parameters of the MegaBLAST algo-
rithm. In addition, CRISPRDetect FASTA sequences of the spacers were uploaded to the
CRISPRTarget web tool [18,19] (http://crispr.otago.ac.nz/CRISPRTarget/crispr_analysis.html,
accessed on 10 July 2024).

Phylogenetic analyses were conducted using the Maximum Likelihood (ML) method
in MEGA X [20] as described earlier [21].

To assess the differences between the distribution of antimicrobial resistance (AMR)
genes, virulence factors, and plasmid replicons in the studied E. coli population, Fisher’s
Exact Test was used (https://www.langsrud.com/fisher.htm, accessed on 16 July 2024).
Corresponding data analysis and graphing were performed using Prism version 9 (Graph-
Pad Software, San Diego, CA, USA).

3. Results
3.1. Isolate Typing

The 53 isolates of E. coli belonged to 31 different STs without a significant prevalence
of any individual one. Most numerous were ST69 (n = 8), ST73 (n = 5), and ST131 (n = 6),
while 29 different STs were represented only by less than four isolates or even by a single
one. Phylogroup classification demonstrated that E. coli isolates were distributed in six
diverse phylogroups—A, B1, B2, C, D, and F, with the prevalence of B2 represented by
32 samples belonging to 18 STs (Table S2). The phylogroup D combined nine isolates of
ST69 and ST349 (single sample). A and B1 phylogroups consisted of four and five isolates,
respectively, while C and F were represented by a single sample each (Table S2). The exact
phylogenetic group was not identified for three isolates (Crie-Pu1335, 1340, and 1370),
the last of which carried boundary traits of B2 and F phylogroups. Additionally, twenty
different O serogroups were distinguished, O50 (15%), O15 (13%), O16 (7.5%), and O75
(9%) were the most frequent among the isolates under investigation. O-serogroup diversity
is described in more detail in the section “Virulence genes” as long as both O-serogroup
antigen and virulence factors are essential for the pathogenicity assessment of E. coli.

3.2. CRISPR Element Distribution of the Crie-Pu E. coli Isolates

Approximately 68% of the E. coli genomes available in the CRISPRCasdb are predicted
to harbor active CRISPR/Cas systems (https://crisprcas.i2bc.paris-saclay.fr/MainDb/
StrainList, accessed on 3 July 2024). High variability of CRISPR/Cas systems was observed
along with previously known diversity and plasticity of E. coli genomes. This is the first
work that shows a thorough description of CRISPR/Cas elements in Russian E. coli isolates
of clinical origin (listed in Table S3) collected from healthy patients, in comparison to the
strains of the same species that were available from public databases (https://crisprcas.i2
bc.paris-saclay.fr/MainDb/StrainList, accessed on 3 July 2024).

A total of 26.4% (14 out of 53) of the studied E. coli isolates harbored neither CRISPR
array nor cas cassette. Six isolates (11.3%) from the set possessed confirmed CRISPR
arrays but lacked cas cassettes, and thirty-three samples (62.3%) carried different putative
CRISPR/Cas systems containing cas cassettes (Table S3). It should be noted that a similar
distribution of CRISPR arrays and CRISPR/Cas systems containing cas cassettes was
observed for our E. coli isolates and the 3210 reference E. coli isolates available in the
CRISPRCas database (https://crisprcas.i2bc.paris-saclay.fr/MainDb/StrainList, accessed
on 3 July 2024). Namely, 2470 and 2193 isolates were characterized as carrying CRISPR
arrays and cas cassettes, respectively, while 740 strains did not have any CRISPR/Cas
elements.

Among 33 Crie-Pu E. coli isolates carrying putative CRISPR/Cas systems containing
cas cassettes, 19 carried the Type I-E CRISPR/Cas system (57.5%) and 14 carried the Type
I-F CRISPR/Cas system (42.4%). It should be noted that Type I-E CRISPR/Cas systems are
found more frequently (p < 0.05) in the group of reference E. coli isolates available in the
CRISPRCas database (https://crisprcas.i2bc.paris-saclay.fr/MainDb/StrainList, accessed
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on 3 July 2024), while Type I-F CRISPR/Cas systems occurred much more frequently
(p < 0.00001) in the experimental group of Crie-Pu isolates.

Crie-Pu isolates bearing neither a CRISPR array nor a cas cassette belonged to eight
different sequence types, the predominant being ST131 and ST73—five and three Crie-Pu
isolates without cas cassettes belonged to these STs, respectively (Figure 1). Crie-Pu isolates
with confirmed CRISPR arrays, but without cas cassettes, belonged to 5 different sequence
types, the predominant being ST73 possessed by two Crie-Pu isolates (Figure 1).

Pathogens 2024, 13, x FOR PEER REVIEW 5 of 19 
 

 

July 2024). Namely, 2470 and 2193 isolates were characterized as carrying CRISPR arrays 
and cas cassettes, respectively, while 740 strains did not have any CRISPR/Cas elements. 

Among 33 Crie-Pu E. coli isolates carrying putative CRISPR/Cas systems containing 
cas cassettes, 19 carried the Type I-E CRISPR/Cas system (57.5%) and 14 carried the Type 
I-F CRISPR/Cas system (42.4%). It should be noted that Type I-E CRISPR/Cas systems are 
found more frequently (p ˂ 0.05) in the group of reference E. coli isolates available in the 
CRISPRCas database (https://crisprcas.i2bc.paris-saclay.fr/MainDb/StrainList, accessed 
on 3 July 2024), while Type I-F CRISPR/Cas systems occurred much more frequently (p ˂ 
0.00001) in the experimental group of Crie-Pu isolates. 

Crie-Pu isolates bearing neither a CRISPR array nor a cas cassette belonged to eight 
different sequence types, the predominant being ST131 and ST73—five and three Crie-Pu 
isolates without cas cassettes belonged to these STs, respectively (Figure 1). Crie-Pu iso-
lates with confirmed CRISPR arrays, but without cas cassettes, belonged to 5 different se-
quence types, the predominant being ST73 possessed by two Crie-Pu isolates (Figure 1). 

Crie-Pu isolates with Type I-E CRISPR/Cas systems belonged to 12 different sequence 
types with the dominance of ST69 (eight out of 19 Crie-Pu isolates) (Figure 1). The isolates 
with Type I-F CRISPR/Cas systems belonged to nine different sequence types, the pre-
dominant being ST141 (four isolates), ST1993, and ST80 (two isolates each) (Figure 1). 

 
Figure 1. Sequence type distribution among different groups (“No CRISPR/No Cas”, “CRISPR/No 
Cas”, “Type I-E”, and “Type I-F”) of Crie-Pu E. coli isolates. 

All Crie-Pu isolates bearing neither a CRISPR array nor cas cassette belonged to the 
phylogenetic group B2 (Figure 2), while the isolates with confirmed CRISPR arrays, but 
without cas cassettes, belonged to three different phylogenetic groups—B2 (four isolates), 
A, and D (one isolate each) (Figure 2). 

Crie-Pu isolates with Type I-E CRISPR/Cas systems belonged to six different phylo-
genetic groups—D (eight isolates), B1 (4), A (3), F, C, and B2/F, while the isolate Crie-
Pu1335 was not assigned to any known phylogroup (Figure 2). Almost all isolates with 
Type I-F CRISPR/Cas systems belonged to the B2 phylogenetic group, and only Crie-
Pu1340 was not assigned to any group (Figure 2). 

At the same time, almost all of the Type I-E CRISPR/Cas systems (18 out of 19) con-
sisted of eight genes encoding Cas1, Cas2, Cas3, Cas5, Cas6, Cas7, Cse1, and Cse2. Crie-
Pu1332 Type I-E isolate carried four cas genes—cas3, cse1, cas1, and cas2, and Crie-Pu1252 
Type I-E isolate carried an additional cas3 gene. 

According to the phylogenetic analysis of the full-length Type I-E cas gene sequences, 
ST69 isolates formed a separate clade on phylogenetic trees, while the topology of the 
Crie-Pu isolates belonging to the other STs differed slightly between the phylogenetic trees 
(Figure 3). 

Figure 1. Sequence type distribution among different groups (“No CRISPR/No Cas”, “CRISPR/No
Cas”, “Type I-E”, and “Type I-F”) of Crie-Pu E. coli isolates.

Crie-Pu isolates with Type I-E CRISPR/Cas systems belonged to 12 different sequence
types with the dominance of ST69 (eight out of 19 Crie-Pu isolates) (Figure 1). The iso-
lates with Type I-F CRISPR/Cas systems belonged to nine different sequence types, the
predominant being ST141 (four isolates), ST1993, and ST80 (two isolates each) (Figure 1).

All Crie-Pu isolates bearing neither a CRISPR array nor cas cassette belonged to the
phylogenetic group B2 (Figure 2), while the isolates with confirmed CRISPR arrays, but
without cas cassettes, belonged to three different phylogenetic groups—B2 (four isolates),
A, and D (one isolate each) (Figure 2).

Crie-Pu isolates with Type I-E CRISPR/Cas systems belonged to six different phyloge-
netic groups—D (eight isolates), B1 (4), A (3), F, C, and B2/F, while the isolate Crie-Pu1335
was not assigned to any known phylogroup (Figure 2). Almost all isolates with Type I-F
CRISPR/Cas systems belonged to the B2 phylogenetic group, and only Crie-Pu1340 was
not assigned to any group (Figure 2).

At the same time, almost all of the Type I-E CRISPR/Cas systems (18 out of 19)
consisted of eight genes encoding Cas1, Cas2, Cas3, Cas5, Cas6, Cas7, Cse1, and Cse2. Crie-
Pu1332 Type I-E isolate carried four cas genes—cas3, cse1, cas1, and cas2, and Crie-Pu1252
Type I-E isolate carried an additional cas3 gene.

According to the phylogenetic analysis of the full-length Type I-E cas gene sequences,
ST69 isolates formed a separate clade on phylogenetic trees, while the topology of the
Crie-Pu isolates belonging to the other STs differed slightly between the phylogenetic trees
(Figure 3).
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Figure 2. Phylogenetic groups’ distribution within different CRISPR-elements groups (“No
CRISPR/No Cas”, “CRISPR/No Cas”, “Type I-E”, and “Type I-F”) for Crie-Pu E. coli isolates. (a) Crie-
Pu isolates bearing neither CRISPR array, nor cas cassette; (b) Crie-Pu isolates with confirmed CRISPR
arrays, but without cas cassettes; (c) Crie-Pu isolates with Type I-E CRISPR/Cas systems; (d) Crie-Pu
isolates with Type I-F CRISPR/Cas systems.

The CRISPR/Cas loci of most Type I-F Crie-Pu isolates (13 out of 14) consisted of six
genes encoding Cas6/Csy4 endoribonuclease, three Csy proteins (Csy3, Csy2, and Csy1),
Cas3f helicase/RNase, and Cas1f endonuclease located in the vicinity of CRISPR arrays,
except for the Crie-Pu1367 isolate, which carried only cas6, csy1, csy2, and csy3 genes.

Phylogenetic analysis of the Type I-F cas gene sequences showed that separate clades
on phylogenetic trees were formed by (i) E. coli Crie-Pu ST141 and ST1993 isolates and (ii) E.
coli Crie-Pu ST80 isolates. It is worth noting that the isolates belonging to other genetic
lines (STs) did not form separate clades and were dispersed throughout the phylogenetic
trees (Figure 4).
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clinical Crie-Pu E. coli isolates (shown as ‘Pu’ for brevity) and reference Escherichia isolates obtained
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at the branch nodes. Antibiotic-resistant Crie-Pu E. coli isolates are marked with black triangles,
antibiotic-sensitive Crie-Pu E. coli isolates are marked with white triangles. The genes identified
in this study are indicated by the short isolate names, and the reference sequences are shown by
GenBank accession number and strain name.
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Figure 4. Maximum likelihood phylogenetic tree of the full-length Type I-F cas3 gene sequences
of clinical Crie-Pu E. coli isolates (shown as ‘Pu’ for brevity) and reference Escherichia isolates
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are indicated at the branch nodes. Antibiotic-resistant Crie-Pu E. coli isolates are marked with black
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identified in this study are indicated by the short isolate names, and the reference sequences are
shown by GenBank accession number and strain name.

3.3. Susceptibility to Antibiotics

Phenotypic antimicrobial susceptibility testing showed that 28 E. coli isolates (53%) were
susceptible to all antibiotics in the panel used (Table S1). Phenotypic resistance to three
antimicrobial compounds of different groups (aminoglycosides/penicillins, fluoroquinolones,
and cephalosporins) was detected in two isolates (Crie-Pu 1299 and 829, correspondingly).
Resistance to two antibiotics of different groups simultaneously (cephalosporins in combi-
nation with aminoglycosides, penicillins, or fluoroquinolones, as well as aminoglycosides
and fluoroquinolones) was detected in 11 isolates. The remaining 12 isolates were resistant to
only one of the antibiotics used in the panel. The identified phenotypes were not associated
with the type of labor (cesarean section or vaginal birth), as well as with the prescribed antibi-
otic therapy. However, it should be noted that the multidrug-resistant isolates (Crie-Pu1299
and 829) were identified in two puerperant women with a cesarean section and one with a
complicated vaginal birth. In these two cases, antibiotic therapy was prescribed (Table S1).
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3.4. Antimicrobial Resistance Genetic Determinants

In silico searching for AMR determinants revealed the genes and gene clusters con-
ferring resistance to aminoglycosides, beta-lactams, chloramphenicol, fluoroquinolones,
trimethoprim, fosfomycin, macrolides, sulfonamides, and tetracycline.

The genomes of seven isolates of 28 susceptible to all antimicrobial compounds were
characterized by the presence of 1 to 7 AMR genes including carbapenemase-encoding
blaDHA-1 and extended-spectrum β-lactamase (ESBL)-encoding genes (blaCTX-M-15 and
blaTEM-1C) (Table S4).

The genomes of all remaining antibiotic-resistant isolates, except for four isolates
belonging to phylogroup B2, contained ESBL- and other β-lactamase encoding genes:
blaTEM (n = 19), blaCTX-M (n = 15), blaDHA-1 (n = 2), and blaOXA-1 (n = 1). Two isolates of
the B2 phylogroup (Crie-Pu1235 and 1290) combined two β-lactamase genes of different
types in their genomes (blaCTX-M-27 + blaTEM-1B and blaCTX-M-15 + blaOXA-1, respectively). It
is noteworthy that both strains belonged to ST131, but had different serotypes O16:H5 and
O25:H4 (Table S4). The diversity of identified alleles of the epidemically significant ESBL
gene blaCTX-M-3, -15, and -27 draws attention since these genes were revealed in almost a
third of the studied strains from a short period of research within the same perinatal center
and in a small group of puerperant women.

Most of the isolates of phylogroup B2 (14 out of 22) lacked genes responsible for
resistance to aminoglycosides, chloramphenicol, macrolides, and sulfonamides. Four
isolates of that group carried only a single gene determining resistance to chloramphenicol
(two isolates), tetracycline, or trimethoprim (Table S4).

All isolates of the phylogroup D were characterized by the presence of 1–4 genes
that determined resistance to aminoglycosides and one or two genes encoding resistance
to trimethoprim. We also marked a combination of aadA5 (aminoglycoside) and dfrA17
(trimethoprim) resistance genes in E. coli genomes simultaneously. The only isolate (Crie-
Pu1256) from this phylogroup and the entire studied set was characterized by the presence
of the fosA providing resistance to fosfomycin (Table S4).

Antimicrobial resistance genes were observed more frequently (p = 0.0058) in the
group “Type I-E” E. coli isolates when compared to the “Type I-F” isolates (Figure 5).
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3.5. Virulence Genes

E. coli isolates under investigation included a diverse repertoire of virulence-associated
genes with 24 genes detected in each of the 53 isolates, namely, the multidrug efflux pump
subunit gene acrB4; the allantoinase gene allB; the intimin-like adhesin gene fdeC; the outer
membrane protein gene ompA; the enterobactin iron acquisition system genes entABCES;
the ferric uptake genes fes and fur; the phosphogluconate dehydrogenase gene gndA; the
invasion genes ibeB, C; the transcriptional regulatory protein genes (cgs operon, phoP, pmrA,
rcsB, rpoS); and the fimbrial chaperone genes (yagV-Z/ecpA-E).

Additionally, more than 200 virulence genes were present variably, according to
phylogroup and serotype of the isolates under investigation (Table S2). Genes involved
in adhesion, iron acquisition, immune evasion, and toxins were widespread. Since the
virulence profiles of the isolates were very heterogenic, we will describe them by focusing
on the main functional groups mentioned above.

Adhesins represent the molecules involved in signaling pathways between bacteria
and host cells thereby stimulating tissue colonization and invasion [22]. This is the most
important pathogenicity-related factor in E. coli. The most common adhesion determinants
in our sample set were fim genes encoding type 1 fimbriae. All isolates except one (Crie-
Pu1338) harbored this gene cluster. The main part of the isolates of B2 and D phylogroups
carried genes of P-fimbriae (pap). The isolates of serogroups O25 and O50 had the most
complete gene set composing this cluster. The genes associated with mannosoresistant pili
(sfa and foc) were observed only in B2 isolates mainly belonging to serogroups O6, O18, and
O50 (Table S2).

Iron acquisition is a significant property facilitating bacterial survival during the
infection process. It is also necessary for general growth, fitness, and electron transfer
during cellular respiration [23]. The main players of iron uptake in bacterial cells are
different types of siderophores, namely, aero, entero-, yersiniabactins, and salmochelin. As
to the E. coli strains of our research, the full aerobactin operons iucABCD and iutA were
present in 43.4% (n = 23) of the isolates. In the dominant phylogroup B2, these genes were
associated with O16, O18, and O25 serotypes. A ferric enterobactin cluster (fepA-G) was
observed in all isolates except Crie-Pu1367 (ST141-B2-O50:H6). The ferric yersiniabactin
uptake receptor fyuA was not found in only six isolates. Four of them belonged to A (n = 2)
and B1 (n = 2) phylogroups, and the rest—to C and D phylogroups. The iron-regulatory
proteins irp1 (n = 45, 85.0%) and irp2 (n = 44, 83.7%) were present in the same fraction, and
the complete yersiniabactin siderophore operon ybtAEPQSTYX was additionally presented
in these isolates. The salmochelin siderophore system encoded by iroBCDEN was revealed
in 90.0% (n = 48) of the isolates belonging to all phylogenetic groups except for Crie-Pu1239
(St59-O1:H7) of the F phylogroup. B2-ST131-O16:H5 isolates (n = 4) were characterized by
the absence of salmochelin genes, and the same iron uptake genes profile was exhibited by
ST131-O25:H4 isolates (n = 2), and one of each isolate from ST404 and ST1193 belonging
to the same serotype (O75:H5). Most of the B2 isolates (n = 16) were characterized by the
absence of aerobactin operone, predominantly, and these samples mostly referred to O6:H1,
O50:H6, and O75:H7 serotypes (Table S2).

Toxins play an important role in infections of different localizations since they con-
tribute to the spread of bacteria in tissues, increasing cytotoxicity, resistance to neutrophils,
as well as damage and disruption of host cell metabolism, leading to a biotope environ-
ment more favorable for E. coli [24]. Toxin genes were not revealed in two isolates with
unidentified phylogroups (Crie-Pu1335 and 1340); in two samples of A and all isolates of
B1 phylogroups (n = 4); in a single strain of C1 (Crie-Pu1330); and in separate isolates of B2
and D phylogroups (n = 5 and n = 2, correspondingly). The most frequently identified toxin
genes were cnf1 (cytotoxic necrotizing factor) and hlyA-D (hemolysin). The combination of
these genes was more common for B2 isolates, especially, for serogroups O50 and O6 (Table
S2). Several isolates belonging to A, B2, D, and F phylogroups harbored serine protease
autotransporters genes (pic and sat) and the enterotoxin determinant senB. The combination
with maximal numbers of toxin determinants was identified in three isolates of the B2
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phylogroup, with two of them (Crie-Pu1235 and 1290, both ST131) belonging to O16:H5 and
O25:H4 serotypes, correspondingly, and the isolate Crie-Pu1304-ST73-O18ac:H1 (Table S2).

Protectins defend bacteria from the host immune system and from various unfavorable
conditions. In particular, protectins include bacterial capsules, outer membrane proteins,
and lipopolysaccharide components. Most of the E. coli isolates under investigation (n = 38,
mainly the isolates from the B2 and D phylogroups) carried the kps cluster, determining
the synthesis of a polysialic acid capsule. Some of these isolates additionally harbored
the neu cluster responsible for polysialic acid production. Only ten isolates of the B2
phylogroup (mainly belonging to O50 and O6 serotypes) carried the tcpC gene involved in
the suppression of innate immunity (Table S2).

We observed insignificant differences in virulence gene numbers for the E. coli iso-
lates vs. CRISPR-element patterns. Meanwhile, virulence factor genes were found more
frequently (p = 0.0412) in the group “Type I-F” E. coli isolates when compared to the “Type
I-E” isolates (Figure 6).
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3.6. Plasmid Replicons of Crie-Pu E. coli Isolates

Since plasmids are very important vehicles of antibiotic resistance genes [25], we
performed a search of plasmid sequences in the WGS data obtained. The list of plasmid
replicons identified in the isolates is shown in Table S5. Plasmid sequences were revealed
in 50/53 (94%) isolates analyzed. In total, 24 different types of plasmid replicons belonging
to 15 varieties of Inc-type plasmids and nine varieties of Col-type plasmids were found
(Table S5). IncFIB and Col156 plasmids were the most frequently carried replicons in our
collection, revealed in 27 and 18 Crie-Pu isolates, respectively. Col- or Inc-type plasmid
replicons were separately carried by nine and seven E. coli isolates, respectively, while
thirty-seven isolates under investigation included the replicons of both types. The total
replicon number usually was between 1 and 4, while the maximum number of plasmid
replicons belonging to different types in one E. coli genome reached eight (Crie-Pu1331)
(Table S5).

However, in order to obtain reliable plasmid sequences, long-read sequencing is
usually required, which we plan to perform in the future.



Pathogens 2024, 13, 997 12 of 18

According to CRISPR-element sets of the studied isolates, plasmid replicons were
observed more frequently (p = 0.0333) in the group “Type I-E” E. coli isolates when compared
to the “Type I-F” isolates (Figure 7).
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3.7. CRISPR Arrays of the E. coli Isolates

The CRISPR array spacers number did not differ significantly between “Type I-E” and
“Type I-F” E. coli isolates, but the number of spacers in both groups was significantly higher
than in “CRISPR/No Cas” (Figure 8).
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Figure 8. The CRISPR arrays spacers count in the analyzed groups of the Crie-Pu E. coli isolates.
Asterisks denote significant differences (** p ≤ 0.01, **** p ≤ 0.0001).

CRISPR arrays of Type I-E Crie-Pu E. coli isolates consisted of 450 spacers (189 unique
spacers and 261 repeating spacers with 48 unique spacers among them). 71.1% of the
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analyzed spacers were identified as E. coli CRISPR spacers (e.g., ‘Escherichia coli strain C2-7
CRISPR repeat region’) using the MegaBLAST algorithm of Basic Local Alignment Search
Tool (BLAST®, National Library of Medicine). Only 4.2% of spacers were identified as
phage sequences (e.g., ‘Bacteriophage sp. isolate 4198_46168, partial genome’), and 49.3%
of spacers targeted plasmids (e.g., ‘Escherichia coli strain KE47 plasmid unnamed1, complete
sequence’) (Table S6). The rest (around 14.2%) were self-targeting spacers (Table S6).

In total, 224 spacers were found in Type I-F Crie-Pu E. coli CRISPR arrays, with 75 of
them being unique and 149 being repeating (with 39 unique spacers among the repeating
ones). In addition, 61.6% (138 out of 224) were identified as spacers from known E. coli
CRISPR arrays (e.g., ‘Escherichia coli strain 718 CRISPR1 repeat region’). Only five spacers
(out of 224) targeted phage sequences (e.g., ‘Salmonella phage SW3, complete genome’), and
ten spacers targeted plasmids (e.g., ‘Escherichia coli strain SCU-204 plasmid pSCU-204-5,
complete sequence’) according to the analysis conducted using MegaBLAST algorithm of
BLAST® (National Library of Medicine) (Table S7). The rest spacers (32.6%) targeted E. coli
genomes (Table S7).

Additionally, Type I-E and Type I-F CRISPR spacers were analyzed using the CRISPRTar-
get web service (http://crispr.otago.ac.nz/CRISPRDetect/predict_crispr_array.html accessed
on 10 July 2024 [17]; http://crispr.otago.ac.nz/CRISPRTarget/crispr_analysis.html accessed
on 10 July 2024 [18,19]). CRISPRTarget revealed specific targets (namely, ‘plasmids’, ‘phages’,
‘pathogenicity islands’ or combinations thereof) for 31 Type I-E and 26 Type I-F E. coli CRISPR
spacers with 61.3% (19 out of 31) Type I-E spacers identified as targeting plasmids, while
50% (13 out of 26) Type I-F spacers were identified as targeting phages. It was shown that
plasmid-targeting spacers were observed more frequently (p ≤ 0.0001) within Type I-E spacers,
whereas phage-targeting spacers (p ≤ 0.001) were observed more frequently within Type I-F
spacers (Figure 9).
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3.8. Correlation Analysis

In order to find out the interrelation between pathoadaptability factors and CRISPR-
element patterns, a correlation analysis was performed. First of all, the datasets “Antibiotic
resistance genes count”, “Virulence factors genes count” “Plasmids count” and “Spacers

http://crispr.otago.ac.nz/CRISPRDetect/predict_crispr_array.html
http://crispr.otago.ac.nz/CRISPRTarget/crispr_analysis.html
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count” for “No CRISPR/No Cas”, “CRISPR/No Cas”, “Type I-E”, and “Type I-F” groups
of Crie-Pu E. coli isolates were normalized. Afterward, the nonparametric Spearman corre-
lation was calculated, and correlation matrices were constructed. The resulting correlation
matrices are presented in Figure S1.

In the “No CRISPR/No Cas” group of E. coli isolates, a moderate negative correlation
(p = 0.025) was observed between the number of virulence factor genes and plasmids
count (Table 1), while the number of AMR genes positively correlated with the number of
plasmids in the “Type I-E” and “Type I-F” groups (Table 1).

Table 1. Significant correlations in the analyzed groups of Crie-Pu E. coli isolates.

Correlation/Cas Type No CRISPR/
No Cas

CRISPR/
No Cas Type I-E Type I-F

Antibiotic resistance gene
count vs.

Virulence factor gene count
--- --- --- ---

Antibiotic resistance gene
count vs. Plasmid count --- --- r = 0.48, p = 0.039 r = 0.52, p = 0.060

Antibiotic resistance gene
count vs. Spacer count --- --- --- ---

Virulence factors gene count
vs. Plasmid count

r = −0.60,
p = 0.025 --- --- ---

Virulence factor gene count
vs. Spacer count --- --- --- ---

Plasmid count vs.
Spacer count --- --- --- ---

4. Discussion

The work presented here focuses on whole genome analysis of E. coli strains isolated
from the maternal birth canal discharge of puerperant women on the 3rd or 4th day
after labor. We described our results through the prism of CRISPR-elements patterns to
assess the pathogenic potential of the isolates under study. Our previous investigations
showed specific features of multidrug-resistant bacteria in terms of their pathoadaptability,
and genomic and phenotypic adaptations that promote bacterial survival under hospital
conditions [21,26]. It is worth noting that there is a lack of data regarding the phenotypic
and genotypic characterization of E. coli strains colonizing healthy women several days
after labor.

The analysis of the population structure of the isolates showed a notable heterogeneity
of the strains at genotype and phylogroup levels. The 53 studied samples belonged to 31
MLST-based sequence types and 20 O-serotypes. Phylogroup classification demonstrated
that E. coli isolates under investigation were distributed in six phylogroups—A, B1, B2, C,
D, and F, and more than half of the isolates (32, 60%) belonged to phylogroup B2. It was
reported that most ExPEC strains derived from this group [27,28], and common ExPEC
types were revealed in our sample set. These types included ST73 (three isolates), ST95
(one isolate), ST131 (six isolates), ST1193 (one isolate), and ST69 (phylogroup D, eight
isolates). Interestingly, similar heterogeneity of E. coli isolates with the prevalence of the
B2 phylogroup was described earlier for vaginal and endocervical strains collected from
pregnant women [29,30] and cervix isolates of women in preterm labor [31]. It is also worth
mentioning that four ST141 isolates were revealed in our study since their prevalence has
recently increased in both extraintestinal and intestinal diseases [6]. In general, such a
diversity of isolates collected from one department during a rather short period practically
eliminates the possibility of nosocomial infection in this case.

In total, 62.3% of Crie-Pu E. coli isolates were characterized by the presence of the
CRISPR/Cas systems. Commonly, such a high percentage of CRISPR/Cas systems is found
in the microorganisms used in fermentation processes (e.g., starter cultures, probiotic cul-
tures, and so on) [32,33]. CRISPR/Cas systems provide protection to these microorganisms
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from phage invasions that dramatically affect the quality of products [34] and represent
one of the evolutionary mechanisms of adaptation and survival.

CRISPR/Cas systems Type I-E and I-F were found in 35.8% and 26.4% of Crie-Pu E. coli
isolates, respectively. On the one hand, Type I-E CRISPR/Cas distribution is consistent with
the one published earlier [35,36]. On the other hand, we found that Type I-E CRISPR/Cas
systems are found more frequently (p < 0.05) in the group of reference E. coli isolates
available in the CRISPRCas database. Type I-F CRISPR/Cas systems were overrepresented
(p < 0.00001) in our collection of E. coli isolates compared to the data published earlier [35]
and the fraction revealed in the reference group. This is due to the predominance of B2
isolates in our sample set since the Type I-F CRISPR/Cas system is a characteristic of B2
E. coli strains [37]. It is worth noting that the Type I-F CRISPR/Cas system is more active
than Type I-E, so it possesses a higher potential association with pathogenicity due to its
presumable affinity to genetic elements and low prevalence [7,38]. Interestingly, according
to phylogenetic analysis of Type I-E and I-F cas genes, Crie-Pu E. coli isolates belonging to
ST69, 141, and 80 formed separate clades on maximum-likelihood trees, thus indicating
their greater divergence compared to reference isolates from the database.

Apparently, there are several factors contributing to bacterial pathoadaptability, such
as the number of AMR genes, virulence factors, plasmids, and the presence of apparently
functional CRISPR/Cas systems. In the present study, we demonstrated that the num-
ber of AMR genes and plasmid replicons was higher in E. coli isolates bearing Type I-E
CRISPR/Cas system than in isolates with Type I-F systems, and this fact is consistent
with the observation published earlier [39]. In 2019, Long et al. demonstrated the role of
the Type I-F system in limiting the acquisition of AMR [37]. Interestingly, the majority of
our E. coli isolates carrying the I-F system included fewer antimicrobial resistance genes
compared to other isolates under investigation, but were characterized by a lower number
of plasmid-targeting spacers than Type I-E Crie-Pu E. coli isolates. This fact is in contrast
to the work of Aydin S. et al., who reported a much larger proportion of plasmid-specific
spacers in E. coli isolates susceptible to antimicrobial drugs [39]. This observation suggests
a more complex role of CRISPR/Cas systems in bacterial pathoadaptability and needs
further investigation.

At the same time, in Type I-F E. coli isolates the number of genes encoding virulence
factors was higher. Several virulence factors such as sfa (S fimbriae), cnf1 (cytotoxic necrotiz-
ing factor 1), focF and focH (Fimbriae of serotype 1C), iroB, and hlyABCD (hemolysins) were
seen more frequently in the group of Type I-F vs. Type I-E isolates. These virulence factors
are frequently found in Uropathogenic Escherichia coli (UPEC), which represents the primary
cause of UTIs globally [40] and is also associated with cystitis and pyelonephritis [41,42].

It is worth noting that the CRISPR/No Cas group of our Crie-Pu sample set was
represented by six isolates only and they were characterized by an interrelation pattern of
pathoadaptability factors similar to Type I-E E. coli isolates.

Furthermore, remarkable correlations were found between the pathoadaptability
factors, such as the number of AMR genes, the number of virulence factors, and the num-
ber of plasmid replicons in the groups of Crie-Pu E. coli isolates with different types of
CRISPR/Cas systems. Thus, for Crie-Pu E. coli isolates without CRISPR/Cas systems, we
revealed the pattern of “more virulence genes-less plasmids” and vice versa. Another
correlation pattern “more plasmids-more antibiotic resistance genes” and vice versa was
observed in the “Type I-E” and “Type I-F” groups. This fact confers the potential asso-
ciation of Type I-E and Type I-F with E. coli pathogenicity [7] and may contribute to the
pathoadaptability of E. coli with different CRISPR/Cas systems. Moreover, the presence of
spacers with identities to phage and plasmid sequences in Crie-Pu E.coli strains indicates
the defense role of CRISPR/Cas systems.

In our study, 14.2% of Type I-E spacers and 32.6% of Type I-F spacers were identified
as self-targeting. It is known that E. coli CRISPR spacers have a statistically significant
tendency to target hosts compared to phage genomes [43]. It is known that self-targeting
spacers in CRISPR/Cas systems acquired from the host chromosome are involved in au-
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toimmunity and cell death [44]. Moreover, such spacers play an important role in the
mRNA degradation process making it possible to overcome host immune reactions [45].
In addition, self-targeting spacers may contribute to bacterial gene regulation and evolu-
tion [8,46]. It is assumed that CRISPR/Cas systems containing self-targeting spacers should
be tightly regulated to maintain a balance between the risk of developing autoimmune
reactions leading to cell death and the ability to resist phage invasions. These CRISPR/Cas
systems still require further investigation [47].

5. Conclusions

Our whole genome-based analysis demonstrated that E. coli isolates from birth canal
discharge of healthy puerperant women possessed a high potential for extraintestinal
infections. This applies mainly to the isolates belonging to B2 and D phylogroups. We
also observed colonization with E. coli strains from A, B1, C, and F phylogroups, which
more commonly behave as commensals [48]. Additionally, the remarkable heterogeneity
of the studied bacterial population was observed, which makes the nosocomial origin of
E. coli infections unlikely. We believe that the data presented will contribute to further
investigations in the field of bacterial pathoadaptability, and will serve as an important
supplementary for the formation of new approaches for genomic epidemiology surveillance
in clinical conditions, and in maternal care facilities, in particular. The assessment of
antimicrobial resistance and virulence genetic determinants, plasmid replicons, etc. with
respect to the variability of CRISPR elements for bacterial strains could be used as additional
pathogenicity predictors and could facilitate the development of better prevention strategies
against this important pathogen.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pathogens13110997/s1, Figure S1: Correlation analysis of CRISPR
type vs. other pathoadaptability factors; Table S1: Metadata and susceptibility to antibiotics of the
studied E. coli isolates; Table S2: Typing of E. coli isolates studied and revealed virulence genes;
Table S3: Pathoadaptability Factors vs. CRISPR-Elements; Table S4: Distribution of antibiotic resis-
tance determinants in E.coli isolates studied; Table S5: Plasmid replicons in E. coli isolates studied;
Table S6: CRISPR arrays in Crie-Pu E. coli isolates with putative Type I-E CRISPR/Cas systems;
Table S7: CRISPR arrays in Crie-Pu E. coli isolates with putative Type I-F CRISPR/Cas systems.

Author Contributions: Conceptualization, Y.M., M.T. and A.T.; Data curation, A.S. (Anna Slavokho-
tova) and A.S. (Andrey Shelenkov); Formal analysis, K.K., A.T. and S.S.; Funding acquisition, V.A.;
Investigation, Y.M., M.T., K.K., A.S. (Anna Slavokhotova), S.S., A.A. and A.S. (Andrey Shelenkov);
Methodology, Y.M., M.T., A.T. and S.S.; Project administration, V.A.; Resources, M.T., K.K., S.S., A.A.
and A.S. (Andrey Shelenkov); Software, A.S. (Andrey Shelenkov); Supervision, A.T. and V.A.; Valida-
tion, Y.M. and A.S. (Anna Slavokhotova); Visualization, M.T., K.K. and A.A.; Writing—original draft,
Y.M. and M.T.; Writing—review & editing, A.S. (Anna Slavokhotova) and A.S. (Andrey Shelenkov).
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by a grant from the Ministry of Science and Higher Education of
the Russian Federation (agreement No. 075-15-2019-1666).

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki, and approved by the Local Ethics Committee of the Central Research Institute of
Epidemiology (protocol No. 126, approved on 30 August 2022).

Informed Consent Statement: The informed consent was received for all patients involved in
the study.

Data Availability Statement: The genomes of all isolates described in this study were uploaded to
NCBI under the project number PRJNA1151703.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

https://www.mdpi.com/article/10.3390/pathogens13110997/s1
https://www.mdpi.com/article/10.3390/pathogens13110997/s1


Pathogens 2024, 13, 997 17 of 18

References
1. Geurtsen, J.; de Been, M.; Weerdenburg, E.; Zomer, A.; McNally, A.; Poolman, J. Genomics and pathotypes of the many faces of

Escherichia coli. FEMS Microbiol. Rev. 2022, 46, fuac031. [CrossRef] [PubMed]
2. Denamur, E.; Clermont, O.; Bonacorsi, S.; Gordon, D. The population genetics of pathogenic Escherichia coli. Nat. Rev. Microbiol.

2021, 19, 37–54. [CrossRef]
3. Kocsis, B.; Gulyas, D.; Szabo, D. Emergence and Dissemination of Extraintestinal Pathogenic High-Risk International Clones of

Escherichia coli. Life 2022, 12, 2077. [CrossRef]
4. Beghain, J.; Bridier-Nahmias, A.; Le Nagard, H.; Denamur, E.; Clermont, O. ClermonTyping: An easy-to-use and accurate in silico

method for Escherichia genus strain phylotyping. Microb. Genom. 2018, 4, e000192. [CrossRef] [PubMed]
5. Clermont, O.; Bonacorsi, S.; Bingen, E. Rapid and simple determination of the Escherichia coli phylogenetic group. Appl. Environ.

Microbiol. 2000, 66, 4555–4558. [CrossRef]
6. Emery, A.; Hocquet, D.; Bonnet, R.; Bertrand, X. Genotypic Characteristics and Antimicrobial Resistance of Escherichia coli ST141

Clonal Group. Antibiotics 2023, 12, 382. [CrossRef]
7. Garcia-Gutierrez, E.; Almendros, C.; Mojica, F.J.; Guzman, N.M.; Garcia-Martinez, J. CRISPR Content Correlates with the

Pathogenic Potential of Escherichia coli. PLoS ONE 2015, 10, e0131935, Erratum in PLoS ONE 2015, 10, e0134138. [CrossRef]
[PubMed]

8. Westra, E.R.; Buckling, A.; Fineran, P.C. CRISPR-Cas systems: Beyond adaptive immunity. Nat. Rev. Microbiol. 2014, 12, 317–326.
[CrossRef]

9. Shehreen, S.; Chyou, T.Y.; Fineran, P.C.; Brown, C.M. Genome-wide correlation analysis suggests different roles of CRISPR-Cas
systems in the acquisition of antibiotic resistance genes in diverse species. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2019, 374,
20180384. [CrossRef]

10. Conroy, K.; Koenig, A.F.; Yu, Y.H.; Courtney, A.; Lee, H.J.; Norwitz, E.R. Infectious morbidity after cesarean delivery: 10 strategies
to reduce risk. Rev. Obstet. Gynecol. 2012, 5, 69–77.

11. Smirnova, S.S.; Egorov, I.A.; Golubkova, A.A. Purulent-septic infections in puerperas. Part 2. Clinical and pathogenetic
characteristics of nosological forms, etiology and antibiotic resistance (literature review). J. Microbiol. Epidemiol. Immunobiol. 2022,
99, 244–259. [CrossRef]

12. Knowles, S.J.; O’Sullivan, N.P.; Meenan, A.M.; Hanniffy, R.; Robson, M. Maternal sepsis incidence, aetiology and outcome for
mother and fetus: A prospective study. BJOG 2015, 122, 663–671. [CrossRef] [PubMed]

13. Shelenkov, A.; Petrova, L.; Fomina, V.; Zamyatin, M.; Mikhaylova, Y.; Akimkin, V. Multidrug-Resistant Proteus mirabilis Strain
with Cointegrate Plasmid. Microorganisms 2020, 8, 1775. [CrossRef] [PubMed]

14. Egorova, A.; Mikhaylova, Y.; Saenko, S.; Tyumentseva, M.; Tyumentsev, A.; Karbyshev, K.; Chernyshkov, A.; Manzeniuk, I.;
Akimkin, V.; Shelenkov, A. Comparative Whole-Genome Analysis of Russian Foodborne Multidrug-Resistant Salmonella Infantis
Isolates. Microorganisms 2021, 10, 89. [CrossRef] [PubMed]

15. Clermont, O.; Gordon, D.; Denamur, E. Guide to the various phylogenetic classification schemes for Escherichia coli and the
correspondence among schemes. Microbiology 2015, 161, 980–988. [CrossRef]

16. Couvin, D.; Bernheim, A.; Toffano-Nioche, C.; Touchon, M.; Michalik, J.; Neron, B.; Rocha, E.P.C.; Vergnaud, G.; Gautheret, D.;
Pourcel, C. CRISPRCasFinder, an update of CRISRFinder, includes a portable version, enhanced performance and integrates
search for Cas proteins. Nucleic Acids Res. 2018, 46, W246–W251. [CrossRef]

17. Biswas, A.; Staals, R.H.; Morales, S.E.; Fineran, P.C.; Brown, C.M. CRISPRDetect: A flexible algorithm to define CRISPR arrays.
BMC Genom. 2016, 17, 356. [CrossRef]

18. Biswas, A.; Gagnon, J.N.; Brouns, S.J.; Fineran, P.C.; Brown, C.M. CRISPRTarget: Bioinformatic prediction and analysis of crRNA
targets. RNA Biol. 2013, 10, 817–827. [CrossRef]

19. Staals, R.H.; Jackson, S.A.; Biswas, A.; Brouns, S.J.; Brown, C.M.; Fineran, P.C. Interference-driven spacer acquisition is dominant
over naive and primed adaptation in a native CRISPR-Cas system. Nat. Commun. 2016, 7, 12853. [CrossRef]

20. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across Computing
Platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]

21. Tyumentseva, M.; Mikhaylova, Y.; Prelovskaya, A.; Karbyshev, K.; Tyumentsev, A.; Petrova, L.; Mironova, A.; Zamyatin, M.;
Shelenkov, A.; Akimkin, V. CRISPR Element Patterns vs. Pathoadaptability of Clinical Pseudomonas aeruginosa Isolates from a
Medical Center in Moscow, Russia. Antibiotics 2021, 10, 1301. [CrossRef] [PubMed]

22. Soto, G.E.; Hultgren, S.J. Bacterial adhesins: Common themes and variations in architecture and assembly. J. Bacteriol. 1999, 181,
1059–1071. [CrossRef]

23. Klebba, P.E.; Newton, S.M.C.; Six, D.A.; Kumar, A.; Yang, T.; Nairn, B.L.; Munger, C.; Chakravorty, S. Iron Acquisition Systems of
Gram-negative Bacterial Pathogens Define TonB-Dependent Pathways to Novel Antibiotics. Chem. Rev. 2021, 121, 5193–5239.
[CrossRef]

24. Sarowska, J.; Futoma-Koloch, B.; Jama-Kmiecik, A.; Frej-Madrzak, M.; Ksiazczyk, M.; Bugla-Ploskonska, G.; Choroszy-Krol,
I. Virulence factors, prevalence and potential transmission of extraintestinal pathogenic Escherichia coli isolated from different
sources: Recent reports. Gut Pathog. 2019, 11, 10. [CrossRef] [PubMed]

25. Stephens, C.; Arismendi, T.; Wright, M.; Hartman, A.; Gonzalez, A.; Gill, M.; Pandori, M.; Hess, D. F Plasmids Are the Major
Carriers of Antibiotic Resistance Genes in Human-Associated Commensal Escherichia coli. mSphere 2020, 5. [CrossRef]

https://doi.org/10.1093/femsre/fuac031
https://www.ncbi.nlm.nih.gov/pubmed/35749579
https://doi.org/10.1038/s41579-020-0416-x
https://doi.org/10.3390/life12122077
https://doi.org/10.1099/mgen.0.000192
https://www.ncbi.nlm.nih.gov/pubmed/29916797
https://doi.org/10.1128/AEM.66.10.4555-4558.2000
https://doi.org/10.3390/antibiotics12020382
https://doi.org/10.1371/journal.pone.0131935
https://www.ncbi.nlm.nih.gov/pubmed/26136211
https://doi.org/10.1038/nrmicro3241
https://doi.org/10.1098/rstb.2018.0384
https://doi.org/10.36233/0372-9311-227
https://doi.org/10.1111/1471-0528.12892
https://www.ncbi.nlm.nih.gov/pubmed/24862293
https://doi.org/10.3390/microorganisms8111775
https://www.ncbi.nlm.nih.gov/pubmed/33198099
https://doi.org/10.3390/microorganisms10010089
https://www.ncbi.nlm.nih.gov/pubmed/35056538
https://doi.org/10.1099/mic.0.000063
https://doi.org/10.1093/nar/gky425
https://doi.org/10.1186/s12864-016-2627-0
https://doi.org/10.4161/rna.24046
https://doi.org/10.1038/ncomms12853
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.3390/antibiotics10111301
https://www.ncbi.nlm.nih.gov/pubmed/34827239
https://doi.org/10.1128/JB.181.4.1059-1071.1999
https://doi.org/10.1021/acs.chemrev.0c01005
https://doi.org/10.1186/s13099-019-0290-0
https://www.ncbi.nlm.nih.gov/pubmed/30828388
https://doi.org/10.1128/msphere.00709-20


Pathogens 2024, 13, 997 18 of 18

26. Tyumentseva, M.; Mikhaylova, Y.; Prelovskaya, A.; Tyumentsev, A.; Petrova, L.; Fomina, V.; Zamyatin, M.; Shelenkov, A.;
Akimkin, V. Genomic and Phenotypic Analysis of Multidrug-Resistant Acinetobacter baumannii Clinical Isolates Carrying
Different Types of CRISPR/Cas Systems. Pathogens 2021, 10, 205. [CrossRef] [PubMed]

27. Picard, B.; Garcia, J.S.; Gouriou, S.; Duriez, P.; Brahimi, N.; Bingen, E.; Elion, J.; Denamur, E. The link between phylogeny and
virulence in Escherichia coli extraintestinal infection. Infect. Immun. 1999, 67, 546–553. [CrossRef]

28. Johnson, J.R.; Stell, A.L. Extended virulence genotypes of Escherichia coli strains from patients with urosepsis in relation to
phylogeny and host compromise. J. Infect. Dis. 2000, 181, 261–272. [CrossRef]

29. Obata-Yasuoka, M.; Ba-Thein, W.; Tsukamoto, T.; Yoshikawa, H.; Hayashi, H. Vaginal Escherichia coli share common virulence
factor profiles, serotypes and phylogeny with other extraintestinal E. coli. Microbiology 2002, 148, 2745–2752. [CrossRef]

30. Guiral, E.; Bosch, J.; Vila, J.; Soto, S.M. Prevalence of Escherichia coli among samples collected from the genital tract in pregnant
and nonpregnant women: Relationship with virulence. FEMS Microbiol. Lett. 2011, 314, 170–173. [CrossRef]

31. Williams, M.; Jones, A.B.; Maxedon, A.L.; Tabakh, J.E.; McCloskey, C.B.; Bard, D.E.; Heruth, D.P.; Chavez-Bueno, S. Whole-genome
sequencing-based phylogeny, antibiotic resistance, and invasive phenotype of Escherichia coli strains colonizing the cervix of
women in preterm labor. BMC Microbiol. 2021, 21, 330. [CrossRef] [PubMed]

32. Stout, E.; Klaenhammer, T.; Barrangou, R. CRISPR-Cas Technologies and Applications in Food Bacteria. Annu. Rev. Food Sci.
Technol. 2017, 8, 413–437. [CrossRef]

33. Sun, Z.; Harris, H.M.; McCann, A.; Guo, C.; Argimon, S.; Zhang, W.; Yang, X.; Jeffery, I.B.; Cooney, J.C.; Kagawa, T.F.; et al.
Expanding the biotechnology potential of lactobacilli through comparative genomics of 213 strains and associated genera. Nat.
Commun. 2015, 6, 8322. [CrossRef]

34. Chegini, Z.; Khoshbayan, A.; Taati Moghadam, M.; Farahani, I.; Jazireian, P.; Shariati, A. Bacteriophage therapy against
Pseudomonas aeruginosa biofilms: A review. Ann. Clin. Microbiol. Antimicrob. 2020, 19, 45. [CrossRef]

35. Medina-Aparicio, L.; Davila, S.; Rebollar-Flores, J.E.; Calva, E.; Hernandez-Lucas, I. The CRISPR-Cas system in Enterobacteriaceae.
Pathog. Dis. 2018, 76, fty002. [CrossRef] [PubMed]

36. Dion, M.B.; Shah, S.A.; Deng, L.; Thorsen, J.; Stokholm, J.; Krogfelt, K.A.; Schjorring, S.; Horvath, P.; Allard, A.; Nielsen, D.S.; et al.
Escherichia coli CRISPR arrays from early life fecal samples preferentially target prophages. ISME J. 2024, 18, wrae005. [CrossRef]
[PubMed]

37. Long, J.; Xu, Y.; Ou, L.; Yang, H.; Xi, Y.; Chen, S.; Duan, G. Polymorphism of Type I-F CRISPR/Cas system in Escherichia coli of
phylogenetic group B2 and its application in genotyping. Infect. Genet. Evol. 2019, 74, 103916. [CrossRef]

38. Almendros, C.; Mojica, F.J.; Diez-Villasenor, C.; Guzman, N.M.; Garcia-Martinez, J. CRISPR-Cas functional module exchange in
Escherichia coli. mBio 2014, 5, e00767-00713. [CrossRef] [PubMed]

39. Aydin, S.; Personne, Y.; Newire, E.; Laverick, R.; Russell, O.; Roberts, A.P.; Enne, V.I. Presence of Type I-F CRISPR/Cas systems is
associated with antimicrobial susceptibility in Escherichia coli. J. Antimicrob. Chemother. 2017, 72, 2213–2218. [CrossRef]

40. Terlizzi, M.E.; Gribaudo, G.; Maffei, M.E. UroPathogenic Escherichia coli (UPEC) Infections: Virulence Factors, Bladder Responses,
Antibiotic, and Non-antibiotic Antimicrobial Strategies. Front. Microbiol. 2017, 8, 1566. [CrossRef]

41. Tiba, M.R.; Yano, T.; Leite Dda, S. Genotypic characterization of virulence factors in Escherichia coli strains from patients with
cystitis. Rev. Inst. Med. Trop. Sao Paulo 2008, 50, 255–260. [CrossRef] [PubMed]

42. Salvador, E.; Wagenlehner, F.; Kohler, C.D.; Mellmann, A.; Hacker, J.; Svanborg, C.; Dobrindt, U. Comparison of asymptomatic
bacteriuria Escherichia coli isolates from healthy individuals versus those from hospital patients shows that long-term bladder
colonization selects for attenuated virulence phenotypes. Infect. Immun. 2012, 80, 668–678. [CrossRef]

43. Bozic, B.; Repac, J.; Djordjevic, M. Endogenous Gene Regulation as a Predicted Main Function of Type I-E CRISPR/Cas System in
E. coli. Molecules 2019, 24, 784. [CrossRef] [PubMed]

44. McGinn, J.; Marraffini, L.A. Molecular mechanisms of CRISPR-Cas spacer acquisition. Nat. Rev. Microbiol. 2019, 17, 7–12.
[CrossRef] [PubMed]

45. Wimmer, F.; Beisel, C.L. CRISPR-Cas Systems and the Paradox of Self-Targeting Spacers. Front. Microbiol. 2019, 10, 3078.
[CrossRef]

46. Devi, V.; Harjai, K.; Chhibber, S. Self-targeting spacers in CRISPR-array: Accidental occurrence or evolutionarily conserved
phenomenon. J. Basic Microbiol. 2022, 62, 4–12. [CrossRef]

47. Hoyland-Kroghsbo, N.M.; Paczkowski, J.; Mukherjee, S.; Broniewski, J.; Westra, E.; Bondy-Denomy, J.; Bassler, B.L. Quorum
sensing controls the Pseudomonas aeruginosa CRISPR-Cas adaptive immune system. Proc. Natl. Acad. Sci. USA 2017, 114,
131–135. [CrossRef]

48. Logue, C.M.; Wannemuehler, Y.; Nicholson, B.A.; Doetkott, C.; Barbieri, N.L.; Nolan, L.K. Comparative Analysis of Phylogenetic
Assignment of Human and Avian ExPEC and Fecal Commensal Escherichia coli Using the (Previous and Revised) Clermont
Phylogenetic Typing Methods and its Impact on Avian Pathogenic Escherichia coli (APEC) Classification. Front. Microbiol. 2017, 8,
283. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/pathogens10020205
https://www.ncbi.nlm.nih.gov/pubmed/33668622
https://doi.org/10.1128/IAI.67.2.546-553.1999
https://doi.org/10.1086/315217
https://doi.org/10.1099/00221287-148-9-2745
https://doi.org/10.1111/j.1574-6968.2010.02160.x
https://doi.org/10.1186/s12866-021-02389-7
https://www.ncbi.nlm.nih.gov/pubmed/34861816
https://doi.org/10.1146/annurev-food-072816-024723
https://doi.org/10.1038/ncomms9322
https://doi.org/10.1186/s12941-020-00389-5
https://doi.org/10.1093/femspd/fty002
https://www.ncbi.nlm.nih.gov/pubmed/29325038
https://doi.org/10.1093/ismejo/wrae005
https://www.ncbi.nlm.nih.gov/pubmed/38366192
https://doi.org/10.1016/j.meegid.2019.103916
https://doi.org/10.1128/mBio.00767-13
https://www.ncbi.nlm.nih.gov/pubmed/24473126
https://doi.org/10.1093/jac/dkx137
https://doi.org/10.3389/fmicb.2017.01566
https://doi.org/10.1590/S0036-46652008000500001
https://www.ncbi.nlm.nih.gov/pubmed/18949339
https://doi.org/10.1128/IAI.06191-11
https://doi.org/10.3390/molecules24040784
https://www.ncbi.nlm.nih.gov/pubmed/30795631
https://doi.org/10.1038/s41579-018-0071-7
https://www.ncbi.nlm.nih.gov/pubmed/30171202
https://doi.org/10.3389/fmicb.2019.03078
https://doi.org/10.1002/jobm.202100514
https://doi.org/10.1073/pnas.1617415113
https://doi.org/10.3389/fmicb.2017.00283

	Introduction 
	Materials and Methods 
	Isolate Collection 
	Determination of Antibiotic Susceptibility 
	Whole Genome Sequencing 
	Data Processing 

	Results 
	Isolate Typing 
	CRISPR Element Distribution of the Crie-Pu E. coli Isolates 
	Susceptibility to Antibiotics 
	Antimicrobial Resistance Genetic Determinants 
	Virulence Genes 
	Plasmid Replicons of Crie-Pu E. coli Isolates 
	CRISPR Arrays of the E. coli Isolates 
	Correlation Analysis 

	Discussion 
	Conclusions 
	References

