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In recent decades, growing attention has been directed worldwide toward antimicrobial-
resistant (AMR) bacterial pathogens causing infections in clinical, environmental, and food
chain production settings. The healthcare-associated infections (HAIs) caused by multidrug
(MDR)- or pandrug-resistant bacteria have already been declared a ‘silent pandemic’ [1]
and have raised a global concern due to increased patient morbidity and mortality as-
sociated with such agents [2]. In order to develop advanced prevention measures and
treatment plans to combat such infections, specialists in various fields, including micro-
biology, medicine, molecular biology, and bioinformatics, need to work together. This
will ensure a better understanding of the mechanisms driving resistance development and
dissemination within bacterial populations.

It is well known that resistance spreading in clinically relevant bacterial species like
Klebsiella pneumoniae or Acinetobacter baumannii is usually driven by several lineages

called ‘global clones’ or ‘international clones of high risk’, and thus the detection and
surveillance of the isolates belonging to such clones represents an important epidemio-
logical task [3,4]. In addition, the continuous monitoring of AMR gene presence within
clinical, environmental, veterinary, and food samples is essential for tracking the underlying
mechanisms of resistance acquisition and developing proper control measures, especially
considering the One Health paradigm [5,6]. Currently, molecular and whole-genome
sequencing (WGS)-based methods are the gold standard for global clone detection or inves-
tigations of the AMR genes, virulence factors, and plasmids for bacterial isolates, even in
time-critical situations [7,8].

Given the above findings, this Special Issue was contemplated as a collection of high-
quality papers describing various applications of molecular biology, WGS, and genomic
epidemiology methods for investigations of bacterial pathogens, with additional focus on
population structure and AMR gene detection.

The papers published in this Special Issue describe various aspects of antimicrobial
resistance and whole-genome analysis of pathogenic bacteria. The first aspect includes the
genomic analysis of particular Escherichia coli and Klebsiella pneumoniae strains, providing
valuable insights into mechanisms of AMR acquisition and dissemination of the studied
isolates (Contributions 2, 3, 4, and 10). The second aspect refers to more general molecular
and genomic epidemiology studies elucidating the structure of bacterial populations of
K. pneumoniae, Acinetobacter, non-baumannii, and other species in clinical and agricultural
environments (Contributions 6, 7, 8, and 9). The third aspect pertains to the caveats
within molecular diagnostics and infection prevention, namely, the detection of viable but
non-culturable bacteria (contribution 5) and the revelation of potential probiotic agents
against Salmonella infections (contribution 1). A brief description of all these reports is
provided below.

Contribution 1 is dedicated to the detection of Ligilactobacillus salivarius bacterial
strains, which can serve as a potential preventive probiotic against Salmonella infections
in poultry, in particular, for the ones caused by S. Enteritidis, S. Infantis, and S. Kentucky.
Since Salmonella is the leading cause of foodborne disease globally [9], the development of
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suitable prevention measures against its spread among poultry and other food-producing
animals becomes crucial.

Contribution 2 reveals the possible mechanism of amikacin resistance in clinical
isolates of K. pneumoniae. Hybrid long- and short-read WGS revealed the precise sequence
of a small plasmid carrying an amikacin resistance gene in only one member of a group of
isolates with identical cgMLST profiles and thus possessing very similar genome structure.
This small plasmid made a difference in the AMR of these isolates, which was confirmed
by susceptibility testing.

Contributions 3 and 4 involve the genomic analysis of E. coli. The former describes the
diarrheagenic hybrid strain and includes a comparative analysis of its genome and plasmids
with previous outbreak isolates. The latter reveals the possible mechanism of quinolone
resistance in an MDR isolate. Although E. coli is usually considered to be less dangerous
in a hospital than, for example, K. pneumoniae, it can also cause serious outbreaks [10] and
thus requires special attention.

Contribution 5 proposes a method for the detection of nonculturable Staphylococci
using bacteriophages. This approach facilitates effective distinction between viable and
dead bacteria in a sample, which can be very beneficial since most bacterial analysis
approaches rely on culturing methods and fail to produce accurate results for nonculturable
strains [11].

Contribution 6 provides epidemiological data regarding the diversity and resistance
gene presence for Klebsiella spp. samples isolated from dairy farms in Pakistan. The presence
of multiple resistance genes, especially the ones encoding beta-lactamases CTX-M-15 and
CTX-M-55, highlights the need for continued surveillance.

Contribution 7 involves a molecular analysis of beta-lactamase-producing E. coli and
Pseudomonas aeruginosa in Pakistan tertiary care hospitals. The authors noted a general
increase in AMR. Contribution 8 presents the in silico genomic epidemiology analysis
of carbapenem-resistant K. pneumoniae (CRKP) in countries belonging to the Gulf Coop-
eration Council. The study revealed a wide distribution of high-risk clones and other
epidemiologically valuable data.

Contribution 9 describes the wide-scale analysis of Acinetobacter non-baumannii species
in hospitalized patients. Although most Acinetobacter studies are usually focused on A.
baumannii, other members of this genus are becoming increasingly more important as
opportunistic pathogens in clinical settings. The authors discuss the infections caused by
these pathogens and the mechanisms of AMR, especially to carbapenem antibiotics.

Contribution 10 presents a genomic analysis of colistin-resistant E. coli isolates from
camels and provides valuable insights into plasmid-mediated mechanisms of AMR transfer.

Taken together, the papers presented in this Special Issue highlight the importance
of molecular, WGS, and genomic epidemiology methods for studying the clonal structure
and AMR gene content within bacterial populations in clinical, environmental, and food
production settings. In particular, WGS-based studies allowed researchers to capture
the diversity of particular species and reveal possible AMR and virulence acquisition
mechanisms in the studied isolates. Additionally, novel methods for Staphylococci detection
and Salmonella spread prevention are presented.

The data provided in this Special Issue will be useful for researchers in various
fields involving bacterial pathogen surveillance, detection, and treatment, especially in the
emerging field of genomic epidemiology.
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work was published in this issue, as well as to all those involved in the peer review and manuscript
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Induction of Viable but Non-Culturable State in Clinically
Relevant Staphylococci and Their Detection with
Bacteriophage K
Katja Šuster 1,* and Andrej Cör 1,2

1 Department of Research, Valdoltra Orthopaedic Hospital, 6280 Ankaran, Slovenia
2 Faculty of Education, University of Primorska, 6000 Koper, Slovenia
* Correspondence: katja.suster@ob-valdoltra.si

Abstract: Prosthetic joint infections are frequently associated with biofilm formation and the presence
of viable but non-culturable (VBNC) bacteria. Conventional sample culturing remains the gold
standard for microbiological diagnosis. However, VBNC bacteria lack the ability to grow on routine
culture medium, leading to culture-negative results. Bacteriophages are viruses that specifically
recognize and infect bacteria. In this study, we wanted to determine if bacteriophages could be
used to detect VBNC bacteria. Four staphylococcal strains were cultured for biofilm formation and
transferred to low-nutrient media with different gentamycin concentrations for VBNC state induction.
VBNC bacteria were confirmed with the BacLightTM viability kit staining. Suspensions of live, dead,
and VBNC bacteria were incubated with bacteriophage K and assessed in a qPCR for their detection.
The VBNC state was successfully induced 8 to 19 days after incubation under stressful conditions.
In total, 6.1 to 23.9% of bacteria were confirmed alive while not growing on conventional culturing
media. During the qPCR assay, live bacterial suspensions showed a substantial increase in phage
DNA. No detection was observed in dead bacteria or phage non-susceptible E. coli suspensions.
However, a reduction in phage DNA in VBNC bacterial suspensions was observed, which confirmed
the detection was successful based on the adsorption of phages.

Keywords: phage typing; molecular detection; bacteriophages; VBNC; pathogenic bacteria; PJI;
biofilm

1. Introduction

In the last decade, research on bacteriophage use has increased for diagnostic and
therapeutic purposes in human medicine [1]. Bacteriophages are viruses that specifically
recognize and attach to their target host bacteria, inject their genetic material, reproduce
inside the host, and release their progeny by lysing the bacterium. Due to the extraordinary
specificity of phages for a particular genus, species, or even strain of bacteria, they could be a
promising new tool for the rapid detection of bacteria in clinical samples. Bacteriophage K is
a broad-spectrum staphylococcal bacteriophage [2–5]. Previous research work showed that
combining bacteriophage K with qPCR technology enabled the detection of staphylococci
in the sonicate fluid of infected prosthetic joints [6,7].

The replacement of joints with artificial joint prostheses is one of the most successful
surgical procedures in orthopedic surgery as it has improved the life quality of millions of
patients by saving them from chronic pain and improving their mobility. Due to technolog-
ical advances, the number of prostheses that need to be replaced is decreasing; however, it
is still necessary to replace approximately 10% of them [8]. The most serious complication
leading to joint prosthesis revision is bacterial prosthetic joint infection (PJI), which is re-
ported to occur in 0.8 to 1.9% of knee arthroplasties and 0.3 to 1.7% of hip arthroplasties [9].
The microbiological culturing of samples represents the gold standard for establishing
the microbiological diagnosis (microbial typing) of PJI but does not always identify the

5
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pathogen. Culture-negative infections have been widely reported in the literature and
account for about 7–42% [10–13] of PJI cases, occurring at a higher rate in late PJI. Culture-
negative infections unable the selection of targeted antimicrobials; instead, broad-spectrum
or multiple antibiotics are administered to cover the most common microorganisms, which
can be less effective and lead to treatment failure. Failure to isolate the causative pathogen
by culture is mostly due to antibiotic administration prior to sampling, infections with
fastidious or uncommon microorganisms, improper sampling and lack of resuscitation
in the laboratory, and biofilm formation on biomaterial. Biofilms are associated with the
persistence and chronicity of infections and represent an important threat to human health,
especially due to their increased virulence and tolerance to antimicrobials.

The inaccurate use of antibiotics due to misdiagnosis or the administration of inade-
quate doses importantly contributes to the emerging multidrug-resistant strains, and may
induce persistence and a VBNC state in bacteria [14,15]. As for antibiotic pressure, other en-
vironmental conditions can also act as stressors on bacterial cells. Within layers of a biofilm,
different stressful microenvironments form that are low in oxygen and nutrients and have
a low pH due to higher waste concentrations. Such conditions promote phenotypic het-
erogeneity within bacterial populations in a biofilm, giving rise to persisters and VBNC
bacteria [14,16,17]. As a response to stressors, bacteria activate a cascade of stress-related
mechanisms followed by important morphological changes and lower metabolic activity.
The transition of bacteria into those states is generally accepted as a bacterial mechanism
of survival.

Due to all the changes that bacteria undergo while transitioning to the VBNC state,
they also lose their ability to grow on routinely used bacteriological media [18–20]. Cur-
rently, there is no validated and specific method for the identification of all viable bacteria
in clinical specimens. This leads to false negative results due to a lack of growth by conven-
tional microbiological culturing methods or underestimation of the total bacterial number
or species in a sample. Under continued stressful conditions, bacteria can remain in the
VBNC state over long periods. However, during the process known as resuscitation, bacte-
ria can revive into the culturable state, regaining full metabolic activity and virulence, and
thus causing a recurrence of infection in patients weeks or months later [21]. Therefore, the
underestimation or non-detection of bacteria due to biofilm formation on medical devices
and the presence of VBNC bacteria pose a great risk to public health.

Identifying the causative pathogen is of the utmost importance for an optimal outcome
in treating implant-related infections as it directly influences the choice of antimicrobial and
surgical therapy. However, further studies for the detection of all viable bacteria in clinical
samples are needed. In this study, we demonstrate that phage K combined with qPCR
enables the detection of VBNC staphylococci within biofilms. The use of bacteriophages
for bacterial typing could therefore represent an important alternative to conventional
microbiological diagnostic procedures that will allow the specific detection of all viable
bacteria in clinical specimens.

2. Results
2.1. Biofilm Formation and Induction of VBNC State

Minimal inhibitory concentrations (MIC) of gentamycin were determined to be
3.12 µg/mL for S. aureus ATCC 25923, S. epidermidis DSM 3269, and S. lugdunensis OBV
20/143, whereas for the S. aureus OBV 17/166 strain, the MIC was determined to be
12.5 µg/mL.

All strains successfully formed biofilms on filter paper membranes during the 48 h
incubation on BHI agar plates supplemented with 1% glucose. The biofilms’ morphology
was observed macroscopically and differed between strains. S. aureus OBV 17/166 biofilms
appeared thicker and retained a more intense yellow color than other bacterial biofilms. S.
aureus ATCC 25923 formed thinner biofilms than other staphylococcal strains (Figure 1).

6
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The VBNC state in all tested staphylococcal strains was successfully induced in vitro
by starvation on a low-nutrient M9 medium and antibiotic pressure using different concen-
trations of gentamycin. All control biofilms exposed only to starvation without gentamycin
still retained their culturability after 30 days of exposure. Results are presented in Table 1.

Table 1. Results of VBNC state induction in four staphylococcal strains.

Bacterial Strain Conditions for
VBNC Induction

Days under Stress Conditions Until
Loss of Culturability

(Mean ± SE) 1

% of Viable Bacterial Cells after
Culturability Loss

(Mean ± SE) 1

S. aureus
ATCC 25923

S >30 -
S + G 4 × MIC 11.3 ± 1.3 11.9 ± 1.5
S + G 8 × MIC 8.0 ± 1.0 13.5 ± 0.4

S + G 16 × MIC 9.0 ± 1.0 14.0 ± 0.7

S. aureus
OBV 17/166

S >30 -
S + G 4 × MIC 19.3 ± 1.4 9.7 ± 0.1
S + G 8 × MIC 19.3 ± 1.4 14.2 ± 0.0

S + G 16 × MIC 13.7 ± 3.3 10.3 ± 0.9

S. epidermidis
DSM 3269

S >30 -
S + G 4 × MIC 16.0 ± 0.0 6.1 ± 0.4
S + G 8 × MIC 12.7 ± 1.3 10.7 ± 1.6

S + G 16 × MIC 8.0 ± 1.0 12.0 ± 0.7

S. lugdunensis
OBV 20/143

S >30 -
S + G 4 × MIC 15.3 ± 0.7 15.2 ± 3.5
S + G 8 × MIC 14.0 ± 0.0 23.7 ± 0.5

S + G 16 × MIC 10.0 ± 0.0 23.9 ± 0.5

S, starvation; G, gentamycin. 1 Values obtained from three independent parallel experiments and expressed as
mean ± SE.
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S. aureus ATCC 25923 was the first strain that stopped growing on a nutrient medium
regardless of the antibiotic concentration used. The loss of culturability was first observed
after 8.0 ± 1.0 days of starvation and exposure to gentamycin at an 8 × MIC. No correlation
was observed between the used concentrations and time to growth cessation in both tested
S. aureus strains. In other tested strains, a correlation between antibiotic concentration
and the exposure time until culturability loss has been found. There was a statistically
significant difference between the use of 16 × MIC and 8 × MIC or 4 × MIC in S. epidermidis
(p < 0.001) and S. lugdunensis (p = 0.014 and p = 0.003, respectively), but not between the
use of 4 × MIC and 8 × MIC (p = 0.05), analyzed with the Newman–Keuls method.

The presence of VBNC bacteria was confirmed after staining bacterial suspensions with
the BacLight™ kit followed by visualization with fluorescence microscopy (Figure 2) and
spectrophotometric measurements of emitted green and red fluorescence. The percentages
of live bacteria present in samples are presented in Table 1.
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Figure 2. Examples of viable (green) and dead (red) bacteria (S. epidermidis DSM 3269) visualized
using fluorescence microscopy: (a) suspension of live bacteria; (b) suspension of dead bacteria;
(c) suspension of induced VBNC bacteria by gentamycin at 4 × MIC; (d) suspension of induced
VBNC bacteria by gentamycin at 16 × MIC. Magnification, 600×.

The percentage of live bacteria in suspensions where the VBNC state was induced by
exposure to gentamycin at 4 × MIC ranged between 6.1 ± 0.4% and 15.2 ± 3.5%, between
10.7 ± 1.6% and 23.7 ± 0.5% when biofilms were exposed to 8 × MIC of gentamycin, and
between 10.3 ± 0.9% and 23.9 ± 0.5% when exposed to 16×MIC of gentamycin. In S. aureus
ATCC 25923 and S. lugdunensis OBV 20/143, no correlation between the percentage of
viable bacteria and used gentamycin concentration has been found (p = 0.069 and p = 0.059,
respectively). In S. epidermidis and S. aureus OBV 17/166 strains, there was a statistically
significant difference in the percentage of viable bacteria in samples that were exposed
to gentamycin 4 × MIC and 8 × MIC (p = 0.02). In S. aureus OBV 17/166, there was also
a significant difference in the number of viable bacteria when comparing 8 × MIC and
16 × MIC results (p = 0.002), whereas in S. epidermidis the difference was significant, when
comparing 4 × MIC with 16 × MIC (p = 0.017).
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2.2. Detection of VBNC Bacteria with Bacteriophages and qPCR

To evaluate the possibility of the detection of VBNC staphylococci with our previously
developed method for the detection of staphylococci from sonicate fluid samples of ex-
planted prosthetic joints [6], suspensions of four different induced VBNC staphylococcal
strains were inoculated with phage K and assayed for phage K DNA detection in the qPCR
as described in the methods.

During the qPCR assay, a delay in amplification of a specific phage DNA sequence was
observed in samples where phage K was added to VBNC bacterial suspensions compared
to the reference sample, which contained only the initial amount of added phages. This
was due to the phage adsorption on living cells, which did not allow phage multiplication
because of their low metabolic state. Suspensions containing only dead bacteria, on the
other hand, did not show any statistical difference compared to the reference sample.
This indicated that the initial phage DNA was available for qPCR, whether or not the
virions adsorbed onto dead cells or cell debris, with a particularity of dead S. epidermidis,
which showed a statistically significant delay in the amplification of a specific phage
sequence. However, the differences between the tested VBNC suspensions and dead
bacterial suspensions were statistically different, showing an increased loss of phage
DNA in samples where VBNC bacteria were present. For live bacterial suspensions,
sequence amplification started 6–12 PCR cycles earlier than the reference control, due to
phage proliferation, which was expected since the samples were incubated for 180 min at
37 ◦C. No difference was observed between the reference sample and live or dead E. coli
suspensions, which represented the negative control strain, non-susceptible to phage K
(Figure 3).
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3. Discussion

Lytic bacteriophages are virulent bacterial viruses that are gaining interest in modern
medicine because of their extraordinary properties, which could be useful both for therapeu-
tic and diagnostic purposes. They can specifically recognize their bacterial host, adsorb to
their surface via specific cell receptors, and inject their genetic material into the cell. In that
way, they take control of the bacterial metabolism by expressing their genes and assembling
new phage particles. During this process, lysins accumulate in the bacterial cell, lysing the
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bacterium at a certain point, and releasing new progeny phages [22]. For that, more and
more studies are focused on possibilities of phage use, not only for treatment but also for
the diagnosis of bacterial infections [23]. In this study, we aimed to examine the induction
and indirect detection of staphylococci in a low-metabolic state (the VBNC state) with a
broad-spectrum staphylococcal bacteriophage (phage K) and qPCR. We demonstrated that
phage K combined with qPCR enabled the detection of clinically relevant VBNC staphy-
lococci within biofilms. The detection was based on the adsorption of added phages to
VBNC bacteria, which was observed as a delay in phage DNA multiplication in the samples
where phage K was added to VBNC bacterial suspensions. The method used in this study
was previously developed for the detection of staphylococci in sonicate fluid samples of
explanted prosthetic joints [6,7]. Now, we show that both actively growing and VBNC
bacteria can be successfully and specifically detected with the bacteriophage-based method
in 4 h. The main difference between detecting actively growing bacteria and bacteria in
the VBNC state was in the phage adsorption to the bacteria and their reproduction. Bacte-
riophage K adsorbed and infected all viable bacteria; however, it was able to reproduce
only in actively growing bacteria, which resulted in an increase in phage DNA. On the
other hand, a decrease in phage DNA was observed in VBNC bacterial suspensions, as
phage reproduction strongly depends on the bacterial physiological state [24]. Furthermore,
dead bacterial cells were not detected with the method, whether or not the virions could
adsorb onto dead cells or cell debris. This was probably due to the sample’s chloroform
treatment. Chloroform dissolves the bacterial outer membrane and has been long used
for periplasmic protein extraction [25]. The treatment could therefore trigger the release of
phages attached to dead bacteria or cell debris, making phage DNA available for qPCR.
Chloroform treatment was previously determined to importantly improve the detection
of live bacteria with the used method, as it induced the premature lysis of phage-infected
bacteria [6]. By disrupting the cell membrane, chloroform provides phage endolysins with
access to the peptidoglycan. This triggers the premature lysis of bacteria and the release
of bacterial cell content including progeny bacteriophages and/or their components and
DNA. However, the results indicate that chloroform did not induce the premature lysis
of VBNC bacteria. This is probably because bacteriophages need a live and metabolically
active host for their replication, and phage endolysins (or at least enough endolysins) do
not form in VBNC bacteria for their lysis. In addition, VBNC bacteria are more resistant
to harsh environmental conditions and chemicals, and this could also implicate a higher
resistance to chloroform treatment.

Phage selectivity in specific strain recognition minimizes false-negative and false-
positive results often associated with detection methods and offers the possibility for the
detection of only live bacteria. Phage typing is used to identify bacteria, especially in the
food industry, but also in water and environmental pollution. Although the diagnosis with
the use of the phage is fast and sensitive, its use in clinical practice is not common [26].
Different already-developed phage-based diagnostic methods are focused on the detection
of one bacterial species/strain with a specific bacteriophage. Available FDA-approved and
clinically used diagnostic tests are used so far for the identification of M. tuberculosis, Y.
pestis, B. anthracis, and S. aureus [9].

Culture-negative infections have been widely reported in the literature. Traditional
microbiologic culturing does not yield any growth in about 7–42% [10–13] of PJI cases
and occurs at a higher rate in late PJI. In a recent prospective cohort study [27], culture-
negative PJI was determined in 19.7% of late PJI and 6.2% of early/delayed PJI cases. The
microbiological assessment of device-related biofilm infections improved significantly by
sonication fluid culture [28–32]. During sonication, biofilm is detached from the removed
device by applying low-intensity ultrasound waves. The culture of sonicate fluid is now
widely in use in combination with periprosthetic tissue/synovial fluid cultures to improve
the detection of microorganisms in PJI. However, as bacteria in the VBNC state cannot
be detected with conventional culturing methods, they contribute importantly to culture-
negative results, representing an important clinical issue leading to inadequate antibiotic
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administration and inadequate patient treatment. For some, the infection goes undetected
(silent infections) at first; for others, the prescribed antibiotics (if prescribed) are not needed;
and in other cases, patients receive weak epidemiologically inadequate broad-spectrum
antibiotics instead of specific ones. Not being able to detect and efficiently treat VBNC
bacterial infections contributes to infection recurrence, increases in health care costs, patient
dissatisfaction, and importantly to the emerging antimicrobial resistance, which is becoming
more and more common today.

The detection of VBNC bacteria remains a challenge in clinical practice, and there is
a need for a new specific and sensitive method for the quick detection of non-culturable
bacteria. Existing research on their detection includes different staining and molecular
methods [33], but so far, none of them is in use in clinical practice. Cerca et al. [34] suggested
the use of SYBR green (a component of the existing commercially available BacLightTM

LIVE/DEAD viability kit) as a fluorescent probe to assess the metabolic state of S. epider-
midis bacteria by flow cytometry. Ou et al. [35] induced the VBNC state in MRSA strains
with freezing at −20 ◦C, and subsequently evaluated their detection from contaminated
food samples with the use of propidium monoazide-crossing priming amplification. Li
et al. [36] successfully applied a propidium monoazide-polymerase chain reaction assay
to rapidly detect VBNC S. aureus in food. A few studies also demonstrated that the detec-
tion of bacteria in the VBNC state with phages is possible. Awais et al. [37] engineered a
GFP-labeled phage for the detection of E. coli and showed that also the detection of VBNC E.
coli was possible with the method. Fernandez et al. [38] immobilized phage PVP-SE1 on the
gold surface in a biosensor for the quantitative detection of VBNC S. enteriditis. They were
able to successfully distinguish viable and VBNC cells from dead cells with a detection rate
of 3–4 cells per sensor. As far as we know, no research on the detection of VBNC bacteria
in biofilms formed by clinical isolates from patients with PJI using bacteriophages has
been made.

Staphylococcus aureus and coagulase-negative staphylococci account for more than
half of the cases of PJI, and the prevalence of methicillin-resistant S. aureus PJI is in-
creasing [39,40]. Therefore, four clinically relevant and biofilm-forming staphylococcal
strains—S. epidermidis, S. lugdunensis, and two S. aureus strains—were selected for this
study. Importantly, two of the tested strains (S. aureus OBV 17/166 and S. lugdunensis
OBV 20/143) were PJI clinical isolates. Bacteria were cultured for biofilm formation and
transferred to low-nutrient media with three different gentamycin concentrations (4 × MIC,
8 × MIC, and 16 × MIC) for their induction into the VBNC state. We demonstrated that
all tested strains were able to enter the VBNC state as early as 8 days and up to 19 days of
exposure to gentamycin, regardless of the concentration used. To date, several foodborne
and clinical bacterial species have been reported to be able to transition into the VBNC
state, among them S. aureus and S. epidermidis. In the literature, different environmental
conditions were used for induction. Pasquaroli et al. [18,19] successfully induced the VBNC
state in S. aureus 10,850 biofilms with different concentrations of antibiotic vancomycin,
quinupristin/dalfopristin, daptomycin, and/or nutrient depletion. Yan et al. [41] demon-
strated the induction of the VBNC state in S. aureus in a citric acid buffer at −20 ◦C. Bacteria
showed changes in biological characteristics and were able to resuscitate under many differ-
ent conditions. Robben et al. [42] showed that non-ionic surfactants can induce the VBNC
state in S. aureus in just about 5 min and up to 1 h of exposure. Cerca et al. [43] observed
that pH and extracellular levels of calcium and magnesium induced the VBNC state in S.
epidermidis biofilms. Most of the conducted research on VBNC bacteria is, however, still
from the fields of the food industry and water monitoring. Furthermore, several human
pathogens associated with medical device infection were also reported as being able to
enter the VBNC state. Zandri et al. [44] analyzed 44 central venous catheters negative by the
Maki technique (rolling the catheter segment across blood agar) for the presence of VBNC
bacteria in the biofilm. An analysis of 39 culture-negative samples with fluorescent staining
and a bacterial 16S rDNA analysis by qPCR confirmed the presence of VBNC bacteria in
77% of samples that did not grow on culture media, mostly from the Staphylococci spp. (S.
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epidermidis and S. aureus). However, the standard microbiology blood culture was positive
only in 18% of patients. In a recent study, Wilkins et al. [45] demonstrated the presence
of VBNC P. aeruginosa, P. mirabilis, and E. coli bacteria in biofilms forming on different
antimicrobial urinary catheters, explaining why antimicrobial materials do not show a
significantly important clinical improvement in vivo. However, we did not find any studies
reporting the VBNC state in S. lugdunensis. Additionally, S. epidermidis has been reported
in the literature as the only coagulase-negative staphylococcus to enter the VBNC state so
far [46].

The results obtained in our study improved a previously developed method. The
sensitivity of the method has already been determined previously by testing 104 clinical
samples (sonicate fluid) with the method, and results were compared with the results
obtained from microbiological conventional culturing. The sensitivity was 94.12%, with
only one false negative result. However, in that patient, only conventional tissue culture
was positive, while the culture of SF remained sterile [7]. For an exact determination of
the method’s sensitivity in also detecting VBNC bacteria, a larger number of SF samples
would need to be tested in an extended future research study, to sample patients with a
confirmed PJI but negative microbiological results (cases suspicious for VBNC presence).
The method could be additionally improved by the application of new bacteriophages,
specific to other bacterial species, or even by the bacteriophages with a narrower host
range, to distinguish between S. aureus and coagulase-negative staphylococci. Results
could therefore contribute importantly to the development of a new fast and effective
diagnostic tool for the detection of device-associated biofilm infections, and, more broadly,
other difficult-to-diagnose infections.

4. Materials and Methods
4.1. Bacteria and Bacteriophages

Staphylococcus aureus subsp. aureus bacteriophage K ATCC 19685-B1™, S. aureus ATCC
25923, and E. coli ATCC 25922 were purchased from the American Type Culture Collection
(ATCC, Manassas, Vancouver, BC, Canada). E. coli ATCC 25922 was used in the study only
as a negative control in the detection with phage K and qPCR. S. epidermidis DSM 3269 was
purchased from the German Collection of Microorganisms and Cell Cultures GmbH (DSMZ,
Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH). Clinical isolates S.
lugdunensis OBV 20/143 and S. aureus OBV 17/166 were from an »in-house«on-growing
isolates library of Valdoltra Orthopaedic Hospital, and they were isolated from patients
undergoing revision surgery at our institution due to PJI during routine microbiological
diagnostic procedures. Species were determined by conventional microbiological culturing
methods and confirmed by sequencing.

4.2. Biofilm Formation and Induction of VBNC State

For the preparation of M9 minimal nutrient agar, 200 mL of M9 salts solution, 20 mL
of 20% glucose solution, 2 mL of 1 M MgSO4 (Carl Roth GmbH, Karlsruhe, Germany),
100 µL of 1 M CaCl2 (Fisher Scientific, Loughborough, UK), 14 g of Agar Bios Special LL
(Biolife Italiana srl, Milan, Italy), and dH2O were combined for the preparation of 1 L
media. The M9 salt solution was prepared by dissolving 56.8 g Na2HPO4 (Sigma-Aldrich,
St. Louis, MO), 15 g KH2PO4 (Sigma-Aldrich, St. Louis, MO), 2.5 g NaCl (Carlo Erba, Milan,
Italy), and 5 g NH4Cl (Honeywell Fluka, Seelze, Germany) into 1 L dH2O and sterilized by
autoclaving. D-Glucose anhydrous (Fisher Scientific, Loughborough, UK) was used for the
preparation of 1% and 20% glucose solutions, which were sterilized by filtration through
0.22 µm pore-size Minisart syringe filters (Sartorius Stedim Biotech GmbH, Goettingen,
Germany).

For the selected bacteria, minimal inhibitory concentrations (MIC) for the antibiotic
gentamycin were determined by the microdilution technique in 96-well microtiter plates ac-
cording to the protocol described by Wiegand et al. [47]. Two-times dilutions of gentamycin
(Sigma-Aldrich, St. Louis, MO) were prepared in BHI broth (Merck KGaA, Darmstadt,
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Germany) so that tested concentrations ranged from 100 µg/mL to 0.1 µg/mL. After the
overnight incubation of plates at 37 ◦C, PrestoBlue™ Cell Viability Reagent (Invitrogen
Life Technologies, Carlsbad, CA) was added to wells according to the manufacturer’s
instructions, and fluorescence was measured with a Tecan Infinite 200 Pro MPlex plate
reader (Tecan, Männedorf, Switzerland) to determine the proliferation of bacterial cells.
Fluorescence values were plotted vs. antibiotic concentration, and MIC values were deter-
mined as the lowest concentrations of gentamycin, which prevented the visible growth of
bacteria.

For biofilm development on a solid surface, the colony biofilm assay was performed [48,49].
A late logarithmic bacterial culture was diluted to match the 0.5 McFarland standard (Carl
Roth GmbH, Karlsruhe, Germany), and a 100 µL of the diluted culture was spotted on a
0.22 µm sterile cellulose nitrate filter disc (Sartorius Stedim Biotech GmbH, Goettingen,
Germany) placed on the BHI agar plate supplemented with 1% glucose. Plates were
incubated at 37 ◦C for 48 h.

To induce the VBNC state in bacteria, each filter disc with biofilm was transferred to
M9 minimal nutrient agar plates with gentamycin at 4 × MIC, 8 × MIC, and 16 × MIC. As
a control, M9 minimal nutrient agar plates without gentamycin were used. Three parallel
independent experiments were conducted for each tested bacterial strain under the same
conditions. Plates were incubated aerobically at 37 ◦C and were weekly transferred to
fresh plates of the same composition. The loss of culturability was monitored by sampling
biofilms every other day and culturing biofilm samples on BHI agar plates at 37 ◦C for
7 days. The loss of culturability was determined if no visible growth was obtained after
7 days of culturing.

After the loss of culturability, biofilms were detached from filter paper discs by sonica-
tion. The applied sonication protocol is routinely used at our hospital for the sonication of
explanted prosthetic devices for the microbiological assessment of PJI. Briefly, filter papers
were placed in 5 mL sterile 0.85% NaCl solution, vortexed for 30 s, and then subjected to
sonication at a frequency of 40 kHz and power density of 0.22 W/cm2 in a BactoSonicR
ultrasonic bath (Bandelin GmbH, Berlin, Germany) filled with 4% Tickopur solution (TR3,
Bandelin, Berlin, Germany) for 5 min, followed by additional vortexing for 30 s. The
suspension was then transferred into a new 50 mL falcon tube (Isolab, Wertheim, Ger-
many) and centrifuged for 15 min at 10,000× g using a Sigma 3–18 KS centrifuge (Sigma
Laborzentrifugen GmbH, Osterode am Harz, Germany). Bacteria were resuspended in
5 mL of sterile 0.85% NaCl solution.

To determine the presence of VBNC bacteria in the detached biofilms, the LIVE/
DEAD™ BacLight™ Bacterial Viability Kit (Invitrogen™, Molecular Probes Inc., OR, USA)
was used according to the manufacturer’s instructions. Fluorescence was measured in
black flat-bottom microtiter plates using a Tecan Infinite 200 Pro MPlex plate reader for
the determination of viable cells percentages. Viable (green) and dead (red) bacteria were
also visualized using a Fluorescence microscope Nikon Eclipse 80i (Nikon Corporation,
Tokyo, Japan). Suspensions of live and dead bacterial cells were used as controls and were
prepared as described in the BacLight™ kit manufacturer’s instructions. According to
their protocol, 70% 2-propanol (Merck, Darmstadt, Germany) was used to kill bacteria by
incubating at room temperature for 1 h and mixing every 15 min. Prepared suspensions
were used also in subsequent qPCR experiments.

4.3. Detection of VBNC Bacteria with Bacteriophages and qPCR

Suspensions of VBNC, live, and dead bacterial cells were adjusted to OD670nm of
0.6 diluting samples with the sterile 0.85% NaCl solution. A 100 µL of bacterial dilutions
was then combined with BHI and bacteriophage K in a total volume of 1 mL. The final
bacteriophage K concentration was 1.8 × 104 PFU/mL. A reference control sample was
assessed and consisted of BHI with phage K at the same concentration. As a negative
control, live and dead E. coli ATCC 25922 suspensions were used. Samples were incubated
at 37 ◦C with shaking for 180 min. After that, 30 µL of chloroform (Sigma-Aldrich, St.
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Louis, MO) was added to each sample and vortexed for 2 min. Afterward, samples were
centrifuged in a tabletop MiniSpin centrifuge (Eppendorf AG, Hamburg, Germany) at
3287× g for 5 min, and 1 µL of each supernatant was assayed in the qPCR in triplicates.

During the qPCR, the phage’s DNA was quantified using previously designed [6]
phage K-specific primers (forward 5’-CGTAGGTCACTCTCGTTTCG-3’ and reverse 5’-
CGTCACCGTAGAATGAAGCC -3’) at a final concentration of 450 nM. DNA isolation
prior to qPCR was previously proven unnecessary [6]. Reactions were performed in a
total volume of 20 µL containing 10 µL of 2× Syber Green PowerUp master mix (Applied
Biosystems, Life Technologies, Burlington, ON, Canada), 0.9 µL of each primer, 7.2 µL
nuclease-free water, and 1 µL of the sample. The thermal cycling conditions were as follows:
2 min at 50 ◦C for UDG activation, 2 min at 95 ◦C for polymerase activation, and 45 cycles
of 1 s at 95 ◦C and 30 s at 60 ◦C. In each qPCR run, a non-template control (using 1 µL
nuclease-free water) as well as a reference control, containing only the initial amount of
added phages, were included. The suspensions of live and dead bacterial cells with added
phages were assessed as experimental controls. The protocols used for the detection of
bacteria with phage K and qPCR, as well as the concentrations, were as optimized and
defined in previous studies [6,7].

4.4. Statistical Analysis

The data shown are values obtained from three independent parallel experiments
and expressed as mean ± SE (standard error) or mean ± SD (standard deviation). The
SigmaPlot 12.0 (Systat Software, Chicago, IL, USA) program was used for the statistical
analysis. A statistical analysis was performed by an analysis of variance (ANOVA, followed
by the Student–Newman–Keuls test for comparisons across multiple groups) and Student’s
t-test. Statistical significance was defined as p < 0.05.

5. Conclusions

We successfully inducted the VBNC state in the biofilms of S. epidermidis, S. lugdunensis,
and two S. aureus strains with starvation and antibiotic pressure. With the tested method,
we were able to specifically detect both live and VBNC staphylococci in a 4 h assay, through
the detection of the increase or decrease in phage K DNA in the real-time PCR. Additionally,
here, we first report the induction of the VBNC state in S. lugdunensis. To the best of our
knowledge, S. epidermidis has been the only coagulase-negative Staphylococcus reported to
enter the VBNC state up to today.
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Abstract: Salmonella continues to be a major threat to public health, especially with respect to strains
from a poultry origin. In recent years, an increasing trend of antimicrobial resistance (AMR) in
Salmonella spp. was observed due to the misuse of antibiotics. Among the approaches advised
for overcoming AMR, probiotics from the Lactobacillus genus have increasingly been considered
for use as effective prophylactic and therapeutic agents belonging to the indigenous microbiota.
In this study, we isolated lactobacilli from the ilea and ceca of hens and broilers in order to eval-
uate their potential probiotic properties. Four species were identified as Limosilactobacillus reuteri
(n = 22, 45.8%), Ligilactobacillus salivarius (n = 20, 41.6%), Limosilactobacillus fermentum (n = 2, 4.2%)
and Lactobacillus crispatus (n = 1, 2%), while three other isolates (n = 3, 6.25%) were non-typable.
Eight isolates, including Ligilactobacillus salivarius (n = 4), Limosilactobacillus reuteri (n = 2), L. crispatus
(n = 1) and Lactobacillus spp. (n = 1) were chosen on the basis of their cell surface hydrophobicity
and auto/co-aggregation ability for further adhesion assays using the adenocarcinoma cell line
Caco-2. The adhesion rate of these strains varied from 0.53 to 10.78%. Ligilactobacillus salivarius
A30/i26 and 16/c6 and Limosilactobacillus reuteri 1/c24 showed the highest adhesion capacity, and
were assessed for their ability to compete in and exclude the adhesion of Salmonella to the Caco-2
cells. Interestingly, Ligilactobacillus salivarius 16/c6 was shown to significantly exclude the adhesion
of the three Salmonella serotypes, S. Enteritidis, S. Infantis and S. Kentucky ST 198, to Caco-2 cells.
The results of the liquid co-culture assays revealed a complete inhibition of the growth of Salmonella
after 24 h. Consequently, the indigenous Ligilactobacillus salivarius 16/c6 strain shows promising
potential for use as a preventive probiotic added directly to the diet for the control of the colonization
of Salmonella spp. in poultry.

Keywords: Salmonella spp.; poultry; probiotic; Ligilactobacillus salivarius; inhibition; adhesion

1. Introduction

Non-typhoidal Salmonella strains are the leading cause of foodborne gastroenteritis [1].
Poultry products are primarily consumed worldwide and are commonly known to be
reservoirs for a variety of microorganisms. Salmonella is the most frequently encountered
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pathogen in poultry products, as well as the most prominent inhabitant of avian gastroin-
testinal tracts (GIT) [2]. In developing countries, a high prevalence of Salmonella has been
recorded, ranging from 13% to 39% in South America, estimated at 35% in Africa, and rang-
ing from 35% to 50% in Asia [3]. In Lebanon, according to our recent study, the percentage
of contamination of poultry meat at the retail level (supermarkets and restaurants) was
estimated at 22.4% [4].

Several control strategies have been adopted to reduce or eliminate Salmonella at the
farm level. It is well known that the use of antibiotic growth promoters (AGPs) and other
prophylactic treatments improve animal health and productivity rates in livestock farm-
ing [5]. However, the mass use of antibiotics as feed additives has led to the emergence
and spread of antimicrobial resistant pathogens and epidemic multi-drug-resistant clones
and/or resistance genes in poultry reservoirs [6]. Recently, resistance to critical antibiotics,
namely fluoroquinolones and expanded-spectrum β-lactam antibiotics, has spread world-
wide and reached humans through the food chain [7]. Consequently, since 2006, AGP use in
the animal industry has been completely banned in the EU [8] and reduced in many other
countries [9]. However, in Lebanon, there are no current regulations concerning the use of
AGPs in animal husbandry (personal communication with the ministry of agriculture).

Many countries have also implemented control programs to tackle Salmonella in poultry
farms. Such was the case in the USA (National Poultry Improvement Plan (NPIP) for
the eradication of Salmonella in eggs (1989) and meats (1994)) and the EU (Commission
Regulation (EC), No. 2160/2003). These measurements ultimately led to the successful
reduction of targeted Salmonella spp., but unfortunately cleared the way for the emergence
of more resistant, less common serotypes, such as S. Heidelberg and S. Kentucky [10].

A promising alternative strategy against enteropathogens is the use of lactic acid
bacteria (LAB) as probiotics. Probiotics are non-pathogenic live microorganisms which
confer health benefits on their host when ingested in adequate quantities [11]. The use
of (direct-fed microbial) probiotics as broiler growth promoters [12,13] could improve
livestock health and might reduce the emergence of antimicrobial resistance (AMR) [14].
Strains of Lactobacillus spp. and Bifidobacterium spp. are the most widely studied probi-
otics acting against gastrointestinal microbial pathogens [15], especially against Salmonella
infections in the broiler gastrointestinal tract [16,17]. Two fundamental mechanisms of
inhibition of pathogenic microorganisms have been described, namely the direct cell com-
petitive exclusion and the production of inhibitory compounds, including lactic and acetic
acids, hydrogen peroxide, bacteriocin or bacteriocin-like inhibitors, and fatty and amino
acid metabolites [18].

Intestinal adhesion and colonization are the first steps of the Salmonella infection
process in poultry. Therefore, the adhesion ability is an essential prerequisite of, and one
of the main criteria for selecting, potential probiotic strains [11]. The probiotic ability
prevents the selected strains from undergoing direct elimination by peristalsis and inhibits
the colonization of enteric pathogens in chickens by competitive exclusion [19]. Methods of
evaluating the capacity of LAB to adhere to poultry epithelia may include in vitro analysis
of, for example, cell aggregation, cell wall hydrophobicity, and adhesion to the human
colorectal adenocarcinoma cell line (Caco-2) and chicken hepatocellular carcinoma cell
line (LMH) [12]. Since bacterial populations of GIT are specific to their animal hosts,
poultry-derived probiotics could be more effective than non-specific microbial agents [20].

This study aims to develop an effective probiotic derived from broiler and chicken
GITs. In this regard, in vitro experiments were conducted to reveal the probiotic activity
of native poultry-derived lactobacilli strains against the most relevant and drug-resistant
Salmonella spp. (S. Enteritidis, S. Infantis and S. Kentucky ST198) in Lebanese poultry farms.
The screening of lactobacilli strains for their anti-Salmonella activity, safety and surface
probiotic properties was also carried out. Finally, the lactobacilli showing a great probiotic
potential were selected for the further in vitro characterization of their adhesion ability
and kinetics in co-culture. In fact, their adhesion and abilities to exclude and compete
with Salmonella serotypes in epithelial tissues, using the Caco-2 cell line as an experimental
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model, were evaluated, as well as their capacity to inhibit pathogen growth in a mixed
co-culture model.

2. Results
2.1. Screening of Lactobacilli and Their Anti-Salmonella Activity

In total, 210 stains (155 from the 16 trials and 55 from commercial birds) which
presented as gram-positive bacilli/coccobacilli with no catalase activity were collected
from broiler ceca and ileum samples. All lactobacilli were found to produce inhibition
zones against the three serotypes of Salmonella based on the agar spot-on-lawn assay. The
radii of their inhibition zones ranged from 1.2 to 4.4 cm (data not shown). However, the
cell-free supernatants (CFSs) of all lactobacilli, neutralized to pH 6.8, did not display any
antimicrobial effects against the Salmonella serotypes studied.

2.2. Genotypic Identification of Lactobacilli Isolates with Phylogenetic Relations

Lactobacilli strains (n = 48) were chosen according to their high anti-Salmonella activity
in the spot-on-lawn test. The 16S rRNA gene sequence analysis identified four species:
Limosilactobacillus reuteri (formerly Lactobacillus reuteri) (n = 22, 45.83%), Ligilactobacillus
salivarius (formerly Lactobacillus salivarius) (n = 20, 41.66%), Limosilactobacillus fermentum
(formerly Lactobacillus fermentum) (n = 2, 4.16%) and Lactobacillus crispatus (n = 1, 2%)
(Figure 1). The three remaining isolates (16/i10, 14/i15, A30/c2, 6.25%) were non-typable.
The most common species were Limosilactobacillus reuteri and Ligilactobacillus salivarius. The
phylogenetic tree demonstrated a close relation among the same species. However, we
could not obtain a better strain resolution at the subspecies level among Limosilactobacillus
reuteri. To gain further insight into the genetic dissimilarities and evolutionary relationships
among the lineages isolated here would require profound core-gene-based phylogenetic
analyses. These analyses are not considered here, since the focus of our study is the
probiotic potential of lactobacilli strains.

2.3. Analysis of Surface Properties

The visual screening of the forty-eight chosen lactobacilli isolates showed that most
of the strains were Agg+/Agg− (75%), while Agg+ and Agg− represented 14,6% and
10.4%, respectively (data not shown). These results were confirmed by auto-aggregation
assays at 4 h. As shown in Figure 2, category I demonstrated a significant auto-aggregation
percentage (≥65%) compared to category II (≤10%), while category III ranged from 10 to
65% except for three strains: one > 65% and two ≤ 10%. Auto-aggregation was determined
in all the lactobacilli tested (n = 45, 90%) at 24 h.

The co-aggregation properties of the lactobacilli strains with Salmonella serotypes dif-
fered among the strains and ranged from 0 to 94.6% (data not shown). They co-aggregated
with S. Kentucky ST198, S. Enteritidis and S. Infantis at 52%, 58% and 63%, respectively.
Otherwise, a high affinity for xylene was shown (65%) compared to non-hydrophobic
isolates (31%).

2.4. Hydrophobicity and Auto/co-Aggregation Correlation

The results obtained from the analysis of the lactobacilli surfaces were subjected to
principal component analysis (PCA) (Figure 3). The first PC1 and second PC2 principal
components could explain 47.1% and 28.13% of the total variance, respectively. Based on
the cell surface properties, eight lactobacilli strains were chosen for further adhesion assays,
whose characteristics are summarized in Table 1. Ligilactobacillus salivarius A30/i26 was
shown to be highly hydrophobic (98.84% ± 1.34), possessing an aggregation phenotype
(Agg+) and an ability to aggregate rapidly at 4 h (76.15% ± 3.93). The most co-aggregative
strains were L. crispatus 16/c2, Limosilactobacillus reuteri 12/c8 and Ligilactobacillus salivarius
(16/c4, 16/c6 and 14/i8). In addition to these properties, Ligilactobacillus salivarius 16/c6
did not exhibit auto-aggregation at 4 h but only at 24 h (9.89% ± 3.63 and 95.91% ± 2.58, re-
spectively). However, Ligilactobacillus salivarius 16/c4 displayed an aggregation phenotype
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(Agg+) and rapidly auto-aggregated at 4 h (76.23% ± 3.38). Both Lactobacillus spp. 16/i10
and Limosilactobacillus reuteri 1/c24 displayed high hydrophobicity levels (98.36% ± 3.63
and 91.81% ± 7.78, respectively); however, they either did not show an auto-aggregation
capacity at 4 h, or only did so to a moderate degree (6.16% ± 5.53 and 13.76% ± 1.87,
respectively) (Table 1).

Figure 1. A maximum-likelihood phylogenetic tree reconstructed using 16S rRNA gene sequences.
The percentage of replicate trees in which the associated species clustered together in the bootstrap
test (1000 replicates) are shown next to the branches [21]. Evolutionary analyses were conducted in
MEGA X. Limosilactobacillus fermentum comb. nov. CIP 102980 (JN175331), Lactobacillus crispatus ATCC
33820T (AF257097), Ligilactobacillus salivarius comb. nov. ATCC 11741T (AF089108), Limosilactobacillus
reuteri comb. nov. JCM 1112 (AP007281), Limosilactobacillus reuteri subsp.kinnaridis (MT823192), and
Limosilactobacillus reuteri subsp. reuteri DSM20016 (NR075036) were selected as type strains. The 16S
rRNA gene accession numbers are provided in parentheses.
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Figure 2. Isolate distribution in defined ranges of percentage of hydrophobicity, auto-aggregation
and co-aggregation with the three Salmonella spp. (S. Enteritidis (S.E.), S. Kentucky ST198 (S.K.) and
S. Infantis (S.I.).

Figure 3. Graphic representation of the principal component analysis (PCA) of surface proprieties,
including hydrophobicity and auto/co-aggregation, for the 48 lactobacilli isolated stains. The selected
stains are encircled.
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Table 1. Cell surface properties of the eight selected strains of lactobacilli.

Isolates
Visual

Aggregation
Auto-

Aggregation 4 h
(%)

Auto-
Aggregation 24 h

(%)

% Co-Aggregation with Hydrophobicity
(%)S. Enteritidis S. Infantis S. Kentucky ST198

L. crispatus 16/c2 Agg+/Agg− 14.46 ± 2.78 58.67 ± 7.62 89.36 75.06 69.66 84.58 ± 1.92
Ligilactobacillus
salivarius 16/c6 Agg− 9.89 ± 3.63 95.91 ± 2.58 71.07 69.55 94.55 90.26 ± 3.91

Ligilactobacillus
salivarius 16/i4 Agg+ 76.23 ± 3.38 92.95 ± 10.5 82.49 80.45 79.94 82.25 ± 5.84

Lactobacillus sp. 16/i10 Agg+/Agg− 6.16 ± 5.53 79.46 ± 1.18 45.60 34.32 63.51 98.36 ± 0.75
Ligilactobacillus
salivarius 14/i8 Agg+/Agg− 23.14 ± 5.29 73.47 ± 3.67 62.30 70.35 47.54 81.63 ± 1.2

Limosilactobacillus
reuteri 12/c8 Agg+/Agg− 33.93 ± 6.44 71.86 ± 1.89 83.47 73.87 80.00 52.66 ± 2.98

Limosilactobacillus
reuteri 1/c24 Agg+/Agg− 13.76 ± 1.87 91.81 ± 7.78 50.43 62.47 58.93 97.53 ± 0.96

Ligilactobacillus
salivarius A30/i26 Agg+ 76.15 ± 3.93 99.63 ± 0.26 49.54 25.71 60.00 98.84 ± 1.34

Values of auto-aggregation and hydrophobicity are the means of triplicate assays with their standard deviations.

There was no significant correlation between hydrophobicity, auto-aggregation, and
co-aggregation among the forty-eight strains tested (Table 2). On the contrary, a significant
correlation was detected (p < 0.05) between the co-aggregation results of the three Salmonella
serotypes with lactobacilli isolates, since the correlation coefficient value reached up to 0.890.

Table 2. Correlation of Pearson coefficients between hydrophobicity, auto-aggregation and co-
aggregation of the 48 lactobacilli isolates. The index of Pearson was used to evaluate the correlation
between the six assays, hydrophobicity, auto-aggregation and co-aggregation between the lactobacilli
strains and S. Enteritidis, S. Infantis and S. Kentucky stains.

Variables Hydrophobicity
(%)

Auto-
Aggregation 4 h

(%)

Auto-
Aggregation 24 h

(%)

Co-Aggregation
with S. Infantis

(%)

Co-Aggregation
with S. Enteritidis

(%)

Co-Aggregation
with S. Kentucky

(%)

Hydrophobicity (%) 1
Auto-aggregation 4 h (%) 0.2264 1
Auto-aggregation 24 h (%) 0.2665 0.5302 1

Co-aggregation with S. Infantis (%) 0.0595 −0.0537 −0.1878 1
Co-aggregation with S. Enteritidis (%) 0.1524 0.0202 −0.1880 0.8782 1
Co-aggregation with S. Kentucky (%) 0.1496 −0.0208 −0.2181 0.8439 0.8887 1

2.5. Assays for Tolerance to Simulated Gastrointestinal Conditions of Chickens

The eight chosen lactobacilli were further evaluated for their survival capacity in a
medium simulating the GIT conditions of chickens (Figure 4). All strains were able to
tolerate acidity and 0.1% (w/v) bile salts. However, at 0.3% bile salts, the survival rate was
reduced for Ligilactobacillus salivarius 16/i4 and A33/i26 to 0% and 37%, respectively.

2.6. Adhesion Assays

The attachment of the lactobacilli isolates varied from 0.53 to 10.78% (Figure 5). Ligilac-
tobacillus salivarius (A30/i26, 16/c6 and 16/i4) and Limosilactobacillus reuteri 1/c24 showed
the highest adhesion abilities (p < 0.05) of 10.78% ± 4.2, 6.5% ± 1.82, 5% ± 0.99 and
6.43% ± 2.26, respectively. The remaining Lactobacillus spp. 16/i10, Ligilactobacillus salivar-
ius 14/i8, Limosilactobacillus reuteri 12/c8 and L. crispatus 16/c2 strains showed no significant
differences, with low adhesion capacities of 3.61% ± 1.14, 2.35% ± 0.86, 1.99% ± 0.66 and
0.53% ± 0.21, respectively.

S. Infantis, S. Enteritidis and S. Kentucky ST198 attached to the Caco-2 cells at a
percentage of 8.81% ± 0.87, 7.81% ± 1.41 and 6.77% ± 0.89, respectively. No significant
difference was found between the different serotypes (Figure 5).

22



Antibiotics 2022, 11, 1147

Figure 4. Effects of simulated gastrointestinal conditions on lactobacilli viability. White and grey
columns correspond to lactobacilli subjected to 0.15% and 0.3% bile salts, respectively. L. crispatus
16/c2, Ligilactobacillus salivarius (16/c6, 16/i4, A30/i26, 14/i8), Lactobacillus sp. 16/i10 and Limosilacto-
bacillus reuteri (1/c24 and 12/c8).

Figure 5. Adhesion capacities of the eight-native poultry-derived lactobacilli strains and the three
Salmonella serotypes (S. Kentucky ST 198 (S.K.), S. Infantis (S.I.) and S. Enteritidis (S.E.)) to Caco-2
monolayers. The means and standard deviations of the two independent experiments are shown, each
with three replicates. The differences between the levels of strain adhesion were evaluated separately
for the lactobacilli strains and Salmonella serotypes. Ligilactobacillus salivarius 16/c6, 16/i4 and A30/i26
and Limosilactobacillus reuteri 1/c24 revealed no significant differences (*) in their adhesion capacity,
a finding which was dissimilar from the four remaining tested strains (**). The differences in the
adhesion capacities of S. Enteritidis, S. Infantis and S. Kentucky ST198 were also not significant
among the three serotypes (†).
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2.7. Competition/Exclusion Assays

Three lactobacilli strains that showed the highest adhesion capacity, namely, Ligilac-
tobacillus salivarius A30/i26 and 16/c6 and Limosilactobacillus reuteri 1/c24, were assessed
for their ability to compete with the pathogen for the adhesion site on the Caco-2 mono-
layers (Figure 6). The results showed that none of these strains displayed an effect on the
pathogen adhesion to the Caco-2 cells. In the exclusion assays, Ligilactobacillus salivarius
16/c6 excluded the pathogens to a better degree than Ligilactobacillus salivarius A30/i26
and Limosilactobacillus reuteri 1/c24. The percentages of anti-adhesion to the Caco-2 cells of
S. Enteritidis, S. Infantis and S. Kentucky ST198 were 70.30% ± 6.22, 86.57% ± 9.22 and
79.54% ± 9.26, respectively (p < 0.05).

Figure 6. Inhibition of the adherence of S. Kentucky ST 198 (S.K.), S. Infantis (S.I.) and S. Enteritidis
(S.E.) to Caco-2 cells by Ligilactobacillus salivarius 16/c6 and A30/i26 and Limosilactobacillus reuteri
1/c24 in competition and exclusion assays. The means and standard deviations of three independent
experiments are shown, each with three replicates. (*) Lactobacillus strains were fixed and the
differences in inhibition were calculated between the three serotypes in the same assay. (*) p > 0.05,
(**) p ≤ 0.05. (†) Salmonella serotypes were fixed, and the differences in inhibition were calculated
between the three lactobacilli strains in the same assay. (†) p > 0.05, (‡) p ≤ 0.05.

2.8. Co-Culture Growth Kinetics

Since Ligilactobacillus salivarius 16/c6 was able to inhibit the adhesion of Salmonella to
the Caco-2 monolayers, its ability to inhibit the growth of Salmonella serotypes was assessed
in a broth co-culture assay. Pure cultures of the lactobacilli and Salmonella serotypes (S.E.,
S.K., and S.I.) grew very well in the chosen Laptg medium (Figure 7).

In both experiments, without (Figure 7 A) or with (Figure 7 B) vortexing, differences
in the CFUs between the control cultures of Salmonella (S.E., S.K., and S.I.) and co-cultures
(S.E./LAB, S.K./LAB and S.I./LAB) were observed from the early incubation hours. How-
ever, the numbers of CFUs estimated from the co-cultures without vortexing were lower
than those determined from the vortexed co-cultures and those of the control cultures at
8 h. In fact, the Salmonella in the co-cultures increased from 105 to 106 CFU /mL in the first
4 h and then sharply decreased to 102 and 101 CFU/mL, until a negligible cell viability
was obtained between 8 h and 24 h. Simultaneously, the Ligilactobacillus salivarius count
decreased from 107 to 106 at 8 h, then was reduced to almost 104 at 24 h in the monoculture
(16/c6) and co-cultures (LAB/S.E., LAB/S.K and LAB/S.I.).
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Figure 7. Kinetic growths of the pure cultures and co-cultures of Ligilactobacillus salivarius 16/c6 and
S. Enteritidis, S. Infantis and S. Kentucky ST198 without (A) or with (B) vortexing. The means and
standard deviations of the three independent experiments are shown, each with three replicates.
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In the second set of experiments, Salmonella counts from the co-cultures (S.E./LAB,
S.K./LAB and S.I./LAB) slightly increased in 4 h and remained constant until 8 h, then
decreased to an undetectable level (<10 CFU/mL) at 24 h. However, the pure cultures of
Salmonella slightly increased at 8 h and remained constant until the end of the experiments.
The lactobacilli counts in the LAB–Salmonella mix (LAB/S.E., LAB/S.K and LAB/S.I.) were
similar to those of the control monoculture. The pH value in both the mono- and co-cultures
dropped from approximately 6.97 to 3.9 at 24 h.

3. Discussion

LAB are considered the principal residents of the GIT, where they provide the host with
protection against enteric pathogen colonization (competition for nutrients and secretion
of inhibitory substances). These LAB were the focus of many works, substituting the use
of probiotics as growth promotors and/or subtherapeutic additives in animal feeds [22].
Numerous factors affect the microbial biodiversity of the poultry GIT, such as the GIT
section (ileum or caeca) and the breed, diet and age of the chicken. The microbiota change
significantly in the first 2–3 weeks until their stabilization at 5–6 weeks of age. It was found
that, when broilers were fed with antibiotic and an additive-free corn-soy diet, 70% of their
ileum population was comprised of Lactobacillus spp. The use of antibiotics in broilers
was shown to induce changes in the composition of the intestinal bacterial community,
namely Ligilactobacillus salivarius [23]. In this regard, our experiments did not detect an
important species diversity among the lactobacilli isolates identified. Strains of Lactobacillus
acidophilus, Ligilactobacillus salivarius and Limosilactobacillus fermentum were permanently
found in all birds aged from two days old to market age. Babot and colleagues showed
that the most common Lactobacillus species were L. crispatus, Limosilactobacillus reuteri and
Ligilactobacillus salivarius, which was also the case in our findings [24].

In vitro tests have been used to assess the probiotic potential of lactobacilli. The
production of hydrogen peroxide, organic acids and bacteriocins are the main strategies of
Lactobacillus in inhibiting Salmonella growth [18]. However, in the present study, hydrogen
peroxide production was unlikely to be the cause of this inhibition in the agar diffusion
test due to the anaerobic growth conditions of the lactobacilli [25]. The well-diffusion
antagonism method did not show any inhibition, thereby excluding the hypothesis of
secreted bacteriocins or bacteriocin-like as Salmonella inhibitors. Decreasing the pH by
organic acid production was likely to be the cause of such an effect [26]. Although the
bacteriocin or bacteriocin-like activity produced by LAB is commonly more effective against
Gram-positive bacteria, such as Listeria monocytogenes [27], the inhibition of the Gram-
negative Salmonella has also been reported [28].

The adhesion behavior of bacteria is a complex multistep process which includes
specific and non-specific ligand–receptor mechanisms [29]. The latter are controlled by
physicochemical reactions of the cell wall, including electrostatic and Van der Waals in-
teractions, as well as hydrophobic properties. These are the most reliable long-range
non-covalent interactions (Lewis acid–base) due to the surface proteins and lipoteichoic
acids covering the peptidoglycan, and conferring a net negative bacterial surface charge
in physiological conditions [24]. According to the authors, this feature is strain-specific
and may vary depending on the medium, age and surface structures of bacteria. Indeed,
considerable variability in the hydrophobicity capacity has been observed in our study,
with 65% of the isolates showing high hydrophobicity (70%).

Auto-aggregation properties, together with the co-aggregation ability, of a probiotic
strain are necessary for adhering to the intestinal tract by forming a defensive barrier
against the colonization of foodborne pathogens [30]. Moreover, the LAB co-aggregating
ability might regulate the pathogen microenvironment and stimulate the excretion of an-
timicrobial substances [31]. Lactobacillus spp. also favors many aggregation-promoting
factors (APFs) involved in auto-aggregation and/or adhesion in a strain-specific man-
ner [32]. Furthermore, exopolysaccharides (EPS) are believed to play an essential role in
cell aggregation, biofilm formation and adhesion. Polak-Berecka and colleagues concluded
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that the adherence and/or co-aggregation ability of Lactobacillus rhamnosus are strongly
related to specific interactions based on surface proteins and specific fatty acids, whereas
polysaccharides (hydrophilic nature) hinder the adhesion and aggregation by masking
protein receptors [33].

Aggregation values have been shown to increase over time, typically at 20 h of incubation,
in a strain-dependent manner [34], which is in accordance with our results. All isolates with
the (Agg+) phenotype were identified as Ligilactobacillus salivarius, thus corroborating the
findings of Ait Seddik and colleagues, who demonstrated the high auto-aggregation ability
of this strain [35]. According to Solieri and colleagues, co-aggregation values below 20% are
indicative of a weak co-aggregation ability [36]. Our isolates differed in their co-aggregation
abilities (0 to 94.6%), highlighting once again these strain-specific characteristics.

Another probiotic protective mechanism involves the competition for adhesion sites [37].
Ligilactobacillus salivarius (16/c6, 16/i4, 14/i8 and A30/i26), Limosilactobacillus reuteri (1/c24),
L. crispatus (16/c2) and Limosilactobacillus fermentum (12/c8 and 16/i10) were selected ac-
cording to their cell hydrophobicity and auto/co-aggregation abilities. The adherence
capacity differed significantly between the lactobacilli strains isolated, which is consistent
with other studies, showing that this ability is species and strain-dependent [38]. The
highest adhesion ability was shown in four isolates of lactobacilli: Ligilactobacillus sali-
varius A30/i26 and 16/i4, being highly auto-aggregative and hydrophobic, as well as
in Ligilactobacillus salivarius 16/c6 and Limosilactobacillus reuteri 1/c24, showing great co-
aggregation and hydrophobicity abilities. L. crispatus 16/c2, Limosilactobacillus reuteri 12/c8
and Ligilactobacillus salivarius 14/i8 had the lowest adhesion percentages, despite their high
co-aggregation capacities. Interestingly, Limosilactobacillus sp.16/i10, a high hydrophobic
strain, also exhibited a low adhesion percentage.

The studied parameters, i.e., hydrophobicity, aggregation / co-aggregation and adhe-
sion, illustrated no interrelation. However, some studies mentioned that the cell surface
hydrophobicity is related to the attachment to epithelial cells [39,40], while others have
excluded this relationship in their analyses [27]. García-Cayuela and colleagues revealed a
correlation between auto-aggregation and co-aggregation [29], which disagrees with our
results. Del Re and colleagues proposed that auto-aggregation and hydrophobicity are in-
dependent characteristics, but both are necessary for adhesion [41]. Multitude interrelated
surface factors (fatty acids, surface proteins, LPS and EPS) may have unpredictable effects
on adherence, co-aggregation and cell-to-cell interactions [38].

Survival in the GIT is a critical probiotic property. Bile tolerance is strain-specific
and related to the hydrolase activity [42]. By mimicking the GIT conditions, all the eight
lactobacilli strains were capable of growing at 0.1% (w/v) bile salts, but two Ligilactobacillus
salivarius strains, namely, A30/i26 and 16/i4, were affected by 0.3%. This concentration
is considered critical for screening for resistant probiotic strains [27]. Genes involved in
bile salt hydrolysis, bsh-1 and bsh-2, were found to be responsible for the acid and bile
tolerance in Ligilactobacillus salivarius UCC118 [26]. In favor of our findings, a significantly
decreasing cell count in most of the Ligilactobacillus salivarius isolates has been observed
when the strains were incubated with a high concentration of bile salts (0.5%), whereas
most of the Limosilactobacillus reuteri isolates showed a high tolerance [43].

Ligilactobacillus salivarius A30/i26 and 16/c6 and Limosilactobacillus reuteri 1/c24 were
selected for their high adhesion abilities and were further evaluated for their potential to
compete with the three Salmonella serotypes in, or exclude them from, epithelial adhesion
using the Caco2 cells as an experimental model. The inhibition of the pathogen adhesion
by the three probiotic strains indicated a high variability in a strain-dependent manner.
Ligilactobacillus salivarius 16/c6 significantly inhibited the adhesion of the three Salmonella
serotypes to the Caco-2 cell monolayers only by exclusion assays, which is in accordance
with findings of Campana, Van Hemert and Baffone [38]. The authors suggested that Ligilac-
tobacillus salivarius W24 could significantly inhibit the adhesion of pathogens to Caco-2 cells
only by exclusion. Jankowska and colleagues showed that L. paracasei reduced Salmonella’s
adhesion to Caco-2 cells by 4- and 7-fold in competition and exclusion experiments, respec-
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tively [44]. However, the inhibition of Salmonella’s attachment to Caco-2 cells by exclusion,
as well as by competition, has been frequently reported [37,45,46].

The inhibition of the Salmonella serotypes by Ligilactobacillus salivarius 16/c6 was
similarly demonstrated by a mixed co-culture assay. When the co-cultures were tested
without vortexing, the kinetic growth results of the lactobacilli and the pathogens confirmed
what was previously distinguished by the auto-aggregation and co-aggregation assays
and emphasized the ability for these features over time. Indeed, both co-cultures and the
Ligilactobacillus salivarius monoculture revealed a clear supernatant after 8 h of incubation.
Additionally, it has been demonstrated that the efficient aggregation and proper settling of
flocs are essential for the management of effluent in the activated sludge process [47]. In
this regard, such a feature of our strain might be promising in regard to the purification and
decontamination of wastewater of slaughterhouses, which is mainly polluted by pathogens
and organic materials.

When Ligilactobacillus salivarius 16/c6 and the Salmonella serotypes were subjected to
the same co-culture assay but with vortexing, the reduction in the Salmonella counts in the
mixed cultures co-occurred with a decrease in the pH, which is in accordance with findings
of other studies [43]. Some bacterial strains have acid-adaptation systems that enable them
to survive at pH < 2 [2]. Other non-negligible antimicrobial factors are involved in the
Salmonella inhibition, such as competition for nutrients [43] and the contact-dependent
inhibition (CDI) mechanism [48]. The latter case, where cell-to-cell contact is required,
could be explained by the exchange of and interactions between bacteria mediated by
conjugation, secretion systems, contact-dependent inhibition, allolysis and nanotubes. In
fact, in our study, the low count was observed at 4 h among the Salmonella monocultures
and mixed co-cultures.

4. Materials and Methods
4.1. Isolation and Phenotypic Characterization of Lactobacillus spp.

The different lactobacilli were isolated from the digestive tracts (ileum and cecum) of
16 antibiotic-free healthy broiler groups of different ages (four levels), breeds (four species)
and diet formulas (four levels), as well as from 10 antibiotic-treated commercial broilers
(Table 3). Experiments coded from 1 to 16 corresponded to the antibiotic-free broiler group,
the “A”-coded experiment represents the group of antibiotic-treated commercial broilers,
and the sample origin was designated as “i” for ileum and “c” for cecum. Samples of
the ileum or cecum content of each category were homogenized at a ratio of 1:10 (10 g of
ileum or cecum content in 90 mL of buffered peptone water (Scharlau-Chemie, Barcelona,
Spain)). The homogenate was diluted 107-fold and 0.1 mL was plated onto de Man, Rogosa
and Sharpe (MRS) agar (Sigma-Aldrich, Burlington, MA, USA). The plates were incubated
anaerobically for 3 to 4 days at 37 ◦C. In total, 210 randomly selected strains were first
characterized by Gram staining, motility and the detection of catalase activity. Gram-
positive, catalase-negative bacilli were presumptively considered as Lactobacillus for further
identification. Isolates were preserved in MRS broth with 20% glycerol at −70 ◦C until
further use. All strains were revivified by successive streaking on MRS agar prior to
performing any assay.

4.2. Salmonella Isolates

The antagonistic activity and co-aggregation ability of the lactobacilli strains were
tested on three native avian Salmonella strains isolated from our previous study [4,49].
S. Enteritidis is the most predominant avian pulsotype causing human illness, whereas
S. Kentucky ST198 and S. Infantis were chosen for their MDR pattern and their high
prevalence in Lebanese poultry production. Strains were inoculated into 15 mL tryptic soy
broth (TSB) (Sigma-Aldrich) and incubated at 37 ◦C for 18 h for further analyses.
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Table 3. List of coded experiments numbered according to age, breed and diet formula of the
broilers and hens deprived of any antibiotics and feed additives. The A-coded sample refers to
non-antibiotic-free commercial broilers.

Experiment Number Category, Age Breed Diet Formula

1 Broiler, 35 days Cobb High starch diet: corn 60%, soya 20%, wheat 20%
2 Broiler, 35 days Cobb High protein diet: soya 40%, corn 40%, wheat 20%
3 Broiler, 35 days Cobb High gluten diet: wheat 60%, soya 20%, corn 20%
4 Broiler, 35 days Ross High starch diet: corn 60%, soya 20%, wheat 20%
5 Broiler, 35 days Ross High protein diet: soya 40%, corn 40%, wheat 20%
6 Broiler, 35 days Ross High gluten diet: wheat 60%, soya 20%, corn 20%
7 Broiler, one day Cobb High starch diet: corn 60%, soya 20%, wheat 20%
8 Broiler, one day Cobb High protein diet: soya 40%, corn 40%, wheat 20%
9 Broiler, one day Cobb High gluten diet: wheat 60%, soya 20%, corn 20%
10 Broiler, one day Ross High starch diet: corn 60%, soya 20%, wheat 20%
11 Broiler, one day Ross High protein diet: soya 40%, corn 40%, wheat 20%
12 Broiler, one day Ross High gluten diet: wheat 60%, soya 20%, corn 20%
13 Layer, 69 weeks Isa Brown Normal feed: corn 40%, soya 32%, wheat 20%
14 Layer, 69 weeks Isa White Normal feed: corn 40%, soya 32%, wheat 20%
15 Layer, 27 weeks Isa Brown Normal feed: corn 40%, soya 32%, wheat 20%
16 Layer, 27 weeks Isa White Normal feed: corn 40%, soya 32%, wheat 20%
A Broiler, 35 weeks Ross Normal feed: corn 40%, soya 32%, wheat 20%

4.3. Assessment of the Lactobacilli Antagonism

The anti-Salmonella activities of 210 presumptive lactobacilli were preliminarily screened
using the simple spot-on-lawn antimicrobial assay and the agar well-diffusion method [25],
with minor modifications. In brief, 10 µL of overnight lactobacilli cultures were spotted
onto the surfaces of MRS agar plates and then incubated anaerobically for 18 h at 37 ◦C.
In parallel, an overnight culture of each selected Salmonella serotype was inoculated at
105 CFU/mL into 7 mL of TSB soft agar (0.7% agar) and then poured onto the agar plates
previously cultured with a strain of lactobacilli. After solidification, the plates were in-
cubated for an additional 18 h at 37 ◦C under anaerobic conditions. The anti-Salmonella
activity was evaluated by observing the inhibition zones around lactobacilli spots.

The agar well-diffusion assay was performed to identify the inhibitory substances
secreted in the culture supernatants. The lactobacilli isolates showing antagonism were
grown overnight at 37 ◦C in 15 mL of MRS broth. The cell-free supernatants (CFSs) were
obtained by centrifugation (4000× g, 20 min, 4 ◦C) and filtration using 0.22 µm-pore Hi-
MED syringe filters. The pH of the CFSs was then adjusted to 6.5 by 1 N NaOH. The
Salmonella isolates were added at 106 CFU/mL to 20 mL of TSB supplemented with 0.75%
agar-agar (semi-solid) and then poured into an empty Petri dish. After solidification, 6 mm
wells were punched and 50 µL of the CFS was added to each well. The plates were left to
settle at 8 ◦C for 24 h to enable the diffusion of the secreted antimicrobial substances, then
incubated at 37 ◦C for 24 h. The absence or presence of any inhibitory zones was recorded
after 24 h of incubation at 37 ◦C. The two assays were performed in triplicate.

4.4. Selection of Strains Based on Their Phenotypic Aggregation

A preliminary visual aggregation screening was performed according to Del Re et al. [41],
with minor modifications. In brief, the lactobacilli cultured in the MRS broth were classified
into three categories: category I for strains with an aggregation phenotype (Agg+) showing
visible aggregates even after vigorous vortexing, category II for strains with constant tur-
bidity and without precipitate (Agg−), and category III for strains with a mixed phenotype
forming a precipitate and a clear or small turbid supernatant (Agg+/Agg−).

4.5. Species Identification and Phylogenetic Relationships

The 48 selected lactobacilli isolates were identified by 16S rRNA gene sequence analy-
sis. The DNA extraction was achieved with a Qiamp DNA Mini Kit (Qiagen, Hilden, Ger-
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many). The amplification of the 16S rRNA gene sequence was performed in a Veriti thermal
cycler (Applied Biosystem, CA, USA) under the following cycling conditions:: denaturation
at 95 ◦C for 15 min, 30 cycles of denaturation at 94 ◦C for 1 min, annealing at 52 ◦C for 1 min
and extension at 72 ◦C for 2 min, followed by another extension at 72 ◦C for 7 min. Reaction
mixtures (50 µL) were prepared as follows: reaction buffer 10 × (5 µL), 10 mM dNTPs
mix (1 µL), 0.5 mM of primer (27F (5′-GTGCTGCAGAGAGTTTGATCCTGGCTCAG-3′)
and 1492R (5′-CACGGATCCTACGGGTACCTTGTTACGACTT-3′), bacterial DNA (5 µL)
and 2.5 U of HotStarTaq DNA polymerase (Qiagen, Hilden, Germany). Th amplicon
separation was completed by electrophoresis at 100 V on 1% (w/v) agarose, stained with
ethidium bromide in 1× TBE buffer and purified using the GenElute TM PCR Clean-Up Kit
(Sigma-Aldrich) according to the manufacturer’s instructions. The DNA sequencing was
carried out on a SeqStudio Genetic Analyzer (Applied Biosystem, USA). The editing was
performed with Bioedit (version 7.2.5, 2013), and the 16S rDNA sequences were compared
with other sequences using NCBI BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed
on 25 April 2022). A phylogenetic tree was assembled using the neighboring methods [50],
with the tree builder function of MEGA X [51].

4.6. Cell Surface Properties
4.6.1. Auto-Aggregation and Co-Aggregation Assays

Auto-aggregation and co-aggregation capacities of the selected lactobacilli strains,
according to their auto-aggregation visual features, were further assessed by spectrophoto-
metric analysis at 4 h and 24 h, as described by Collado and colleagues [34], with minor
modifications. An overnight lactobacilli culture (108 CFU/mL) was centrifuged (4000× g,
20 min, 4 ◦C) and the pellet was washed with phosphate-buffered saline (PBS) at pH 7.1
and then resuspended in the same buffer. The cell suspension (4 mL) was placed into
glass bijou bottles and incubated at room temperature for 24 h. The absorbances at 600 nm
(A600 nm) were measured at different times of incubation (t0, t4 and t24).

The auto-aggregation percentage was calculated using the following formula:
1 − (At/A0) × 100, where At represents the absorbance at different times (4 and 24 h)
and A0 the absorbance at time = 0 (t0). The aggregation ability was classified according
to Del Re and colleagues [41], with minor modifications. Results with values ≥ 65% and
≤10% were considered as highly auto-aggregative and non-auto-aggregative, respectively.

For the co-aggregation assay, mixed cultures with equal volumes (2 mL) of lactobacilli
and Salmonella strains, as well as monocultures (4 mL), were prepared and incubated at
room temperature without agitation. A600 nm were measured at 24 h of incubation.

The percentage of co-aggregation was calculated according to Handley and col-
leagues [39], as follows: (1− Amix/ (ASal + ALac)/2) × 100, where ASal and ALac represent
the absorbances of the monocultures, Salmonella and lactobacilli, respectively, while Amix
represents the absorbance of the mixed culture at 24 h. Values below 20% are indicative of
a weak co-aggregation capability [36].

4.6.2. Hydrophobicity Assays

The microbial adhesion to the hydrocarbons (MATH) test was evaluated as defined by
Rosenberg and colleagues [52], with slight changes. Lactobacilli cultures were centrifuged,
and the pellet was washed with PBS buffer pH = 7.1 and suspended in the same buffer
to adjust the concentration to 108 CFU/mL. An equal volume of 2 mL cell culture and
xylene (nonpolar solvent) were mixed and vigorously vortexed for 5 min before measuring
the A600 nm (A0). After incubation at room temperature for 1 h, the aqueous phase was
cautiously removed, and its A600 nm (A1) was measured.

The cell surface hydrophobicity (H) was calculated as follows: H% = (1− A1/A0)× 100.
Isolates with (H) values > 70%, between 50–70% and < 50% were classified as highly, moderately
and low-hydrophobic, respectively [53].
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4.7. In Vitro Cell Tolerance to Gastrointestinal Conditions

The tolerance to gastrointestinal conditions of the eight lactobacilli strains, which
were chosen according to their hydrophobicity and auto/ co-aggregation capacities, was
assessed according to Babot and colleagues [24], with minor modifications. Overnight
lactobacilli cultures were centrifuged (4000× g, 4 ◦C, 20 min) and adjusted to approximately
108 CFU/mL in PBS buffer. A volume of 1.75 mL was inoculated in 2.25 mL of a simulated
gastric juice (125 mM NaCl, 7 mM KCl, 45 mM NaHCO3, 3 g/L pepsin pH 2.0). After
incubation at 41.5 ◦C (poultry corporal temperature) for 1 h (mean retention time in the
proventriculus and gizzard), the suspension was centrifuged and washed twice with
PBS buffer. The pellet was then suspended in 3 mL of simulated intestinal juice (NaCl
22 mM, KCl 3.2 mM, NaHCO3 7.6 mM, pancreatin 0.1% w/v, bile salts 0.15% or 0.3% w/v,
pH = 8.00) and incubated at 41.5 ◦C for 2 h (mean retention time in the small intestine). The
concentrations of bile salts were selected to simulate the 0.1 to 1% bile concentration range
of the poultry GIT, with approximately 0.25% in the ileum and 0.1% in the cecum [12]. After
the serial dilutions, 0.1 mL of the suspensions was plated onto the MRS agar and incubated
anaerobically for three days at 37 ◦C.

Tolerance to the GIT conditions was evaluated as follows: % survival = (Log10 N1/
Log10 N0) × 100, where Log10 N0 is the number of bacterial cells in the PBS, and Log10 N1
represents the number of viable cells after exposure to gastrointestinal conditions.

4.8. Cell Culture
4.8.1. Cell Line and Growth Conditions

The human colorectal adenocarcinoma Caco-2 cell line was used to perform the
adhesion assays. Cells were grown in a 75 cm2 flask containing Dulbecco’s modified Eagle’s
medium (DMEM) (1× DMEM, 1M-1Glutamax, Gibco), supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS) (Eurobio), 1× non-essential amino acids (NEAA),
100 U/mL penicillin and 10 mg/mL streptomycin (Sigma-Aldrich). Cells were incubated
at 37 ◦C in a humidified atmosphere containing 5% CO2 until 80% confluence was reached.
Prior to the adhesion assay, 5 × 104 cells were seeded in 24-well tissue culture plates and
incubated in the same conditions as mentioned above for 16 days (full differentiation). At
the end of the incubation time, the cell line monolayers were washed twice with Dubelcco’s
PBS (Eurobio) to remove antibiotics before adding the bacterial suspension.

4.8.2. Adhesion to Caco-2 Cells

Overnight cultures of the selected lactobacilli strains (16/c6, 16/c2, 16/i10, 16/c4,
14/i8, 12/c8, 1/c24 and A30/i26) and Salmonella serotypes were centrifuged, washed twice
in Dulbecco’s PBS (Eurobio) and suspended in an antibiotic-free DMEM medium at a
concentration of 108 CFU/mL. Then, 1 mL of bacterial culture was added to each cell well
and incubated for 1 h at 37 ◦C in a humidified atmosphere containing 5% CO2. After
that, the supernatant was removed and the wells were gently washed three times with
Dulbecco’s PBS buffer to eliminate non-adherent bacteria. Finally, the Caco-2 monolayers
were trypsinized with 0.25% trypsin-EDTA solution (Eurobio), and the adherent bacteria
were enumerated by plating serial dilutions onto MRS agar medium for Lactobacillus and
TSA agar medium for Salmonella. The adhesion ability was calculated as (N1/N0) × 100,
where N1 and N0 represent the CFUs of the total adhered and added bacteria, respectively.
Two independent experiments were conducted in triplicate for each condition.

4.8.3. Inhibition of the Adhesion of Salmonella to Caco-2 Cells

Two different protocols were followed to evaluate the ability of the selected lactobacilli
strains to inhibit Salmonella’s adhesion to the Caco-2 cells. The Ligilactobacillus salivarius
(16/c6 and A30/i26) and Limosilactobacillus reuteri (1/c24) strains were selected based on
their adhesion properties. The competition adhesion assay was performed by seeding Caco-
2 cell monolayers with a mixed culture of each of the selected lactobacilli (108 CFU/mL)
with each of the Salmonella strains (107 CFU/mL) in complete DMEM. The Salmonella mono-
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cultures were used as controls. After an incubation period of 2 h at 37 ◦C in a humidified
atmosphere containing 5% CO2, the supernatants with the non-adherent bacteria were
removed, and then the Caco-2 cells were trypsinized. The adherent bacterial cells were
serially diluted and plated onto TSA agar medium and MRS agar medium to enumerate
the Salmonella and Lactobacillus, respectively.

The ability of the Salmonella strains to adhere to the Caco-2 cells in the absence (NSal)
and the presence (NMix) of lactobacilli was calculated as follows:

Anti-adhesion ability% = 1 − (NMix/NSal)% [54].
For the exclusion assays, the Caco-2 cell monolayers were pre-exposed to lactobacilli

strains (108 CFU/mL) for 1 h [37]. Then, the Caco-2 cell monolayers were gently washed
three times with Dulbecco’s PBS prior to the addition of the Salmonella strains (107 CFU/mL)
and incubation for 2 h. At the end of incubation time, supernatants with the non-adherent
bacteria were removed, and the Caco-2 cells were then trypsinized. The adherent bacterial
cells were serially diluted and plated onto TSA and MRS agar media to enumerate the
Salmonella and Lactobacillus, respectively. Two independent experiments for each strain
were conducted in triplicate for each condition.

4.9. Co-Culture Growth Kinetic Study

Two series of experiments were carried out to evaluate the effects of Ligilactobacillus
salivarius 16 / c6 on the growth of the Salmonella strains in a co-culture model. In the first co-
culture experiment, an 18 h-old culture of the 16 /c6 strain (107 CFU/mL) was co-inoculated
with each culture of the three Salmonella strains (approximately 105 CFU/mL) into 100 mL
of Laptg medium (peptone 15 g/L, tryptone 10 g/L, yeast extract 10 g/L, glucose 10 g/L,
tween 80 0.1%; all media/chemicals were purchased from Sigma-Aldrich) at pH 6.9 and
then incubated in a shaker incubator at 100 rpm at 37 ◦C for 24 h. Pure cultures of each of
the strains served as controls. Before enumeration, the culture was left for 10 min without
vortexing to evaluate the auto/co-aggregation capacity of Ligilactobacillus salivarius. Then,
0.1 mL of supernatant was plated out at different times (0, 4, 8 and 24 h) in triplicate onto
the selective media (XLD agar for Salmonella and MRS agar for Lactobacillus) for counting.
The pH of the culture medium was checked regularly. In the second experiment, the
bacterial cultures were prepared as described above. Before enumeration, the culture was
vigorously vortexed.

4.10. Statistical Analyses

Statistical analyses were performed using XLSTAT version 2021.4 (Addinsoft Inc. Paris,
France). The surface properties of the forty-eight lactobacilli (n = 3) strains were assessed by
principal component analysis (PCA). The index of Pearson was used to evaluate the correlation
between the six assays, hydrophobicity, auto-aggregation and co-aggregation between a given
lactobacilli strain and each of the S. Enteritidis, S. Infantis and S. Kentucky strains. Differences
between the results for the adhesion and inhibition by competitive/exclusion were performed
by one-way ANOVA, and p-values ≤ 0.05 were considered statistically significant.

5. Conclusions

This work was the first national tentative attempt to isolate potential candidates from
the lactobacilli of Lebanese poultry to act as probiotics. The Ligilactobacillus. salivarius 16/c6
isolate that we highlighted here could be used as a potent probiotic dietary supplement
in order to reinforce the intestinal microbiota of newly hatched chickens due to its high
viability and long persistence in the poultry intestinal tract, as well as its ability to block
the adhesion sites against Salmonella spp. The adhesion of lactobacilli strains to epithelial
cells should also be investigated using the chicken LMH cell line to evaluate its probiotic
potential in poultry. The study of these parameters is a crucial step in disseminating such
native probiotic strains. However, further in vivo studies are required in order to ultimately
better our understanding of how lactobacilli strains interact with and affect the fitness of
Salmonella in the GITs of chicken hosts.
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Abstract: Background: Acinetobacter species other than A. baumannii are becoming increasingly
more important as opportunistic pathogens for humans. The primary aim of this study was to
assess the prevalence, species distribution, antimicrobial resistance patterns, and carbapenemase
gene content of clinical Acinetobacter non-baumannii (Anb) isolates that were collected as part of a
sentinel surveillance program of bacterial infections in hospitalized patients. The secondary aim
was to evaluate the performance of MALDI-TOF MS systems for the species-level identification of
Anb isolates. Methods: Clinical bacterial isolates were collected from multiple sites across Russia
and Kazakhstan in 2016–2022. Species identification was performed by means of MALDI-TOF MS,
with the Autobio and Bruker systems used in parallel. The PCR detection of the species-specific
blaOXA-51-like gene was used as a means of differentiating A. baumannii from Anb species, and the
partial sequencing of the rpoB gene was used as a reference method for Anb species identification.
The susceptibility of isolates to antibiotics (amikacin, cefepime, ciprofloxacin, colistin, gentamicin,
imipenem, meropenem, sulbactam, tigecycline, tobramycin, and trimethoprim–sulfamethoxazole)
was determined using the broth microdilution method. The presence of the most common in
Acinetobacter-acquired carbapenemase genes (blaOXA-23-like, blaOXA-24/40-like, blaOXA-58-like, blaNDM,
blaIMP, and blaVIM) was assessed using real-time PCR. Results: In total, 234 isolates were identified
as belonging to 14 Anb species. These comprised 6.2% of Acinetobacter spp. and 0.7% of all bacterial
isolates from the observations. Among the Anb species, the most abundant were A. pittii (42.7%), A.
nosocomialis (13.7%), the A. calcoaceticus/oleivorans group (9.0%), A. bereziniae (7.7%), and A. geminorum
(6.0%). Notably, two environmental species, A. oleivorans and A. courvalinii, were found for the first
time in the clinical samples of patients with urinary tract infections. The prevalence of resistance to
different antibiotics in Anb species varied from <4% (meropenem and colistin) to 11.2% (gentamicin).
Most isolates were susceptible to all antibiotics; however, sporadic isolates of A. bereziniae, A. johnsonii,
A. nosocomialis, A. oleivorans, A. pittii, and A. ursingii were resistant to carbapenems. A. bereziniae
was more frequently resistant to sulbactam, aminoglycosides, trimethoprim–sulfamethoxazole, and
tigecycline than the other species. Four (1.7%) isolates of A. bereziniae, A. johnsonii, A. pittii were found
to carry carbapenemase genes (blaOXA-58-like and blaNDM, either alone or in combination). The overall
accuracy rates of the species-level identification of Anb isolates with the Autobio and Bruker systems
were 80.8% and 88.5%, with misidentifications occurring in 5 and 3 species, respectively. Conclusions:
This study provides important new insights into the methods of identification, occurrence, species
distribution, and antibiotic resistance traits of clinical Anb isolates.

Keywords: Acinetobacter non-baumannii; MALDI-TOF MS; rpoB gene sequencing; antibiotic
resistance; carbapenemases
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1. Introduction

The genus Acinetobacter belongs to the family Moraxellaceae, class γ-proteobacteria,
and comprises coccobacillary-shaped Gram-negative, aerobic, non-lactose fermenting,
saprophytic bacteria. This genus has undergone substantial taxonomic modification and
currently comprises 82 species with valid published names and 24 species with non-verified
published or provisionally assigned names (https://lpsn.dsmz.de/genus/acinetobacter,
accessed on 16 July 2023) [1]. Most Acinetobacter species are ubiquitous in the environment
(soil, water, plants, and animals), and some have evolved as important opportunistic
pathogens for humans and animals and have adapted to cause various infections, especially
in compromised hosts [2]. A. baumannii is a primary human pathogen and is one of the
main causes of nosocomial infections with the highest mortality rates [3,4]. Its intrinsic
resistance to many antibiotics and its remarkable ability to acquire resistance to all available
therapeutic agents, including carbapenems, have secured it a place in the group of ESKAPE
pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter spp.) [5] and a top place in the WHO’s
global priority list of antibiotic-resistant bacteria [6]. A. baumannii and seven other closely
related species (A. calcoaceticus, A. geminorum (the most recently described species), A.
lactucae (formerly also known as A. dijkshoorniae), A. nosocomialis, A. oleivorans (effectively
but not validly published named species), A. pittii, and A. seifertii) together form the
Acinetobacter calcoaceticus-baumannii (Acb) complex [7–10]. Species within the Acb complex
are almost indistinguishable phenotypically but differ significantly in terms of their ecology,
pathogenicity, epidemiology, and susceptibility to antibiotics [11]. As an example, while all
Acb species are capable of causing infections in humans, A. calcoaceticus and A. oleivorans
are primarily environmental species and are less frequently isolated from human clinical
specimens [9,12]. In contrast, A. pittii and A. nosocomialis are more often associated with
hospital-acquired infections [11]. As well as Acb, 20 more species of the genus Acinetobacter
were included in the recently updated list of bacteria cultured from humans [13]; among
them, A. bereziniae, A. johnsonii, A. junii, A. lwoffii, A. soli, and A. ursingii have commonly
been reported in human infections. Although significantly less prevalent than A. baumannii
and typically less resistant to antibiotics, Acinetobacter non-baumannii (Anb) species are
becoming increasingly more important as nosocomial pathogens [14–20].

The accurate identification of Anb species is therefore crucial but remains challenging,
especially within the Acb complex [21]. In the last two decades, molecular methods have
been introduced to enable the more efficient differentiation of Acinetobacter species as com-
pared to conventional phenotypic identification by manual biochemical tests or automated
systems. The sequencing of certain protein-encoding genes (rpoB for RNA polymerase
subunit B, which is used the most often, gyrB for DNA gyrase subunit B, or recA for DNA
repair recombinase) and/or multilocus sequence analysis (MLSA) have proven the most
accurate methods and thus constitute the current reference standard for the identifica-
tion of Acinetobacter species [8,21–23]. The PCR detection of A. baumannii species-specific
genes for class D β-lactamase (blaOXA-51-like) has also been used as a quick and effective
means of differentiating A. baumannii from Anb species [24]. The use of matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) for the
identification of bacterial species has been a major breakthrough in clinical microbiology. It
has proven to be a rapid, cost-effective, and accurate method of differentiating even closely
related bacterial species that are otherwise indistinguishable by conventional phenotypic
methods [25]. Several studies have assessed the performance of MALDI-TOF MS systems
for the identification of Acinetobacter species, and, notably, the results from these studies
have demonstrated the crucial importance of the size and quality of reference spectra
databases (libraries) for accurate species-level identification [21,26,27].

The epidemiology and mechanisms of antibiotic resistance have been most exten-
sively studied for A. baumannii. In particular, numerous publications have addressed the
problem of the global spread of carbapenem-resistant strains and acquired carbapenemase-
producing strains of this species, which pose the most significant health threat [3,4,28].
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Other Acinetobacter species have been less well studied, although there have been many
reports from many parts of the world of isolates of different Anb species producing different
carbapenemases [29–42]. A recent analysis of publicly available genome sequences showed
that Anb species represent a reservoir of many transferrable resistance genes to different
classes of antibiotics, other than carbapenems [43].

Therefore, this study specifically focused on clinical Anb isolates that were collected
as part of a large sentinel surveillance program in 2016–2022. We aimed to assess: (i) the
prevalence of Anb in infections in hospitalized patients; (ii) the performance of MALDI-TOF
MS systems for the species-level identification of Anb in comparison with the reference
rpoB sequencing method; and (iii) the prevalence of antibiotic resistance and acquired
carbapenemases in Anb species.

2. Results
2.1. Species Distribution of Acinetobacter Isolates

A total of 3754 (10.9%) of the bacterial isolates collected in 2016–2022 within the
frame of AMR sentinel surveillance program in Russia and Kazakhstan were identified
as members of the Acinetobacter genus. A. baumannii was the most prevalent species,
comprising 3520 (10.2%) isolates, while the other Acinetobacter species jointly comprised 234
(0.7%) bacterial isolates. The Anb isolates were collected from 41 hospitals in 27 cities across
Russia and Kazakhstan. Using the phylogenetic clustering of rpoB gene sequence data, they
were assigned to 14 different species (Figure 1). The clinical isolates clustered well with the
corresponding reference strains and the clusters of different species were clearly separated
on the tree. The only exception was A. geminorum, a species recently separated from A.
pittii [7]. Fourteen isolates formed a monophyletic clade and had complete nucleotide
sequence identity with the A. geminorum type strain J00019, which, however, was poorly
discriminated from A. pittii (nucleotide distance 0.003; bootstrap value 67%). The two
species A. oleivorans (https://lpsn.dsmz.de/species/acinetobacter-oleivorans, accessed
on 16 July 2023) and A. septicus (https://lpsn.dsmz.de/species/acinetobacter-septicus,
accessed on 16 July 2023), which have the nomenclatural status “not validly published”,
were considered the same species, respectively, as A. calcoaceticus (A. calcoaceticus/oleivorans)
and A. ursingii (A. ursingii/septicus). The latter two species/groups, as well as A. johnsonii
and A. lwoffii, showed the highest intraspecies variability in rpoB gene sequences, with a
maximum nucleotide divergence between strains of the same species of 0.049, 0.029, 0.027,
and 0.033, respectively (Supplementary Table S1: Pairwise nucleotide distance matrix of
partial rpoB sequences of the studied clinical isolates and reference strains).

A. pittii was the major Anb species, with 100 isolates that were geographically scattered.
Three other species of the Acb complex (A. nosocomialis, A. calcoaceticus/oleivorans, and A.
geminorum) and one species (A. bereziniae) that does not belong to the Acb complex each
included more than 10 isolates from diverse geographic sites. The nine remaining Anb
species (A. junii, A. soli, A. seifertii, A. johnsonii, A. lwoffii, A. ursingii/septicus, A. haemolyticus,
A. radioresistens, and A. courvalinii) comprised one to nine isolates each. Curiously, one
isolate, M19-2435, showed the highest nucleotide sequence identity (>99.4%) with the
reference strains of A. courvalinii, a soil-dwelling species that had not previously been
isolated from humans [13,44,45]. This isolate was recovered from a urine sample of an eight-
year-old male patient with a neurogenic bladder after he was operated at the Children’s
Hospital of Petrozavodsk, Russia, in April 2019.
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Figure 1. Midpoint-rooted maximum-likelihood distance tree of partial rpoB sequences from clinical
isolates and reference strains of Anb species. The various species identified in this study are shown with
the colored inner clades, according to the legend. Reference strains are marked with black triangles.
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Species of the A. calcoaceticus-baumannii complex are shown with red branches. Concentric rings show
(from the center to the outside): (i) the accuracy of the species identification with the Autobio and
Bruker MALDI-TOF MS systems; (ii) the infection type; (iii) the antibiotic resistance profiles; and (iv)
the presence of acquired carbapenemase genes (see legends).

2.2. Accuracy of Anb Species Identification Using MALDI-TOF MS Systems

Table 1 summarizes the results of the Anb species identification using two MALDI-TOF
MS systems, the Autobio Autof and the Bruker Biotyper, compared to the reference method
of rpoB gene sequencing. Figure 1 details the results for the individual isolates. Since
A. oleivorans [9] has the nomenclatural status “not validly published”, it was considered
the same species as A. calcoaceticus (A. calcoaceticus/oleivorans), and the identification of
A. oleivorans as A. calcoaceticus was not considered incorrect. The overall rates of correct
species identification were 189/234 (80.8%) for Autobio and 207/234 (88.5%) for Bruker.
Both systems provided confident species-level identification of all isolates of A. haemolyticus,
A. johnsonii, A. junii, A. lwoffii, A. radioresistens, A. soli, and A. ursingii. In addition, Autobio
correctly identified all isolates of A. nosocomialis and A. pittii, two and eleven of which
were misidentified by Bruker, respectively, as A. baumannii (log scores: 2.15–2.3) and A.
lactucae (log scores: 1.99–2.26). On the other hand, Bruker correctly identified all isolates
of A. bereziniae, A. calcoaceticus/oleivorans (as A. calcoaceticus), A. courvalinii, and A. seifertii,
while Autobio misidentified all isolates of A. bereziniae as A. guillouiae (scores: 9.416–9.705),
A. seifertii as A. pittii (scores: 8.990–9.348), a single isolate of A. courvalinii as A. haemolyticus
(score 9.181); additionally, it provided no confident identification for four isolates of A.
calcoaceticus/oleivorans (scores: 4.437–5.688). Finally, both the Autobio and Bruker systems
misidentified all isolates of A. geminorum, respectively, as A. pittii (scores: 7.445–9.607) and
A. lactucae (log scores: 2.1–2.23). In order to improve the accuracy of the identification, we
generated reference mass spectra of representative Anb isolates and added them to the user
libraries. Subsequently, all Anb isolates from our collection were correctly identified to the
species level when tested against both the proprietary and our custom spectra libraries
(data not shown).

Table 1. Accuracy of the species identification of Anb isolates using MALDI-TOF MS systems.

Anb Species 1 No. of Isolates
No. (Percent) Correctly Identified

Autobio Autof Bruker Biotyper

A. bereziniae 18 0 (0%) 18 (100%)
A. calcoaceticus/oleivorans 21 17 (81%) 21 (100%)
A. courvalinii 1 0 (0%) 1 (100%)
A. geminorum 14 0 (0%) 0 (0%)
A. haemolyticus 3 3 (100%) 3 (100%)
A. johnsonii 7 7 (100%) 7 (100%)
A. junii 9 9 (100%) 9 (100%)
A. lwoffii 5 5 (100%) 5 (100%)
A. nosocomialis 32 32 (100%) 30 (93.8%)
A. pittii 100 100 (100%) 89 (89%)
A. radioresistens 2 2 (100%) 2 (100%)
A. seifertii 8 0 (0%) 8 (100%)
A. soli 9 9 (100%) 9 (100%)
A. ursingii/septicus 5 5 (100%) 5 (100%)

1 as determined by rpoB gene sequence analysis.

2.3. Infections Caused by Anb Species

The Anb isolates were most often isolated from clinical samples of hospitalized pa-
tients with lower respiratory tract infections (75/234 (32.1%)) and urinary tract infections
(UTIs) (65/234 (27.8%)). Other primary sites of infection included, in order of decreasing
abundance: heart and blood vessels, 43/234 (18.4%), the abdominal cavity, 25/234 (10.7%),
skin and soft tissues, 18/234 (7.7%), bones and joints, 4/234 (1.7%), the central nervous
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system, 3/284 (1.3%), and eye appendages, 1/234 (0.4%). Overall, we did not find any
association between particular Anb species and the site of infection. All species represented
by more than one isolate were isolated from diverse infections (Figure 1). Only two species
were statistically significantly more abundant in specific loci: 14/16 (87.5%) A. oleivorans
isolates were recovered from UTIs (the proportion of UTI isolates among other species was
51/218 (23.4%), p = 0.0001, Fisher’s exact test with the Holm correction), and 7/9 (77.8%)
A. soli isolates were recovered from primary bloodstream infections (the proportion of
bloodstream isolates among other species was 36/225 (16.0%), p = 0.0001). It should be
noted, however, that all UTI isolates of A. oleivorans were isolated in the same pediatric
hospital in Petrozavodsk city between October 2016 and February 2019. Likewise, all
bloodstream isolates of A. soli were isolated in the same neonatal care unit in Kazan city
between January 2019 and July 2019. Therefore, a common source of infection could not be
excluded in the case of both A. oleivorans UTI and A. soli bloodstream isolates.

In addition to these two examples of potentially clonal expansions of A. oleivorans and
A. soli, we observed a few more “in-hospital clusters” of isolates of the same species. These
included five clusters of 7 to 15 isolates of A. pittii in different hospitals and one cluster of
11 isolates of A. nosocomialis. Records indicated that 171/234 (73.1%) infections due to Anb
species were considered nosocomial as they occurred more than 48 h after patient admission
to the hospital or were thought to be acquired during previous hospital admissions.

2.4. Susceptibility to Antibiotics and the Presence of Acquired Carbapenemase Genes

Table 2 provides a statistical summary of the susceptibility of Anb isolates to 11 antibi-
otics, and Figure 1 additionally shows the resistance profiles of the individual isolates to
key agents representing major antibiotic classes. Most Anb isolates were susceptible to all
antibiotics tested. The resistance rates to all β-lactam antibiotics and sulbactam were below
6%, and resistance to β-lactams was not confined to any particular species. Importantly,
resistance to carbapenems (imipenem or meropenem) was detected in 11 sporadic isolates:
5 A. pittii, 2 A. bereziniae, and 1 isolate each of A. johnsonii, A. nosocomialis, A. oleivorans, and
A. ursingii, all of which, except A. johnsonii, were additionally resistant to antibiotics of at
least two other classes. Thirteen (5.6%) isolates, including five A. pittii, four A. bereziniae,
and one isolate each of A. nosocomialis, A. oleivorans, A. seifertii, and A. ursingii, were re-
sistant to sulbactam at an MIC breakpoint of ≥16 mg/L. The overall resistance rates to
non-β-lactam agents were: 8.7% to tobramycin, 9.9% to amikacin, 11.2% to gentamicin,
7.4% to ciprofloxacin, 8.7% to trimethoprim–sulfamethoxazole, and 3.0% to colistin. The
seven colistin-resistant isolates belonged to three species: four A. bereziniae, two A. pittii,
and one A. seifertii. Notably, A. bereziniae displayed significantly higher resistance rates
than other Anb species to colistin (22.2% vs. 1.4%, p = 0.0008, Fisher’s exact test with the
Holm correction), sulbactam (22.2% vs. 4.21%, p = 0.0118), aminoglycosides (66.7% vs.
7.9%, p = 0.0001), and trimethoprim–sulfamethoxazole (66.7% vs. 3.8%, p = 0.0001); it also
showed higher resistance levels to tigecycline (MIC90%: ≥16 mg/L vs. 1 mg/L).

Acquired carbapenemase genes were detected in 4/234 (1.7%) isolates collected at
geographically distant sites. One isolate each of A. bereziniae and A. pittii carried the
blaNDM gene, another isolate of A. pittii carried the blaOXA-58-like gene, and one isolate of A.
johnsonii harbored the blaNDM and blaOXA-58-like genes simultaneously. The carbapenemase-
positive isolates of A. bereziniae and A. pittii displayed high-level resistance to imipenem
and meropenem, with MICs of ≥16 mg/L. Curiously, however, the double-carbapenemase-
positive isolate of A. johnsonii showed borderline resistance to imipenem, with an MIC of
8 mg/L, and susceptibility to meropenem with an MIC of 1 mg/L. Finally, as expected,
the isolates of A. radioresistens, which were susceptible to carbapenems, tested positive by
PCR for the blaOXA-23-like gene, which is known to be intrinsic chromosomally-encoded and
usually weakly expressed in this species [46].
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Table 2. Minimum inhibitory concentration (MIC) range, MIC50, MIC90, and proportion of Anb
isolates by category of susceptibility to 11 antibiotics.

Antibiotic
MIC, mg/L Percent by Category 1

Range 50% 90% S I R

Amikacin ≤0.5–≥256 1 8 90.1 - 9.9
Cefepime 2 ≤0.5–≥256 2 16 88.7 5.7 5.7

Ciprofloxacin ≤0.06–≥128 0.125 0.5 - 92.6 7.4
Colistin ≤0.06–≥64 0.5 2 97.0 - 3.0

Gentamicin ≤0.25–≥256 0.5 8 88.8 - 11.2
Imipenem ≤0.06–≥128 0.125 0.5 95.7 - 4.3

Meropenem ≤0.06–≥128 0.25 0.5 95.2 0.9 3.9
Sulbactam 3 ≤0.25–≥256 1 4 92.2 2.2 5.6
Tigecycline 4 ≤0.03–≥16 0.25 1 - - -
Tobramycin ≤0.25–≥256 0.25 2 91.3 - 8.7

Trimethoprim–
sulfamethoxazole (1:19) 5 ≤0.125–≥256 0.125 4 89.6 1.7 8.7

1 S, susceptible; I, susceptible, increased exposure (EUCAST), or intermediate resistant (CLSI); R, resistant.
EUCAST v13.0 MIC clinical breakpoints were used unless otherwise stated. 2 For cefepime, CLSI M100 ED33 MIC
breakpoints were used. 3 For sulbactam, the MIC breakpoints (S ≤ 4 mg/L, I 8 mg/L, R ≥ 16 mg/L) were based
on CLSI M100 ED33 ampicillin–sulbactam (2:1) MIC breakpoints (S ≤ 8/4 mg/L, I 16/8 mg/L, R ≥ 32/16 mg/L),
where sulbactam comprises the active component of the combination against Acinetobacter. 4 For tigecycline, no
MIC breakpoints were established by either EUCAST or CLSI. 5 MIC values refer to trimethoprim.

3. Discussion

This study characterized 234 clinical Anb isolates collected from hospitalized patients
in multiple centers across Russia and Kazakhstan over the last seven years. These isolates
belonged to 14 different species, as was determined by rpoB gene sequencing, and jointly
comprised 6.2% of Acinetobacter spp. (the remaining isolates were A. baumannii) and 0.7% of
all bacterial isolates collected as part of the sentinel surveillance program [47]. Among the
Anb species, the most abundant was A. pittii (42.7%), followed by A. nosocomialis (13.7%),
A. calcoaceticus/oleivorans (9.0%), A. bereziniae (7.7%), and A. geminorum (6.0%). A. pittii
and A. nosocomialis are both known to be the next most common Acinetobacter spp. after
A. baumannii to cause nosocomial infections [20]. A. geminorum, which has recently been
separated from A. pittii [7], has a highly similar rpoB gene sequence. On the contrary, A.
oleivorans, which has not been assigned the nomenclatural status of a validly published
named species, and which was therefore regarded in our analysis as one species with
A. calcoaceticus, has a more divergent rpoB gene sequence. It is worth mentioning that
the rpoB sequences of 16 isolates of the A. calcoaceticus/oleivorans group clustered closely
with those of the reference strains of A. oleivorans, while only 5 isolates clustered with the
reference strains of A. calcoaceticus. This is an unexpected finding given that A. oleivorans has
commonly been described as a soil-dwelling carbohydrate-hydrolyzing bacterium and has
not been associated with humans [9,48–50]. Another interesting finding was the isolation
of A. courvalinii [44,45] from a urine clinical sample of an eight-year-old male patient with
cystitis, which, to our knowledge, represents the first documented case of human infection
with this species.

The studied Anb isolates were recovered from different primary sites of infection,
mostly the lower respiratory tract, urinary system, and blood stream, with no particular
association between the infection locus and the species. It is worth noting that A. oleivorans
and A. soli were isolated significantly more often, respectively, from urine and blood.
However, all the urine isolates of A. oleivorans were collected in the same hospital and could
therefore have a common origin, as were all the blood isolates of A. soli. In addition to these
two examples, we observed several in-hospital clusters of infections due to A. pittii and A.
nosocomialis, indicating their likely nosocomial transmission.

One of the most important tasks of this study was to assess the performance of two
MALDI-TOF MS systems for the identification of Anb species. The Autobio and Bruker sys-
tems demonstrated the overall rates of correct species-level identification, respectively, of
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80.8% and 88.5% for our collection of Anb isolates. These rates are lower than those reported
from the study of the routine collection of bacterial isolates of any species (>97%) [51]. How-
ever, our results correspond well with the findings of many studies that focus specifically on
the MALDI-TOF MS identification of Acinetobacter spp. [21,26,27]. In line with these studies,
we found that most cases of misidentification were likely due to the absence or insufficient
number of mass spectra of new species in the reference libraries, as was the case for A.
geminorum in the Autobio and Bruker libraries and A. courvalinii in the Autobio library; the
misidentifications could also be due to the potentially inconsistent species identification of
the reference strains present in the library, as was the case for A. bereziniae and A. seifertii
being identified with high scores as A. guillouiae and A. pittii, respectively, by Autobio. The
low-score identification results of single isolates of A. calcoaceticus/oleivorans, A. nosocomialis,
and A. pittii were also likely due to the small number of mass spectra of these species
in the reference libraries. Importantly, however, we found that all identification errors
could be eliminated by adding the spectra of “difficult” strains, correctly identified using
the reference method, to the custom user libraries. These findings once again highlight
the importance of maintaining the reference spectra libraries in accordance with current
taxonomy and nomenclature of Acinetobacter spp. and the need to include strains of newly
described species in the libraries.

The studied Anb isolates were mostly susceptible to antibiotics. The resistance rates to
all agents did not exceed 10% (except for gentamicin, at 11.2%). These rates are sig-
nificantly lower than those reported for A. baumannii isolates from the same surveil-
lance program [47,52,53]. For example, the prevalence of resistance to trimethoprim–
sulfamethoxazole, aminoglycosides, ciprofloxacin, and carbapenems was 6 to 20 times
lower in Anb than in A. baumannii (https://amrmap.net/?id=BWSMM21DC29DC11, ac-
cessed on 16 July 2023) [47]. The exception was resistance to colistin, which was more than
three times higher in Anb than in A. baumannii (3.0% vs. 0.8%), with most colistin-resistant
isolates being identified as A. bereziniae. The latter species was also more resistant to sul-
bactam, aminoglycosides, trimethoprim–sulfamethoxazole, and tigecycline than other Anb
species. The acquired resistance to colistin in A. bereziniae has previously been found to
be associated with mutations in the pmrB gene involved in lipopolysaccharide modifica-
tion [54]. Resistance to most aminoglycosides, including amikacin, has been attributed
to plasmid-carried genes for aminoglycoside-modifying enzymes (aphA6, aac(6′)-31 and
aadA1) [36,55,56].

The primary mechanisms of resistance to carbapenems in Acinetobacter spp. include the
overexpression of naturally occurring species-specific carbapenemases of molecular class D
(OXA) [57] and the production of acquired carbapenemases of class D (mainly OXA-23-,
OXA-24/40-, and OXA-58-like enzymes) and class B (mainly NDM and IMP) [4]. Our study
revealed the low prevalence of acquired carbapenemases in Anb isolates (1.7%) as compared
to A. baumannii (81.9%) (https://amrmap.net/?id=AN0Fl54mX14mX14, accessed on 16
July 2023). Moreover, only OXA-58-like and NDM carbapenemases were found alone
or in combination in sporadic isolates of A. bereziniae, A. johnsonii, and A. pittii, whereas,
in A. baumannii in Russia, these carbapenemases were rare, and the OXA-23- and OXA-
24/40-types were the predominant carbapenemases detected [47,53]. Likewise, studies
from many other countries have found the same differences in the frequency of various
acquired carbapenemases in A. baumannii and Anb. OXA-58 has been detected in the early
carbapenem-resistant isolates of A. baumannii in Europe, Asia, and South America [58,59]
and, recently, mostly in Anb species, including A. bereziniae, A. colistiniresistens, A. johnsonii,
A. junii, A. nosocomialis, A. pittii, A. radioresistens, A. seifertii, A. towneri, and A. ursingii,
from all over the world [37,60–69]. Similarly, metallo-β-lactamases, mostly NDM-1 and
IMP variants, have been found in global Anb isolates, often in combination with OXA-
58 [62–64,70–78].

While our study covered a large geographic area and a long time period, it did not
identify and include some of the Anb species that have been previously cultured from
humans. This is an obvious limitation of the study, which demonstrates the importance of
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ongoing surveillance and research. Our further study will utilize whole-genome sequencing
data to infer the phylogenetic relationships between closely related Acinetobacter spp., such
as A. pittii and A. geminorum, and to explore in greater depth the mechanisms of antibiotic
resistance in Anb isolates. Further studies will also be needed to continuously evaluate the
performance of MALDI-TOF MS platforms with updated spectra libraries for identification
of Acinetobacter spp.

4. Materials and Methods
4.1. Bacterial Isolates

All the studied isolates and accompanying metadata were collected as part of the
national sentinel surveillance program of antimicrobial resistance (AMR) in bacterial
pathogens isolated from hospitalized patients [47]. Between 1 January 2016 and 31 Decem-
ber 2022, 94 participating hospitals from 42 cities across Russia and 1 hospital in Karaganda,
Kazakhstan, contributed a total of 34,524 non-duplicate (one per patient/case of infection)
clinical bacterial isolates, of which 3754 (10.9%) were confirmed in the central surveillance
laboratory as Acinetobacter species. The isolates were recovered from representative clinical
specimens (blood, tissue biopsies, cerebrospinal fluid, bronchoalveolar lavage, sputum,
urine, etc.) of patients with clinical symptoms of infections; isolates from surface swabs,
screenings, and environmental samples were excluded. All isolates with accompanying
clinical and epidemiological information were referred to the central surveillance labora-
tory of the Institute of Antimicrobial Chemotherapy (IAC), where species identification,
antibiotic susceptibility testing, and molecular genetic characterizations of the isolates
were performed.

4.2. Species Identification with MALDI-TOF MS

The bacterial isolates were identified with MALDI-TOF MS, using both the Microflex
LT-MALDI Biotyper System with the Biotyper spectral database ver.11 (Bruker Daltonics,
Bremen, Germany) and the Autof MS2000 System with the current online spectral library
(Autobio Diagnostics, Zhengzhou, China). The standard methods of direct colony transfer
and rapid (on-target) extraction with formic acid were used for sample preparation prior to
the acquisition of mass spectra, as described previously [79,80]. The criteria for “confident
species-level identification” were as follows: log scores≥ 2.0 for the Bruker Biotyper System
and scores ≥ 9.0 for the Autobio Autof System. Only the highest-match score values (1st
of the 10 best hits) of the clinical isolates against the corresponding reference libraries
were reported in the Results section. To generate the reference spectra of the selected
Acinetobacter strains for the Autobio library, the full (in-tube) extraction method was used;
the extracts from each culture were spotted four times onto a ground steel target and each
spot was measured and processed three times according to the manufacturer’s instruction.

4.3. Additional Tests to Distinguish A. baumannii

A. baumannii isolates were additionally distinguished by the detection of species-
specific blaOXA-51-like genes using real-time PCR [24] and by multilocus sequencing typing
(MLST) using the University of Oxford and the Institute Pasteur typing schemes [81,82].

4.4. Sequencing of the rpoB Gene and Analysis of the Sequence Data

All isolates preliminarily identified as Anb species were subjected to rpoB gene se-
quencing, which was used a reference identification method [21]. Briefly, a 397 bp in-
ternal fragment of the rpoB gene was amplified by PCR using the primers Ac696F, 5′-
TAYCGYAAAGAYTTGAAAGAAG-3′, and Ac1093R, 5′-CMACACCYTTGTTMCCRTGA-
3′, as described elsewhere [83]. The PCR products were purified with exonuclease I and
a shrimp alkaline phosphatase treatment and were sequenced on both strands using the
same primers and a BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific,
Waltham, MA, USA). The sequencing products were analyzed using a Applied Biosystems
3500 Genetic Analyzer (Life Technologies, Carlsbad, CA, USA). Quality assessments and
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the assembly of sequences were performed using a QIAGEN CLC Genomics Workbench
21.0 (QIAGEN, Aarhus, Denmark).

The rpoB gene sequences of the reference and type strains (one to three per species) of
27 Acinetobacter spp. (A. baumannii, A. baylyi, A. beijerinckii, A. bereziniae, A. calcoaceticus, A.
colistiniresistens, A. courvalinii, A. geminorum, A. guillouiae, A. haemolyticus, A. johnsonii, A.
junii, A. lactucae, A. lwoffii, A. nosocomialis, A. oleivorans, A. parvus, A. pittii, A. radioresistens, A.
schindleri, A. seifertii, A. septicus, A. soli, A. towneri, A. ursingii, A. variabilis, and A. venetianus)
were obtained from the NCBI GenBank (https://www.ncbi.nlm.nih.gov/genbank/, ac-
cessed on 16 July 2023) and the ATCC Genome Portal (https://genomes.atcc.org/, accessed
on 16 July 2023). The rpoB gene sequences of the studied clinical isolates and reference
strains were aligned together (after trimming the primer sites) and the resulting alignment
was used to produce a maximum-likelihood tree with the Tamura–Nei model and 1000
bootstraps using MEGA v.11.0.13 [84]. The visualization and annotation of the phylogenetic
tree were performed using iTOL v.6.7.6 [85].

4.5. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing (AST) was conducted for the following agents:
amikacin, cefepime, ciprofloxacin, colistin, gentamicin, imipenem, meropenem, sulbactam,
tigecycline, tobramycin, and trimethoprim–sulfamethoxazole (1:19). This was accom-
plished by using a reference broth microdilution method according to ISO 20776-2:2021 [86]
and the methodology of the European committee on antimicrobial susceptibility testing
(EUCAST) [87]. Escherichia coli ATCC 25922, E. coli NCTC 13846, and Pseudomonas aeruginosa
ATCC 27853 were used as quality control strains for AST. The AST results were interpreted
according to the EUCAST v.13.0 Clinical Breakpoints [88] for all agents except for cefepime
and sulbactam, for which the results were interpreted using the CLSI M100 ED33 break-
points [89], and for tigecycline, for which only the MIC50 and MIC90 values were reported
due to lack of EUCAST and CLSI interpretive criteria.

4.6. Real-Time PCR Detection of Carbapenemase Genes

The detection of genes encoding the most common Acinetobacter-spp.-acquired car-
bapenemases of molecular class D (OXA-23-, OXA-24/40-, and OXA-58-like) and class
B (metallo-β-lactamases: NDM, IMP and VIM) was performed using commercial real-
time PCR assays: AmpliSens MDR Acinetobacter-OXA-FL and AmpliSens MDR MBL-FL
(Central research institute of epidemiology, Moscow, Russia), according to manufacturer’s
instructions. Amplification reactions were carried out using the DTPrime 5X1 Real-Time
PCR System (DNA Technology, Moscow, Russia). Strains of A. baumannii, A. pittii, and P.
aeruginosa carrying the genes of the known carbapenemases from the IAC collection [47]
were used as positive controls.

4.7. Data Availability

The DNA sequences obtained in this study were deposited in the European Nu-
cleotide Archive under the project accession number PRJEB61953. The clinical, epidemio-
logical, geospatial, and temporal characteristics of the studied Anb isolates, the quantitative
(MIC) and qualitative (categorical) AST data, the carbepenemase gene status, and the rpoB
phylogenetic clustering data were made available as an open-access project at Microre-
act [90]: https://microreact.org/project/fKrejDn6vqcervyWwMAs8W-acinetobacter-non-
baumannii-species (accessed on 16 July 2023).

5. Conclusions

This study represents one of the largest surveys of Anb isolates collected from infections
in hospitalized patients. It provides new insights into the methods of identification, as well
as the occurrence, species distribution, and antibiotic resistance traits of Anb isolates. It
also reports for the first time the isolation of A. oleivorans and A. courvalinii from clinical
samples of patients with urinary tract infections.
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Abstract: The rise of antimicrobial resistance is a global challenge that requires a coordinated effort
to address. In this study, we examined the genetic similarity of carbapenem-resistant Klebsiella
pneumoniae (CRKP) in countries belonging to the Gulf Cooperation Council (GCC) to gain a better
understanding of how these bacteria are spreading and evolving in the region. We used in silico
genomic tools to investigate the occurrence and prevalence of different types of carbapenemases
and their relationship to specific sequence types (STs) of CRKP commonly found in the region. We
analyzed 720 publicly available genomes of multi-drug resistant K. pneumoniae isolates collected from
six GCC countries between 2011 and 2020. Our findings showed that ST-14 and ST-231 were the
most common STs, and 51.7% of the isolates carried blaOXA-48-like genes. Additionally, we identified
rare carbapenemase genes in a small number of isolates. We observed a clonal outbreak of ST-231
in Oman, and four Saudi isolates were found to have colistin resistance genes. Our study offers a
comprehensive overview of the genetic diversity and resistance mechanisms of CRKP isolates in the
GCC region that could aid in developing targeted interventions to combat this pressing global issue.

Keywords: genomic surveillance; CRKP; clone divergence; Arabian Peninsula

1. Introduction

Antimicrobial resistance is a growing serious threat to human health and projected
to reach an all-time high by 2050, resulting in millions of deaths and a massive economic
burden [1,2]. Enterobacterales, including Klebsiella pneumoniae, are opportunistic pathogens
responsible for many hospital-acquired infections [3]. Their broad spectrum of diseases
and increasing resistance to antibiotics account for almost one-third of infections caused by
Gram-negative bacteria. [3,4]. Resistance to carbapenems, the last resort class of antibiotics,
is a major concern, especially in K. pneumoniae [5]. Studies suggest that the mortality rate
associated with carbapenem-resistant K. pneumoniae (CRKP) may exceed 75% depending
on factors such as age and disease profile [1,6]. The production of enzymes by genes that
mediate different mechanisms of resistance in CRKP isolates effectively degrades carbapen-
ems, rendering the bacteria non-susceptible [7]. Klebsiella pneumoniae carbapenemase (KPC),
located on self-conjugative plasmids, is the most problematic class A carbapenemase due
to its ability to spread widely [8]. The most common KPC enzyme alleles are KPC-2 and
KPC-3 that are distributed globally [7,9]. Class B carbapenemases, metallo-β-lactamases
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(MBLs), are the second most significant enzymes in CRKP and can hydrolyze almost
all β-lactam antibiotics, including carbapenems [10,11]. The most prevalent MBLs are
IMP, VIM, NDM, GIM, and SIM which are located on genetic mobile elements that can
transfer between bacteria. VIM and NDM are the most common globally, including in
the Gulf [7,12]. NDM-1 is highly transferrable and can hydrolyze all β-lactams except
aztreonam. It is primarily found in India [13]. VIM has more than 24 allelic variations in
over 60 species [14]. Class D β-lactamases, such as the OXA-48-like enzyme, are commonly
present in the Enterobacterales family and have significantly contributed to the rise of
carbapenem resistance in the past decade [15]. The most significant reservoirs of these
enzymes are India, the Middle East, and North African countries [16]. OXA-48 variants,
including OXA-48, OXA-181, OXA-232, OXA-204, OXA-162, OXA-163, and OXA-244 have
been identified [17].

CRKP is a major concern in the Gulf region, with specific clonal lineages identified,
including the famous CC258 clone (ST258, ST11, ST340, ST437, and ST512) and other clones
such as CG14/15, CG17/20, CG29, CG37, CG43, CG101, CG147, CG152, CG231, CG307,
and CG490 [18]. However, the mechanisms of resistance and locally prevalent clones
have only been explored through small-scale, local research. Studies such as [12,19–30]
have contributed to our understanding of CRKP in the Gulf region. These studies have
provided important information about the prevalence of specific clones and their resistance
mechanisms in the region. However, larger-scale studies are needed to fully understand
the impact of CRKP in the Gulf region and to develop effective prevention and treatment
strategies.

Previous studies on the mechanisms of antimicrobial resistance (AMR) have focused
on identifying only a few genes or mutations, while whole-genome sequencing (WGS)
technology has improved the identification of various genetic bases of phenotypic variation,
including point mutation, mobile genetic elements, and chromosomally encoded factors
that contribute to the development of resistance, particularly to multiple antibiotics, leading
to the emergence of MDR pathogens [31]. WGS data also allow identification of the evolu-
tionary histories of homogeneous clusters using single nucleotide polymorphisms (SNPs)
and the upscaling of multilocus sequence typing (MLST) perception using core genome
MLST (cgMLST) analysis that provides better resolution and serves as the foundation for a
universally curated nomenclature scheme accessible via various databases, enabling local
and global epidemiological investigations [32,33].

To gain a better understanding of the genetic makeup of CRKP in the Gulf region,
we employed cutting-edge techniques such as whole-genome sequencing and cgMLST
analysis. Our investigation involved a comprehensive analysis of publicly available CRKP
genomes that allowed us to identify the prevalence of various types of carbapenemases
and their relationship with different sequence types (STs). By leveraging the power of in
silico analysis, we were able to decipher the genetic relatedness of CRKP isolates in the
Gulf Cooperation Council Countries region (GCCC) and gain insights into their evolution
and spread. Our findings could pave the road to develop effective strategies to tackle the
threat of CRKP and other multi-drug resistant pathogens in the GCCC and beyond.

2. Results
2.1. Prevalence and Distribution of Carbapenem-Resistant K. pneumoniae Sequence Types (STs)

As shown in Table 1, ST-14 represented 14.58% (105 out of 720) of the total isolates
collected across all participant countries. The prevalence rates of ST-14 in the individual
countries were UAE (n = 54, 7.5%), Saudi Arabia (n = 43, 6.0%), Qatar (n = 4, 0.6%), Oman
(3, 0.4%), and Bahrain (n = 1, 0.1%). Of the 105 ST-14 isolates, 80% (84) carried at least
one common carbapenemase gene. ST-231 was the second most common, accounting for
12.6% (91) of the total isolates. Amongst these 91 isolates, 74.7% (68) were found in Oman,
9.9% (9) in UAE, 8.8% (8) in Kuwait, and 6.6% (6) in Qatar (Table 1). Interestingly, ST-231
was absent in the Saudi Arabia collection. Moreover, various carbapenemase genes were
detected among many isolates of this ST (73.6%; 67 out of 91) as shown in Table 1.
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The subsequent frequently occurring ST was ST-2096, which accounted for 13.9% (100).
Almost all these ST-2096 isolates (98%) were exclusively found in Saudi Arabia, specifically
98 out of 230 (42.6%) isolates from Saudi Arabia collection (Table 1). This ST was not
detected in any other countries, except Qatar where only two (0.9%) isolates were identified.
The carbapenemase genes of this lineage detected have only been found in Saudi Arabia
where 87 (88.7%) of the isolates carried these resistance genes. The two isolates from Qatar
did not contain any carbapenemase genes.

Out of the 720 ST identified, 76 (10.6%) belonged to the global epidemic clone ST-11.
This clone was mainly identified in Oman (81%; n = 62), followed by UAE (7.8%; n = 6) and
Qatar (6.5%; n = 5), with only three isolates detected in Saudi Arabia (3.9%; n = 3) (Table 1).
The majority of these ST-11 isolates, 72 out of 76 (94.7%), produced carbapenemases as
shown in Table 1.

Some of the STs such as ST-15, ST-101, ST-307 and ST-48 were detected in low propor-
tions among the collections from each of the GCC states. ST-15 accounted for 25 (3.5%) of
the total isolates and was found in five out of the six Gulf countries investigated (Oman,
n = 10; Kuwait, n = 2; Saudi Arabia, n = 4; UAE, n = 7; Qatar, n = 2), with the majority, 21
out of 25 (84%), of these isolates carrying carbapenemase genes (Table 1). ST-101, on the
other hand, was associated with only three out of the six countries studied (Saudi Arabia,
n = 15; Oman, n = 8; Qatar, n = 2) (Table 1). ST-101 carbapenemase producers (88%; 22 out
of 25) were found only in isolates from Saudi Arabia (n = 14) and Oman (n = 8). Similarly,
ST-307 (n = 18) was observed in the same three countries (Saudi Arabia, n = 8; Qatar,
n = 8; Oman, n = 2) (Table 1). ST-48 (n= 10) was identified in three countries (Saudi Arabia,
n = 7; UAE, n = 1; Qatar, n = 2), while ST-45 was equally identified in only two countries
(i.e., Saudi (n = 6) and Qatar (n = 6)) (Table 1).

2.2. Resistome Characterization of Carbapenem-Resistant K. pneumoniae Isolates

Carbapenem resistance genes were detected in 514 out of 720 (71.3%) of isolates
(Table 2) and out of which 266 (51.7%) carried various alleles of blaOXA genes alone and
159 (31%) carried blaNDM-1. A total of 11% (57/514) of isolates co-produced blaNDM-1 and
multiple alleles of blaOXA. A small number of 12 (2%) co-produced blaNDM-5 and different
alleles of blaOXA. Rare carbapenemase genes found in this study were blaKPC-2 (n = 10),
blaNDM-5 (n= 5), blaKPC-2 in combination with blaOXA232 (n = 1), blaKPC-3 (n = 1), blaNDM-7
(n = 1), and blaVIM-29 (n = 2), with the latter found exclusively in Saudi Arabia.

2.3. Mobile Colistin Resistance Elements (mcr)

Only four isolates from Saudi Arabia, belonging to ST-2096 (one isolate), ST-14 (one
isolate), and ST-3513 (two isolates), were found to contain the mcr and/or mcr-8 genes that
conferred colistin resistance. The ST-14 isolate also carried a blaNDM-1 carbapenemase gene.

2.4. Clonal Clustering and Relatedness of the CRKP Isolates

cgMLST analysis was performed on isolates of the most abundant STs carrying at least
one carbapenemase gene. The results indicated a clonal spread of certain STs within the
same country or across the Arabian Peninsula. For instance, 72 out of 76 ST-11 isolates
were carbapenemase producers, and five clusters and six singletons were identified. All
clusters were made up of isolates from the same country. Cluster 1 consisted of 54 isolates
(from Oman with less than 10 allele differences and KL14 as the dominant capsular type)
(Figure 1). The majority of these isolates (n = 21) carried the blaNDM-1 gene, and nine had
both blaNDM-1 and blaOXA-232 genes and clustered with one isolate with blaOXA-232, indicating
clonal spread. Cluster 2 includes isolates from UAE with different carbapenemase genes
and the same capsular type KL24. Other capsular and O antigen types were also present.
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Table 2. Carbapenem resistance genes identified among the 514 CRKP isolates across the Arabian
Peninsula.

Carbapenem Resistance Genes Total Isolates (n) Percentage (%)

KPC-2 10 1.94

KPC-2/OXA-232 1 0.19

KPC-3 1 0.19

NDM-1 159 30.93

NDM-1/OXA-162 4 0.77

NDM-1/OXA-181 1 0.19

NDM-1/OXA-232 31 6.03

NDM-1/OXA-48 21 4.08

NDM-5 5 0.97

NDM-5/OXA-181 3 0.58

NDM-5/OXA-232 6 1.16

NDM-5/OXA-48 3 0.58

NDM-7 1 0.19

OXA-162 5 0.97

OXA-181 19 3.69

OXA-232 143 27.82

OXA-48 99 19.26

VIM-29 2 0.38

2.5. Clusters and Singletons Associated with ST-14 and ST-147

cgMLST analysis of 84 ST-14 carbapenemase producers revealed six clusters and eight
singletons associated with ten different types of carbapenemase genes as shown in Figure 2.
Most clusters contained isolates from the same country, with Cluster 1 being the largest
(31.3%) and all from Saudi Arabia. Within this cluster, 10 isolates had blaNDM-1 and KL2;
KL64 was the most common capsular type (Figure 2; Table 3). Cluster 2 contained isolates
from UAE, Qatar, and Bahrain with different carbapenemase genes, while Cluster 3 had
isolates from UAE and Oman. These findings suggest a clonal spread of this lineage with a
high capability of acquiring different resistance genes and disseminating across different
geographic locations.

cgMLST analysis of 58 ST-147 isolates found four clusters and 14 singletons, with
eight different types of carbapenemase genes present. KL64 capsular type and O2a antigen
were most common (Table 3). Cluster 1 and 2 had the most MST nodes, with isolates from
different countries. The most frequent genes identified were blaNDM-1 in Cluster 1 and
blaNDM-5 and/or blaOXA-181 in Cluster 2. Singletons from different locations were closely
related with less than 45 allele differences, indicating a clonal expansion of this clone

2.6. Outbreaks Associated with ST-231 and ST-2096 CRKP

ST-231 isolates were found to be predominantly from Oman, with only a few from
Kuwait, and all carried the blaOXA-232 gene. These isolates had the KL51 capsular type
and O1 antigen (Table 3, Figure 3). ST-231 was found to be able to accommodate various
carbapenem resistance genes as seen in Clusters 2 and 3, which contained isolates from
different origins carrying different genes (Figure 3). Similarly, a clonal outbreak of ST-2096
CRKP was observed in Saudi Arabia in 2018, with most isolates having the KL64 capsular
type and O1 antigen carrying either blaOXA-48 or blaOXA-232 genes. Cluster 1 contained the
majority of isolates and had 67 MST nodes, with 19 carrying blaOXA-48 and 61 carrying
blaOXA-232 (Table 3).
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Table 3. Prevalence of capsular type (K locus) and O antigens among major clones of the whole
isolate collections.

ST-14 ST-231 ST-2096 ST-11 ST-147 ST-15 ST-101 ST-45

Capsular
type

KL5 1% -- -- -- -- -- -- --

KL2 61% -- -- -- -- 4% -- --

KL10 -- -- -- -- 4% -- -- --

KL14 -- -- -- 76% -- -- -- --

KL15 -- -- -- 8% -- -- -- --

KL16 1% -- -- -- -- -- -- --

KL17 -- -- -- -- -- -- 88% --

KL19 -- -- -- -- -- 24% -- --

KL24 -- -- -- 12% -- 20% -- 8%

KL43 -- -- -- -- -- -- 50%

KL47 -- -- -- 1% -- -- -- --

KL48 -- -- -- -- -- 24% -- --

KL50 1% -- 2% -- -- -- -- --

KL51 -- 100% -- -- -- -- -- --

KL52 -- -- -- -- -- -- -- 8%

KL64 30% -- 93% 1% 94% 4% 4%

KL102 -- -- 4% 8%

KL107 -- -- 4% 1% 1% -- 4% 8%

KL112 -- -- -- -- -- 16% -- --

KL127 -- -- -- -- -- -- 8%

KL135 1% -- -- -- -- -- --

KL166 -- -- 1% -- -- 4% -- --

O antigen

O1 85% 99% 96% -- -- 92% 92% --

O2a 10% 1% 3% 13% 91% 4% 4% 67%

O3 1% -- -- 41% 4% 4% -- 8%

O4 -- -- -- 8% -- -- --

OL101 -- -- -- 1% -- -- -- 25%

OL102 -- -- 1% 1% 3% -- -- --

OL104 -- -- -- 36% -- -- -- --

2.7. Clustering of Isolates among ST-15, ST-101, and ST-45 Lineages

In the ST-15 and CR-Kp-ST-101 lineages, carbapenemase producer isolates were
grouped into clusters and singletons. Most isolates were from the same country except
for Cluster 1. ST-15’s Cluster 1 included isolates from UAE and Kuwait with the blaNDM-1
gene, while ST-101’s Cluster 1 had isolates from Saudi Arabia and Oman with the blaOXA-48
gene. Different carbapenemase gene combinations were identified within each lineage.
O1 was the predominant O antigen in ST-15 isolates, while KL17 capsular type and O1
antigen were common in ST-101 isolates. ST-45 was associated with blaOXA-48 and only two
capsular types (KL43 and KL102) and one O antigen type (O2a) (Table 3).

57



Antibiotics 2023, 12, 1081

Antibiotics 2023, 12, x FOR PEER REVIEW 7 of 14 
 

MST Cluster distance threshold set at 15. Nodes labelled by column: Country of isolation and cap-
sular type. Nodes colored by column: Carbapenem resistance gene. 

2.6. Outbreaks Associated with ST-231 and ST-2096 CRKP 
ST-231 isolates were found to be predominantly from Oman, with only a few from 

Kuwait, and all carried the blaOXA-232 gene. These isolates had the KL51 capsular type and 
O1 antigen (Table 3, Figure 3). ST-231 was found to be able to accommodate various car-
bapenem resistance genes as seen in Clusters 2 and 3, which contained isolates from dif-
ferent origins carrying different genes (Figure 3). Similarly, a clonal outbreak of ST-2096 
CRKP was observed in Saudi Arabia in 2018, with most isolates having the KL64 capsular 
type and O1 antigen carrying either blaOXA-48 or blaOXA-232 genes. Cluster 1 contained the 
majority of isolates and had 67 MST nodes, with 19 carrying blaOXA-48 and 61 carrying blaOXA-

232 (Table 3). 

 
Figure 3. Minimum spanning tree (MST) of the 67 isolates (ST-231 carbapenemase producers). Dis-
tance based on the number of differences of the 2358 alleles in K. pneumoniae sensu-lato cgMLST. 
MST Cluster distance threshold set at 15. Nodes labelled by column: Country of isolation and cap-
sular type. Nodes colored by column: Carbapenem resistance gene. 

2.7. Clustering of Isolates among ST-15, ST-101, and ST-45 Lineages 
In the ST-15 and CR-Kp-ST-101 lineages, carbapenemase producer isolates were 

grouped into clusters and singletons. Most isolates were from the same country except for 
Cluster 1. ST-15′s Cluster 1 included isolates from UAE and Kuwait with the blaNDM-1 gene, 
while ST-101′s Cluster 1 had isolates from Saudi Arabia and Oman with the blaOXA-48 gene. 
Different carbapenemase gene combinations were identified within each lineage. O1 was 
the predominant O antigen in ST-15 isolates, while KL17 capsular type and O1 antigen 
were common in ST-101 isolates. ST-45 was associated with blaOXA-48 and only two capsular 
types (KL43 and KL102) and one O antigen type (O2a) (Table 3). 

  

Figure 3. Minimum spanning tree (MST) of the 67 isolates (ST-231 carbapenemase producers).
Distance based on the number of differences of the 2358 alleles in K. pneumoniae sensu-lato cgMLST.
MST Cluster distance threshold set at 15. Nodes labelled by column: Country of isolation and
capsular type. Nodes colored by column: Carbapenem resistance gene.

3. Discussion

This study marks a cutting-edge initiative to investigate the genomic epidemiology
of CRKP in the GCC countries. The findings revealed a dangerous clan that possesses
both hyper-virulent and drug-resistant traits (specific STs and capsular types). Given
the widespread distribution of these clones, they pose a significant public health risk [34].
Therefore, genetic epidemiology data from this study can provide insights into the evolution
and complexity of these clones. Notably, the study identified that most of the isolates
belonged to the ST14 clone, which has been previously recognized as a global threat [17,35].

The OXA-48-like carbapenemases are well known for causing outbreaks that affect
specific sequence types, including ST14. Recently, Mouftah and colleagues (2021) reported
the prevalence of this clone along with its associated clonal transmission and potential
for horizontal gene transfer among isolates from 13 hospitals in the United Arab Emi-
rates, Bahrain, and Saudi Arabia [36]. This clone has been detected in various regions
globally, including Europe, the Mediterranean, China, North America, Oceania, and South
Africa [17,35]. Several studies have also identified ST14 as one of the most common
sequence types of NDM-1-producing K. pneumoniae (NPKP) [37–39]. It seems that our
findings have been further substantiated as it appears that most of our isolates carried
the NDM-1 and OXA-48 carbapenemase genes. Moreover, K. pneumoniae ST14 from the
Arabian Peninsula also exhibited specific traits, such as the KL64 capsular locus and O1
antigens [36]. Alarmingly, an apparent outbreak of this clone in UAE with dominance of Hv
capsular KL2 and KL64 has been identified based on cgMLST analysis [40,41]. In a related
occurrence, an outbreak that initially took place in Saudi Arabia spread to Qatar with the
dominance of KL2. Given that this clone has demonstrated an ability to carry multiple types
of carbapenemase genes, it is clear that this Hv clone is becoming increasingly dominant
and thus requires strict monitoring measures.
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It is interesting to note that in our study, despite ST231 being the most common
sequence type reported in previous cases of blaOXA-232-harboring K. pneumoniae [42], ST231
was in fact the second most prevalent sequence type. Additionally, we observed a higher
occurrence of ST231 in Oman, which is not commonly seen in other countries in the region.
Through our cgMLST analysis, we were able to identify an outbreak of this clone in Oman
that had not been previously documented. Despite being located in different regions,
this lineage has been strongly associated with locus type KL51 while carrying various
carbapenemase genes as reported in other studies [43–45]. A recent study conducted in
India also revealed a strong correlation between KL51 and ST231 in the phylogenetic tree
of 307 isolates [46].

Our study revealed that a significant proportion of the K. pneumoniae isolates from
Saudi Arabia were highly virulent (capsular serotype KL64) [40,41] and resistant, with
the clonal complex 14 dominant sequence type being ST2096. These findings align with a
previous outbreak in Saudi Arabia where an analysis of K. pneumoniae dissemination and
transmission patterns identified a two-year outbreak of ST2096 beginning in December
2016 [47]. Additionally, we discovered that the epidemic clone ST11 was present in four out
of six GCC countries, posing a significant threat to human health due to its carbapenem-
resistant and highly transmissibility [48]. Recently, five CRKP isolates from the Oman
outbreak were confirmed to belong to ST11 clones and were closely related to Chinese
isolates from the Bigsdb (Bacterial Isolate Genome Sequence Database) [49]. Studies on
ST diversification have yielded conflicting results, but most countries have prioritized
monitoring the occurrences of ST11, ST15, and ST14 [50]. Notably, ST11 and ST14 were the
most commonly reported STs in Asia, Europe, America, Africa, and Oceania, with ST11
being a common type in many studies [51–53]. Essentially, this means that the clone has the
impressive power to gather diverse resistance genes as it spreads. In addition, scrutinizing
the capsular locus divulged that all ST11 K. pneumoniae had unique K types including
KL64. These discoveries align with prior research conducted in China where a thorough
examination of 364 ST-11 isolates was carried out and published by Liu et al., 2022 [54].

The most common carbapenemases found in this collection were NDM and OXA-48-
like enzymes, which are commonly found in CRE from the Arabian Peninsula, according
to studies conducted by Jamal et al., 2016; Sonnevend et al., 2015; and Memish et al.,
2015 [12,23,26]. The Arabian Peninsula and the Indian subcontinent have close socioeco-
nomic interactions, resulting in similar resistance patterns. ST11 and ST258 strains, which
are typically found in China and the US, are prevalent in both regions with a low incidence
of KPC enzymes. However, KPC was detected in this collection, specifically in the ST15
clones rather than ST11 clones, as reported by Boyd et al., 2020 [55]. To our surprise, our
ST101 isolate possessed the carbapenemase gene blaVIM-29, and this finding is significant as
this clone has never been documented as producing VIM-29 before.

Our study revealed an intriguing aspect: the detection of blaKPC-3 exclusively among
the ST258 clones from Qatar isolates. While KPC was previously rare in the Arabian
Peninsula, a small number of isolates associated with recent medical care abroad were
found to carry the gene according to Abid et al., 2021 [56]. These findings have significant
regional and global implications, given Qatar’s demographics and its status as a major
international travel hub. Although KPC is prevalent overseas, its emergence in the region
requires attention due to its potent hydrolytic action and potential for dissemination.

Our findings indicate that only isolates from Saudi Arabia contain mobile colistin
resistance elements (mcr). A recent study on the prevalence and molecular epidemiology of
colistin-resistant Gram-negative bacilli (GNB) in Saudi Arabia revealed that while colistin
still works well against GNB isolates locally, high levels of colistin resistance have been
detected among major GNB such as K. pneumoniae [57]. Local data suggest that religious
gatherings play a crucial role in triggering the acquisition of colistin resistance, and un-
derscoring the importance of screening for colistin resistance determinants to prevent the
spread of colistin-resistant GNB. Due to the absence of the most effective broad-spectrum
antimicrobial agents, it is anticipated that colistin resistance will become more widespread
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shortly. Furthermore, mutations in the mgrB gene and insertion sequence transpositions
were the most common mechanisms of colistin resistance among K. pneumoniae in the
Middle East as well as in other regions [27,57].

Our analysis using cgMLST analysis showed that the most prevalent capsular type
among K. pneumoniae was KL2, belonging to the ST14 clonal lineage. This finding is worri-
some as this clonal lineage is associated with severe infections such as septicemia, pyogenic
liver abscess syndrome, and pneumonia [58,59]. It has been suggested that both virulence
and drug resistance are important for the pathogenesis of K. pneumoniae infections [60,61].
In hospital and community environments, K. pneumoniae clonal lineages have varying
abilities to acquire resistance and virulence genes [62]. Therefore, it is crucial to have
genomic surveillance in close geographic areas to understand the local epidemiology of K.
pneumoniae infections in the Arabian Peninsula. Our cgMLST analysis also revealed distinct
differences in the dominant high-risk STs of K. pneumoniae circulating in the GCC countries,
with ST-11 being more prevalent in Oman, ST-14 in Saudi Arabia and the UAE, ST-147 in
Qatar, Oman, and the UAE, and ST231 in Oman and Kuwait. Our study reveals that ST231
strains of Klebsiella had the highest presence of capsule genes/loci with KL51 being the
most prevalent type [63]. On the other hand, the ST101 isolates of K. pneumoniae had KL17
capsular type and O1 antigen, which is consistent with previous reports linking pandemic
ST101 with variants of KL17 and O1v1 [64]. Notably, the O1 antigen has been strongly
linked to the virulence of K. pneumoniae in causing pyogenic liver abscesses [65].

Our study revealed a wide distribution of high-risk STs (ST-11, ST-14, ST-147, and ST-
15) across each country in the region, which is consistent with previous observations [62,66].
These STs are prevalent in Asian countries, particularly India and the Philippines [67],
which have a high percentage of workers in the Gulf region, suggesting that there may
be multiple origins for the circulating lineages. The emergence of these high-risk clones
may involve a complex phenomenon, including international transfer of successful clones
and local dissemination of genetically flexible clones. Our cgMLST analysis revealed an
association between some clones (ST-11, ST-14, ST-147, and ST-15) and carbapenemase
genes (NDM-1), resulting in regional and local accessory gene sharing. Furthermore, the
sharing of accessory genes within a local gene pool is increasing. These findings suggest
that high-risk lineages are co-circulating and may have followed divergent evolutionary
paths.

4. Materials and Methods

Demographic data. The population of the GCCC is one of the highest growing popula-
tions in the world owing primarily to immigration. The GCCC region includes six countries:
(https://worldpopulationreview.com/country-rankings/gulf-countries (accessed on 20
January 2022).

Selection of bacterial isolates and data collection. Publicly available raw sequence
reads of 720 MDR K. pneumoniae isolates were downloaded from the European Nucleotide
Archives (ENA) ENA Browser (ebi.ac.uk) (accessed on 20 January 2022). All isolates were of
clinical origin, collected between 2011 and 2020, and reported from the six GCCC, namely,
Saudi Arabia, n = 230; Oman, n = 212; Qatar, n = 164; UAE, n = 98; Kuwait, n = 15; and
Bahrain, n = 1; see Table 1. To ensure high-quality, raw sequencing reads were quality-
trimmed and filtered using Trimmomatic (version 0.33) [68]. De novo assembly of reads
was performed using SPAdes (ve3.12.0) [69]. The mean number of contigs was 175 (range:
33–2278) for a mean total genome size of 5.6 Mbp (range: 5.0–6.3 Mbp). The mean N50
contig length was 222,214 (range: 5290–729,359) and the mean G+C content was 57% (range:
56–58.2%) (Supplementary Table S1).

In silico antibiotic resistance and virulence gene analysis. The assembled contigs
were then annotated, and known antibiotic resistance genes (ARGs) were detected using
ResFinder (http://cge.cbs.dtu.dk/services/ResFinder/ (accessed on 15 April 2022)) [70].
The capsular type and O antigen serotype were identified using Pathogen watch (Pathogen-
watch | A Global Platform for Genomic Surveillance (accessed on 15 April 2022), the
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Kaptive online tool (http://kaptive.holtlab.net/ (accessed on 15 April 2022) [71], and Kleb-
orate database (https://github.com/katholt/Kleborate (accessed on 15 April 2022) [72].

Multi-locus sequence typing (MLST). Assembled genomes were typed using both
the ‘Klebsiella pneumoniae’ database from PubMLST (https://pubmlst.org/abaumannii/
(accessed on 15 May 2022) and Ridom SeqSphere+ v.8.3.5 software (Ridom GmbH, Münster,
Germany) [73], and sequence types (STs) were identified using both the Pasteur and Oxford
schemes.

Core genome MLST (cgMLST) characterization and phylogenetic analysis. cgMLST
analysis was performed using a well-defined scheme available in Ridom SeqSphere+ v.8.3.5
software (Ridom GmbH, Münster, Germany), according to the ‘K. pneumoniae sensu lato
cgMLST’ version 1.0 scheme (https://www.cgmlst.org/ncs/schema/2187931/ (accessed
on 25 September 2022). This included 2358 genes of the K. pneumoniae core genome
(cgMLST) and 2526 genes of the K. pneumoniae accessory genome (wgMLST; total of
4891 targets). Seqsphere+ tool mapped the reads against the reference genome using
BWA v 0.6.2 software (parameters setting: minimum coverage of five and Phred value > 30)
and defined the cgMLST gene alleles. A combination of all these alleles in each isolate
formed an allelic profile that was utilized to create a minimum spanning tree (MST) using
Ridom SeqSphere+ with the ‘pairwise ignore missing values; % column difference’ pa-
rameter. A threshold was set at ≤15 allelic differences paired with a cluster alert quality
threshold of at least 90% good cgMLST targets to define the clusters.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics12071081/s1. Table S1: Genomic characterization,
epidemiology, and carbapenemase genes description of 720 Klebsiella pneumoniae collected from six
countries around the Arabian Peninsula.
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Molecular Characterization and Epidemiology of Antibiotic
Resistance Genes of β-Lactamase Producing Bacterial
Pathogens Causing Septicemia from Tertiary Care Hospitals
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Abstract: Septicemia is a systematic inflammatory response and can be a consequence of abdominal,
urinary tract and lung infections. Keeping in view the importance of Gram-negative bacteria as
one of the leading causes of septicemia, the current study was designed with the aim to determine
the antibiotic susceptibility pattern, the molecular basis for antibiotic resistance and the mutations
in selected genes of bacterial isolates. In this study, clinical samples (n = 3389) were collected
from potentially infected male (n = 1898) and female (n = 1491) patients. A total of 443 (13.07%)
patients were found to be positive for bacterial growth, of whom 181 (40.8%) were Gram-positive
and 262 (59.1%) were Gram-negative. The infected patients included 238 males, who made up 12.5%
of the total number tested, and 205 females, who made up 13.7%. The identification of bacterial
isolates revealed that 184 patients (41.5%) were infected with Escherichia coli and 78 (17.6%) with
Pseudomonas aeruginosa. The clinical isolates were identified using Gram staining biochemical tests
and were confirmed using polymerase chain reaction (PCR), with specific primers for E. coli (USP)
and P. aeruginosa (oprL). Most of the isolates were resistant to aztreonam (ATM), cefotaxime (CTX),
ampicillin (AMP) and trimethoprim/sulfamethoxazole (SXT), and were sensitive to tigecycline (TGC),
meropenem (MEM) and imipenem (IPM), as revealed by high minimum inhibitory concentration
(MIC) values. Among the antibiotic-resistant bacteria, 126 (28.4%) samples were positive for ESBL,
105 (23.7%) for AmpC β-lactamases and 45 (10.1%) for MBL. The sequencing and mutational analysis
of antibiotic resistance genes revealed mutations in TEM, SHV and AAC genes. We conclude that
antibiotic resistance is increasing; this requires the attention of health authorities and clinicians for
proper management of the disease burden.

Keywords: septicemia; Escherichia coli; Pseudomonas aeruginosa; antibiotic resistance; antibiotic resis-
tance genes; mutational analysis

1. Introduction

Blood is a connective tissue which forms about 8% of total body weight; 5–7 L of blood
is present in an average human body. The main components of blood are plasma (liquid
portions 55%) and cells (45%): white blood cells, platelets and leucocytes [1,2]. Blood
functions as the transportation medium for nutrients and aids in the excretion of waste
materials by specialized organs. In vertebrates, blood is important for the maintenance of
the body’s temperature [3].

Blood is a sterile medium, but its contamination with pathogens or toxins leads to
blood stream infections (BSIs), which are some of the leading causes of mortality and
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morbidity around the globe. BSIs are associated with fatal health conditions, which require
admission to intensive care units [4]. In the United States, BSIs have been correlated with
various risk factors, including exposure to microorganisms and the use of central venous
catheters [5]. Causative agents for septicemia vary from region to region; it can be caused
by both Gram-positive and Gram-negative bacteria, the most common of these being E. coli,
P. aeruginosa, Staphylococcus aureus, Klebsiella pneumonia and Salmonella typhi [6]. Among
these, the Gram-negative bacteria most associated with septicemia is E. coli [7–9].

The most common classes of antibiotics used to treat BSIs are penicillin, cephalosporins,
aminoglycosides, glycopeptides, lincosamides, tetracyclines, fluoroquinolones and car-
bapenems. Due to overuse and misuse of antibiotics, bacteria have developed resistance
to them, resulting in global health hazards [10,11]. Drug resistance in E. coli and other
Gram-negative bacteria continues to rise, resulting in the emergence of multidrug-resistant
strains. Treating the infections caused by these pathogens is a challenging issue [12]. An
estimated 700,000 patients die globally each year due to high antibiotic resistance, and
this number continues to rise [13]. A study in 2017 reported a total of 48.9 million cases of
morbidity and 11 million of mortality worldwide, which constitutes a total of 20% mortality.
Of the total, 85% of the cases of sepsis, including those of sepsis associated with death,
were reported in low-middle income countries, and in Pakistan 60% of sepsis cases were
fatal because of the infection being caused by multidrug-resistant strains and the misuse of
antibiotics [14,15]. A study on neonatal sepsis in Sub-Saharan Africa revealed that E. coli
accounted for 10% of the reported cases and was mostly resistant to aminoglycosides and
β-lactams [16].

Determining the common pathogens and the antimicrobial susceptibility pattern
causing septicemia is essential in order to select appropriate antibiotic therapies to decrease
mortality and morbidity [17]. Keeping in view the importance of Gram-negative bacteria
as one of the leading causes of septicemia, the current study was designed with the
aim to determine the antibiotic susceptibility pattern, the molecular basis for antibiotic
resistance and the mutations in selected genes of the bacterial isolates in Peshawar, Khyber-
Pakhtunkhwa, Pakistan.

2. Results

Out of the total blood samples (n = 3389) from males and females of various age
groups, 443 (13.07%) were found to be positive for bacterial growth. A total of 238 (12.5%)
positive samples were from male patients and 205 (13.7%) were from female patients. Of
the 443 bacterial isolates, 59.1% (n = 262) were identified as Gram-negative. The highest
number of bacterial isolates were of E. coli, 184 (41.5%), followed by P. aeruginosa, 78 (17.6%).
The highest ratio of E. coli (n = 184) was observed in the age group 41–60 years, at 50 (27.1%),
followed by 21–40 years, at 48 (26.01%). Similarly, the highest ratio of P. aeruginosa (n = 78)
was observed in patients older than 60 years, 16 (50%), followed by 41–60 years, 7 (21.8%),
as mentioned in Table 1.

Table 1. Frequency and percentage (in parenthesis) distribution of various bacterial isolates from
blood samples.

Parameters
E. coli (n = 184) P. aeruginosa (n = 78)

Frequency (%) Frequency (%)

Gender
Male 65 (35.3) 60 (76.9)

Female 119 (64.7) 18 (23.1)

Age Groups

00 to 10 37 (20.10) 02 (2.56)

11 to 20 26 (14.13) 04 (5.12)

21 to 40 48 (26.01) 18 (23.07)

41 to 60 50 (27.1) 28 (35.8)

Above 60 23 (12.5) 26 (33.3)

Total 184 (100) 78 (100)
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2.1. Identification of Bacterial Isolates

All the isolates were identified by being cultured on MacConkey and blood agar
media, followed by Gram staining (pink color colonies under microscope), API strips (as
per API codes and reading scales) and on the molecular level by USP for E. coli and oprL
for P. aeruginosa (Figure 1).
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Figure 1. Products of PCR for the detection of USP (884 bp) gene (A) and oprL (504 bp) (B) on 1.5%
EB-stained agarose gel amplified from E. coli and P. aeruginosa, where L1 and 1 are 100 bp DNA
ladders.

2.2. Antibiotic Susceptibility Pattern of Clinical Isolates

The resulting antibiotic sensitivity patterns of identified E. coli and P. aeruginosa re-
vealed resistance to AMP, SXT and CIP, and sensitivity to MEM, IPM and TOB (Table 2).

Table 2. Antibiotic susceptibility patterns of E. coli and P. aeruginosa against selected antibiotics.

Antibiotics
E. coli (n = 184) P. aeruginosa (n = 78)

Sensitive (%) Resistant (%) Sensitive (%) Resistant (%)

AMP (ampicillin) 13 (7.06) 171 (92.9) 08 (10.5) 70 (89.7)
FOX (cefoxitin) 91 (49.4) 93 (50.5) 08 (10.2) 70 (89.7)

AMC (amoxicillin) 76 (41.3) 108 (58.6) 08 (10.2) 70 (89.7)
SCF (cefoperazone-sulbactam) 134 (72.8) 50 (27.1) 27 (34.6) 51 (65.3)
TZP (piperacillin-tazobactam) 117 (63.5) 67 (36.4) 62 (79.4) 16 (20.5)

FEP (cefepime) 70 (38) 114 (62) 35 (44.8) 43 (55.1)
CTX (cefotaxime) 70 (38) 114 (62) 29 (37.1) 49 (62.8)

CAZ (ceftazidime) 70 (38) 114 (62) 42 (53.8) 36 (46.1)
ATM (aztreonam) 78 (42.3) 106 (57.6) 23 (29.48) 55 (70.5)

MEM (meropenem) 157 (85.3) 27 (14.6) 74 (94.8) 04 (5.12)
IPM (imipenem) 157 (85.3) 27 (14.6) 74 (94.8) 04 (5.12)
CN (gentamicin) 104 (56.5) 80 (43.4) 28 (35.8) 50 (64.1)
AK (Amikacin) 137 (74.4) 47 (25.5) 20 (25.6) 58 (74.3)

TOB (tobramycin) 93 (50.5) 91 (49.4) 31 (39.7) 47 (60.2)
DO (doxycycline) 70 (38.0) 114 (62) 33 (42.3) 45 (57.6)

CIP (ciprofloxacin) 45 (24.4) 139 (75.5) 40 (51.2) 38 (48.7)
SXT (trimethoprim/sulfamethoxazole) 21 (11.4) 163 (88.5) 33 (42.3) 45 (57.6)

2.3. Determination of Minimum Inhibitory Concentration

The potency of the antibiotics depends on their minimum inhibitory concentration
(MIC) values. The higher the MIC value, the less potent the antibiotic, and vice versa. The
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ESBLs, MBLs and AmpC β-lactamases producing E. coli and P. aeruginosa isolates were
highly resistant to CTX and CAZ with high MIC values as well as non-β-lactam drugs. SXT,
CIP, DO, CN and AK were susceptible to MEM and to TGC with low MIC values (Tables 3
and 4).

Table 3. MICs of selected antibiotic disks against ESBLs, MBLs and AmpC β-lactamases producing
E. coli.

Antibiotics
ESBLs MBLs AmpC

MIC90/MIC50
(µg/mL)

MIC Range
(µg/mL)

MIC90/MIC50
(µg/mL)

MIC Range
(µg/mL)

MIC90/MIC50
(µg/mL)

MIC Range
(µg/mL)

CTX 256/128 4–256 128/256 4–256 128/256 4–256
CAZ 256/64 16–256 64/256 16–256 64/256 16–256
MEM 0.75/0.125 0.023–1 4/32 3–256 0.19/0.75 0.023–1
IPM 0.75/0.19 0.023–1 4/32 3–96 0.19/1.0 0.023–1
CN 16/4 0.064–140 16/16 4–16 4/16 0.064–140
AK 256/8 0.19–256 16/256 1–256 8/256 0.19–256
DO 192/16 0.125–256 16/192 1–256 16/128 0.125–256
CIP 256/24 0.25–256 32/256 0.094–256 24/256 0.25–256
SXT 256/24 0.19–256 32/32 0.064–32 24/256 0.19–256
TGC 1.5/0.25 0.023–2 0.5/1.5 0.023–8 0.50/1.5 0.023–2

Table 4. MICs of selected antibiotic disks against ESBLs, MBLs and AmpC β-lactamases producing
P. aeruginosa.

Antibiotics
ESBLs MBLs AmpC

MIC90/MIC50
(µg/mL)

MIC Range
(µg/mL)

MIC90/MIC50
(µg/mL)

MIC Range
(µg/mL)

MIC90/MIC50
(µg/mL)

MIC Range
(µg/mL)

CTX 16/256 0.16–256 12/256 0.023–256 12/256 0.023–256
CAZ 128/256 2–256 64/256 1.5–256 64/256 1.5–256
MEM 0.38/1 0.016–1 2/16 0.023–26 0.75/1 0.023–1
IPM 0.50/1 0.012–1 2/16 0.016–16 0.50/1 0.012–1
CN 4/16 0.064–140 8/16 0.064–64 8/16 0.064–64
AK 12/256 0.25–256 8/128 0.094–128 8/128 0.094–128
DO 32/192 0.125–256 32/192 0.125–192 32/192 0.125–192
CIP 24/256 0.19–256 24/192 0.19–256 24/92 0.19–256
SXT 24/256 1.0–256 8/64 1.5–64 8/64 1.5–64
TGC 0.50/2 0.032–2 0.75/2.0 0.047–2 0.75/2 0.047–2

2.4. Phenotypic and Genotypic Identification of β-Lactamase Producers

All the positive isolates (n = 443) were screened phenotypically and genotypically for
β-lactamase production. Out of 443 positive samples, 126 (28.4%) were ESBL positive, 105
(23.7%) were AmpC β-lactamase producers and 45 (10.1%) were MBL producers (Table 5).

Table 5. Distribution of antibiotic-resistant genes in bacterial isolates.

Organisms ESBL (%) AmpC β-Lactamase (%) MBL (%)

P. aeruginosa 46 (58.9) 38 (48.7) 15 (19.2)
E. coli 80 (43.4) 67 (36.4) 30 (16.3)
Total 126 (28.4) 105 (23.7) 45 (10.1)

2.5. Characterization of ESBLs Gene(s), MBLs and AmpC β-Lactamase Resistance Genes

Of the total 80 phenotypically detected E. coli isolates for ESBL production, 74 (92.5%)
were positive for one or more ESBL genes. The most common gene detected was CTX-M,
56 (70%), followed by TEM, 51 (63.7%) and SHV, 28 (35%). However, in P. aeruginosa, the
most prevalent gene was TEM (73.9%), followed by SHV (63.0%) and CTX-M (34.7%).
Among the 30 phenotypically identified MBL producers, E. coli, 11 (36.6%) showed the
presence of targeted MBLs genes, with NDM1 being the most common, 9 (30%) isolates.
Similarly, the NDM1 gene were observed in 3 (20%) clinically isolated P. aeruginosa. Among
the AmpC β-lactamases in E. coli isolates, the highest prevalence was of AmpC gene,
57 (85%), followed by CIT gene, 11 (16.4%) and the Bla-DHA gene, 8 (11.9%). Similarly in
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P. aeruginosa, AmpC was detected in 35 (92.1%) isolates, followed by 31 (81.5%) for CIT,
17 (44.7%) for DHA and 5 (13.1%) for the ACC gene (Table 6 and Figure 2).

Table 6. Distribution of ESBLs, MBL and AmpC β-lactamase resistance genes.

Genes
Escherichia coli Pseudomonas aeruginosa

Negative (%) Positive (%) Negative (%) Positive (%)

ESBL genes

Bla-CTX—M 24 (30) 56 (70) 30 (65.2) 16 (73.9)

Bla-TEM 29 (36.2) 51 (63.7) 12 (26) 34 (73.9)

Bla-SHV 52 (65) 28 (35) 17 (36.9) 29 (34.7)

Bla-OXA1 05 (6.25) 75 (93.75) 3 (6.52) 43 (93.47)

MBL genes

Bla-NDM-1 21(70) 09 (30) 12 (80) 03 (20)

AmpC β-Lactamases genes

Bla-AmpC 10 (14.9) 57 (85) 03 (7.89) 35 (92.1)

Bla-CIT 56 (83.5) 11 (16.4) 07 (31) 31 (81.5)

Bla-DHA 59 (88) 08 (11.9) 21 (55.2) 17 (44.7)

Bla-ACC 67 (100) 00 33 (86.3) 05 (13.1)
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Figure 2. (A): Gel image of CTX-M gene (545 bp); L2-9: positive isolates, L1/L10: 100 bp DNA ladder,
(B): gel image of TEM gene (247 bp); L2-9: positive isolates, L1/L10: 100 bp DNA ladder (C): gel
image of SHV gene (768 bp); L2-L9: positive isolates, L1/L13: 100 bp DNA ladder, (D): gel image of
NDM-1 gene (475 bp); L1/L10: 100-bpDNA ladder, L2-9: positive isolates, (E): gel image of AmpC
gene (634 bp); L1/L10: 100-bp DNA ladder, L2-09: positive isolates (F): gel image of CIT gene (462 bp);
L1/L10: 100-bp DNA ladder, L2-09: positive isolates, (G): gel image of DHA gene (405 bp); L1/L10:
100-bp DNA ladder, L2-09: positive isolates, (H): gel image of AAC gene (346 bp); L1/L10: 100-bp
DNA ladder, L2-09: positive isolates. (I): gel image of OXA-1 gene (814 bp); L1/L10: 100-bp DNA
ladder, L2-09: positive isolates.

2.6. Mutational Analysis ESBLs Gene(s), MBLs and AmpC β-Lactamase Resistance Genes

The sequencing data were analyzed using various bioinformatics tools; mutations
were detected in Bla-TEM, Bla-SHV, Bla-ACC, Bla-NDM1, Bla-OXA1 and Bla-AAD genes
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but not in CTXM, AMP, CIT and DHA (Table 7). The effects of these mutations, as predicted
by I-mutant software 3.0, are presented in Table 8.

Table 7. Mutations detected in the selected antibiotic-resistant genes.

Antibiotic Resistance Genes Position Mutation

Bla-TEM 31 Deletion of G

Bla-SHV
34 Deletion of T

101 Insertion of G

Bla-ACC

13 and 14 Deletion of T and G

24 T to A

30 and 31 Deletion of G and T

73 C to A

163 C to A

Bla-NDM1

40–43 Deletion of C, C, G, G

46 Deletion of G

219 C to G

322 C to G

362 G to C

576 and 577 Deletion of C and A

579 Deletion of C

Bla-OXA1

49 Deletion of C

51 Deletion of A

327 C to T

Bla-AAD 67 Deletion of T

Table 8. The I-Mutant software prediction result for selected antibiotic-resistant genes.

Wild Type New Type I-Mutant Prediction Effect Reliability Index (RI) pH Temperature

Bla TEM-1 gene

A G Decrease 2 7 25

Bla SHV gene

G T Decrease 3 7 25

G V Increase 2 7 25

Bla ACC

N V Increase 4 7 25

N L Increase 4 7 25

N A Increase 1 7 25

C V Increase 0 7 25

N I Increase 1 7 25

T A Decrease 6 7 25

C A Decrease 3 7 25

Bla NDM1

T V Increase 2 7 25

G V Increase 1 7 25

A V Increase 3 7 25

T L Increase 1 7 25

T V Increase 3 7 25

A G Decrease 0 7 25

T G Increase 0 7 25

T C Increase 1 7 25

Bla AAD1

G V Increase 2 7 25
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3. Discussion

Antibiotic resistance is a major health threat and is responsible for high morbidity and
mortality around the globe. Gram-negative bacteria have developed ways to combat the
available antibiotics, making bacterial infections hard to treat. In the current study, the
results confirmed this phenomenon, which is affecting community health and the economy.
In the current study, 41.5% prevalence of E. coli was reported, which is similar to other
findings [14]. The positivity ratios of infection of E coli were 64.7% in female patients
and 35.3% in male patients. In our study, 27.1% of E. coli isolates were reported in the
age group of 41–60 years; this may be due to weakened immune systems or to frequent
exposure. This was followed by 26.01% in 21–40 years, which is in contrast to the reported
literature [15]. The E. coli isolates of this study showed resistance to AMP, CTX, CAZ, CIP
and LEV and sensitivity towards SCF, CO, MEM, TGC, AK, FOS and TZP, in agreement
with the literature [16]. The prevalence rate of P. aeruginosa in the current study is 17.6%,
23.1% of this was in female patients and 76.9% in male patients, as supported by the
reported study [17]. A 2016 study conducted in Pakistan found P. aeruginosa in 13% of
septicemia patients, 55.8% males and 44.2% females. The prevalence of P. aeruginosa in our
study at 17.6% implies that it has increased in the last few years. This directly indicates an
increase in antibiotic resistance in Pakistan [18]. In the current study, ESBL genes in E. coli
isolates were screened, in which CTX-M was detected in 70%, TEM in 63.7% and SHV in
35%. Another reported study had lower prevalence of CTX-M (57.7%), TEM (20.3%) and
SHV (15.4%) [19]. Similar to that study, in the current study, 36.6% of the MBL targeted
genes were detected, in which NDM1 gene prevalence was almost 30%. An Indian study
reported the same results of MBL Ec with 28% prevalence of NDM-1 [20]. In this study,
AmpC β-lactamase was found in 85.0%, CIT gene in 16.4% and DHA gene in 11.9% of
the total clinical isolates, which supported earlier reported studies [21,22]. The mutations
in the selected gene may offer a molecular explanation for the antibiotic resistance in the
isolates of the current study.

4. Conclusions

The findings of this study have several key implications for health policymakers,
clinicians and researchers. These findings highlight the need to update infection-prevention
measures to be better able to manage the diseases caused by E. coli and P. aeruginosa. The
increase in antibiotic resistance is an alarming situation, and necessitates a rationalization of
the treatment strategy to control BSIs. The unavailability of newer drugs, and the constant
increase in antibiotic resistance have led to the use of limited drugs such as colistin by
physicians. This has resulted in a condition called pan-drug resistance, necessitating the
discovery of new antimicrobial drugs.

5. Materials and Methods

The study was conducted in the Khyber Teaching Hospital Peshawar, Hayatabad
Medical Complex Peshawar and the Center of Biotechnology and Microbiology, University
of Peshawar, using standard microbiological procedures. A total of 3389 blood samples
were collected from suspected septicemic patients in EDTA tubes aseptically, from both
sexes and from various age groups, and were processed by automated blood culture
systems. An overview of the whole methodology is represented in Scheme 1. Informed
consent was obtained from all patients on a prescribed proforma before taking blood
samples.

5.1. Isolation and Identification

The samples were cultured on MacConkey (Merck, Rahway, NJ, USA) and blood agar
(Merck, Rahway, NJ, USA) media followed by incubation at 37 ◦C for 24 h [23]. The isolates
were identified using Gram staining (Merck, Rahway, NJ, USA) and biochemically by API
kits (Biomerieux, Marcy-Etoile France) [24,25].
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5.2. Molecular-Level Identification

For molecular-level identification of the bacterial isolates (USP for E. coli and oprL
for P. aeruginosa) and detection of antibiotic-resistant genes (Table 9), DNA of the bacterial
isolates was extracted using Thermo Scientific GeneJET Genomic DNA purification kits as
per the manufacturer’s protocol. The extracted DNA was confirmed by gel electrophoresis
(1% agarose gel in 1X triacetate EDTA buffer) and visualized by a gel documentation system.

Table 9. Sequences of primers along with optimized conditions used in the current study.

Gene Primer Sequence Gene Size (bp) Optimized Condition Annealing (◦C/s): Cycle

Marker genes of E. coli and P. aeruginosa

USP F: ATCACCGTGGTGACCGCATGTCGC
R: CACCACGATGCCATGTTCATCTGC 884 54/30 35

oprL F: ATGGAAATGCTGAAATTCGGC
R: CTTCTTCAGCTCGACGCGCG 504 55/30 35

ESBL genes

Bla-TEM F: TTAACTGGCGAACTACTTAC
R: GTCTATTTCGTTCATCCATA 247 54/30 35

Bla-SHV F: TCGCCTGTGTATTATCTCCC
R: CGCAGATAAATCACCACAATG 768 52/30 35

Bla-CTX-M F: ATGTGCAGCACCAGTAAAGT
R: ACCGCGATATCGTTGGTGG 545 54/30 35

Bla-OXA-1 F: ACACAATACATATCAACTTCGC
R: AGTGTGTTTAGAATGGTGATC 814 57/30 35

MBLs genes

Bla-NDM1 F: GGGCAGTCGCTTCCAACGGT
R: GTAGTGCTCAGTGTCGGCAT 475 54/30 35

AmpC β-lactamase genes

Bla-AmpC F: CCCCGCCTTATAGAGCAACAA
R: TCAATGGTCGACTTCACACC 634 54/30 35

Bla-ACC F: AACAGCCTCAGCAGCCGGTTA
R: TTCGCCGCAATCATCCCTAGC 346 54/30 35

Bla-CIT F: TGGCCAGAACTGACAGGCAAA
R: TTTCTCCTGAACGTGGCTGGC 462 54/30 35

Bla-DHA F: AACTTTCACAGGTGTGCTGGGT
R: CCGTACGCATACTGGCTTTGC 405 54/30 35
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5.3. Antimicrobial Susceptibility Testing

The Kirby–Bauer disk diffusion method [21] was used to determine the antibiotic sen-
sitivity pattern of the identified bacterial isolates against selected antibiotic disks (Table 10)
as per Clinical Laboratory and Standard Institute (CLSI) guidelines. The pure cultures of
the bacterial isolates (0.5 McFarland standard) were inoculated on sterile Muller–Hinton
agar (MHA) media, and the antibiotic disks were applied, followed by 24 h of incuba-
tion at 37 ◦C. The zones of inhibition were measured and were evaluated as resistant (R),
intermediate (I) and sensitive (S), as per CLSI guidelines [19].

Table 10. Antibiotic disks along with the concentration used in the study.

S. No Name of
Antibiotic

Concentration
(µg/mL)

Inhibition Value (mm)

Sensitive Resistant

1 AMC 20/10 ≥18 ≤13
2 AMP 10 ≥17 ≤13
3 SCF 75/30 ≥21 ≤15
4 TZP 100/10 ≥21 ≤17
5 FEP 30 ≥25 ≤18
6 CTX 30 ≥26 ≤22
7 FOX 30 ≥18 ≤24
8 CAZ 30 ≥21 ≤27
9 ATM 30 ≥21 ≤27

10 MEM 10 ≥23 ≤29
11 IPM 10 ≥23 ≤29
12 GEN 10 ≥15 ≤23
13 TOB 10 ≥15 ≤23
14 AMK 30 ≥17 ≤14
15 DO 30 ≥14 ≤10
16 CIP 5 ≥26 ≤21
17 SXT 1.25/23.75 ≥16 ≤10

5.4. Minimum Inhibitory Concentration

The minimum inhibitory concentrations (MICs) of the selected antibiotics were deter-
mined using MIC strips (Table 11). The strips were placed along with inoculation of the
pure isolates on sterilized MHA media, followed by overnight incubation at 37 ◦C [24].

Table 11. E-strips used in the current study for determination of MIC.

E-Strips Symbols Resistant Sensitive

E-CT (Cefotaxime) CTX ≥4 ≤1
E-TZ (Ceftazidime) CAZ ≥16 ≤4
E-MP (Meropenem) MEM ≥4 ≤1

E-IP (Imipenem) IPM ≥4 ≤1
E-GM (Gentamicin) CN ≥16 ≤4

E-AK (Amikacin) AK ≤4 ≤16
E-DC (Doxycycline) DO ≥16 ≤4
E-CL (Ciprofloxacin) CIP ≥1 ≤0.25

E-TS (Co-Trimoxazole) SXT ≥4 ≤2.38
E-TGC (Tigecycline) TGC - ≤2

5.5. Detection of Antibiotic-Resistant Genes by Polymerase Chain Reaction

The selected antibiotic resistance genes, as per antibiotic resistance pattern, were
amplified by polymerase chain reaction (PCR) using specific primers (Table 9). The PCR
contained 12.5 µL of Taq Master Mix (Thermo Fisher ScientificTM,, Waltham, MA, USA),
11.5 µL nuclease-free water, 0.5 µL of forward and reverse primers (oligo nucleotide
Microgen, Seoul, Korea) each and 2 µL of DNA sample. Under optimized conditions
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(Table 9), the selected genes were amplified, run on gel electrophoresis and visualized using
a gel documentation system.

5.6. DNA Sequencing and Mutational Analysis

The amplified PCR products of antibiotic-resistant genes were purified using a purifi-
cation kit (Thermo Scientific™ GeneJET PCR Purification Kit, Waltham, MA, USA) and
sequenced at Rehman Medical Institute (RMI), Peshawar, Pakistan. The FASTA sequences
of the selected genes were retrieved from the GenBank–National Center for Biotechnology
Information (NCBI) database after sequencing. Basic Local Alignment Search Tool (BLAST)
and BioEdit 7.2 software were used to compare the FASTA sequences of the selected genes
to confirm their presence in bacterial isolates and their mutational analysis [24]. The data
were further analyzed for non-synonymous mutations, and I-Mutant software was used to
predict the pathogenic effects of the identified mutations [25].

5.7. Statistical Analysis

A chi-square analysis was conducted using SPSS version 20 to find the association
between the expected value of E. coli and the observed p ≤ 0.05. The number of samples
(n) was set at 150 and the degree of freedom was taken at n-1. For comparative analysis,
one-way analysis of variance (ANOVA) was performed among the continuous values of
antibiotics with E. coli, and p ≤ 0.05 values were considered statistically significant.
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Abstract: The rise of antimicrobial resistance (AMR) in bacterial pathogens such as Klebsiella pneumo-
niae (Kp) is a pressing public health and economic concern. The ‘One-Health’ framework recognizes
that effective management of AMR requires surveillance in agricultural as well as clinical settings,
particularly in low-resource regions such as Pakistan. Here, we use whole-genome sequencing to
characterise 49 isolates of Klebisella spp. (including 43 Kp) and 2 presumptive Providencia rettgeri
isolates recovered from dairy farms located near 3 cities in Pakistan—Quetta (n = 29), Faisalabad
(n = 19), and Sargodha (n = 3). The 43 Kp isolates corresponded to 38 sequence types (STs), and 35 of
these STs were only observed once. This high diversity indicates frequent admixture and limited
clonal spread on local scales. Of the 49 Klebsiella spp. isolates, 41 (84%) did not contain any clinically
relevant antimicrobial resistance genes (ARGs), and we did not detect any ARGs predicted to encode
resistance to carbapenems or colistin. However, four Kp lineages contained multiple ARGs: ST11
(n = 2), ST1391-1LV (n = 1), ST995 (n = 1) and ST985 (n = 1). STs 11, 1391-1LV and 995 shared a core set
of five ARGs, including blaCTX-M-15, harboured on different AMR plasmids. ST985 carried a different
set of 16 resistance genes, including blaCTX-M-55. The two presumptive P. rettgeri isolates also contained
multiple ARGs. Finally, the four most common plasmids which did not harbour ARGs in our dataset
were non-randomly distributed between regions, suggesting that local expansion of the plasmids
occurs independently of the host bacterial lineage. Evidence regarding how dairy farms contribute to
the emergence and spread of AMR in Pakistan is valuable for public authorities and organizations
responsible for health, agriculture and the environment, as well as for industrial development.

Keywords: Klebsiella pneumoniae; One-Health; AMR; plasmids; Pakistan; agriculture

1. Introduction

The rise in antimicrobial resistance (AMR) is of pressing concern for public health and
food security, and the role of non-clinical settings in the emergence of AMR (‘One-Health’)
has been under increasing scrutiny [1,2]. This perspective is most pertinent in low-resource
settings where there is a relatively high level of contact between humans and animals,
and where antibiotic usage in agriculture is poorly regulated [3]. A recent report from the
UN Environment Program [4] summarized the current evidence concerning the impact of
antimicrobial resistance on human health and, specifically, the role of environmental drivers
in the development and transmission of AMR between humans and animals. These drivers
include antimicrobial usage, microbial diversity and anthropologic factors, in particular,
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the extent of sanitation infrastructure [5]. The UN report [4] also identifies three economic
sectors (pharmaceuticals and other chemicals, agriculture and food, and healthcare) where
effective monitoring, disclosure and transparency are critical for targeted interventions and
for realigning incentives for AMR management.

Pakistan is an important case in point; more than 70% of the population of Balochistan,
in the west of the country, are directly or indirectly involved in raising animals, and large-
scale livestock farming is common, contributing to over 60% of agricultural output and
over 11% of GDP nationally [6,7]. Moreover, farmers in Pakistan routinely use antibiotics
as dietary supplements for livestock [8–10], which can accelerate the emergence and spread
of multidrug-resistant (MDR) bacteria in agricultural settings. In addition to commercial
losses, this has public health implications as the MDR strains may infect humans, for
example, through contaminated food products, and potentially go on to cause outbreaks
in healthcare settings. Insufficient monitoring of antibiotic usage and poor molecular
surveillance of antimicrobial resistance in Pakistan has led to a paucity of data on the scale
of AMR in a ‘One Health’ context and a weak evidence-base for targeted intervention
measures [8].

Klebsiella pneumoniae (Kp) commonly colonises the guts of humans and animals as an
asymptomatic commensal [11,12]. However, Kp is also an opportunistic pathogen that
can cause serious infections in humans and commercially important infection in cows and
other livestock. For example, Kp is a common cause of bovine mastitis, which results in
significant commercial losses due to the deterioration of the taste, colour and odour of milk.
Kp has also been isolated from other animal hosts, including companion animals, poultry,
invertebrates and wild birds [13,14].

A key challenge in the fight against AMR is the management of resistance against
third generation cephalosporins and carbapenems, conferred by genes encoding extended-
spectrum β-lactamases (ESBL) or carbapenemases, respectively. Carbapenem-resistant Kp
(CRKP) isolates harbouring blaNDM-1 and blaOXA-48 genes from clinical, environmental and
animal sources have previously been detected in Pakistan [15]. However, whole-genome
sequencing (WGS) has not previously been applied to characterise Kp isolates from dairy
cattle in Pakistan, and there is almost no evidence regarding the diversity, spread and
plasmid content of the Kp population in this context.

In this study, we aimed to generate data on the prevalence and distribution of clinically
relevant antimicrobial resistance genes (ARGs) within isolates of Klebsiella spp. isolated
from healthy dairy cattle representing distinct geographical regions in Pakistan. We gener-
ated WGS data for 49 Klebsiella genomes (43 Kp) and 2 isolates of Providencia rettgeri from
dairy cattle. The samples were taken from 10 farms located around 3 cities in Pakistan:
Faisalabad, Sargodha and Quetta.

2. Methods
2.1. Sampling

A total of 150 cattle rectal samples were collected in sterile charcoal swabs from
10 dairy farms with an average herd size of n > 100 in Faisalabad, Sargodha and Quetta in
Pakistan over a one-month period from January–February 2022. Samples were collected
randomly from healthy, lactating dairy cattle. The samples were shipped under refrigerated
conditions to the AMR Research lab, Institute of Microbiology, University of Agriculture
Faisalabad for culturing and initial processing.

2.2. Isolation of Klebsiella spp. and Whole-Genome Sequencing

Samples were enriched in BHI broth supplemented with amoxicillin at concentration
of 10 µg/mL for overnight at 37 ◦C. The enriched samples were streaked on Simmons
citrate agar supplemented with amoxicillin and myo-inositol at concentration of 10µg/mL
and 10%, respectively (Sigma; SCAI; [16]). Amoxycillin was used to select for Klebsiella spp.
following Thorpe et al. [14]; we did not select for other resistance phenotypes. The plates
were incubated at 37 ◦C for 48 h. After incubation, presumptive Klebsiella colonies were
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identified on the basis of having a bright yellow colour. One colony per sample was further
selected and confirmed via cultivation on UTI ChromoSelect agar (sigmaaldrich.com) at
37 ◦C for 24 h. After incubation, blue to purple-coloured colonies indicated the growth
of Klebsiella. A small number of colonies were randomly chosen and further confirmed
using the Vitek-2 identification system (https://www.biomerieux-usa.com/ accessed on
1 February 2022). Pure Klebsiella colonies were transferred to the UK with a charcoal swab
for further analysis. Only a single colony from each sample was selected for sequencing.

Sequencing was carried out on the Illumina platform by MicrobesNG (Birmingham,
UK), and run through their standard analysis pipeline (including genome assembly using
SPAdes 3.14.4. For full protocols, including DNA extraction, see MicrobesNG Whole
Genome Sequencing Service Methods. The quality of the assemblies was verified using
different parameters: GC content, number of contigs, total length of assembly and N50.

2.3. Genome Characterization

Genome assemblies that passed QC were analysed using Kleborate v0.4.0-beta [17]
to assign species and multilocus sequence type, and screened for virulence and resistance
genes. Abricate v0.9.8 (https://github.com/tseemann/abricate accessed on 1 February
2022) was used for further screening for resistance genes in the ResFinder database [18]
(downloaded 17 August 2022) and virulence factors in the vfdb database (downloaded
18 August 2022). We scored the presence or absence of AMR and virulence genes using
a threshold of >80% nucleotide identity and coverage. Short reads were mapped to the
genome of Kp isolate PAK-014, which we previously isolated from hospital wastewater in
Quetta (unpublished) using Snippy v4.3.6 (https://github.com/tseemann/snippy accessed
on 1 February 2022). Snippy results were used as input for FastTree v2.1.11 [19,20] to
generate an approximate maximum-likelihood phylogenetic tree. The phylogenetic tree
and associated metadata were visualised using Microreact v23.0.0 [21]. Kleborate output
was visualised using Kleborate-viz [17].

To determine the plasmid content of the isolates, we used MOB-suite [22] to classify
contigs as plasmid-borne or chromosomal. This program uses Mash distances to assign
contigs to plasmids according to a closed reference database. We used the default parame-
ters that are already optimised for Enterobacteriaceae plasmids. This approach identifies the
accession number of the plasmid with the shortest Mash distance to a given set of contigs
but, depending on the database, we recognize that substantial size or structural variation
may still be present between the query contigs and the returned plasmid.

3. Results
3.1. Species Assignment

Genomes of 55 presumptive Kp from dairy cows were sequenced as described in Meth-
ods. Of these, 4 isolates were excluded because of low-quality assembly and 51 assemblies
were taken forward for further analysis (summarised in Table 1 and Table S1). More detail,
including the full Kleborate output, the tree and geographical information (including a
map) is available via the Microreact project at https://tinyurl.com/37xn4m62, accessed on
6 January 2023. The 51 sequenced isolates were obtained from 7 separate dairy farms in
Quetta (n = 29), in the west of Pakistan, close to the border with Afghanistan, from 2 dairy
farms in Faisalabad in the northeast (n = 19), and from one in Sargodha (n = 3), which
lies around 100 Km to the northwest of Faisalabad. In total, 43 of the genome assemblies
were assigned by Kleborate as Kp: 24/29 from Quetta, 16/19 from Faisalabad and 3/3
from Sargodha.

Of the eight isolates that were not identified as Kp, four were K. similipneumoniae
(three from Quetta, one from Faisalabad) and two were K. variicola (both from the same
dairy farm in Faisalabad). We also sequenced two isolates, both from the same farm in
Quetta, that were assigned as P. rettgeri and Citrobacter amalonaticus. Whilst the Kleborate
species assignment for the P. rettgeri isolate is ‘strong’, and the assembly is of high quality
(N50 = 792,114, contig count = 66), for the C. amalonticus isolate the species assignment
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is ‘Weak’, and the quality of the assembly is lower (N50 = 63,914, contig count = 469).
Moreover, the total assembly size for this latter isolate is 9.29 Mb, suggesting that mixed
colonies were sequenced. Providencia is in the Proteus-Morganella group, whereas Citrobacter
is more closely related to Escherichia and Shigella; however, these two isolates are closely
related on the tree (Figure S1). We therefore consider it likely that both are, in fact, P. rettgeri
(Table 1).

Table 1. Number of isolates corresponding to each species isolated from 10 different dairy farms in
the cities of Quetta, Faisalabad and Sargodha in Pakistan.

City Quetta Sargodha Faisalabad

Dairy Farm B A T Al-K Ak Bi Sa U SH L

Total samples 29 3 19

Sample size location 1 1 6 4 4 7 6 3 16 3

K. pneumoniae 1 1 5 3 4 6 4 3 13 3

K. similipneumoniae - - 1 1 - 1 - - 1 -

K. variicola - - - - - - - - 2 -

Providencia rettgeri - - - - - - 2 - - -

3.2. Diversity by MLST and Capsule Typing

Kleborate assigned the 43 Kp strains to 38 distinct STs, all but 3 of which were repre-
sented by a single isolate. A phylogenetic tree showing the Kp STs is provided in Figure 1,
and a tree for all 51 isolates is provided in Figure S1. The tree is also available to download
and explore via the Microreact project at https://tinyurl.com/37xn4m62 (accessed on
1 February 2022). The most common ST among the Kp isolates is ST37, represented by four
clonal isolates. A single locus variant of ST37 (ST37-1LV) clusters closely with this clone,
and a double locus variant (ST37-2LV) clusters more distantly.

To compare the Kp lineages between different farms and cities, we mapped the origin
of the isolates (city and farm) onto the tree on Figure 1. The five isolates corresponding to
the ST37 cluster (including the ST37-1LV isolate) were each recovered from different farms,
four of which were in Quetta and one from around Faisalabad. Thus, the repeated recovery
of this lineage cannot be explained simply by local clonal expansion; instead, this clone has
spread between farms and cities. Similarly, the two ST11 isolates were sampled from both
Quetta and Sargodha.

Just as very similar isolates are noted from different farms and cities, so a single
farm can harbour a high level of diversity. The most striking example of this is the SH
farm in Faisalabad, from which 16 Kp isolates were sequenced. Apart from the two
isolates of ST1315, every other isolate recovered from this farm corresponded to a distinct
ST representing the breadth of the tree (indicated by the green bars in Figure 1). Thus,
the diversity of the isolates from this single farm mirrors the diversity present in the
whole dataset.

We also considered the diversity of the Kp isolates in terms of capsule type. The wzi
gene encodes an outer membrane protein involved in cell surface attachment, and its high
level of conservation means that it has been used for rapid capsule typing (K typing) [23].
The 43 Kp isolates were represented by 27 different wzi allele types, and the distribution
of these types was broadly consistent with that observed with MLST (Supplementary
Table S1). The most common wzi allele was wzi14 (5/43, 12%), which corresponded to the
cluster of four isolates of ST37 and the ST37-1LV isolate. However, there are also some
discrepancies between ST and wzi allele. For example, the two ST11 isolates corresponded
to wzi150, but this allele was also found in the unrelated lineage ST4075. Such a pattern
could either reflect homoplasy (the independent emergence of the same wzi lineage in
different STs) or, more likely, the horizontal transfer of the wzi locus.
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Similar patterns were noted with the serotype assignment, with the five isolates of
the ST37 cluster being assigned as KL14. Serotypes K1 and K2, associated with hyper-
virulent strains, were not found, and there were five novel KL types (Supplementary
Tables S1 and S2). The most common O-type in the Kp isolates was O2, which was found
in the two ST11 isolates and nine other isolates of diverse Kp lineages.

3.3. The Presence and Distribution of Antimicrobial Resistance Genes (ARGs)

We used Kleborate and Resfinder to detect ARGs and MOB-suite to assign these ARGs
to specific plasmids (see below, and Methods). Overall, the level of resistance was low; we
did not detect any carbapenemase genes or genes predicted to confer resistance to colistin.
Moreover, we did not detect any ARGs corresponding to the clinically relevant antibiotic
classes (AGly, Flq, Sul, Tmt, Bla„ Tet, Rif, Phe, MLS) in 35/43 (81%) of the Kp isolates or in
the six isolates of other Klebsiella species, (Supplementary Figure S2).

Two Kp isolates (ST37-1LV and ST2118) have acquired single bla genes (blaACT-16 and
blaCphA2, respectively) and the ST37-1LV isolate also contains the fosA2 gene (predicted
to confer fosfomycin resistance). However, more notably, five Kp isolates, represent-
ing four lineages, and the two presumptive P. rettgeri isolates contain multiple ARGs
(Figures 2 and S2). Firstly, the pair of Kp ST11 isolates harbour seven ARGs conferring
resistance to aminoglycosides (aph(3”)-Ib, aph(6)-Id), quinolone (qnrB1), sulphonamides
(sul2), trimethoprim (dfrA14) and β-Lactamas (blaTEM-1B, blaCTX-M-15). As mentioned above,
the two ST11 isolates were recovered from different cities and the observation that they
have identical resistance profiles suggests that they correspond to a ST11 subvariant that
may be widely disseminated in Pakistan.
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Figure 2. Approximate maximum-likelihood phylogenetic tree of the isolates carrying plasmids
with linked resistance genes isolated from different dairy farms. The accession number of plasmids
identified by MOB-suite (gene-location) and resistance genes identified using Abricate with the
ResFinder database are shown. Only plasmids associated with linked resistance genes are included.
See also: https://microreact.org/project/qNGWgBKZBEdnzFD6tHLuy5-linked-genes.

The second pair of Kp isolates that share identical ARG profiles are those corre-
sponding to ST995 and ST1391-1LV. These loosely cluster on the tree and were recovered
from the same farm in Sargodha. Both harbour the ARG profile of 9 genes resistant to
aminoglycosides (aph(3”)-Ib, aph(6)-Id), quinolones (qnrB1), sulphonamides (sul2), trimetho-
prim (dfrA14), β-Lactams (blaSHV-106, blaTEM-1B, blaCTX-M-15) and tetracyclines (tet(A)). The
ST985 isolate from Quetta was found to harbour 16 ARGs to aminoglycosides (aac(3)-IId,
ant(3”)-Ia, aph(3′)-Ia, aph(6)-Id), quinolones (qnrS1), sulphonamide (sul3, sul2), trimethoprim
(dfrA14), β-lactams (blaTEM-1B, blaSHV-187, blaCTX-M-55), tetracycline (tet(A)), phenicols (floR),
rifampicin (ARR-3) and macrolides (lnu(F), mph(A)). Finally, the two presumptive P. rettgeri
isolates harboured identical ARG profiles with resistance to aminoglycosides (ant(3”)-Ia,
ant(2”)-Ia), sulphonamide (sul1), quinolones (qnrA1), chloramphenicol (cmlA1), rifampicin
(ARR-3_4) and β-lactams (blaVEB-1, blaOXA-10). These two isolates were recovered from the
same farm in Quetta.

3.4. The Predicted Plasmid Carriage of ARGs

The observation that different Kp lineages share identical ARG profiles suggests that
these resistance traits have been acquired via one or more mobile genetic elements, namely,
plasmids. To explore the presence of plasmids in our data, we followed Gibbon et al. [24]
and used MOB-suite to assign contigs either as chromosomal, or matching a plasmid within
the Enterobactericae database (see Section 2). Analysing all 51 genomes, MOB-suite returned
a total of 121 plasmids; these corresponded to 71 different accession numbers (because
some plasmids were found in more than one isolate) and 19 replicon types. The most
common replicon type was IncFIB(K). The distribution of the plasmids and replicon types
is shown in Supplementary Figures S3 and S4, respectively, although it is not possible
to assign replicon types to specific plasmids. According to MOB-suite, of the 51 isolates,
only 5 did not contain any plasmids. A total of 16 isolates contained 1 plasmid, 13 isolates
contained 2 plasmids, 7 isolates contained 3 plasmids, 2 isolates contained 4 plasmids,
5 isolates contained 5 plasmids, 3 isolates contained 6 plasmids, and 1 isolate contained
7 plasmids.
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Using MOB-suite, we assigned all contigs containing one or more ARG either to a
plasmid or to the chromosome. Of the 71 different plasmids, 10 were predicted to contain at
least 1 ARG; 8 of these were present in 1 of the 4 lineages containing multiple ARGs—ST11,
ST985, ST995 and ST1391-1LV—with the other 2 carried by the presumptive P. rettgeri
isolates (Figure 2). Seven of the AMR plasmids were predicted to contain multiple ARGs.
For three of these plasmids, the set of ARGs were highly similar, with each sharing a core
set: sul2, aph(3”)-Ib_5, aph(6)-Id_1, blaTEM-1B and blaCTX-M-15. This indicates that these genes
are linked on an element that has transferred between plasmids. These three plasmids are
present in the multidrug-resistant Kp lineages ST11, ST1391-1LV and ST995, whilst the
plasmid in ST985 contains a different set of ARGs.

The two isolates of ST11 harbour a plasmid that matches CP106925 (pCTXM15_DHQP-
1400954-like). In addition to the core set of ARGs listed above, this plasmid is also predicted
to carry the ARGs dfrA14 and qnrB1. This plasmid, with the same linked ARGs, has
previously been found to be associated with diverse Kp lineages (ST1012, ST2167, ST48-1LV
and ST495) recovered from clinical samples and wastewater in Quetta, illustrating that it is
transmitting freely across the local environment (our unpublished data). Plasmid CP010390
(p6234-like) and plasmid CP008930 (pPMK1-A-like) are carried by the related multidrug-
resistant isolates ST1391-1LV and ST995, respectively. These plasmids also contain the same
core set of ARGs in addition to tet(A). The ST1391-1LV isolate additionally contains qnrB1.
These two isolates were recovered from the same farm in Sargodha.

The third multidrug-resistant Kp lineage is ST985, which is predicted to harbour a
plasmid related to KM198330 (pDGSE139-like). This plasmid harbours at least 11 ARGs,
including the ESBL gene blaCTX-M-55 (but not blaCTX-M-15), ARR-3 and lnu(F). Finally, the
two presumptive P. rettgeri isolates were predicted to carry plasmid CP017672 (pRB151-
NDM-like), which harbours ant(3”)-Ia, sul1, qnrA1, sul1, cmlA1, ARR-3, ant(2”)-Ia, blaVEB-1
and blaOXA-10 (Figure 2).

3.5. The Geographical Distribution of Common Plasmids

When considered altogether, the isolates containing multiple ARGs and associated
plasmids are present in multiple farms in Quetta, Sargodha and Faisalabad. However,
because AMR plasmids are only found in one or two isolates, it is not possible to infer
plasmid-specific patterns of spread, both with respect to geographic region or host lineage.
We addressed this by considering the distribution of the most common plasmids in our
data. Although none of these common plasmids contained ARGs, their prevalence makes it
possible to gauge to what extent specific plasmids are circulating between diverse Klebsiella
lineages at the level of farm or city, or else are randomly distributed (Figure 3). The most
common plasmids in the dataset were CP009275 (pKV1-like) (n = 14), CP011627 (pCAV1374-
14-like) (n = 7), CP013713 (J1 plasmid 2-like) (n = 6) and CP011633 (pCAV1374-150-like)
(n = 5). The most common plasmid, CP009275 (pKV1-like), is most similar to one first
recorded in a nitrogen fixing strain of K. variicola (strain DX120E) isolated from sugar cane
in China [25]. This plasmid was not present in either of the two K. variicola isolates in our
data but was present in all four K. quasipneumoniae subsp pseudopneumoniae isolates (three
from Quetta, and one from Faisalabad) and in ten Kp isolates from four different farms, all
in Quetta. Whilst this plasmid has spread between different Klebsiella species and diverse
Kp lineages on different farms, it shows a non-random distribution with respect to region,
as 13/14 isolates carrying this plasmid are from Quetta.

The second, third and fourth most common plasmids in the data also show associations
with cities or single farms. CP011627 is present in six diverse Kp STs and the pair of
ST1315 isolates. Six of the seven isolates harbouring this plasmid were recovered from
the SH farm in Faisalabad, with the exception being from a farm in Quetta. Plasmid
CP013713 exhibits a very similar distribution to CP011627; it is present in six Kp isolates
(including the pair of ST1315 isolates and three other isolates which also contain CP011627).
Five of the six isolates harbouring CP011627 were recovered from the SH farm in Faisalbad,
with the exception being from a farm in Quetta. Finally, plasmid CP011633 is present in five
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Kp isolates, two of which corresponded to ST37; the other three were from diverse lineages.
In this case, all five isolates were recovered from three farms in Quetta. The distribution of
these plasmids is summarised in Figure 3.
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3.6. Virulence

Finally, Kleborate also identifies key virulence genes in the genomes. The only vir-
ulence gene identified was ybt, which encodes the siderophore yersiniabactin. Five Kp
isolates harboured chromosomal copies of this gene, including ST11 (both isolates) and
the ST985 isolates. These lineages harboured ybt14 and 16, respectively. It is of concern
that these lineages harbour both virulence and resistance traits. The other two isolates to
harbour ybt are those corresponding to ST45 and ST2876. No ARGs were identified in these
isolates, which were recovered from the SH farm in Faisalabad.

In sum, the WGS data revealed high levels of diversity, evidence of local plasmid
spread, and the presence of Kp lineages containing multiple ARGs.

4. Discussion

Kp is a priority ESKAPE pathogen, and the prevalence of Kp strains exhibiting resis-
tance to carbapenems and other β-lactam antibiotics has increased steadily on a global scale
in recent years [26]. Moreover, the ecological breadth of this species makes it a pertinent
model to assess the role of nonclinical settings in the emergence and spread of AMR (the
so-called ‘One-Health’ approach). This framework may be highly informative in Pakistan,
where a high level of agricultural activity is combined with poor antibiotic stewardship,
and Kp strains resistant to carbapenems and third-generation cephalosporins are known
to be circulating in veterinary and farm settings [15,27]. However, WGS has not been
deployed on large population samples of Kp from agricultural settings in Pakistan, which
makes it impossible to generate a more complete picture of the diversity, the presence of
plasmids and other MGES and the increased phylogenetic resolution for inferring patterns
of spread [14]. Here, we begin to address this by presenting an analysis of genome data for
49 Klebsiella isolates (43 Kp) and 2 isolates of P. rettgeri from 10 dairy farms in the regions of
Faisalabad, Sargodha and Quetta. The comparison of three distinct regions is important to
understand whether Kp clones are expanding locally on single farms or regions, or whether
there are geographical differences regarding the presence of distinct strains.

The data reveal a remarkably high level of diversity within the Kp population; 38 STs
were recovered, but only three of these were represented by more than one isolate. This
contrasts to comparable studies on European farms, which show much lower levels of Kp
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diversity due to clonal expansion on single farms [14,28,29]. This fundamental difference
suggests that Kp in dairy farms in Pakistan may be more often acquired from diverse envi-
ronmental sources and/or transmitted more freely between different farms or regions. It is
particularly striking that the 16 Kp isolates recovered from the SH farm in Faisalabad corre-
spond to 15 different STs. Whilst this indicates that the tracking of specific clones may not be
a valid approach in agricultural settings in Pakistan, our data suggest that specific plasmids
are circulating locally. An example is the plasmid CP106925 (pCTXM15_DHQP1400954-
like), which carries multiple ARGs and is present in the ST11 isolates. This plasmid has also
been noted to be associated with other STs recovered from clinical and environmental set-
tings in Quetta (our unpublished data), which suggests it is circulating in multiple lineages
in this region. Given such examples, it is possible that as additional data sets are generated
and long-read sequencing becomes more routine, epidemiological surveillance may be
more appropriately focused on specific AMR plasmids, rather than the underlying strains.

The majority (84%) of the isolates do not contain major ARGs and, importantly, we
did not identify any carbapenemases or predicted colistin resistance. It is important to note
that we did not select for resistance to carbapenems or any other antibiotics other than
amoxicillin. This was in order to capture the diversity of the underlying Kp population and
to gauge the prevalence of AMR. The low prevalence of AMR in our data should, therefore,
not be interpreted as indicating that resistance is of negligible importance in these settings.
Indeed, we recovered 4 Kp lineages (ST11, ST1391-1LV, ST995 and ST985) that contain
between 7 and 16 ARGs, including ESBL-encoding genes. The ST11 and ST985 isolates also
contain the important virulence factor ybt, which encodes yersiniabactin, although we did
not detect the presence of any other key virulence gene, such as iuc or rmpA.

ST11 is a globally disseminated clone associated with carbapenemases and other
resistance genes as well as virulence factors, particularly in Asia [30]. The presence of
two isolates of ST11 that possess both multiple resistance and virulence genes is note-
worthy given that this lineage has previously been reported from nonclinical settings in
Pakistan [27]. We note that the two ST11 isolates in our data correspond to an unknown
K-type, with the closest match being KL107. KL107 is common in the closely related
healthcare-associated AMR clone ST258 [31], but it is very rare in ST11 [32], indicating
that a novel subtype of this global lineage may be circulating in Pakistan. Kp ST37 is the
most common clone in our data. Although we did not find this clone to be associated with
multiple antibiotic resistance, it is known to be common in clinical and environmental
settings globally, and is often associated with ARGs [33].

Although we targeted Klebsiella species in this study, we also sequenced two isolates
which we consider are likely P. rettgeri. Both isolates are predicted to contain a plasmid
originally isolated from P. rettgeri. P. rettgeri is related to insect pathogens, but is an op-
portunistic pathogen of humans known to cause urinary tract infections, particularly in
immunocompromised patients, and is commonly resistant to multiple antibiotics [34]. The
sequencing of these two isolates was serendipitous, as they share the same plasmid con-
taining multiple ARGs, including blaOXA-10, blaCTX-M-55, lnu(F)—which encodes resistance
to lincosamides (widely used in veterinary medicine)—and ARR-3, encoding resistance to
rifampicin. In addition to being a potential public threat to humans, this species could be
acting as an important reservoir of ARGs and plasmids and warrants further surveillance.

In conclusion, our study reveals a very high level of diversity among Kp strains circu-
lating within dairy farms in Pakistan and provides evidence that this setting is a potentially
significant reservoir of plasmid-borne ARGs. We acknowledge several limitations with our
study. Most importantly, we were limited to short-read data and thus not able to generate
closed assemblies. This has important consequences for characterising the plasmid content
of the isolates. Although MOB-suite was able to identify the best matched plasmids to our
contigs, without closed plasmid assemblies it is not possible to validate these inferences,
directly compare the plasmids with those previously published or confirm the presence of
the ARGs.
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Despite these limitations, our analysis highlights the utility of whole-genome sequenc-
ing for surveying the prevalence and distribution of ARGs in dairy farms in Pakistan.
The study provides valuable benchmark data, paving the way for more large-scale WGS
One-Health studies in Pakistan, and raises the question as to whether surveillance is best
carried out at the level of strain, ARG or AMR plasmid. The exception of ST11 aside,
the high degree of Kp strain diversity uncovered in this study points to the possibility
that emerging AMR carriage in dairy farms is not primarily the result of simple clonal
spread, and that further focus, specifically on AMR plasmid surveillance in Pakistan, will
prove informative.
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Abstract: Hybrid diarrheagenic E. coli strains combining genetic markers belonging to different
pathotypes have emerged worldwide and have been reported as a public health concern. The most
well-known hybrid strain of enteroaggregative hemorrhagic E. coli is E. coli O104:H4 strain, which
was an agent of a serious outbreak of acute gastroenteritis and hemolytic uremic syndrome (HUS)
in Germany in 2011. A case of intestinal infection with HUS in St. Petersburg (Russian Federation)
occurred in July 2018. E. coli strain SCPM-O-B-9427 was obtained from the rectal swab of the patient
with HUS. It was determined as O181:H4-, stx2-, and aggR-positive and belonged to the phylogenetic
group B2. The complete genome assembly of the strain SCPM-O-B-9427 contained one chromosome
and five plasmids, including the plasmid coding an aggregative adherence fimbriae I. MLST analysis
showed that the strain SCPM-O-B-9427 belonged to ST678, and like E. coli O104:H4 strains, 2011C-
3493 caused the German outbreak in 2011, and 2009EL-2050 was isolated in the Republic of Georgia
in 2009. Comparison of three strains showed almost the same structure of their chromosomes: the
plasmids pAA and the stx2a phages are very similar, but they have distinct sets of the plasmids and
some unique regions in the chromosomes.

Keywords: Escherichia coli; hybrid pathotype; EHEC; EAHEC; O181

1. Introduction

Escherichia coli is a bacterium that is widely distributed as a free-living in the envi-
ronment and as an important member of the large intestine microbiota in humans and
warm-blooded animals [1,2]. Although most E. coli are harmless commensals, some strains
of this species are pathogenic and can induce diseases in humans and animals [3]. Human-
pathogenic E. coli strains exhibit a wide spectrum of clinical manifestations, which are
dependent on the virulence factors [4]. The E. coli genome is characterized by genetic
mosaicism, high variability, and the ability to exchange genetic information [5]. In most
cases, this exchange is carried out by the horizontal transfer of the bacterial mobile genetic
elements such as plasmids, transposons, pathogenicity islands, and bacteriophages [6,7].
Pathogenic E. coli, according to their localization in the macro-organism and generated
pathological processes, are divided into diarrheagenic (DEC) and extraintestinal (ExPEC)
pathogens [8,9]. Seven pathotypes have been described for the DEC group, including
enteropathogenic E. coli (EPEC), enterohaemorrhagic E. coli (EHEC), enterotoxigenic E. coli
(ETEC), enteroinvasive E. coli (EIEC), enteroaggregative E. coli (EAEC), diffusely adherent
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E. coli (DAEC), and adherent-Invasive E. coli (AIEC), based on their virulence mechanisms,
associated clinical symptoms, and consequences [10]. E. coli of different pathotypes contains
the specific combinations of virulence genetic determinants located in the chromosome and
plasmids [10,11].

Improvements in techniques allowing the better understanding of the genomic and
virulence mechanisms among diarrheagenic E. coli led to detecting atypical hybrid E. coli
strains combining genetic markers of different pathotypes [12–14]. Hybrid DEC strains
carrying various combinations of virulence factors have emerged worldwide and have
been reported as a public health concern [15]. The most well-known example is the E. coli
O104:H4 strain, which caused a serious outbreak of acute gastroenteritis and hemolytic
uremic syndrome (HUS) in Germany in 2011 [16]. This strain produced a Shiga toxin
2 (Stx2), a signature feature of the EHEC pathotype, and additionally carried a plasmid
containing the genes coding to the aggregative adherence fimbriae (AAF)-mediating ag-
gregative adherence in EAEC [17]. This bacterium was considered as a hybrid novel genetic
lineage: enteroaggregative hemorrhagic E. coli (EAHEC) [18]. Even earlier, several cases of
HUS and bloody diarrhea occurred in the Republic of Georgia in 2009, which were caused
by stx2-positive E. coli strains of O104:H4 [19]. Comparative genome analysis showed that
the Georgian strains were the nearest neighbors to the agents of the outbreak in 2011; only
several structural and nucleotide differences were detected in the stx2 phage genomes,
the mer/tet antibiotic resistance island, and in the prophage and plasmid profiles of the
strains [20]. A case of intestinal infection with HUS happened in St. Petersburg (Russian
Federation) in July 2018. The pathogenic E. coli strain was obtained from the rectal swab of
a patient with HUS. The strain was identified as E. coli O181:H4-, stx2- and aggR-positive.
This genetic profiling indicated that the studied E. coli belonged to EAEC and EHEC at the
same time. It was positive for the chuA gene and for the fragment of TspE4.C2, which made
it possible to assign them to the B2 phylogenetic group. In general, E. coli strains of the B2
phylogenetic group carry more virulence factors compared with the strains belonging to
other phylogenetic groups (A, B1, D), which are associated with a more pronounced ability
to colonize intestinal mucosa [21].

E. coli serogroup O181 is a relatively new; it was included in the serotyping scheme for
E. coli in 2004 [22]. Sporadically, E. coli O181 were isolated from the patients with diarrhea,
from meats and meat products, as well as from livestock wastewater and environmental
objects [23–26]. The aim of this work is to characterize the genetic properties of the new
hybrid enteroaggregative and Shiga-toxin-producing E. coli strain of O181:H4, which was
isolated from the patient with HUS in Saint Petersburg, Russian Federation, in 2018.

2. Results
2.1. Bacterial Strain, Pathotype Identification, and Susceptibility to Antimicrobials

The E. coli clinical strain SCPM-O-B-9427 was isolated from a rectal swab of the patient
with HUS in Saint Petersburg, Russian Federation, in 2018, and deposited in the State
Collection of Pathogenic Microorganisms and Cell Cultures “SCPM-Obolensk”. Pathotype
identification revealed that this strain belonged to both EHEC and EAEC (EAHEC), accord-
ing to commercial assay AmpliSens® Escherichioses-FRT and because it carried both stx
and aggR genes, according to The European Union Reference Laboratory method. Multiplex
PCR for phylogroup identification was positive for the chuA gene and for the fragment of
TspE4.C2, which allows to assign the strain SCPM-O-B-9427 to the B2 phylogenetic group.

The strain SCPM-O-B-9427 was susceptible to amoxicillin/clavulanic acid, cefotaxime,
ceftazidime, cefoperazone/sulbactam, cefepime, aztreonam, imipenem, meropenem, amikacin,
gentamicin, netilmicin, fosfomycin, nitrofurantoin, and trimethoprim/sulfamethoxazole
and resistant to ampicillin and ciprofloxacin (Table 1).
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Table 1. Antimicrobial susceptibility of EAHEC strain SCPM-O-B-9427.

Antimicrobials MIC, mg/L Interpretation

Ampicillin 16 R 1

Amoxicillin/clavulanic acid 4 S 2

Cefotaxime ≤1 S
Ceftazidime ≤1 S
Cefoperazone/sulbactam ≤8 S
Cefepime ≤1 S
Aztreonam ≤1 S
Imipenem ≤1 S
Meropenem ≤0.25 S
Amikacin ≤2 S
Gentamicin ≤1 S
Netilmicin 2 S
Ciprofloxacin 1 R
Fosfomycin ≤16 S
Nitrofurantoin ≤16 S
Trimethoprim/sulfamethoxazole ≤20 S

1 Resistant; 2 susceptible.

2.2. Genomic Characteristics of EAHEC Strain SCPM-O-B-9427

The complete genome assembly of the strain SCPM-O-B-9427 contained one chromo-
some and five plasmids, one of which is homologous with virulence plasmid pAA–pSCPM-
O-B-9427-2, encoding an aggregative adherence fimbria I (AAF/I). The major genomic
characteristics are summarized in Table 2 and are shown in comparison to two hybrid
EAHEC strains of O104:H4: 2011C-3493, which caused large German outbreak in 2011, and
2009EL-2050, which caused the group outbreak in 2009 in Georgia. The chromosome sizes
of the strains are comparable and slightly different, with identical GC content. The total
numbers of genes, including RNA genes, are about the same amount, but the chromosome
of the strain SCPM-O-B-9427 contained more pseudogenes.

Table 2. Major genome characteristics of the EAHEC strains SCPM-O-B-9427, 2011C-3493, and
2009EL-2050.

Feature/Strain SCPM-O-B-9427 2011C-3493 2009EL-2050

GenBank chromosome CP086259 CP003289 CP003297
Region Russian Federation Germany Georgia
Isolation year 2018 2011 2009
Serotype O181:H4 O104:H4 O104:H4
ST ST678 ST678 ST678
stx subtype 2a 2a 2a
aggDCBA cluster + + +
Chromosome size, bp 5,268,110 5,273,097 5,253,138
GC content of chromosome, % 50.7 50.7 50.7
Genes (total) 5408 5314 5325
CDS (total) 5283 5191 5197
Genes (RNA) 125 123 128
rRNAs 8, 7, 7 (5S, 16S, 23S) 8, 7, 7 (5S, 16S, 23S) 8, 7, 7 (5S, 16S, 23S)
tRNAs 95 92 97
Pseudogenes (total) 297 227 237
Plasmids - - p09EL50 (109,274 bp)

- pESBL-EA11 (88,544 bp) -
pB-9427-1 (83,340 bp) - -
pB-9427-2 (75,544 bp) pAA-EA11 (74,213 bp) pAA-09EL50 (74,213 bp)
pB-9427-3 (51,013 bp) -
pB-9427-4 (7939 bp) -
pB-9427-5 (6728 bp) -

- pG-EA11 (1549 bp) pG-09EL50 (1549 bp)

Note: ST, sequence type; CDS, coding sequence.
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2.3. Genotypic Profiling of the EAHEC Strain SCPM-O-B-9427

Genoserotyping of the strain SCPM-O-B-9427 was performed by extracting the se-
quences of the wzx gene (identity 100%, AB812078) and wzy gene (identity 99.92%, AB812078),
which confirmed the affiliation of E. coli SCPM-O-B-9427 with the serogroup O181. The fliC
gene was assigned to the type H4 (identity 100%, AJ605764). The stxA and stxB genes cod-
ing Shiga toxin Stx2a subunits A and B (identity 100%, LC645441), cluster genes aggDCBA
coding the aggregative adhesion fimbriae (AAF), and the transcriptional activator aggR
(identity 100%, CP003291) were detected in the genome.

In silico multi-locus sequence typing (MLST) based on seven loci of house-keeping
genes by the Achtman’s MLST scheme database (adk_6, fumC_6, gyrB_5, icd_136, mdh_9,
purA_7, recA_7) showed the strain SCPM-O-B-9427 belonging to ST678 [27]. The same
sequence type was identified for the strain E. coli 2011C-3493 O104:H4 that caused the large
German outbreak in 2011 and for the strain E. coli 2009EL-2050 O104:H4 that was isolated
in the Republic of Georgia, in 2009.

Several chromosomal-located virulence genes were identified in the strain SCPM-O-
B-9427 as well as in the genomes of two above-named EAHEC strains of O104:H4. The
strain SCPM-O-B-9427 was positive for aaiC gene (coding type VI secretion protein), capU
(hexosyltransferase homolog), fyuA (siderophore receptor), gad (glutamate decarboxylase),
iha (adherence protein), irp2 (high-molecular-weight protein 2 non-ribosomal peptide
synthetase), iucC (aerobactin synthetase), iutA (ferric aerobactin receptor), lpfA (long polar
fimbriae), pic (serine protease autotransporters of Enterobacteriaceae, SPATE), sigA (serine
protease), and terC (tellurium ion resistance protein). However, the differences between
three EAHEC strains were found: compared to the strains of O104:H4, the strain SCPM-
O-B-9427 is negative for the neuC gene coding the polysialic acid capsule biosynthesis
protein; and the strain 2011C-3493 is negative for the bor gene coding the serum resistance
lipoprotein, while the strains SCPM-O-B-9427 and 2009EL-2050 are positive. In addition
to the aggDCBA cluster and aggR regulator gene, other EAEC genetic determinants were
detected in all three EAHEC strains: sepA gene (Shigella extracellular protein A), aap gene
(dispersin), and aat operon (factor of adhesion). Other E. coli virulence genes such as fimH,
sfa, papA, hylA, cnfl, aer, and afaC were not detected.

2.4. Chromosomal SNPs in the EAHEC Strains SCPM-O-B-9427, 2011C-3493, and 2009EL-2050

Chromosomes of the strains SCPM-O-B-9427, 2011C-3493, and 2009EL-2050 were
compared using Snippy software for detailed genomic analysis. A comparison between the
strains SCPM-O-B-9427 and 2011C-3493 revealed 1326 SNPs (959 synonymous, 242 non-
synonymous, and 125 intergenic) and 26 insertions and deletions; 19 of them were intergenic.
On the contrary, the difference between SCPM-O-B-9427 and 2009EL-2050 chromosomes
was significantly less: 1053 SNPs were identified (793 synonymous, 180 non-synonymous,
and 80 intergenic) as well as 20 insertions and deletions, and 14 of them were intergenic.
Revealed SNPs were not evenly distributed along the chromosome but clustered in a
few regions; the biggest one was the region coding lipopolysaccharide synthesis. The
distribution of SNPs, insertions, deletions, and the chromosome complex of the strain
SCPM-O-B-9427 compared to the strains 2011C-3493 and 2009EL-2050 is shown in Figure 1.

2.5. Chromosomal Structural Comparison of the Strains SCPM-O-B-9427, 2011C-3493, and
2009EL-2050

We studied the chromosomal architectures of the hybrid EAHEC strains SCPM-O-B-
9427, 2009EL-2050, and 2011C-3493, which are very similar in overall structure, without
rearrangements detected using Artemis (Figure 2). However, significant differences be-
tween genomes were revealed consisting of one extended inverted region in the genome of
the strain SCPM-O-B-9427 and unique regions for each of three EAHEC strains. The features
of non-homologous unique regions of the strains SCPM-O-B-9427, 2009EL-2050, and 2011C-
3493 are listed in Table 3. The region R1 of the strain SCPM-O-B-9427 is not homologous
to the same regions of the strains 2011C-3493 and 2009EL-2050. Since the strains belong
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to different serogroups, the region R2 carries genes are involved in lipopolysaccharide
synthesis (O104 and O181 antigen gene clusters).
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orientation is reversed between strains. Arrows on the top and bottom indicate white lines showing
that unique regions are non-homologous or are absent in another strain.
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Table 3. Feature of unique regions of EAHEC strains SCPM-O-B-9427, 2009EL-2050, and 2011C-3493
detected using Artemis.

Region
Sequence, Kbp/GC Content. %

Note
SCPM-O-B-9427 2009EL-2050 2011C-3493

R1 52.0/47.5 45.0/56.5 44.5/56.8 Part of R1 are incomplete prophages and in the strain
SCPM-O-B-9427 are related to Enterobacteria phage BP-4795
(NC_004813) and in other strains to Enterobacteria phage P1
(NC_005856).

R2 11.7/31.4 9.6/30.7 9.6/30.7 The region contains the genes involved in lipopolysaccharide
synthesis of O104 (the strains 2011C-3493 and 2009EL-2050)
and O181 (the strain SCPM-O-B-9427) antigen gene clusters.

R3 33.9/52.6 33.9/52.6 32.6/53.0 The region of the strain 2011C-3493 is related to Bacteriophage
sp. isolate ctdA53 (BK038108) and the regions of the strains
SCPM-O-B-9427 and 2009EL-2050 to Escherichia phage
Lambda_ev017 (NC_049948).

R4 21.6/51.4 20.1/52.3 20.1/52.3 The region contains the chromosomal genes, IS elements,
and genes coding the hypothetical proteins.

R5 61.6/50.2 60.6/50.2 60.9/50.2 The region is the stx2a prophage.
R6 65.6/49.2 - - The region contains the chromosome genes, part of them

coding the type II secretion system.
R7 - 11.0/43.3 27.8/45.7 The region contains the genes related to Enterobacteria phage

Sf6 (NC_005344).
R8 - 44.6/50.5 44.6/50.5 The region contains the genes related to intact Enterobacteria

phage lambda (NC_001416).
R9 - 14.8/53.1 30.2/49.0 The region coding the chromosome genes that are partly

missed in the strain 2009EL-2050.

The strains 2011C-3493 and 2009EL-2050 are very similar genetically, and the regions
of diversity with the strain SCPM-O-B-9427 are partly matched. Three unique regions (R7,
27.8 kbp; R8, 44.6 kbp; and R9, 30.2 kbp) of the strain 2011C-3493 are absent in the strain
SCPM-O-B-9427; two of them were related to prophages; these prophages are truncated
in the genome of the strain 2009EL-2050. Interestingly, the strains SCPM-O-B-9427 and
2009EL-2050 have a prophage (R3), which is missed in the strain 2011C-3493. The region R6
of the strain SCPM-O-B-9427 is unique and carrying the genes coding the type II secretion
system; the region R4 of this strain is not homologous to the same regions of the strains
2011C-3493 and 2009EL-2050. The stx2a prophage (R5) is almost identical in the strains
SCPM-O-B-9427 and 2009EL-2050, and there is a large number of SNPs in some genes in
the strain 2011C-3493 (Table 3).

2.6. Comparison of the stx2a Prophages Located in the Genomes of the Strains SCPM-O-B-9427,
2011C-3493, and 2009EL-2050

We performed a comparison of the stx2a-carrying prophages of the strains SCPM-O-
B-9427, 2011C-3493, and 2009EL-2050 using BRIG (Figure 3). The comparative analysis
showed that the stx2a phage of the strain SCPM-O-B-9427 is highly homologous to the
phage of the strain 2009EL-2050 and distinguished from that of the strain 2011C-3493. The
strains SCPM-O-B-9427 and 2009EL-2050 carried a bor gene, which may be involved in
serum complement resistance, but the strain 2011C-3493 does not have this gene. The
second difference between the strain 2011C-3493 and other two strains is in sequence of
putative tail fiber protein, which is 133 amino acids shorter. The third site of difference is a
deletion, which perturbed homologous antirepressor proteins genes (antA and antB); the
anti-termination protein gene is absent in the strain 2009EL-2050.
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Figure 3. BRIG diagram of stx2a phages comparison. From center to outside: SCPM-O-B-9427 (black
ring), 2009EL-2050 (blue ring), and 2011C-3493 (purple ring). The genes of the strain SCPM-O-B-9427
(colored green) show the regions of differences with the strains 2009EL-2050 and 2011C-3493.

Nucleotide sequence alignment of the stx2a-carrying phages of three EAHEC strains
was carried out by Snippy. A comparison between prophages of SCPM-O-B-9427 and
2011C-3493 strains showed 198 SNPs (132 synonymous, 43 non-synonymous, and 23 in-
tergenic) and 6 insertions and deletions, where 3 of them are intergenic. The changes of
nucleotides did not affect the stx genes, which were the most SNPs detected in the genes
coding hypothetical proteins and putative endolysin. The number of SNPs between the
stx2a phages of the strains SCPM-O-B-9427 and 2009EL-2050 is only five. One of them is
intergenic, one is a non-synonymous change in each of two genes (hypothetical protein,
putative tail fiber protein), and one is a synonymous change in each of two genes (repressor
protein CI, Shiga toxin 2 subunit A).

2.7. The Plasmids of the Strain SCPM-O-B-9427

Five plasmids were identified in the strain SCPM-O-B-9427. Plasmid sequences were
compared using BLASTn to the NCBI nucleotide database to identify their closest matches,
which are given in Table 4. The plasmid pB-9427-2 (CP086261) is homologous to pAA
plasmid, which harbored several EAEC-specific virulence loci, including aggDCBA cluster,
aggR gene, aatPABCD operon, sepA gene, and aap gene. Importance of pAA in disease
severity has been demonstrated: it was involved in the host–pathogen interaction [28]
(Berger et al., 2016). We compared the plasmid pB-9427-2 with homologous plasmids
pAA-EA11 and pAA-09EL50 of the strains 2011C-3493 and 2009EL-2050. The plasmids do
not have rearrangements; the size of pB-9427-2 was 1331 bp bigger due to an additional
insertion caused by IS4-like element IS421 family transposase (Figure 4).
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Table 4. Plasmids of the strain SCPM-O-B-9427.

Plasmid Accession
Number

GC
Contain

(%)
Homolog

Query
Cover

(%)

Percentage of
Identity

(%)
Note

pB-9427-1 CP086260 53.3 Escherichia coli FDAARGOS_1300
plasmid unnamed3
(CP069999)—82,270 bp

98 99.53 F plasmid

pB-9427-2 CP086261 47.2 Escherichia coli O104:H4
FDAARGOS_348 plasmid
unnamed2 (CP022087)—75,559 bp

100 99.91 pAA plasmid

pB-9427-3 CP086262 49.6 Escherichia coli SJ7 plasmid pSJ7-2
(CP051658)—53,543 bp

94 99.23 Contains genes
encoding the type
IV conjugative
transfer system

pB-9427-4 CP086263 41.6 Escherichia coli RHBSTW-00895
plasmid pRHBSTW-00895_4
(CP056266)—7939 bp

100 99.67 Contains genes
related to
mobilization
proteins

pB-9427-5 CP086264 51.3 Shigella sonnei 500867 plasmid
pSSE2 (KP979588)—6728 bp

100 100 Contains
plasmid-borne
E-type colicin
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Figure 4. BRIG diagram of pAA plasmids comparison. From the center to outside: pB-9427-2 (black
ring), pAA-09EL50 (blue ring), and pAA-EA11 (green ring). The cluster genes aggDCBA coding
aggregative adhesion fimbriae (AAF) and transcriptional activator aggR are indicated (colored red).
An additional insertion caused by IS4-like element IS421 family transposase in pB-9427-2 is shown
(colored violet).

The nucleotide sequence comparison of pB-9427-2 with 2011C-3493_pAA-EA11 by
Snippy showed 39 SNPs (19 synonymous, 11 non-synonymous, and 9 intergenic) and
5 insertions; and with 2009EL-2050_pAA-09EL50, it showed 35 SNPs (21 synonymous,
10 non-synonymous, and 4 intergenic) and 7 deletions (four intergenic) and 1 insertion
in finO (conjugal transfer fertility inhibition protein). The changes of nucleotides did not
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affect the virulence genes, and the most SNPs were detected in umuC (DNA polymerase
V subunit), finO, traX (conjugal transfer pilus acetylation protein), traI (conjugal transfer
nickase/helicase), and in transposase (IS110 family protein).

Another four replicons of the strain SCPM-O-B-9427 were not homologous to the
plasmids of the strains 2011C-3493 and 2009EL-2050 (pESBL-EA11, pG, and p09EL50)
(Table 2). The plasmids of the strain SCPM-O-B-9427 did not carry any antibiotic resistance
genes, and there were not identified any significant virulence factors on the plasmid pB-
9427-5 except celb gene (endonuclease colicin E2).

2.8. Phylogenetic Analysis for E. coli O181 and O104:H4

To clarify the relationship of the hybrid EAHEC strain SCPM-O-B-9427 and several E.
coli strains of O104:H4 and O181 found in the database NCBI, a phylogenetic tree based
on the core chromosomal SNPs using Wombac was built. The tree was represented on
96,244 SNPs of 25 strains (Figure 5). The E. coli strains were grouped due to their sero- and
MLST sequence type. The hybrid strain SCPM-O-B-9427 was very closely related to the
group of O181:H4 and O104:H4 strains while not to the strains of O181 non-H4 serogroups.
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nucleotide position.

For a better understanding of the relationship within the group of the strains belonging
to ST678, a second phylogenetic tree based on 2115 core SNPs of 12 strains was built. E. coli
strains formed three clusters: the first one included the strains of O181:H4 serotype; the
second included the strains of O104:H4 serotype (caused outbreaks in Germany, 2011 and
Georgia, 2009) and the third the other O104:H4 strains (Figure 6). The strains from the
second and the third clades are hybrid, carrying both the stx2 gene and aggDCBA cluster.
The difference between the second and the third clades was the carriage of fimbriae AAF/I
or fimbriae AAF/III gene cluster, respectively.

On the phylogenetic tree, the strains of O181:H4 are spaced from the center of the clade
and do not form a well-defined subclade. The performed comparison of the SCPM-O-B-
9427 chromosome with other E. coli O181:H4 genomes showed that the core SNP numbers
varied from 133 to 159. Major strains carried genes coding fimbriae AAF/I; only three of
them including the strain SCPM-O-B-9427 additionally carried the stx2 genes and were
attributed as EAHEC.
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We compared the sequences of stxA and stxB genes of O181:H4 strains (Figure 6),
which were attributed to the 2a type. Significant differences were revealed between named
genes of the strain SCPM-O-B-9427 and other two strains of this clade, PNUSAE005891 and
PNUSAE043602. The strains PNUSAE005891 and PNUSAE043602 have identical sequence
of stx2 genes. Although StxA amino acid sequences are the same for the three strains, i.e.,
PNUSAE005891, PNUSAE043602, and SCPM-O-B-9427, seven synonymous SNPs were
identified in the stxA gene of the strain SCPM-O-B-9427. Moreover, two synonymous SNPs
and one SNP that led to a change from alanine to valine were detected in the stxB gene of
the strain SCPM-O-B-9427 compared to the same gene of the strains PNUSAE005891 and
PNUSAE043602.

We also compared the stx2a-carrying phage sequence of the strain SCPM-O-B-9427
with the same phage sequences of the strains PNUSAE005891 and PNUSAE043602. In
NCBI Genome, the results of whole-genome sequencing of these strains are the assemblies
of contigs. In the strain PNUSAE005891, the stxA and stxB genes were located in the
contig 51 (AASQNB010000051, 21,013 bp) and in the strain PNUSAE043602 in the contig
30 (AAQWXB010000030, 73,345 bp). Sequence alignment of the stx2a phage of the strain
SCPM-O-B-9427 and the contig 30 of the strain PNUSAE043602 showed only 11% query
cover (the region of stx genes) and 96.24% identity of this region. It was pointed out that
the stx2a-carrying phages have a different genetic structure. BLAST search revealed the
closest to the prophage of the strain PNUSAE043602 sequence of the stx2a-carrying phage
Stx2_12E129_yecE DNA (LC567842, 46,100 bp) with 82% query cover and 94.64% identity.
Comparison of the contig 30 of the strain PNUSAE043602 and assembly PNUSAE005891
revealed that the stx2a-carrying phage of the second strain fell to pieces, but apparently,
they are the similar.

3. Discussion

The conception about several well-classified pathotypes of DEC E. coli based on the
presence of specific virulence factors directly related to disease development existed before
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the German outbreak in 2011. This conviction collapsed due to the fact that this severe
outbreak was caused by a hybrid strain bearing the virulence factors of enteroaggregative
E. coli and Shiga-toxin-producing E. coli simultaneously [16,17]. After that, many studies
have shown that E. coli strains combining genetic markers belonging to different pathotypes
are more frequent than previously thought [12–15]. Hybrid DEC are associated with
more serious diseases and may frequently progress to HUS, which could be explained
by producing a set of proteins involved in intestinal colonization, leading to persistent
diarrhea and facilitating Stx absorption [29].

We present the description of a new hybrid EAHEC O181:H4 strain obtained from the
rectal swab of a HUS patient in St. Petersburg (Russian Federation) in July 2018. The strain
was investigated by whole-genome sequence analysis in this study.

The genoserotyping in silico confirmed that the strain SCPM-O-B-9427 was attributed
to O181:H4 serogroup and to the sequence type ST678. The same ST was identified for the
strains caused the large German outbreak in 2011 and the bloody diarrhea outbreak in the
Republic of Georgia in 2009, but these strains belonged to O104 serogroup [20]. Affiliation
to the same ST and similar sets of virulence genes suggested a close genetic relationship
between these strains belonging to different serogroups. We found six assemblies of E. coli
O181:H4 draft genomes in the NCBI database without detailed information about isolation
sources and hosts. All of them belonged to ST678 and carried the aggR gene, and only
two possessed stxA and stxB genes. Considering these data, it was not surprising that the
phylogenetic relationship of E. coli O181:H4 strains based on core SNPs were very closely
related to E. coli O104:H4.

Comparison of the strain E. coli SCPM-O-B-9427 with E. coli strains 2011C-3493 and
2009EL-2050 showed almost the same structure of their chromosomes and high similarity
of two pAA-carrying plasmids the major virulence factors and stx2a-bearing prophages.
There were identified few SNPs in the homologous parts of the chromosomes. However,
at the same time, they were variable from each other and have unique differences. Hence,
these strains carried distinct sets of the plasmids and unique regions in the chromosomes.
Thus, the compared strains are close relatives; probably, they have the same ancestor, but
different genetic events occurred during their evolution.

Unfortunately, study of the EAHEC strain SCPM-O-B-9427 genetic characteristics does
not allow answering the question about the origin and evolution of this pathogen. We
can suppose the hypothesis about the genesis of the EAHEC strain O104:H4 that caused
severe foodborne infection in Germany in 2011 [16]. The proposed development model
of this strain derivation consists of the acquisition of a stx2a-converting prophage into
an EAEC strain by transduction. The Stx-converting phages were considered as highly
mobile genetic elements capable of infecting a susceptible bacterium and leading to positive
Stx-conversion. However, apart from the transduction of the stx2a phage in an EAEC cell, it
should be introduced into the chromosome in appropriate location, be properly functioned,
and be stably inherited. In some cases, the infection of DEC strains by Stx-converting
phages has been carried out in experiments. The emergence of hybrid EAHEC strains is
not an often-occurring event, which can be explained by different susceptibility of EAEC
strains to the Stx-converting phages. Probably, the EAEC of O104:H4 and O181:H4 were
competent recipients of Stx-converting phages; moreover, they are very genetically close to
each other. It was revealed in our study that the stx2a prophages of the strains SCPM-O-B-
9427 and 2009EL-2050 are almost identical, while they were somewhat different from the
stx2a prophage of the strain 2011C-3493; nevertheless, all three stx2a prophages are very
similar. Interestingly, the E. coli strains PNUSAE005891 and PNUSAE043602 of the O181:H4
serotype carried different stx2a prophages compared to that of the strain SCPM-O-B-9427.
This fact may indicate an increased sensitivity of E. coli of different origins to the Stx-phage
infection. The forming of new hybrid DEC strains has high threat potential to humans due
to the combination of the damages induced by Stx on susceptible cells and the aggregative,
adherence-mediating fimbriae allowed to colonize the gastrointestinal tract, which can lead
to disease worsening and the development of HUS.
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E. coli are characterized by a high degree of genetic heterogeneity, high genome
plasticity, and the ability to exchange genetic information and thereby increase virulence, to
acquire drug resistance, and eventually improve the adaptation to different environments,
keeping E. coli as a successful bacterium in various ecological niches.

Although the strain SCPM-O-B-9427 and the “Georgian strain” caused not-so-large
foodborne outbreaks compared to that of the “Germany strain”, some patients developed
HUS. The emergence of O181:H4 EAHEC strain, phylogenetically related to the Shiga-
toxin-producing E. coli of O104:H4, show that new genetic variants continuously formed in
this bacterial species. Therefore, genetic research is essential for detecting and controlling
the spread of new variants of pathogenic bacteria.

4. Materials and Methods
4.1. Bacterial Strains Used in This Study

Escherichia coli strain SCPM-O-B-9427 was obtained from the patient’s rectal swab
received from The Center of Hygiene and Epidemiology in Saint Petersburg and deposited
into The State Collection of Pathogenic Microbes of The State Research Center for Applied
Microbiology and Biotechnology, Obolensk. It was not needed to obtain permission from
the Ethics Committee to conduct the study. The name of the strain does not contain personal
data about the patient.

4.2. Strain Isolation, Growing, Identification, and Susceptibility Testing

A clinical case of intestinal infection was registered in Saint Petersburg, Russian
Federation, in July 2018. Bacterial isolates were collected according to the Methodical Rec-
ommendations MR 4.2.2963-11 “Methods for laboratory diagnostic of the infections caused
by Shiga-toxin-producing E. coli (STEC-cultures) and detection of STEC pathogens in food”.
E. coli isolates were grown on the nutrient media “Enrichment media for Enterobacteriaceae
number 3” (SRCAMB, Obolensk, Russia) and “MacConkey agar” (HiMedia, Mumbai, Maha-
rashtra, India) at 37 ◦C for 18 h. Bacterial species identification was completed using API-20
biochemical test system (Biomereux, Marcy-l’Étoile, Auvergne-Rhône-Alpes, France) and
Vitek 2 Compact instrument (Biomereux, Marcy-l’Étoile, Auvergne-Rhône-Alpes, France)
using VITEK 2 GN ID card (Biomereux, Marcy-l’Étoile, Auvergne-Rhône-Alpes, France).
Bacterial isolates were stored in 10% glycerol at minus 70 ◦C.

Antimicrobial susceptibility testing was performed on Vitek2 Compact system (BioMérieux,
Marcy-l’Étoile, Auvergne-Rhône-Alpes, France) using AST-N101 card (BioMérieux, Marcy-
l’Étoile, Auvergne-Rhône-Alpes, France). The interpretation was made using requirements
of the “The European Committee on Antimicrobial Susceptibility Testing (EUCAST), ver-
sion 12.0, 2022 (http://www.eucast.org) (access on 5 September 2022). Escherichia coli ATCC
25922 strain was used as quality control.

4.3. DNA Isolation and Pathotype and Phylogroup Identification

DNA extraction was performed using a nucleic acid extraction kit AmpliSens® RIBO-
prep (InterLabService, Moscow, Russia). Pathotype detection was performed using commer-
cial assay AmpliSens® Escherichioses- FRT (InterLabService, Moscow, Russia). Detection of
stx and aggR genes were completed according to The European Union Reference Laboratory
method (EU Reference Laboratory VTEC, Rome, Italy, https://www.iss.it/about-eu-rl-vte)
(access on 9 September 2021). Multiplex PCR for phylogroup identification was performed
according to Clermont et al., 2013 [30].

4.4. Whole Genome Sequencing, Assembly and Annotation

DNA isolation was performed by CTAB method [31]. WGS was carried out using
Nextera DNA Library Preparation Kit (Illumina, San Diego, CA, USA) and MiSeq Reagent
Kits v3 (Illumina, San Diego, CA, USA) for platform Illumina MiSeq (Illumina, San Diego,
CA, USA). Long reads were obtained using Rapid Barcoding Kit RBK004 and flowcell R9.4.1
on MinION platform (Oxford Nanopore, Oxford Science Park, GB). WGS was performed
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by running MinKNOW software v. 21.06.13 (Oxford Nanopore, Oxford Science Park,
GB); basecalling was performed with Guppy v. 5.0.16 (Oxford Nanopore, Oxford Science
Park, GB) with defaults parameters [32]. Short and long raw reads were used to obtain
the hybrid assembly of the strain using Unicycler v. 0.4.7 software (The University of
Melbourne, Victoria, Australia) with default settings that included primary filtering and
quality control [33]. Annotation was carried out by NCBI Prokaryotic Genome Annotation
Pipeline (PGAP) v. 5.3 (National Center for Biotechnology Information, Bethesda, MD,
USA) [34].

4.5. Whole Genome Analysis

Serotyping and definition of virulence and resistance genes of complete genome
was performed in silico using online resources SerotypeFinder 2.0 [35], VirulenceFinder
2.0 [36], ResFinder 2.0 [37] of the Center for Genomic Epidemiology (Technical University
of Denmark, Kgs. Lyngby, Denmark). In silico multi-locus sequence typing (MLST) by
the Achtman’s MLST scheme database was performed with online resource MLST 2.0
of the Center for Genomic Epidemiology (Technical University of Denmark, Kgs. Lyn-
gby, Denmark) [27]. The prophage regions in the chromosome were identified by online
resource PHASTER (University of Alberta, Edmonton, AB, Canada) [38]. Web resource
BLAST was used for homologous plasmids searching (National Center for Biotechnol-
ogy Information, Bethesda, MD, USA) [39]. Online resource Genomics %G~C Content
Calculator [40] was used to calculate GC content. Whole-genome alignments were per-
formed using Mauve v. 2015-02-26 [41], Artemis Comparison Tool (Oxford University,
Oxford, GB) [42], and BRIG v. 0.95 (https://brig.sourceforge.net/, access on 5 September
2022) [43]. Phylogenetic trees were obtained with core SNPs identified by WOMBAC
(https://github.com/tseemann/wombac, access on 5 September 2022) [44] and were visu-
alized with SplitsTree4 (https://github.com/husonlab/splitstree4, access on 5 September
2022) [45] and FigTree v. 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/, access on 5
September 2022) [46] using NJ method. Snippy software (https://github.com/tseemann/
snippy, access on 5 September 2022) [47] was used to obtain variant calling into assem-
bled chromosomes and plasmids with default parameters. The stx2a prophage sequences
were extracted from the genomes using PHASTER (University of Alberta, Edmonton, AB,
Canada) with manual detection of att sites by BLAST. The R package [48] with ggplot2
library (https://www.r-project.org/, access on 5 September 2022) [49] was used to calcu-
late and visualize the distribution of SNPs, insertions, deletions, and complex in E. coli
chromosome.

Whole-genome sequence of E. coli strain SCPM-O-B-9427 was submitted into Gen-
Bank database (National Center for Biotechnology Information, Bethesda, MD, USA):
chromosome (CP086259) and five plasmids: pB-9427-1 (CP086260), pB-9427-2 (CP086261),
pB-9427-3 (CP086262), pB-9427-4 (CP086263), and pB-9427-5 (CP086264).

Complete genomes of EAHEC strains Escherichia coli O104:H4 str. 2011C-3493: chro-
mosome (CP003289), plasmid pAA-EA11 (CP003291), plasmid pESBL-EA11 (CP003290),
plasmid pG-EA11 (CP003292), and Escherichia coli O104:H4 str. 2009EL-2050: chromo-
some (CP003297), plasmid pAA-09EL50 (CP003299), plasmid p09EL50 (CP003298), plasmid
pG-09EL50 (CP003300) were used for comparative genomic analysis.

5. Conclusions

This study revealed the genetic properties of the new hybrid enteroaggregative/Shiga-
toxin-producing (EAHEC) strain E. coli of O181:H4 (SCPM-O-B-9427) obtained from the
patient with HUS in St. Petersburg (Russian Federation) in July 2018. The complete genome
assembly of the strain SCPM-O-B-9427 contains one chromosome (5,268,110 bp) and five
plasmids (pB-9427-1 83,340 bp; pB-9427-2 75,544 bp; pB-9427-3 51,013 bp; pB-9427-4 7939
bp; pB-9427-5 6728 bp). On the phylogenetic tree, the strain SCPM-O-B-9427 forms a close
group with the strains E. coli O181:H4 and E. coli O104:H4. The comparison of the strain
SCPM-O-B-9427 with E. coli O104:H4 strains 2011C-3493 (which caused the large German
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outbreak in 2011) and 2009EL-2050 (which was isolated in the Republic of Georgia in 2009)
showed that all of them have the almost identical sets of virulence genes. The chromosomal
architectures of the hybrid strains SCPM-O-B-9427, 2009EL-2050, and 2011C-3493 were
very similar in overall structure despite one extended inverted region in the strain SCPM-
O-B-9427. However, each of these strains was distinct, with extended unique regions
in the genome. The comparative analysis of stx2a prophages, an important virulence
determinant, showed that prophage of the strain SCPM-O-B-9427 is highly homologous to
the prophage of the strain 2009EL-2050 and distinguished from the prophage of the strain
2011C-3493. The analysis of the plasmid pAA homologous revealed that the plasmids
have no rearrangements; the size of the plasmid pB-9427-2 was 1331 bp bigger due to an
additional insertion caused by IS4-like element IS421 family transposase.

Notably, the strains SCPM-O-B-9427 and 2009EL-2050 did not cause enormous out-
breaks compared to the strain 2011C-3493. Therefore, hybrid strains producing Stx2 and
the aggregative adherence-mediating fimbriae simultaneously could have a potential threat
to humans. Combination of these virulence factors increase the pathogenic potential due to
the damaging effects on the intestinal epithelium and colonization of the gastrointestinal
tract. Therefore, it is necessary to undertake investigations of new genetic variants of
pathogenic E. coli to detect their spreading among people and in environments.
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Abstract: Addressing the emergence of antimicrobial resistance (AMR) poses a significant challenge
in veterinary and public health. In this study, we focused on determining the presence, phenotypic
background, and genetic epidemiology of plasmid-mediated colistin resistance (mcr) in Escherichia
coli bacteria isolated from camels farmed in the United Arab Emirates (UAE). Fecal samples were
collected from 50 camels at a Dubai-based farm in the UAE and colistin-resistant Gram-negative
bacilli were isolated using selective culture. Subsequently, a multiplex PCR targeting a range of
mcr-genes, plasmid profiling, and whole-genome sequencing (WGS) were conducted. Eleven of
fifty camel fecal samples (22%) yielded colonies positive for E. coli isolates carrying the mcr-1 gene
on mobile genetic elements. No other mcr-gene variants and no chromosomally located colistin
resistance genes were detected. Following plasmid profiling and WGS, nine E. coli isolates from
eight camels were selected for in-depth analysis. E. coli sequence types (STs) identified included
ST7, ST21, ST24, ST399, ST649, ST999, and STdaa2. Seven IncI2(delta) and two IncX4 plasmids
were found to be associated with mcr-1 carriage in these isolates. These findings represent the first
identification of mcr-1-carrying plasmids associated with camels in the Gulf region. The presence of
mcr-1 in camels from this region was previously unreported and serves as a novel finding in the field
of AMR surveillance.

Keywords: mcr-1 gene; plasmids; Escherichia coli; camels; United Arab Emirates (UAE)

1. Introduction

Antimicrobial resistance (AMR) is a pandemic that is characterized by the continuing
global spread of multidrug resistant (MDR) bacteria and accompanying AMR-carrying
mobile genetic elements, such as plasmids and transposons. This situation has arisen
mainly due to the extensive (inappropriate) overuse of antimicrobials over the last eight
decades [1]. The exhaustion of the antibiotic development pipeline, and the resulting
shortage of new antibiotics to combat MDR “superbugs” in the foreseeable future, has
sparked renewed interest in reviving previously unfavored antibiotics as being potentially
effective against MDR pathogens, particularly the previously unfavored polymyxins [1,2].
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Colistin is a polymyxin antibiotic whose relatively excessive adverse effects and
nephrotoxicity was previously deemed unfavorable for regular parenteral administration.
However, the antibiotic has been reintroduced into clinical practice in recent times in
order to provide a treatment against globally carbapenem-resistant Enterobacteriaceae,
Pseudomonas, and Acinetobacter infections [3]. However, as the prevalence of these MDR
Gram-negative bacteria increased, so did the use of colistin, resulting in the emergence
of several novel antimicrobial resistance mechanisms against colistin. Consequently, this
antimicrobial has generally lost its efficacy as a last resort for treating infections caused by
MDR Gram-negative bacteria worldwide [4]. The already concerning situation has been
exacerbated by the identification of mobile colistin resistance genes (mcr), predominantly
found on plasmids and, in some cases, on bacterial chromosomes [5,6]. In fact, prior to 2016,
colistin-resistant bacteria of humans and animals were only attributed to genetic mutations.
However, with more extensive colistin use, plasmid-mediated mobile colistin resistance
genes have emerged, which have demonstrated rapid dissemination, leading to restrictions
in the successful antibiotic therapy of MDR Gram-negative bacterial infections [7,8]. It is
now known that multiple variants of the mcr gene (mcr-1 to mcr-9) circulate globally in
humans, domesticated animals, and livestock, including poultry, pigs, and cows, with the
co-occurrence of multiple mcr genes within a single colistin-resistant bacterial isolate having
been observed [9–11]. In animals and food production, the appearance and evolution of mcr-
based colistin resistance is intricately linked to the utilization of colistin in the agricultural
sector, primarily for promoting animal growth in avian, porcine, and bovine species [12].

With respect to the nations of the Arabian Peninsula, the prevalence of carbapenem-
resistant Enterobacterales (CRE) infections has emerged as a significant concern, with
reports of CRE colistin resistance rates exceeding 20% [13–16]. However, although the
prevalence and diversity of mcr-carrying bacterial isolates have previously been docu-
mented in camels from Tunisia [17,18], studies have found no presence of mcr genes in
camels from Kenya (mcr-1 or mcr-2), Nigeria (mcr-1 to mcr-8), or Qatar [19–21]. No reports
have yet been made regarding the presence of mcr genes in camels from any country in the
Gulf region.

Camels play a vital role in arid regions of Asia and Africa, serving as essential livestock
resources for milk, meat, and labor, contributing significantly to the agricultural economies
of these nations. In many Middle Eastern countries, camel racing is a prestigious and well-
organized sport with a multimillion-dollar industry. Additionally, annual camel festivals,
featuring beauty contests, offer substantial prizes exceeding USD 22 million. The medicinal
value of camel milk has led to the development of advanced camel dairy farms in various
countries, meeting the high demand for camel milk and its related products [22]. For these
reasons, camels represent an emblem of Emirati heritage occupying a significant position
in the country’s customs and cultural rituals.

The primary aim of this study was to determine the phenotypic and genetic epidemi-
ology of plasmid-mediated colistin resistance in E. coli isolated from camels at a farm in the
United Arab Emirates and to compare the genotypic and phenotypic background of these
isolates, as well as genotypic aspects of mcr-carrying plasmids, with previously published
colistin-resistant E. coli isolates.

2. Results
2.1. Detection of mcr Genes, Plasmid Profiling and Antibiotic Susceptibility Profile

Eleven of the fifty camel fecal samples collected (22%) yielded colistin-resistant E. coli
colonies that were positive for the mcr-1 gene by PCR. This analysis revealed the exclusive
presence of the mcr-1 gene, with a total of 91 mcr gene-positive colonies being identified. Af-
ter PCR, 14 of the colistin-resistant isolates were subjected to gel electrophoresis and, based
on their different plasmid profiles, were subjected to WGS. After quality and contamination
checks, a total of nine E. coli isolates, derived from eight camels, were available for inclusion,
producing sequenced assemblies that matched previously published E. coli isolates and
plasmids carrying the mcr-1 gene. Three out of the nine were isolated from “inside” camels,
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while the remaining six were isolated from “outside” camels. All isolates were resistant to
colistin with an MIC of 4 mg/L. Three out of the nine isolates were resistant to more than
three classes of antibiotics tested, which is considered multidrug-resistant (Table 1).

Table 1. Antibiotic susceptibility of colistin-resistant, mcr1-positive, E. coli isolates from camels in
the UAE.

Strains Camel ID Colistin MIC (mg/L)
Resistance Detected by Disc Diffusion

Resistant Intermediate

UAE-C1-S1 1-inside 4 AUG, TET, SXT, AP, DXT CAZ, CPD, NA

UAE-C2-S2 2-inside 4 NA CIP, AP

UAE-C3-S3 3-inside 4 - CIP, NA

UAE-C4-S4 4-outside 4 GM, TET, CIP, SXT, CHL, NA, AP,
DXT, TOB AUG

UAE-C5-S5 5-outside 4 GM, TET, CIP, SXT, CHL, NA, AP,
DXT, TOB AUG

UAE-C7-S6 7-outside 4 NA CIP, AP

UAE-C10-S7 10-outside 4 - NA

UAE-C10-S8 10-outside 4 - NA

UAE-C11-S9 11-outside 4 NA CIP, AP

MIC—Minimum Inhibitory Concentration. AUG—Augmentin. AP—Ampicillin. CAZ—Ceftazidime. CHL—
Chloramphenicol. CPD—Cefpodoxime. CIP—Ciprofloxacin. DXT—Doxycycline. GM—Gentamicin. NA—Nalidixic
acid. SXT—Sulfamethoxazole. TOB—Tobramycin. TET—Tetracycline.

2.2. Clonality of the Isolates

Whole-genome sequencing analysis revealed that the nine E. coli isolates were assigned
to six known sequence types (STs). The most common sequence types (2/9 (22.2%)) among
the isolates were ST399, STdaa2, and ST21. These were followed by ST24, ST7, and ST999
as singletons. Core genome multi-locus sequence typing (cgMLST) analysis of the isolates
revealed that colistin-resistant E. coli isolates UAE-C3-S3/UAE-C10-S8 (STdaa2), UAE-C2-
S2/UAE-C7-S6 (ST399), and UAE-C4-S4/UAE-C5-S5 (ST21) possessed identical genotypes.
All remaining isolates showed allelic differences in the range of 523–2356 allelic differences
(Figure 1). Further phylogenetic analysis based on k-mer analysis of current and publicly
available E. coli isolates showed that the UAE isolates did not cluster into a single clonal
group. Instead, they were associated with several different previously published genotypic
clusters of E. coli originating from different countries and regions of the world, including
clinical, food, and environmental samples (Figure 2).

2.3. Antimicrobial Resistance Genes

Detailed examination of the nine E. coli isolates listed in Figure 3 showed the presence
of the mcr-1 colistin resistance gene with a 100% identical sequence match between all
isolates. Of note, four of these colistin-resistant E. coli isolates exhibited an MDR profile, by
carrying genes conferring resistance to aminoglycosides, beta-lactams, tetracycline, sulfon-
amide, and quinolones. Trimethoprim resistance (dfrA5) was detected in a single isolate,
while four isolates exclusively possessed the mcr-1 gene without additional resistance genes.
Additionally, a single isolate showed resistance to tetracyclines and quinolones in addition
to colistin. The results of in silico AMR gene prediction were consistent with the phenotypic
susceptibility results (Table 1).
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Figure 1. Representation of the MLST analysis of the nine E. coli genomes with the core genes 
(cgMLST scheme). The MLST (Pasteur scheme) of the isolates is also indicated. Most of the isolates 
possessed a high degree of genomic diversity. An exception was the four isolates (two pairs of iso-
lates) that, although deriving from different camels, were observed to have identical genotypes. 
Nodes represent isolates, numbers indicate allelic differences, and grey clustering indicates identical 
genotypes. The MLST (Pasteur scheme) is indicated by the colored circles. 

Figure 1. Representation of the MLST analysis of the nine E. coli genomes with the core genes
(cgMLST scheme). The MLST (Pasteur scheme) of the isolates is also indicated. Most of the isolates
possessed a high degree of genomic diversity. An exception was the four isolates (two pairs of
isolates) that, although deriving from different camels, were observed to have identical genotypes.
Nodes represent isolates, numbers indicate allelic differences, and grey clustering indicates identical
genotypes. The MLST (Pasteur scheme) is indicated by the colored circles.

2.4. Serotype of E. coli Isolates

WGS analysis revealed the presence of four different serotypes among the study
isolates (Table 2). Specifically, the serotypes identified were O81 and O49 in conjunction
with ST399 and ST21, respectively. It is notable to mention that only two out of nine isolates
were of serotype O81. The distribution of phylogroups among the isolates was primarily in
phylogroup B1 (five of nine), followed by phylogroup D (two of nine). Regarding the genes
responsible for the expression of type 1 fimbriae, an association was observed between the
STs and the FimH type.
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names from the current UAE study marked in red and larger font size; the second circle indicates 
sequence type (ST) characterization using an eight-gene comparison scheme; the third circle indi-
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Figure 2. Circular visualization of k-mer sequence comparisons (approximately 4.7–5.3 megabases)
of the nine colistin-resistant E. coli isolates investigated in this study with 184 publicly available E. coli
genomes. The maximum likelihood tree in the figure describes the SNP differences. From the inner
to the outer circle: the inner circle indicates publicly available genomes of E. coli with the names from
the current UAE study marked in red and larger font size; the second circle indicates sequence type
(ST) characterization using an eight-gene comparison scheme; the third circle indicates country of
isolation; and the outer circle shows the host from which the E. coli was isolated. Gaps in the circles
represent E. coli genomes with missing country, continent, and/or host metadata.

2.5. Virulence Profiles of mcr-1 Producing E. coli Isolates

All genomes were aligned against an E. coli-specific virulence gene database and
recorded as positive or negative. A total of 44 genes were screened representing different
categories (Figure 4). There was a slight difference in the presence of virulence genes based
on the ST types. The highest values were recorded in UAE-C1-S1 (ST24), while the lowest
were recorded in UAE-C11-S9 (ST 999). The most common genes carried by over 50% of
the isolates were genes responsible for long polar fimbriae (lpfA), E. coli hemolysin (hlyE),
outer membrane protease (protein protease 7) (ompT), tellurium ion resistance protein
(terC), curlin major subunit (csgA), and lipoprotein NlpI precursor (nlpl). The aerobactin
siderophore genes iutA and iucC were present only in UAE-C1-S1 (ST24).
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Figure 3. Presence of AMR genes as predicted by WGS in mcr-1-producing E. coli isolates from
camels in the UAE. The green squares indicate the presence with >95 and <100 hits with the reference
sequence of the CARD database, while the blank squares indicate the absence of the AMR gene.
Yellow squares indicate 100% hits with the reference sequence of the CARD database. The clustering
of isolates is based on the presence of AMR genes in the respective E. coli genomes.
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Table 2. WGS serotype and phylogroup prediction of mcr1 E. coli from the UAE.

Strains Sequence Type Phylogroup Serotype FimH Type CH Type: 4-31

UAE-C1-S1 24 B1 H25, O9 fimH27 fumC4-fimH24: 4-27

UAE-C2-S2 399 B1 H14, O81 fimH24 fumC6-fimH24: 6-24

UAE-C3-S3 daa2 D H48, O56 fimH577 fumC26-fimH577: 26-577

UAE-C4-S4 21 B1 H9, O49 fimH32 fumC4-fimH32: 4-32

UAE-C5-S5 21 B1 H9, O49 fimH32 fumC4-fimH32: 4-32

UAE-C7-S6 399 B1 H14, O81 fimH24 fumC6-fimH24: 6-24

UAE-C10-S7 7 C H9, O21 fimH35 fumC4-fimH35: 4-35

UAE-C10-S8 daa2 D H48, O56 fimH577 fumC26-fimH577: 26-577

UAE-C11-S9 999 A H5 fimH41 fumC7-fimH41: 7-41

2.6. Characterization of mcr-1 Plasmids

Nine plasmids carrying the mcr-1 gene were positively detected in fecal samples
from eight different camels. Three of these camels were kept in an indoor enclosure
while the remaining five were taken outside for various activities. All of the plasmids
detected were found to match publicly available plasmid sequences from around the globe.
Public plasmids similar to plasmids in this study were hosted in the majority of E. coli
and Salmonella sp. In particular, the E. coli isolates UAE-C1-S1, UAE-C2-S2, UAE-C3-S3,
UAE-C7-S6, UAE-C10-S7, UAE-C10-S8, and UAE-C11-S9 contain IncI2(delta) plasmids,
whereas E. coli isolates UAE-C4-S4 and UAE-C5-S5 carried IncX4 plasmids. The IncI2(delta)
plasmids had identical genetic backgrounds, with the exception of UAE-C10-S8, which had
an additional gene, repA. Both IncX4 plasmids had identical genetic backgrounds (Figure 5).
When mcr-1 genome synteny was examined, no integrons were present, although mcr-
1 genome synteny was different between the two different incompatibility types (Inc)
(Figure 6).
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Figure 5. Circular representation of mcr plasmids based on sequence alignment and gene visualization.
Seven IncI2(delta) plasmids with identical genetic backgrounds were identified, except for UAE-C10-
S8, which possessed an additional repA gene. Additionally, two IncX4 plasmids with identical genetic
backgrounds were identified. The inner circle represents the GC skew of the plasmids and the middle
circles represent each of the plasmids. The outer circle with the arrows represents nucleotide bases
and CDS (genes) of the plasmid that the graph was based upon (for IncI2(delta)—sample UAE-C10-S8
and for IncX4—sample UAE-C4-S4). Annotations of important CDS are included in the Figure.
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Figure 6. Representation of the genomic background of the IncI2(delta) (a) and IncX4 (b) plasmids
carrying the mcr-1 gene. IncI2(delta) and IncX4 plasmids carrying mcr-1, in this study, are observed to
have a similar genetic backbone in terms of sequence and gene content. Additionally, the mcr-1 gene
is included in all plasmids in the same region. The mcr-1 is surrounded by hypothetical proteins and
repeat sequences; integron-related genes are absent. Orange arrows indicate genes, the mcr-1 gene
is indicated with a black arrow, and the black dotted line tracks the position among plasmids. The
direction of the arrow indicates the direction of the gene. Grey shading among plasmid sequences
indicates the sequence identity between them (which was 97–100%). Red shading among them
indicates reverse regions in the sequences.

3. Discussion

The current publication describes a comprehensive genomic analysis of mcr-1-carrying
plasmids and their corresponding E. coli isolates obtained from camels in the United
Arab Emirates (UAE). The study is the first in-depth genomic investigation into colistin
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resistance and its mechanisms in camels within the UAE and the Gulf region. The results
were obtained from a single farm in the UAE using a limited number of samples. Further
research is required to determine if more camels in the UAE and Gulf region carry colistin-
resistant mcr gene-carrying bacteria.

Resistance to polymyxins, including colistin, in Gram-negative enteric bacteria, has
historically been rare. The primary mechanism originally involved mutations in bacterial
chromosomal genes such as mgrB, phoP/phoQ, and pmrA/pmrB, leading to modifications
in bacterial lipopolysaccharides (LPSs) that conferred protection against the polymyxin
cationic peptide [23]. This situation has now been complicated by the identification and
recognition of the global dissemination of the plasmid-mediated colistin resistance gene
mcr-1 [24]. Additionally, there is a growing appreciation of the problem of polymyxin
resistance relating to a “ONE Health” perspective [25]. For example, in veterinary medicine,
colistin has been used extensively and in large quantities for decades for the prevention and
therapy of infectious diseases in all continents, as well as for growth promotion in some
Asian countries, such as China, Japan, India, and Vietnam [26]. The identification of four
colistin-resistant E. coli isolates with a multidrug-resistant (MDR) profile underscores the
complex nature of antimicrobial resistance in this context. The presence of genes conferring
resistance to aminoglycosides, beta-lactams, tetracycline, sulfonamide, and quinolones
within these isolates highlights the potential for widespread resistance to multiple classes
of antibiotics among camel-derived E. coli strains. Such MDR phenotypes pose significant
challenges for the effective treatment of bacterial infections in both veterinary and public
health settings.

It is noteworthy that mcr-1-positive Enterobacterales isolates have been previously
reported in the UAE; however, these were specifically associated with poultry [27–29],
whereas the current study focused on colistin-resistant E. coli from camels, indicating a
relatively high frequency of mcr-1-positive E. coli (22%) within a farm camel population
in the UAE. In fact, more than seventy-five genotypic sequence types (STs) of E. coli have
been reported to carry mcr-1 [25]. Phylogenetic analysis of the nine colistin-resistant E.
coli isolates investigated in the current study revealed that these nine isolates were not
clonally related to each other or to other reported global ST genotypes, with UAE-similar ST
genotypes having previously been isolated from several different countries and continents,
as well as from animal, clinical, food, and environmental sources (Figure 2). The detection
of a higher proportion of mcr-1-positive E. coli strains from “outside” camels compared
to “inside” camels suggests a potential scenario of introduction from external sources.
It is conceivable that outside camels, through environmental exposure or contact with
other herds, serve as reservoirs or carriers of antibiotic-resistant strains, subsequently
introducing them to the farm environment. Furthermore, the identification of resistant
strains originating from external sources highlights the importance of stringent biosecurity
measures and surveillance protocols to mitigate the risk of introduction and dissemination
of antibiotic resistance within animal populations. This collective evidence underscores the
need for a ONE Health approach to combatting colistin resistance, specifically in identifying
the global dissemination of E. coli ST genotypes with the potential to spread mcr-1-carrying
plasmids across different continents, origins, and environments.

To date, 10 variants of the mcr gene have been described in bacteria isolated from
human, animal, and environmental sources [30]. These mcr genes, particularly mcr-1, are
carried by various plasmid types in Enterobacterales, including IncI2 (with a size range
of 50–250 kb), IncX (30–50 kb), IncHI (75–400 kb), IncY (90–100 kb), IncP (70–275 kb), IncF
(45–200 kb), IncN (30–70 kb), and IncQ (8–14 kb) [30]. Over the past decade, IncI2, HI2, and
X4 have predominantly served as carriers for mcr-1 in both human and animal populations,
contributing to the escalation of antimicrobial resistance (AMR) in Asia, Europe, and the
Middle East. This underscores the significance of the zoonotic transmission of colistin
resistance [31].

In the current study, mcr-1-positive IncI2 and IncX4 plasmids were isolated. These two
plasmid types were closely associated with mcr-1-related AMR associated with non-camel
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livestock in the UAE, as documented in several studies over the past 4 years [27–29]. IncI2
plasmids have been identified in several mcr-1 cases on various hosts worldwide [32], while
the IncX4 plasmid type has been recognized as the primary carrier of the mcr-1 gene in
isolates from healthy individuals in China [33], as well as in Enterobacteriaceae isolates
carrying carbapenem and mcr-1 resistance genes simultaneously from clinical patients in
Thailand [34]. Our study identified the presence of mcr-1 genes on both IncI2 and IncX4
plasmids, which have been recently observed in E. coli isolates from food, livestock, and
humans across various countries [35,36].

Additionally, IncX4 plasmids are characterized by their genetic stability and their
relatively smaller size compared to IncI2 plasmids [37,38]. Further, IncI2 replicon type
plasmids are known for their robust competitive and fitness advantage within the host
bacterium compared to other plasmid types such as IncHI2 or IncX4 plasmids [32,39].
With respect to the mcr-1 gene, its presence has been noted to provide fitness advantages
to its bacterial host when present on both IncI2 and IncX4 plasmids. This observation
suggests that the impact on host strain fitness can vary depending on the combination of
host strain and plasmid. This variability could potentially clarify why IncI2 and IncX4 are
the predominant carriers of mcr-1 on a global scale [32]. When compared, the individual
mcr-1-carrying IncI2(delta) and IncX4 plasmids from this study (Figure 2) were found
to have differences in mcr-1 genome synteny between the two different incompatibility
types. However, no integrons were detected, suggesting potential plasmid transmission
among the camels themselves, or alternatively, through animal food or exposure to common
environments that were shared by the camels on the farm tested.

This study represents the first screening and detailed analysis of mcr-1-positive E. coli
and corresponding plasmids isolated from camels in the United Arab Emirates. Although
we were unable to obtain data on antimicrobial use on the farm from which the samples
were obtained, this prevalence may indicate the frequent use of colistin and possibly other
antimicrobials in the camel industry of this region. The significance of camels in the UAE
and the Gulf region is immense, permeating various economic and recreational activities
and holding a central place as a cultural heritage. Camels play an indispensable role in
daily life, providing essential resources such as meat and milk. Despite this fact (and with
the exception of research studying the feces of camel/calves in Tunisia, Kenya, and Nigeria,
where colistin-resistant bacteria were found to be devoid of the mcr gene), to the best of our
knowledge no other studies have reported the existence of bacterial isolates carrying mcr-1
genes in camels from the Gulf region [17,19,20]. This finding indicates the absence of such
research in camels in the Gulf region. This oversight is unfortunate given the critical role
camels play in the Gulf region, and highlights the need for more attention and investigation
into the antimicrobial resistance patterns associated with these animals.

Based on our findings, further investigations are required to elucidate the precise
dynamics behind the dissemination of mcr-1-carrying plasmids among international camel
populations, including their co-occurrence with, and role in, MDR strains possessing
resistance to aminoglycosides, beta-lactams, tetracycline, sulfonamide, and quinolones.

4. Materials and Methods
4.1. Sample Collection

Samples were collected from a government-owned camel farm located in Dubai, UAE,
which could accommodate approximately 300 camels. Camels were divided into two
main groups: inside camels—which have resided at the farm for a minimum of five years,
and outside camels—which are imported into the farm annually for breeding purposes.
These outside camels remained at the farm for the duration of the breeding season or until
pregnancy was confirmed, after which time they were returned to their original locations
or sent to a larger farm.

During the study period, the farm housed approximately 150 inside camels and 50
outside camels, and to ensure comprehensive representation, we collected 25 fecal samples
from each group. Samples were obtained directly from the rectum of each camel using
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sterile techniques and containers. Collection procedures were performed meticulously to
avoid cross-contamination and ensure sample integrity. Given the practical constraints and
funding limitations, the sample size was determined to balance feasibility and the need
for meaningful insights into the prevalence of the mcr-1 gene among adult camels at this
farm in the UAE. All samples were promptly transported to the microbiology laboratory
for processing on the day of collection.

4.2. Detection of mcr Genes and Plasmid Profiling

For detection of colistin resistance, one gram of fecal sample was added to 4 mL
Tryptic Soy Broth (TSB) containing 1 µg/mL colistin sulphate and 8 µg/mL vancomycin.
Following overnight incubation at 37 ◦C, two McConkey agar plates containing 1µg/mL
colistin sulphate were inoculated with 10 µL and 100 µL of the TSB culture and incubated
overnight at 37 ◦C. If there were more than 10 colonies in a sample, then 10 colonies with
varying morphologies were chosen for sub-culture [27]. In cases where mcr-positive isolates
displayed distinctive colony characteristics, one representative of each type was chosen
for further investigation for the presence of known mobile colistin resistance determinants
using a multiplex PCR targeting mcr-1, mcr-2, mcr-3, mcr-4, mcr-5 [40], and mcr-6 to mcr-
9 [41]. To establish the plasmid profiles of the sub-cultured colonies, plasmids were
extracted using the alkaline lysis method and plasmids profiled using gel electrophoresis,
including reference E. coli V517 and E. coli 39R861 as plasmid size controls [42]. Plasmid
patterns were subsequently compared, and a selection of isolates with different plasmid
profiles were used for further analysis.

4.3. Antimicrobial Susceptibility Test

The disk diffusion method on Mueller–Hinton agar (Oxoid, Manchester, UK) was
employed to perform antimicrobial susceptibility testing (AST) on isolated E. coli. The
resistant profile of the isolates was assessed against 21 antibiotic discs, including Aztreonam
(30 µg), Cefotaxime (30 µg), Amoxicillin-clavulanic acid (30 µg), Ceftazidime (30 µg), Cef-
podoxime (10 µg), Trimethoprim-sulfamethoxazole (25 µg), Chloramphenicol (30 µg), Tetra-
cycline (30 µg), Ertapenem (10 µg), Ciprofloxacin (5 µg), Gentamicin (10 µg), Fosfomycin
(200 µg), Ampicillin (10 µg), Tobramycin (10 µg), Doxycycline (30 µg), Nalidixic acid (30 µg),
Imipenem (10 µg), Meropenem (10 µg), Amikacin (30 µg), and Piperacillin/tazobactam
(110 µg). All the antibiotics were purchased from MAST, Liverpool, UK. The zone of
inhibition was interpreted based on CLSI guidelines [43]. For colistin, minimum inhibitory
concentration (MIC) was determined by broth microdilution (BMD) using Cation-Adjusted
Mueller–Hinton Broth (CAMHB) (MAST, Liverpool, UK) and E. coli ATCC 25922 as a
control strain [43].

4.4. Whole-Genome Sequencing

Total DNA extraction was conducted using the Wizard® Genomic DNA Purifica-
tion Kit (Promega, Madison, WI, USA), in adherence to the manufacturer’s instructions.
Subsequent sequencing was carried out on the Illumina NovaSeq platform (150 bp paired-
end) through a commercial service provided by Novogene (Cambridge, UK). Genome
assemblies were generated from the sequencing reads of the isolates using Unicycler
v0.48 (https://github.com/rrwick/Unicycler; accessed on 15 November 2023) with de-
fault parameters [44]. Quality control of assemblies was assessed based on quast v5.2.0
(https://github.com/ablab/quast; accessed on 20 November 2023) [45]. A contamination
check of samples was performed based on Kraken2 (https://github.com/DerrickWood/
kraken2; accessed on 20 November 2023) [46]. The identification of antimicrobial resistance
(AMR) genes was performed using RGI v6.03 (https://card.mcmaster.ca/analyze/rgi; ac-
cessed on 25 November 2023) with default parameters based on the CARD database
v3.28 (https://card.mcmaster.ca/analyze/rgi; accessed on 25 November 2023). Plas-
mid Incompatibility types (Inc types) were identified based on PlasmidFinder v2.10
(https://cge.food.dtu.dk/services/PlasmidFinder/; accessed on 28 November 2023) with
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an ID threshold of 60%, Enterobacterales database, and default coverage threshold [47].
The virulence genes were detected using VFDB (http://www.mgc.ac.cn/VFs/; accessed
on 20 December 2023). The presence of integrons was assessed using IntegronFinder 2.0
(https://github.com/gem-pasteur/Integron_Finder; accessed on 5 December 2023) [48].
Ridom SeqSphere+ v9.00 (https://www.ridom.de/seqsphere/index.shtml; accessed on 28
December 2023) was used for performing cgMLST and MLST typing (scheme Pasteur) for
E. coli isolates. Public isolates with identical sequence types to those found in this study
were obtained from PubMLST [49]. A k-mer analysis was performed for isolates retrieved
from PubMLST and this study using kSNP v3.10 [50] with default parameters, and k-mer
size of 19 and maximum likelihood tree generation. The generated tree was uploaded
to iTOL [51]. Plasmid sequence comparisons and visualizations were performed using
Mummer2circos (https://github.com/metagenlab/mummer2circos; accessed on 3 January,
2024) and Geneious (https://www.geneious.com; accessed on 3 January, 2024).
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Abstract: Emerging sequence types of pathogenic bacteria have a dual ability to acquire resistance
islands/determinants, and remain renitent towards disinfection practices; therefore, they are con-
sidered “critical risk factors” that contribute significantly to the global problem of antimicrobial
resistance. Multidrug-resistant Escherichia coli was isolated, its genome sequenced, and its suscep-
tibilities characterized, in order to understand the genetic basis of its antimicrobial resistance.The
draft genome sequencing of E. coli ECU32, was performed with Illumina NextSeq 500, and annotated
using a RAST server. The antibiotic resistome, genomic island, insertion sequences, and prophages
were analyzed using bioinformatics tools. Subsequently, analyses including antibiotic susceptibility
testing, E-test, bacterial growth, survival, and efflux inhibition assays were performed.The draft
genome of E. coli ECU32 was 4.7 Mb in size, the contigs were 107, and the G+C content was 50.8%.
The genome comprised 4658 genes, 4543 CDS, 4384 coding genes, 115 RNA genes, 88 tRNAs, and 3
CRISPR arrays. The resistome characterization of ST540 E. coli ECU32 revealed the presence of ESBL,
APH(6)-Id, APH(3′)-IIa, dfrA14, and QnrS1, with broad-spectrum multidrug and biocide resistance.
Comparative genome sequence analysis revealed the presence of transporter and several virulence
genes. Efflux activity and growth inhibition assays, which were performed with efflux substrates in
the presence of inhibitor PAβN, exhibited significant reduced growth relative to its control.This study
discusses the genotypic and phenotypic characterization of the biocide-tolerant multidrug-resistant E.
coli O9:H30 strain, highlighting the contributory role of qnrS-dependent plasmid-mediated quinolone
resistance, in addition to innate enzymatic modes of multidrug resistance mechanisms.

Keywords: commensal bacteria; reservoirs; drug resistome; active efflux; membrane transporters;
outer membrane proteins

1. Introduction

Among the different members of genus Escherichia, serotypes from bacterial species E.
coli that belong to Enterobacteriaceae are highly pathogenic for humans, birds, and animals.
This Gram-negative bacterium is a rod-shaped, facultative anaerobe found in soil, food,
environment, and the intestines of animals and humans, with an unmatched capacity to
survive in diverse, stressful conditions. E. coli produces an arsenal of virulence factors,
such as fimbrial adhesins, different iron acquisition systems, heat-labile/stable toxins and
hemolysin, capsules, a type III secretion system, and colonization invasion factors. The
toxin-producing E. coli strains are responsible for causing mild sicknesses, such as diarrhea
and vomiting, to severe illnesses such as meningitis, respiratory diseases, pneumonia, and
urinary tract infections [1,2]. As per the 2017–2018 GLASS report, E. coli was the most
frequently reported pathogen with high-level resistance to ciprofloxacin and imipenem.
Subsequently, in its 2019–2020 report, focusing on AMR data from 65 different countries, E.
coli isolates tested from urine samples (from 64% countries) were resistant to ceftriaxone,
cefotaxime, ampicillin, and ciprofloxacin, including carbapenems. In 2017, the WHO
published its priority list of clinically significant human pathogens, and MDR E. coli was
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classified under the critical threat category, in order to ensure enhanced research activities
to control AMR spread, and infection control [3,4].

The major pathotypes of E. coli include intestinal (IPEC) and extraintestinal (ExPEC)
pathogenic strains. Of the ExPEC E. coli, UPEC (uropathogenic E. coli) evades the host’s
innate immunity and colonizes the urinary bladder, kidneys, and is well recognized as
a causative agent for urinary tract infections (UTIs), which account for ~80% of urinary
infections [5,6].

Recently, India published its first pathogen priority list with a similar frame of ob-
jectives, carbapenem and tigecycline resistant E. coli topped the critical threat category.
According to recent ICMR-AMR data, out of the total 107,387 isolates studied during the
year 2019, the relative distribution of E. coli remained the highest at 28% (n =30822) in
Indian hospitals from different locations. E. coli was the most predominant isolate from
urine (56%), with strains exhibiting reduced susceptibility to cephalosporins and fluoro-
quinolones, including imipenem (from 86% in 2016 to 63% in 2019). While ST648, ST2659,
and ST540 have been reported to be NDM-5-producing E. coli globally, the frequently
reported ExPEC sequence types that are linked with UTI cases include ST131, ST73, ST95,
and ST69 [7].

Primary susceptibility testing of E. coli urinary isolate ECU32 illustrated its antimi-
crobial resistance behavior, with an innate capability to co-produce multiple resistance
determinants. The phylogenetic analysis classified this isolate to the ST540 serotype, one
which is usually reported from birds and animals.Therefore, to reach a deeper perspective
on its genetic content, genome organization, and phenotypic behaviors, asystematic study
was initiated.This study reports the draft genome sequence, analysis, and resistome charac-
terization of ST540 E. coli urinary isolate ECU32 from India, co-producing ESBL, APH(6)-Id,
APH(3′)-IIa, dfrA14, and QnrS1, with broad multidrug and biocide resistance.

2. Results and Discussion
2.1. Genomic Features and Phylogenetic Analysis of E. coli

The draft genome reads of E. coli ECU32 were assembled to a single chromosome of
size 4.7 Mb, an N50 spanning 94, 946 bp, L50 being 15, number of contigs being 107, and a
G+C content of 50.8% (Assembly: GCA_002872235.1; GenBank: LZGD01000000). Analysis
revealed 4658 genes (total), 4543 CDS (total), 4384 coding genes, 115 RNA genes, 8, 3, 2, 5S,
16S, 23S rRNA genes, 88 tRNAs, and 159 pseudogenes (Table 1). Furthermore, PADLOC
analysis revealed three CRISPR arrays, including cas_type_I-E array system (Table 2) [8].

Table 1. Genomic features of E. coli ECU32.

Type Assembly Statistics

Genome Escherichia coli ECU32

Size 4,734,193

GC content 50.8

Number of coding sequences 4601

Number of RNAs 105

Number of subsystems 595

Contigs generated 107

Maximum contig length 239,491

Minimum contig length 502

Average contig length 44,244.8 ± 55,998.5

Median contig length 8912

Total contigs length 4,734,193

Total number of non-ATGC characters 663
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Table 1. Cont.

Type Assembly Statistics

Percentage of non-ATGC characters 0.014

Contigs ≥ 500 bp 107

Contigs ≥ 1 kbp 97

Contigs ≥ 10 kbp 67

Contigs ≥ 1 Mbp 0

N50 value 95,844

L50 15

Genome coverage 93.0X

Table 2. Probable CRISPR systems in E.coli ECU32 using PADLOC analysis.

CRISPR System Protein Target Sequence Id Start End Strand

CRISPR_array CRISPR_array CRISPR001 LZGD01000013.1 92,385 92,901 -

cas_type_I-E Cas2e A8A11_20845 LZGD01000013.1 93,006 93,291 -

cas_type_I-E Cas1e A8A11_20850 LZGD01000013.1 93,292 94,210 -

cas_type_I-E Cas6e A8A11_20855 LZGD01000013.1 94,225 94,825 -

cas_type_I-E Cas5e A8A11_20860 LZGD01000013.1 94,811 95,486 -

cas_type_I-E Cas7e A8A11_20865 LZGD01000013.1 95,488 96,580 -

cas_type_I-E Cas11e A8A11_20870 LZGD01000013.1 96,592 97,075 -

cas_type_I-E Cas8e A8A11_20875 LZGD01000013.1 97,067 98,576 -

CRISPR_array CRISPR_array CRISPR002 LZGD01000043.1 123,708 123,910 -

retron_I-C RT-Toprim_I-C A8A11_16640 LZGD01000043.1 170,971 172,729 -

retron_I-C msr-msd NA LZGD01000043.1 172,765 172,895 -

RM_type_II MTase_II A8A11_21460 LZGD01000051.1 19,587 21,006 +

RM_type_II REase_II A8A11_21465 LZGD01000051.1 20,986 21,457 +

DMS_other BrxD A8A11_09690 LZGD01000074.1 2659 3976 +

DMS_other BrxHI A8A11_09695 LZGD01000074.1 3972 6168 +

CRISPR_array CRISPR_array CRISPR003 LZGD01000087.1 154,485 155,734 +

The genomic features of selected ST540 E. coli strains were investigated with Indian E.
coli strains from different available sources in the BacWGSTdb server, while phylogenetic
relationshipswere analyzed using the cgMLST approach with the ST540 reference strain.
The analysis revealed two major clusters based on the isolation source; the ECU32 strain
was found in the second cluster, along with strains predominantly isolated from humans
(Figure 1A). Further analysis with only E. coli ST540 Indian isolate revealed its clustering
with strains of human gut origin (Figure 1B). Overall, the cgMLST analysis revealed that
the E. coli ECU32 strain was closely related to the human and gut origin multidrug isolates.

Additionally, in the RAST server, functional annotation of the genome revealed the
presence of 595 subsystems (39% unassigned). The gene ontology data showed the distri-
bution of genes for different components and functions. The biological processes included-
genes involved in transcription 5.37%, regulation of transcription 2.62%, transmembrane
transport 1.93%, carbohydrate metabolic process 1.77%, cell adhesion 0.85%, cell wall orga-
nization 0.83%, and integral component of membrane 20.25%. The cellular components
included cytoplasm with 10.22%, and the molecular function included genes with oxidore-
ductase activity 1.93%, zinc ion binding 2.27%, magnesium ion binding 2.36%, plasma
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membrane 6.43%, DNA binding 7.99%, ATP binding 8.49%, and transporter activity 2.53%
(Figure 1C,D).

The clinical strain belonged to ST540 as the alleles adk_6, fumC_7, gyrB_57, icd_1, mdh_8,
purA_8, and recA_2 exhibited 100% identity to their respective locus, as per MLST typing.
Based on Clermon typing, the strain belonged to phylogroup A, a group largely dominated
with commensal origins of strains. The E. coli ECU32 belongs to serotype H30-H with 100%
identity for fliC in scaffold8|size160413, fimH54 (scaffold11|size140663), and O9-O antigen
(>99% identity to wzm and wzt in scaffold34|size42957). These gene clusters were found
between hisI and gnd genes, and belong to group 1 K antigens.
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Figure 1. (A). The core genome multilocus sequence typing-based phylogenetic relationship tree was
constructed for all of the available Indian E. coli strains in the BacWGSTdb server from different hosts,
and ST groups were compared with the reference ST540 E. coli_ AZ147 strain. Grape tree displayed
the relationship between isolates and comprised two major cluster groups. The E. coli ECU32 strain
highlighted with a yellow circle with black center was found to be associated with human isolates in
the second cluster. The lengths of all branches are scaled logarithmically. The numbers mentioned
in square brackets are isolates from a range of hosts. (B). Grape tree represents the phylogenetic
relationship of available E. coli ST540 strains in BacWGSTdb from different isolation sources and
countries. The strain name was mentioned along the colored circle, the color indicates the source of
isolation, and the isolate counts are mentioned in brackets. The E. coli ECU32 strain was highlighted
with a yellow circle. The node label represents the allele differences, and the branch lengths are scaled
logarithmically. (C). Gene ontology annotation of predicted genes was performed using BLAST
analysis, and top gene ontologies were classified into cellular components, molecular functions, and
biological process. (D). Distribution of clusters of orthologous groups (COG) in E. coli ECU32. The
homologous gene clusters were functionally categorized and classified with COG assignments.
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2.2. Antimicrobial-Resistant Genes

Upon analyzing the sequence of E. coli strain ECU32 for genetic clusters, a 9852-base-
pair genomic island was identified that carried the CRISPR-associated proteins, and the
5540-base-pair genomic island (scaffold94xsize3049) showed the presence of ESBL, the
class-A blaTEM beta-lactamase (A8A11_02620).

The 32,081-base-pair genomic island in the strain (scaffold7xsize174057) highlighted
the presence of members from the EscJ/YscJ/HrcJ family type III secretion system (from
A8A11_10065 to A8A11_10125).

The largest genomic island present in strain ECU32, 131,243bp in size (consisting of
scaffold78xsize4056 and scaffold83xsize2691), indicated the presence of aminoglycoside-
modifying enzymes APH(3′) (A8A11_04060), APH(6)-Id (A8A11_04065),and class 1 inte-
grase, followed by gene cassette dfrA1 (A8A11_21925). The class-C ampC detected in this
study exhibited 97% identity to a homolog found in E. coli O157:H7; 95% to Shigella sonnei;
78% to Enterobacteriaceae bacterium; 73% to Shigella flexneri; 71% to Enterobacter, and 70% to
Yersinia ruckeri.

The quinolone resistance gene qnrS1 was found in scaffold57xsize16952 (A8A11_12295)
with an adjacent ISKra4-like element (A8A11_12305), while the sulfonamide-resistant dihy-
dropteroate synthase sul2 was found in scaffold78xsize4056 (A8A11_04055). The quinolone
resistance determinant exhibited identities to homologs found in Vibrio mytili CAIM 528
(95%); Photobacterium ganghwense strain DSM 22954 (92%); Vibrionales bacterium SWAT-3
(83%); and Photobacterium halotolerans strain MELD1 (66%). The sequence analysis of QnrS1
indicated the conserved pentapeptide sequences, and homology modeling highlighted the
differences in loops A and B regions, as shown in Figure S1.

Homologs of well characterized efflux pumps, AcrAB, EmrAB, MdtABC, EmrE, AcrD,
and TetA (scaffold82xsize4187; A8A11_05610), were present in the genome; moreover, the
marR gene harbored sense mutations at the Y137H and G103S residues. The tetracycline
efflux pump exhibited varied identities to homologs found in Aeromonas simiae CIP 107798
(98%), Pseudomonas fluorescens HK44 (97%), E. coli O83:H1 str. NRG 857C (97%), and
Clostridium nexile DSM 1787 (78%).

Using the BacWGSTdb server, the resistance genes were assessed amongst ST540
strains from different countries, hosts, and isolation sources, and the ECU32 strain exhibited
the presence of diverse resistance genes (Figure 2A).

2.3. Virulence and Its Associated Genes

Comparative genome sequence analysis revealed that E. coli strain ECU32, in scaf-
fold21xsize74584, carried ORFs for both the ferric enterobactin ABC transporter system
(fepA, fepB, fepC, fepD, fepG, fes), and enterobactin (siderophore) biosynthesis exporter system
(entB, entC, entD, entE, entF, entS). Important virulent factors that were identified included
the type 1 fimbriae adhesin fimH (scaffold11xsize140663-1, A8A11_14300), hemolysin E
hlyE (scaffold22xsize79984, A8A11_04330), invasin of brain endothelial cells, ibeB (scaf-
fold60xsize15487, A8A11_08140), gspC, gspD, gspE, (scaffold35xsize41361), and intimin-like
adhesion fdeC (scaffold1xsize239491 with 93% to EC958_0448).

Virulence genes were analyzed and compared with different ST540 strains and patho-
types. The analysis demonstrated the prevalence of virulence genes that are involved in
adherence, autotransporter, invasion, non-LEE-encoded TTSS effectors, secretion system,
toxin, and others (Figure 2B,C).
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Figure 2. (A) Prevalence of resistance genes from different Indian E. coli ST540 strains, originating
from various hosts. The strains used for analysis were strain 5956 (NHPV01, cow); strain 302057
(LRKV01, human); CAP05 (JAAKCZ01, cow); cattle16 (LVLZ01, cow); ECLC_04 (NQBK01, chicken);
Ecol_AZ147 (CP018995, human); ECU32 (LZGD01, homo sapiens); FBH1 (AYRC01, human); G235
(LOOQ01, cow); G323 (LOPJ01, cow); G65 (LOPQ01, cow); KTE119 (ANUZ01, human); LMR3193
(QLKA01, human); MOD1_EC5119 (NLRV01, human); MOD1_EC6077 (NMDG01, Serpentes);
MOD1_EC6708 (NOTV01, cow); N46045 (NTNA01); N63148 (NTMS01); PTA_A642_2 (WAAK01);
SH34c (WSUU01); SI_NP027 (BGHG01, cow); ST540 (CP007265, human); TOP2386(AORB01, human);
TOP2396_1 (AOQQ01, human); TOP2515 (AOQT01, human); TOP2522_1(AOQU01, human); TzEc032
(WSHU01, sheep); UMEA_3240_1 (AWCV01, human); UMEA_3314_1 (AWDE01, human); VL2638
(MIXJ01, cow); VL2783 (MIVJ01, cow). The strain accession numbers and hosts are mentioned in
parenthesis. (B) The diversity of virulence factors are distributed in various Indian ST540 isolates.
(C) The virulence factors of the ECU32 strain were compared with other E.coli pathotypes. The strains
were E. coli 55989 (enteroaggregative E. coli—EAEC) [NC_011748]; E. coli CFT073 (uropathogenic
E. coli—UPEC) [NC_004431]; E. coli E24377A (enterotoxigenic E. coli—ETEC) [NC_009801]; E. coli
O157:H7 str. EDL933 (enterohemorrhagic E. coli—EHEC) [NC_002655]; E. coli O26:H11 str. 11368
(EHEC) [NC_013361]; E. coli O44:H18 042 (EAEC) [NC_017626]; E. coli O78:H11:K80 str. H10407
(ETEC) [NC_017633]; E. coli O78:H18 str. WS3294A (avian pathogenic E. coli APEC) [NC_020163]; E.
coli O7:K1 str. IAI39 (UPEC) [NC_011750]; E. coli str. K-12 substr. MG1655 [NC_000913]. Min (blue)
and Max (red) indicate absence and presence of virulence genes in a strain, respectively. Accession
numbers are listed within the square brackets.
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2.4. Phenotypic Characterization of Multidrug-Resistant E. coli

The Kirby Bauer assay revealed the E. coli strain ECU32 to be multidrug resistant
(AMP, AMK, CLI, CST, ERY, KAN, LZD, MET, OXA, PEN, RIF, STR). The minimum in-
hibitory concentrations of this Indian isolate for different antibiotics, as evaluated by the
agar dilution method, were ceftazidime 0.5 µg/mL, ticarcillin >1024 µg/mL, neomycin
4 µg/mL, norfloxacin 16 µg/mL, doxycycline 64µg/mL, tetracycline 64µg/mL, nalidixic acid
>1024 µg/mL, ampicillin >1024 µg/mL, kanamycin 16 µg/mL, erythromycin >1024 µg/mL,
trimethoprim 64 µg/mL, and chloramphenicol 4 µg/mL.

E. coli, a common flora in the human gastrointestinal tract, has adaptive survival
response strategies under different stress conditions. The growth profile of E. coli ECU32
was assessed in the presence of low to high pH concentrations. The strain retained the
ability to grow in pH 5.0 to pH 8.0; meanwhile, in pH 10, the strain displayed less (~0.5-fold)
growth compared to pH 5.0 (Figure 3A). Concentration-dependent growth of the strain
in the presence of the antibiotic norfloxacin was observed. The strain was able to grow
in doses upto 64 µg/mL, and exhibited nine-fold lower growth compared to its control
(Figure 3B).

However, the E. coli ECU32 strain was able to survive in the presence of both oxidative
and nitrostative stress-inducing agents, such as hydrogen peroxide, sodium nitroprusside,
and sodium nitrite, respectively (Figure 3C–E).

The survival of E. coli ECU32 under osmotic stress conditions was determined in the
presence of different sodium chloride concentrations. The strain exhibited more than 80%
survival upto 0.75 M, and 40% in 1 M of sodium chloride (Figure 3F). Altogether, these
observations emphasize the adaptability of E. coli under any intracellular stress conditions,
and its survival inside the host to cause disease severity.

The E. coli ECU32 strain has an ability to cope with different intracellular stress
responses. Furthermore, the ability of the strains to survive in the presence of a various
range of antimicrobial agents was examined. Analyses revealed a more than 50% survival
rate was observed for the strain at 1024 µg/mL for ampicillin, 4 µg/mL for neomycin,
and 0.5 µg/mL for tetracycline. Furthermore, the strain was found to have retained the
ability to survive in various antimicrobial compounds, such as acriflavine, acridine orange
at 256 µg/mL, and saffranine and deoxycholate at 1024 µg/mL (Figure 3G).

In order to detect efflux activity in the E. coli strain, MICs for the following efflux-
based substrates were initially analyzed: acridine orange 256 µg/mL, acriflavine 64 µg/mL
rhodamine >1024 µg/mL, saffranine >1024 µg/mL, deoxycholate >1024 µg/mL, and
SDS >1024 µg/mL. Hence, a growth inhibition assay was performed with the E. coli strain
ECU32, using ampicillin 256 µg/mL, in the presence of known efflux pump inhibitor PAβN,
which exhibited an approximatelyfive-fold reduced growth relative to its control. Overall,
the assays demonstrated that the strain has the ability to survive under different assails,
including antimicrobial compounds. Furthermore, the sequence analysis and phenotypic
efflux assays indicated the role of active efflux as the primary mechanism used to confer
antimicrobial resistance. In order to substantiate these observations, genomic analysis of
the strain further confirmed the presence of well-characterized efflux families, depicting
the importance and possible involvement of these pumps in antimicrobial resistance and
multiple cellular functions.

The strain was examined for its resistance level towards hospital-based disinfectants, and it
exhibited tolerance as follows: benzalkonium chloride 12.8 µg/mL, chlorhexidine <3.2 µg/mL,
and triclosan >0.1 µg/mL (Figure 3H(i,ii)), indicating that the urinary strain was broad-
spectrum antimicrobial, as well as biocide-resistant. Additionally, the E. coli strain ECU32
displayed an ability to form biofilms (ratio 570/600 nm = 0.252), as it harbored genes that are
required for adhesion and virulence.

Upon transforming the plasmid preparation from the MDR strain into E. coli JM109,
transformants were confirmed on ampicillin (>256 µg/mL) and ciprofloxacin (0.5 µg/mL)
plates; subsequent PCR detection indicated the presence of quinolone resistance determi-
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nant in the transformant, and further sequencing confirmed the role of qnrS-dependent
plasmid-mediated resistance in E. coli strain ECU32.

It is worthwhile to state here that ST540 has usually been reported in E. coli that was
isolated from birds and chickens. Identifying the serotype ST540 from a biological sample
strictly emphasizes the periodic monitoring of emerging E. coli strains at the One-Health
Interface. The E. coli strains TOP2386 (accession no: AORB01), TOP2396_1 (accession no:
AOQQ01), TOP2515 (accession no: AOQT01), TOP2522_1 (accession no: AOQU01), and
TUM3433 (accession no: BGLY01), isolated from human samples in USA and Japan, belong
to the same ST, as that of E. coli strain ECU32. As per the BacWGSTdb server, E. coli strain
ECU32 (accession no: LZGD01) with ST540 is being reported for the first time in India.

Antibiotics 2022, 11, x FOR PEER REVIEW 10 of 12 
 

 
Figure 3. Biological characterization of the E. coli ECU32 strain. The growth profile of the E. coli 
ECU32 strain was monitored in the presence of different pHs (A) and concentrations of norfloxacin 
(B). The growth of the ECU32 strain was monitored in the presence of varied concentrations of oxi-
dative stress-inducing agent—hydrogen peroxide (C) and nitrostative stress-inducing agents—so-
dium nitrite and sodium nitroprusside (D,E). The osmotic stress response survival was determined 
in the presence of sodium chloride concentrations (F). The survival ability of the E. coli ECU32 strain 
was determined under different concentrations of antibiotics [ampillicin, neomycin, tetracycline], 
bile [deoxycholate], structurally unrelated compounds and dyes [acriflavine, acridine orange, saf-
franine] (G), and biocides [benzalkonium chloride, chlorhexidine, and triclosan] (H(i,ii)). The mean 
values of the different independent experiments were used for plotting graphs, using GraphPad 
Prism. 

  

Figure 3. Biological characterization of the E. coli ECU32 strain. The growth profile of the E. coli
ECU32 strain was monitored in the presence of different pHs (A) and concentrations of norfloxacin
(B). The growth of the ECU32 strain was monitored in the presence of varied concentrations of
oxidative stress-inducing agent—hydrogen peroxide (C) and nitrostative stress-inducing agents—
sodium nitrite and sodium nitroprusside (D,E). The osmotic stress response survival was determined
in the presence of sodium chloride concentrations (F). The survival ability of the E. coli ECU32 strain
was determined under different concentrations of antibiotics [ampillicin, neomycin, tetracycline], bile
[deoxycholate], structurally unrelated compounds and dyes [acriflavine, acridine orange, saffranine]
(G), and biocides [benzalkonium chloride, chlorhexidine, and triclosan] (H(i,ii)). The mean values of
the different independent experiments were used for plotting graphs, using GraphPad Prism.
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3. Materials and Methods
3.1. The Genome Draft Sequence, Annotation and Analysis

The E. coli strain, ECU32, selected for this analysis, was obtained in 2013 from a urine
sample during our longitudinal study. Draft genome sequencing was carried out with
paired-end sequencing technology, Illumina NextSeq 500, and scaffold annotation was
performed using a RAST server [9]. Basic local alignment search tool, (BLAST) (GO),
was utilized for determining percent identities [10]. The E. coli ECU32 genomesequence
was compared with available E. coli genomes (n =300) that were isolated from India, and
core genome multilocus sequence typing (cgMLST) was performed with the selected
reference genome (E. coli_ AZ147 GenBank CP018995 ST540) for phylogenetic analysis.
The graph tree and minimum spanning tree were constructed and analyzed, based on
cgMLST profiles of Indian E. coli isolates. The antibiotic resistome, genomic island, insertion
sequences, and prophages were analyzed using bioinformatic tools such as Pathosystems
Resource Integration Center tool, Resistance Gene Identifier, Island Viewer 4, Mobile
Element Finder, PHAge Search Tool Enhanced Release, and NCBI-BLAST [9–11]. The
CRISPR was determined using PADLOC server (https://padloc.otago.ac.nz/ accessed
on 26 September 2022). Comprehensive Antibiotic Resistance Database (CARD; https:
//card.mcmaster.ca/analyze/rgi accessed on 10 May 2021) was used to predict AMR genes
and the VR2 profile, in order to identify the associated mobile elements [8,12,13]. Virulence,
transposons, and antibiotic resistance genes were determined using the BacWGSTdb server.
The distribution of virulence factors in E. coli ECU32 with other E.coli strains was deciphered
using virulence factor database analyzer [14].

3.2. Antibiotic Resistance Pattern and Growth Analysis

The antibiotic susceptibility testing, E-test, survival assays, stress response, growth
curves, and efflux inhibition assays were performed, as described previously [9,11].

3.3. Data Deposition

The E. coli ECU32 whole genome sequence was submitted to GenBank NCBI, with
accession number LZGD00000000.1.

4. Conclusions

Overall, this study highlighted the presence of diverse virulence factors and the an-
tibiotic resistome in ST540 E. coli strain ECU32, emphasizing a pressing need to conduct
large-scale epidemiological surveillance to monitor the dominant ST/strain that is circulat-
ing within the cohort, and also to track the changing patterns in antibiotic susceptibility
and resistome amongst swiftly disseminating bacteria such as E. coli in India. Emerging STs
remain renitent towards hospital sterilization protocols, and havean unprecedented ability
to acquire additional resistance determinants; therefore, they are “critical risk factors” that
contribute significantly to the global problem of antimicrobial resistance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics11121724/s1, Figure S1: Sequence and homology
modelling of QnrS.
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Abstract: Klebsiella pneumoniae is a Gram-negative, encapsulated, non-motile bacterium, which
represents a global challenge to public health as one of the major causes of healthcare-associated
infections worldwide. In the recent decade, the World Health Organization (WHO) noticed a critically
increasing rate of carbapenem-resistant K. pneumoniae occurrence in hospitals. The situation with
extended-spectrum beta-lactamase (ESBL) producing bacteria further worsened during the COVID-19
pandemic, due to an increasing number of patients in intensive care units (ICU) and extensive, while
often inappropriate, use of antibiotics including carbapenems. In order to elucidate the ways and
mechanisms of antibiotic resistance spreading within the K. pneumoniae population, whole genome
sequencing (WGS) seems to be a promising approach, and long-read sequencing is especially useful
for the investigation of mobile genetic elements carrying antibiotic resistance genes, such as plasmids.
We have performed short- and long read sequencing of three carbapenem-resistant K. pneumoniae
isolates obtained from COVID-19 patients in a dedicated ICU of a multipurpose medical center, which
belonged to the same clone according to cgMLST analysis, in order to understand the differences
in their resistance profiles. We have revealed the presence of a small plasmid carrying aph(3′)-VIa
gene providing resistance to amikacin in one of these isolates, which corresponded perfectly to its
phenotypic resistance profile. We believe that the results obtained will facilitate further elucidating of
antibiotic resistance mechanisms for this important pathogen, and highlight the need for continuous
genomic epidemiology surveillance of clinical K. pneumoniae isolates.

Keywords: antimicrobial resistance; Klebsiella pneumoniae; COVID-19; plasmids; multidrug resistance;
genomic epidemiology; whole genome sequencing

1. Introduction

The antimicrobial resistance (AMR) of pathogenic and opportunistic bacteria, espe-
cially in clinical settings, has become a major challenge that threatens the success of different
protection measures in various medical applications [1]. Currently, drug-resistant infections
account for about 700,000 deaths globally, and this number may increase up to several
millions in the next decades [2]. According to the pathogens priority list of the World
Health Organization (WHO), carbapenem-resistant Enterobacteriaceae were assigned a
critical level due to increasing morbidity and mortality caused by them [3]. Within this
bacterial family, Klebsiella pneumoniae possessing resistance to carbapenems is the most
common and dangerous species associated with mortality rates exceeding 30% [4,5]. K.
pneumoniae is one of the leading causes of healthcare-associated infections worldwide,
including sepsis, pulmonary diseases, and urinary tract infections [6].
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The global influence of the COVID-19 pandemic on bacterial AMR is yet to be es-
timated, but some reports have already confirmed the increasing number of infections
caused by bacteria producing extended-spectrum beta-lactamases (ESBLs) and carbapene-
mases [7,8]. The optimal treatment regimen for infections caused by carbapenem-resistant
K. pneumoniae is yet to be developed [9,10], and the existing options include the administra-
tion of colistin, ceftazidime/avibactam, or meropenem/vaborbactam, in high doses [10,11],
which are also prone to resistance development and are burdened with substantial toxicity
profile [10].

In order to address these challenges appropriately, novel prevention strategies and
treatment plans are required, and their development would hardly be possible without the
investigation of AMR mechanisms and routes of resistance spreading within the bacterial
population. The diffusion of resistance genes is usually attributed to horizontal gene
transfer mediated by plasmids, and conjugated plasmids are recognized as important
vectors for AMR gene transmission in Gram-negative bacteria [12,13]. In recent years,
whole genome sequencing (WGS), especially long-read sequencing, has become a powerful
tool for the determination of plasmid structures and AMR gene locations [14–16]. WGS also
allows for performing a reliable epidemiological surveillance for outbreak investigations,
in which it is vitally important to determine whether particular bacterial isolates belong to
an outbreak-causing strain, or not [17].

In this work, we have performed short- and long read sequencing of three carbapenem-
resistant K. pneumoniae isolates obtained from COVID-19 patients in a dedicated intensive care
unit (ICU). Although these isolates constituted the same strain according to cgMLST analysis,
their phenotypic AMR profiles were different. Hybrid short- and long-read assembly allowed
us to reveal a small plasmid carrying aph(3′)-VIa gene providing resistance to amikacin in
one of these isolates, which explained the difference in resistance. We believe that the results
obtained will contribute to the understanding of antibiotic resistance mechanisms, both in
general, and for this important pathogen in particular. Further investigations in this field will
ultimately lead to developing better prevention strategies in hospital settings.

2. Results
2.1. Isolate Typing, Resistance Profile, AMR Gene and Plasmid Content Determination

The typing results revealed the same profile ST395/KL39/O1/O2v1 for all three
isolates. cgMLST analysis revealed that the genomic sequences of all isolates were very
close (no allele differences between CriePir335 and 336 and six different alleles between
either of these isolates and CriePir342). Thus, according to the criterion described previously
(less than 18 different cgMLST alleles for K. pneumoniae [18]), these isolates were highly
likely representing a single strain. Complete cgMLST profiles for the isolates studied are
given in Table S1.

All isolates were multidrug-resistant (MDR) and susceptible only to ceftazidime/
avibactam and amikacin (except CriePir342). They carried multiple antibiotic resistance
determinants, including ESBL-coding genes blaCTX-M-15, blaOXA-48 and blaTEM-1B (see
Figure 1). The only difference in genomic resistance was revealed for CriePir342, that
carried a aph(3′)-VIa providing resistance to amikacin [19], which corresponded perfectly
with phenotypic data. In general, we have not revealed any discrepancies between pheno-
typic and genomic resistance profiles. The susceptibility to ceftazidime/avibactam can be
attributed to the synergistic effect of this drug.
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Figure 1. Phenotypic and genomic antibiotic resistance profiles of clinical K. pneumoniae isolates
obtained from COVID-19 patients.

The isolates CriePir335 and CriePir336 possessed the same five plasmids, while
CriePir342 included an additional IncQ1 plasmid. This plasmid carried the aph(3′)-VIa gene
mentioned above, which provides resistance to amikacin [19]. Plasmid data are provided
in Table 1.

Table 1. Plasmid data for the clinical K. pneumoniae isolates studied.

Id Length RepliconType RelaxaseFamily Plasmid Type

2 282,773 IncH MOBH, MPFT Conjugative
3 74,680 IncR - Non-mobilizable
4 8351 IncQ MOBQ Mobilizable
5 5010 ColRNAI - Non-mobilizable
6 4052 ColRNAI MOBP Mobilizable
7 3511 ColRNAI MOBP Mobilizable

We investigated IncQ plasmid more thoroughly to get additional insights into the
resistance mechanisms. We revealed a Tn5393 transposon homology, as well as two copies
of IS91 insertion sequence, and IS91 family transposase between them, near the aph(3′)-VIa
gene. The plasmid also included the genes encoding replication proteins RepA, RepB and
RepC, and mobilization protein genes mobA and mobC. The plasmid structure is shown in
Figure 2.
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Figure 2. The structure of IncQ1 plasmid carrying amikacin resistance gene.

2.2. Virulence Factors

The three isolates studied included exactly the same set of virulence factors. The list
and brief description of important gene clusters are presented in Table 2. The complete list
of 87 virulence genes is provided in Table S2. Most genes were located on chromosomes,
except for iucABCD, iutA and rmpA2, which were located on IncH1B virulence plasmid.
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Table 2. Description of important virulence gene clusters in clinical K. pneumoniae isolates studied.

Gene Cluster Function Location

acrAB efflux pump genes Chromosome

fimABCDEFGHIK fimbria production and
biofilm formation Chromosome

entABCEF, fepABCDG enterobactin biosynthesis
(siderophore) Chromosome

irp1,2 iron acquisition system Chromosome

iucABCD, iutA aerobactin cluster-iron
acquisition system IncH1B plasmid

manBC promoters of capsule
synthesis genes Chromosome

mrkABCDFHIJ fimbria production and
biofilm formation Chromosome

rcsAB exopolysaccharide
biosynthesis Chromosome

rmpA2 regulator of mucoid
phenotype IncH1B plasmid

wbbMNO lipopolysaccharide synthesis Chromosome

ybtAEPQSTU yersiniabactin cluster-iron
acquisition system Chromosome

The virulence factor content of CriePir isolates does not allow assigning them to the
hypervirulent type since the set of corresponding genes was limited and most heavy metal
resistance genes like pbr (lead resistance),pco (copper),ter (tellurite) and sil (silver) were
missing. However, the isolates deserve additional attention to the presence of mucoid
phenotype regulator rmpA2 and their rapid spread within ICU.

2.3. Comparison with Reference Isolates of ST395 from Genbank Database

The isolates obtained were compared to the genomes of ST395 available in Genbank,
based on cgMLST. A list of closest matches and their description are provided in Table 3,
and the minimum spanning tree for these isolates is shown in Figure 3 All comparisons
were made based on genome sequences as the phenotype data were not available.

Table 3. Reference isolates from Genbank, with closest matches to the isolates studied according to
cgMLST analysis.

Genbank Acc. Number of Allele
Differences Country of Isolation Isolate Collection

Year

GCA_022988285.1 8 Germany 2016
GCA_022181145.1 10 Finland 2018
GCA_003401055.1 13 USA 2013
GCA_013421105.1 15 Russia 2018
GCA_009661195.1 17 Russia 2018
GCA_013421315.1 18 Russia 2018
GCA_017310365.1 18 China 2015

AMR gene content was similar for reference and CriePir isolates, except for aac(3)-IIa
found in the USA isolate only, aph(3′)-VIa revealed in CriePir342 and GCA_013421315 only,
and ant genes (see Table S3). An important difference was also that GCA_009661195 did
not include blaCTX-M-15 and blaTEM-1B beta-lactamase genes, although it possessed IncR
plasmid, on which these genes were located in CriePir342.

Virulence factor sets were also quite similar for all isolates, but several noticeable differ-
ences were revealed. GCA_003401055 (USA), GCA_009661195 (Russia) and GCA_022988285
(Germany) lack the genes from the iuc cluster and rmpA2. These genes were located on
IncH1B plasmid in CriePir342, and the first two reference isolates did not have this plasmid,
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while the isolate from Germany did. However, this is not surprising since the plasmid
structure has a high degree of plasticity.
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Only the isolate GCA_013421315 included IncQ1 plasmid, which was likely to carry
aph(3′)-VIa. Unfortunately, the genome record did not contain the plasmid structure, so the
direct comparison of plasmid sequences was impossible. However, the contig containing
the aph(3′)-VIa AMR gene was mapped to the plasmid IncQ1 of CriePir342 with 100%
identity (data not shown). At the same time, GCA_013421315 included four additional
plasmids in comparison to CriePir342.

The isolates provided in the Table 3 constitute a single strain, or clone, with CriePir342
based on criteria proposed by Schursch et al. [18]. The closest genomic matches to our
isolates were revealed in Germany, Finland and the USA. However, the plasmid content of
these isolates was different from the one of CriePir342 (see Table S3), namely, the isolates
from Finland and Germany did not include IncQ1 plasmid, and the USA isolate possessed
two additional plasmids, ColRNAI and IncL.

3. Discussion

In this study, a genomic epidemiology investigation of three MDR K. pneumoniae
isolates from the patients of a dedicated COVID-19 ICU was conducted. Long-read se-
quencing allowed us to reveal that although these isolates constituted one strain, one of
them (CriePir342) had a slightly different resistance profile and possessed additional plas-
mid encoding aph(3′)-VIa providing resistance to amikacin, which corresponded perfectly
to its phenotype.

Currently K. pneumoniae is the most common cause of nosocomial infections in Rus-
sia, accounting for almost 30% of cases in 2020 according to the AMRmap database [20]
(https://amrmap.ru/, accessed on 23 August 2022). The isolates studied belonged to the
ST395 group, which is known as a high-risk clone with high capacity of drug resistance
acquisition [21] and was revealed in different countries, for example, in France [22], Hun-
gary [23] and China [24]. Additionally, ST395/KL39 isolates carrying the blaOXA-48 gene
were recently revealed in Russia, including CriePir234 (GCA_009661195.1) described earlier
by us [25], as well as in Finland in the same year, and were also obtained in 2013–2016
in such distant regions of the world as China, Germany and the USA. All these isolates
belonged to the same strain as our isolates according to the proposed cgMLST allele dif-
ference threshold (≤18, [18]), and contained similar sets of AMR and virulence genes.
The AMR determinants included ESBL-encoding genes blaOXA-48, blaCTX-M-15 (except

135



Antibiotics 2022, 11, 1364

GCA_009661195.1) and blaTEM-1B (except GCA_009661195.1), as well as various other
AMR genes sufficient to consider these isolates as multidrug-resistant (MDR). However,
only the Russian isolate NNKP343 (GCA_013421315.1) possessed the aph(3′)-VIa AMR gene
mentioned above.

The virulence gene content was also similar for most isolates, except for the rmpA2 en-
coding mucoid phenotype regulator, which was revealed in Russian isolates only, including
the CriePir ones. Most virulence genes, except the iuc cluster and rmpA2 mentioned above,
were located on the chromosomes, which complies with previous data [25–27]. Another
important determinant is a capsule surrounding the surface of K. pneumoniae, which serves
as a main virulence factor associated with the viscous phenotype [28]. A capsular polysac-
charide on the bacterial cell surface plays an important role in the pathogenicity of various
bacteria, including Acinetobacter baumannii [29] and K. pneumoniae [30]. Although the KL39
capsule type is not generally considered as providing hypervirulence characteristics, at
least one recent report described the increased virulence for the isolate having this capsule
type and O1/O2v1 O-locus, which was found in all the isolates described above [31].

At the same time, the reference isolates exhibited differences in plasmid type and num-
ber, both between each other and with our set. For example, all isolates had IncR plasmid
encoding, among others, the blaOXA-1 beta-lactamase gene, but IncF1B was revealed in
two Russian isolates only, while large IncHI1B pNDM-MAR-like plasmid carrying both
resistance and virulence (iuc cluster) traits was revealed in all but two isolates. Last but
not the least, IncQ1 plasmid, which carried the amikacin resistance gene in CriePir342,
was revealed only in NNKP343 (GCA_013421315.1) reference isolate, thus allowing us to
suppose, together with the fact that this isolate exhibited amikacin resistance [32], that
this plasmid included aph(3′)-VIa. Unfortunately, the exact plasmid structures were not
reconstructed in any reference isolates, and thus the direct comparison was not possible.
However, additional analysis revealed that the IncQ1 plasmid mentioned above included
fragments of the Tn5393 transposon that was known to carry aminoglycoside resistance
genes (in our case, aminoglycoside-O-phosphotransferase), and partial sequences of which
were more common than the complete transposon in plasmids and genomic islands [33].
We also revealed that this plasmid had a MOBQ type and was mobilizable, rather than
conjugative, which was reported to be a common characteristic of the IncQ1 plasmids [34].
Plasmids of this type are non-self-transmissible, but their host independent replication
system allowed them to have a broader host range than any other known replicating
components in bacteria [35]. Mobilizable plasmids rely on conjugative plasmids to pro-
vide the mating pair formation components, and MPFT plasmids can serve as helpers in
MOBQ plasmid conjugation [36]. In CriePir342, conjugation could be assisted by large IncH
plasmid, but more data are required to prove this hypothesis.

In general, the chromosomal DNA of K. pneumoniae carries only inherent resistance
genes, and most acquired resistance determinants, including ESBLs, are located on plas-
mids [6,12,25]. Thus, it is not surprising that differences in plasmid carriage designated the
dissimilarities in acquired AMR gene content for CriePir and reference isolates. It should
be mentioned that although the reference and our isolates appeared to constitute a single
clone, which supposedly spread across the world more than 10 years ago, the acquisition
of virulence and AMR determinants through plasmid routes could significantly change the
pathogenicity and morbidity of particular isolates. Meanwhile, the plasmid IncQ1 carrying
the amikacin resistance gene was revealed in CriePir26 and CriePir28 isolates sequenced
by us in 2017 [25]. Although these isolates belonged to a different clone with ST377, the
plasmid sequence was completely the same as in CriePir342. Therefore, a continuous
genomic epidemiology surveillance of clinical K. pneumoniae isolates is required to assess
their threat to the patients of particular health care institutions since the determination of a
sequence type and clonal lineage appears to be insufficient for this purpose.

The current study is limited to three isolates only since the main goal was to elucidate
the difference in the phenotypic resistance profiles for the three K. pneumoniae isolates
obtained in the same ward during this limited period. This was achieved with the help
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of third-generation sequencing. During recent years, the increasing use of long-read
sequencing greatly facilitated the investigations of outbreaks and exploration of possible
resistance transmission routes [37–39], and several bioinformatics protocols were developed
for these purposes [15,17,40]. Another possible application of this powerful technology
is the investigation of bacterial clone diversity within a particular hospital department or
some other healthcare facility [41–43].

At the same time, various factors limit the ability to analyze the putative outbreak
genomes in real-time, which, surprisingly, might include not the restrictions imposed by
sequencing technologies, but rather data management and bioinformatics, for example,
the lack of common outbreak repositories and delays between data collection and compu-
tational analysis [44,45]. Thus, creating more sophisticated bioinformatics tools can also
advance AMR prevention strategies and the epidemiological surveillance of K. pneumo-
niae and other important pathogens. The development of such tools is one of the future
perspectives of our investigations.

4. Materials and Methods
4.1. Sample Collection, Susceptibility Testing, DNA Isolation, and Sequencing

Three K. pneumoniae isolates (named CriePir335 (from urine), CriePir336 (from blood)
and CriePir342 (from urine)) were obtained from COVID-19 patients in a dedicated ICU of
a multipurpose medical center during the first half of June 2020. The patients were females
of 81, 72 and 85 years of age, respectively, with a confirmed diagnosis of COVID-19.

Species identification for the isolates studied was performed using time-of-flight mass
spectrometry (MALDI-TOF MS) with the VITEK MS (bioMerieux, Marcy-l’Étoile, France).
Antimicrobial susceptibility/resistance was determined by the disc diffusion method using
the Mueller-Hinton medium (bioMerieux, Marcy-l’Étoile, France) and disks with antibi-
otics (BioRad, Marnes-la-Coquette, France), and the minimum inhibitory concentration
(MIC) was determined on VITEK 2 Compact 30 analyzer automated system (bioMerieux,
Marcy-l’Étoile, France). The antibiotics tested included amikacin, amoxicillin/clavulanic
acid, ampicillin, cefepime, ceftazidime, ceftriaxone, ceftazidime/avibactam, ciprofloxacin,
ertapenem, fosfomycin, gentamicin, imipenem, levofloxacin, meropenem, netilmicin, tetra-
cycline and trimethoprim/sulfamethoxazole. We used the EUCAST clinical breakpoints,
version 11.0 (https://www.eucast.org/clinical_breakpoints/, accessed on 20 December
2020) to interpret the susceptibility/resistance results obtained.

The isolates described above represent a subset of multidrug-resistant (MDR) samples,
which were subjected to WGS.

Genomic DNA was isolated using DNeasy Blood and Tissue kit (Qiagen, Hilden,
Germany), and Nextera™ DNA Sample Prep Kit (Illumina®, San Diego, CA, USA) was
applied for paired-end library preparation and WGS of the isolates on Illumina® Hiseq 2500
platform (Illumina®, San Diego, CA, USA). The same genomic DNA was used to prepare
the libraries for the Oxford Nanopore MinION sequencing system (Oxford Nanopore
Technologies, Oxford, UK) with the Rapid Barcoding Sequencing kit SQK-RBK004 (Oxford
Nanopore Technologies, Oxford, UK). The amount of initial DNA was 400 ng for each
sample. The libraries were prepared according to the manufacturer’s protocols, and were
sequenced on R9 SpotON flow cell with a standard 24 h sequencing protocol using the
MinKNOW software (Oxford Nanopore Technologies, Oxford, UK).

4.2. Data Processing and Genome Assembly

The base calling of the raw MinION data was performed using the Guppy Basecalling
Software version 4.2.2 (Oxford Nanopore Technologies, Oxford, UK), and demultiplexing
was performed using the Guppy barcoding software version 4.2.2 (Oxford Nanopore
Technologies, Oxford, UK). Hybrid short- and long-read assemblies were obtained using
the Unicycler version 0.4.9 (normal mode) [46]. Genome assemblies were submitted to the
NCBI Genbank under the project PRJNA839643.
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The pipeline described earlier [25] was used for the assembled genome processing
and annotation. The Resfinder 4.0 database was used for antimicrobial gene detection
(https://cge.cbs.dtu.dk/services/ResFinder/, accessed on 20 August 2022, using default
parameters). Virulence factors were revealed by searching in VFDB (http://www.mgc.
ac.cn/VFs/main.htm, accessed on 20 August 2022, using default parameters). Plasmids
were detected using the PlasmidFinder (https://cge.cbs.dtu.dk/services/PlasmidFinder/,
accessed on 20 August 2022, using default parameters).

Isolate typing was performed by MLST using BIGSdb (https://bigsdb.pasteur.fr/
klebsiella/, accessed on 25 May 2022). In addition, the types based on capsule synthesis
loci (K-loci) and lipooligosaccharide outer core loci (OCL) were also deduced using the
Kaptive software v.2.0.3 with default parameters [30].

The detection of cgMLST profiles was performed using the MentaList (https://github.
com/WGS-TB/MentaLiST, version 0.2.4, default parameters, accessed on 25 August
2022) [47] using the scheme obtained from cgmlst.org (https://www.cgmlst.org/ncs/
schema/schema/2187931/, contained 2,358 loci, last update 25 May 2022). The minimum
spanning tree was built using PHYLOViz online (http://online.phyloviz.net, accessed on
20 August 2022).

We used the TnCentral database (https://tncentral.proteininformationresource.org/
tn_blast.html, accessed on 20 August 2022) to search for transposon sequences and ISEs-
can [48] for searching insertion sequences.

5. Conclusions

We performed WGS and obtained hybrid short- and long-read assemblies of three
MDR ESBL-producing K. pneumoniae isolates, representing a single clone, obtained from
COVID-19 patients in a dedicated ICU. Bioinformatics analysis allowed us to elucidate
the differences in their antibiotic resistance profiles and reveal the possible mechanism of
amikacin resistance found in one of the isolates. We believe that our data will facilitate
the understanding of transfer mechanisms and developing new strategies for preventing
resistance spreading within the clinical K. pneumoniae population.
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