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Preface to ”Carbapenemase-Producing
Enterobacterales”

The large family of Enterobacteriaceae includes such species as Klebsiella pneumoniae and

Escherichia coli, which are commonly responsible for healthcare infections. The increasing prevalence

of resistance to antibiotics used to treat severe infections and diseases, in particular to carbapenems,

is due to a rise in multidrug-resistant pathogens which pose an urgent threat to public health.

Carbapenem resistance is mainly associated with the production of carbapenemase—encoded by

mobile genetic elements, which are usually plasmids that are horizontally acquired and highly

transmissible. Carbapenem-resistant Enterobacterales (CRE) are a common cause of infections in

both community and healthcare settings. For this reason, the implementation of control measures

and screening programs on CRE carriage is an important practical application toward limiting the

dissemination of these strains between clinical wards. The focus of this Special Issue includes

any aspects concerning plasmid-mediated antimicrobial resistance along with other carbapenem

resistance mechanisms. Understanding the prevalence and routes of transmission of CRE is important

in developing specific interventions for healthcare facilities. No less important is the general impact

of CRE circulation on the environment. It is known that residues of antimicrobials that are widely

used in clinical settings and also entering water and soil during intensive breeding create a selective

pressure contributing to the increasing antibiotic resistance of microorganisms. In light of this,

attention must be focused on carbapenemase testing in order to provide advanced phenotypic and

molecular assays for the identification of CRE. Furthermore, the optimization of protocols could be a

valid tool for active global surveillance, and from this perspective, the study of resistance mechanisms

can provide significant support for the development of new and appropriate antimicrobial molecules.

For all of these reasons, the phenomenon of carbapenem resistance deserves more attention, for the

sake of public health.

Francesca Andreoni

Editor

xi
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Abstract: The Enterobacteriales order consists of seven families including Enterobacteriaceae,
Erwiniaceae, Pectobacteriaceae, Yersiniaceae, Hafniaceae, Morganellaceae, and Budviciaceae and
60 genera encompassing over 250 species. The Enterobacteriaceae is currently considered as the most
taxonomically diverse among all seven recognized families. The emergence of carbapenem resistance
(CR) in Enterobacteriaceae caused by hydrolytic enzymes called carbapenemases has become a major
concern worldwide. Carbapenem-resistant Enterobacteriaceae (CRE) isolates have been reported
not only in nosocomial and community-acquired pathogens but also in food-producing animals,
companion animals, and the environment. The reported carbapenemases in Enterobacteriaceae from
different sources belong to the Ambler class A (blaKPC), class B (blaIMP, blaVIM, blaNDM), and class D
(blaOXA-48) β-lactamases. The carbapenem encoding genes are often located on plasmids or associated
with various mobile genetic elements (MGEs) like transposons and integrons, which contribute
significantly to their spread. These genes are most of the time associated with other antimicrobial
resistance genes such as other β-lactamases, as well as aminoglycosides and fluoroquinolones
resistance genes leading to multidrug resistance phenotypes. Control strategies to prevent infections
due to CRE and their dissemination in human, animal and food have become necessary. Several
factors involved in the emergence of CRE have been described. This review mainly focuses on the
molecular epidemiology of carbapenemases in members of Enterobacteriaceae family from humans,
animals, food and the environment.

Keywords: carbapenemases; Enterobacteriales; human; animal; food; environment

1. Introduction

The actual pandemic outbreak of the COVID-19 killing several thousands of people along with
its serious negative global economic impacts worldwide is a clear indication that a lot of efforts need
to be deployed to fight against infectious diseases and the increased global issue of antimicrobial
resistance. The World Health Organization (WHO) published a global priority list of antimicrobial
resistant pathogenic bacteria including some Enterobacteriales for which new antibiotics are urgently
needed [1]. The genera within the order Enterobacteriales are composed of Gram-negative bacteria of class
Gammaproteobacteria, which encompasses many harmless symbiotic and pathogenic strains, including
members of the genera Dickeya, Pectobacterium, Brenneria, Erwinia and Pantoea [2]. The pathogenic
strains mainly Klebsiella pneumoniae, Yersinia pestis, Escherichia spp., Salmonella enterica serovars and
Enterobacter spp. cause a broad range of intestinal and extra intestinal diseases in humans and animals [3].
The expended spectrum cephalosporins (ESC) and cephamycins are frequently used against infectious

1



Antibiotics 2020, 9, 693

diseases caused by Enterobacteriaceae. Due to the emergence of multidrug resistance, carbapenems in
addition to tigecycline and colistin are among the last line of defense against Enterobacteriaceae, because
co-resistance to both colistin and tigecycline among the carbapenem-resistant Enterobacteriaceae (CRE)
has been rarely reported [4,5]. Carbapenems are a powerful group of broad-spectrum antibiotics which,
in many cases, are the last line of defense against multi-resistant bacterial infections. Carbapenems are
classified under β-lactams antibiotics, slightly different from the penicillin by substitution of a carbon
atom for a sulfur atom and addition of a double bond to the five-membered ring of the penicillin
nucleus (Figure 1).
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Figure 1. Chemical Structures of various carbapenems: (a) Imipenem; (b) Meropenem; (c) Ertapenem;
(d) Doripenem; (e) Biapenem; (f) Faropenem; (g) Panipenem, obtained from the National Center for
Biotechnology Information (NCBI) PubChem database.

Carbapenems bind tightly to the bacterial penicillin-binding proteins (PBPs), which are vital for
elongation and cross-linkage of the cell wall peptidoglycan, leading to bacterial lysis [6] (Figure 2).

Currently four of carbapenems (imipenem, meropenem, ertapenem and doripenem) are approved
for clinical use in the United States of America [7] and additional three of them (biapenem, faropenem,
panipenem) in Canada. During the last decade, several monitoring studies have reported the emergence
of carbapenem resistant Enterobacteriaceae (CRE) [8]. The three major mechanisms of carbapenem
resistance in these bacteria include: (i) the presence ofβ-lactamase enzymes called carbapenemases, and
(ii) the combined effect of otherβ-lactamases with bacterial cell membrane permeability due to alteration
or mutations in the porins and/or (iii) increased efflux pump-action (Figure 3). The modification
of penicillin binding proteins (PBPs) has been reported as the forth mechanism of resistance to
carbapenems in Gram-negative bacteria [9].

2



Antibiotics 2020, 9, 693
Antibiotics 2020, 9, x FOR PEER REVIEW 3 of 22 

 

Figure 2. Mechanism of action of β-lactam antibiotics compared to that of vancomycin on the bacterial 

cell wall. Beta-lactams bind to and inhibit enzymes (PBPs: transpeptidases) which catalyse the final 

crosslinking (transpeptidation) of the nascent peptidoglycan layer which disrupt cell wall synthesis. 

Updated from Neu and Gootz, 1996, Ch. 11. Antimicrobial Chemotherapy in Medical Microbiology. 

4th edition. Baron, editor. Galveston (TX): University of Texas Medical Branch at Galveston, USA.  

Carbapenemases induce resistance essentially by hydrolysis of carbapenem using active 

catalytic substrates either serine or zinc [10] as indicated in Table 1. The non-metallo-carbapenemase-

A (Nmc-A) was first described to cause carbapenem resistance in Enterobacteriaceae in 1993 [11]. 

According to the Ambler’s molecular classification, class B metallo β-carbapenemases (MBL types), 

class A (Klebsiella pneumoniae carbapenemases (KPC) types), and class D oxacillinases (OXA types) 

are epidemiologically important in Enterobacteriaceae [12–14]. The genes encoding these 

carbapenemases can be located either on the chromosome or on mobile genetic elements (MGEs) like 

plasmids, integrons, and transposons [15,16]. The carbapenemases KPC and NDM (New Delhi 

metallo β-carbapenemases) producing bacteria have shown resistance against most of the β-lactams, 

fluoroquinolones, and aminoglycosides [17]. However, OXA type in particular OXA-48-like 

carbapenemases are less active against carbapenems and can induce a high resistance level only when 

associated with extended-spectrum β-lactamases (ESBLs) [18,19]. The dissemination of 

carbapenemases genes by MGEs among clinical isolates is a source of serious public health and food 

safety concerns. Enterobacteriaceae with acquired carbapenem resistance genes have been isolated 

from humans, animals, food, and the environment. The aim of this review is to discuss the molecular 

epidemiology of carbapenemases in Enterobacteriaceae. 

Figure 2. Mechanism of action of β-lactam antibiotics compared to that of vancomycin on the bacterial
cell wall. Beta-lactams bind to and inhibit enzymes (PBPs: transpeptidases) which catalyse the final
crosslinking (transpeptidation) of the nascent peptidoglycan layer which disrupt cell wall synthesis.
Updated from Neu and Gootz, 1996, Ch. 11. Antimicrobial Chemotherapy in Medical Microbiology.
4th edition. Baron, editor. Galveston (TX): University of Texas Medical Branch at Galveston, USA.

Carbapenemases induce resistance essentially by hydrolysis of carbapenem using active catalytic
substrates either serine or zinc [10] as indicated in Table 1. The non-metallo-carbapenemase-A (Nmc-A)
was first described to cause carbapenem resistance in Enterobacteriaceae in 1993 [11]. According
to the Ambler’s molecular classification, class B metallo β-carbapenemases (MBL types), class A
(Klebsiella pneumoniae carbapenemases (KPC) types), and class D oxacillinases (OXA types) are
epidemiologically important in Enterobacteriaceae [12–14]. The genes encoding these carbapenemases
can be located either on the chromosome or on mobile genetic elements (MGEs) like plasmids, integrons,
and transposons [15,16]. The carbapenemases KPC and NDM (New Delhi metallo β-carbapenemases)
producing bacteria have shown resistance against most of the β-lactams, fluoroquinolones, and
aminoglycosides [17]. However, OXA type in particular OXA-48-like carbapenemases are less
active against carbapenems and can induce a high resistance level only when associated with
extended-spectrumβ-lactamases (ESBLs) [18,19]. The dissemination of carbapenemases genes by MGEs
among clinical isolates is a source of serious public health and food safety concerns. Enterobacteriaceae
with acquired carbapenem resistance genes have been isolated from humans, animals, food, and the
environment. The aim of this review is to discuss the molecular epidemiology of carbapenemases in
Enterobacteriaceae.
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Figure 3. Major mechanisms associated with carbapenem-resistance in Gram-negative bacteria.
(I) Production of carbapenemases enzyme from gene located on chromosome or plasmid that hydrolyze
carbapenem antibiotics shown in golden rectangles. (II) Decreased permeability of the outer membrane
due to structural mutations in porins (modified porins shown as red circle). (III) Drug efflux pumps.
The blue and grey rectangles represent the chromosomal loci that encode various membrane associated
proteins. Abbreviations: LPS, lipopolysaccharides; OM, outer membrane; IM, inner membrane;
PG, peptidoglycan.

2. Carbapenemases-Producing Enterobacteriaceae from Humans

The β-lactams antibiotics such as penicillins and cephalosporins have been wildly used against
pathogenic Enterobacteriaceae because of their broad-spectrum activity [20]. However, this practice
contributed to the emergence and spread of several types ofβ-lactamases including ESBLs. To overcome
the resistance against extended spectrum cephalosporins (ESC) and cephamycins in Enterobacteriaceae,
carbapenems have been introduced in human medicines. According to the recent 2020 Canadian
Antimicrobial Resistance Surveillance System (CARSS) annual report, the carbapenems use in human
medicine has been increased from 3.0 to 6.8 defined daily doses (DDDs) per 1000 inhabitants between
2014 and 2018 in Canada. Consequently, a concomitant nine-fold increase in the number of patients
colonized by carbapenemases-producing organisms (CROs) without signs of infection has been
reported in Canada [20]. Globally, the population of CRE is increasing dramatically [21,22]. There
could be several factors leading to the spread of carbapenemase-producing pathogens in humans.
These factors include continuous exposure to antibiotics, usage of different concentrations of antibiotics,
and contamination of surgical equipment used [12,23,24].

The prevalence of carbapenem-producing Enterobacteriaceae (CPE) is high in humans with advanced
age, primarily, due to their frequent visits to hospitals, long-term stay in health care facilities, tertiary
care hospitals, and teaching hospitals [25–30]. Hospital stay represents a particularly high risk to be
colonize or in developing an infection with a CRE. Recent studies found that CRE colonization among
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ICU patients showing new emerging mechanisms of resistance continue to rise in the United States of
America [31,32]. There seems to have no different in other developed countries. For instance, Canada’s
Nosocomial Infection Surveillance Program data suggested that incidences of blaNDM, blaKPC, blaOXA-48,
and blaVIM producing K. pneumoniae and Enterobacter spp. increased significantly in Canadian health
care facilities since 2007 [33]. These health care facilities could be a reservoir for patient spreading
CPE to multiple regions. For instance, blaKPC-producing K. pneumonia have been reported in hospital
outbreaks in many European countries such as Greece, Italy, Spain, France and Germany [3,34–40].
A recent study reported cases of blaNDM-1 and blaKPC-2 -producing K. pneumonia among transplanted
patients in Brazil [41]. Although, little is known about the spread and clinical relevance of CRE in
Africa, two studies reported their prevalence in hospital and community settings among several African
countries [42,43]. Issues about carbapenemases include their potential link with multidrug-resistance
genes on the same MGEs. For instance, the blaKPC gene encoding KPC enzyme to hydrolyze all
β-lactams was found on plasmids carrying multiple other antimicrobial resistance determinants [44,45].
Outbreaks caused by multidrug resistant and blaKPC-positive K. pneumoniae opportunistic pathogenic
strains have been reported in North America, Europe, Asia and South America [3,46–48]. A recent
study from China reported a Morganella morganii isolate, an opportunistic pathogen, harboring blaNDM-5

gene on a self-transmissible IncX3 plasmid from a stool sample of a cancer patient [49].
Another important factor responsible for worldwide dissemination of CRE is the international

travelling and medical tourism. There are several reports demonstrating the role of travelling to affected
developed countries in the epidemiology of CRE. Pathogenic strains of K. pneumoniae and Enterobacter
cloacae containing blaKPCs have been isolated from patients from France and Greece hospitalized in
New York [50,51]. Overcrowding coupled with poor sanitation conditions including inappropriate
waste management system and misuse of antibiotics could play roles in the spread of antimicrobial
resistance genes in general and those for carbapenemases in particular. Furthermore, urbanization and
globalization are greatly involved in spreading antimicrobial resistance pathogens all over the world.
Accordingly, class B MBL, blaNDM-1-producing K. pneumoniae, Escherichia coli, E. cloacae, Citrobacter
spp., Proteus spp., and Klebsiella oxytoca strains were originally isolated in India. These same blaNDM-1

producing K. pneumoniae and E. coli strains were subsequently isolated from Sweden and UK patients
who had travelled to India recently. The patients in Sweden and UK may either have been hospitalized
or underwent any medical intervention in India which could led to their infection or colonization
by these pathogenic strains producing blaNDM-1 [52–54]. A similar scenario has been reported in
Canada and the United States where blaNDM-1-producing Enterobacteriaceae were isolated from patients
who visited and received medical cares in the Indian subcontinent [55,56]. Furthermore, a recent
study reported two hyper-virulent K. pneumoniae clones of ST86 harboring plasmid mediated blaKPC-2,

isolated from a Canadian patient who visited Greece [57]. Likewise, a novel blaKPC-3 variant (blaKPC-50)
was recently identified in multi-drug resistant K. pneumoniae clinical isolate conferring resistance to
ceftazidime-avibactam in Switzerland that was most likely acquired in Greece [58]. Several studies
have demonstrated that medical tourism is another way to introduce CREs from an endemic country to
a non-endemic country [59–61]. For instance, a case has been reported in an Israelis hospital where four
non-Israelis patients, were positive for blaOXA-48-producing Enterobacteriaceae [61]. The OXA-48 positive
bacteria were absent from this hospital before these patients’ admission in the Israel, two and one of
them were respectively hospitalized in Jordan and Georgia where blaOXA-48 producing Enterobacteriaceae
were prevalent, demonstrating thus the role of medical tourism in the epidemiology of CRE [60].

3. Companion Animals

Carbapenems are not licensed for the treatment of infectious diseases in companion animals in
most of countries. As a result, pathogenic strains of Enterobacteriaceae causing infections in companion
animals are not usually screened for carbapenemase resistance genes in veterinary laboratories.
The possible way companion animals may get infected with CRE is through direct contact with
colonized hosts and contaminated environment. Eventually, companion animal may become a
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reservoir for CPE [62–65]. For instance, a blaOXA-48 carbapenemase-producing K. pneumoniae has been
transmitted from human to companion animals (dogs) through contaminated hands [66]. In 2015,
the transmission of an IncX3 plasmid bearing blaNDM-5 in E. coli ST167 was detected in dogs and
humans in Finland [67]. A recent study found IncX3 plasmid mediated blaNDM-5 in E. coli ST410 in
four Korean dogs implying the HGT an important mechanism of their spread among companion
animals. Carbapenemase-producing E. coli ST131 has also been reported repeatedly in both household
members and their companion animals [68–70]. An Australian study also reported the IncHI2 type
plasmid bearing blaIMP-4 in Salmonella Typhimurium isolates from infected cats [71]. Importantly this
variant showed sequence similarity to two blaIMP-8 carrying IncHI2 plasmids from Enterobacter spp.
from humans with an indication of nosocomial spread and broader risk to humans, animals and the
environment. Enterobacteriaceae producing carbapenemase (blaNDM-1 and blaOXA-48) have been isolated
from companion animals like dogs, cats, and horses in the USA, Germany, Greece and UK [66,72–75].
Another recent study in Switzerland reported the isolation of various carbapenemase-producing
Enterobacteriales in companion animal clinics mainly associated with poor clinical practices [76].
The isolation of CRE in companion animals brings the attention to reconsider the use of any off-label use
of carbapenems in the veterinary medicines. Even carbapenems are not registered to use in companion
animals, these antibiotic are used as off-label for the treatment of urinary tract infections in dogs and
horses and to treat after surgical procedure infections caused by multidrug resistance E. coli in the UK
and some other European union countries [77]. Identification of CPE in companion animals could
become significant for public health due to not only host-to-host transmission but also possible gene
transfers between commensals and pathogens. Due to selection pressure, treated animals (pets) may
become colonized with CPE that could be transmitted to human through fecal – oral contaminations.

4. Carbapenemases-Producing Enterobacteriaceae in Other Animals

Carbapenemases-producing Enterobacteriaceae is not only a threat to humans; but animals may
also get colonized and/or affected by CPE. The CPE could be isolated from food producing animals
such as chicken, swine and cattle. A geographical distribution of CPE isolates from animal clinical
samples has been recently reported [9].

5. Food Producing Animals

Various studies reported the presence of CPE in livestock which could constitute a food safety
issue. Based on these studies, blaVIM-1 and blaNDM-1 were the most prevalent carbapenemase enzymes
among Enterobacteriaceae in food producing animals [78–82]. In Germany, blaVIM-1 producing S. enterica
and E. coli have been isolated from swine and chicken farms. In both cases, blaVIM-1 gene was located
on an IncHI2 type plasmid. These isolates showed multidrug resistance due to the presence of other
resistance genes including blaACC-1, blaADD-1 and strA/B in addition to the blaVIM-1 on same IncHI2 type
plasmids [80,81]. Apart from blaVIM-1, three E. coli isolates were found to carry the blaNDM-5 gene on a
IncX3 transferrable plasmid, including one co-harboring the colistin resistance mcr-1 gene on IncHI2
plasmid of ST446 and the other two belonged to ST2, isolated from three dairy cows in China [83].
Moreover, a novel IncX3-type plasmid harboring a blaNDM variant (blaNDM-20,) due to three point
mutations compared to blaNDM-1, was recovered recently in an E. coli ST1114 from swine in China thus,
suggesting that food-animal could be a source of new carbapenemase genes [84].

6. Carbapenemases Producing Enterobacteriaceae in Food

CREs from food-producing animals could find their way into the food chain, leading to an
alarming food safety issue. For public health concerns with respect to risk of transfer to humans via
the food source, several resistance surveillance systems for retail meat are in place which include
carbapenem susceptibility monitoring in many countries. Interestingly, CRO could be isolated from
the food that escape resistance surveillance programs such as seafood [85]. Besides live animals,
several reports demonstrating the spread of CPE in retail meat in Egypt, China and Pakistan [86–88].
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As reported in 2016 in China, the increasing spread of carbapenem and colistin-resistant E. coli clone
ST167 from chicken meat harboring blaNDM-9 and mcr-1 co-located on a plasmids has raised concerns
worldwide because of potential transfer of this resistance plasmids to other Gram-negative pathogens
and to other countries [88]. Moreover, VIM-1 producing S. enterica serovar Infantis have been isolated
from minced pork meats in Germany [89] and NDM-1 producing S. enterica serovar Indiana have been
isolated from chicken carcasses in China [90]. Additionally, a recent study reported the contamination
of retail meat samples from pork, chicken and beef with E. coli and K. pneumonia containing blaNDM

genes located on IncX3 plasmid [91]. Between 2016 to 2018, a substantial increase of such CRE from
9.4% to 22. 2% in the retail meat samples was reported.

As stated above CRE could be found in seafood as reported as VIM-1 producing E. coli from retail
squid, sea squirt, clams and seafood medley in Germany, China and Korea [92]. Trading of seafood
from endemic countries to non-endemic countries could result in the spread of carbapenem resistance
genes. For instance, the Canadian Integrated Program for Antimicrobial Resistance Surveillance
(CIPARS) reported carbapenem-resistant Enterobacter spp. in fresh and frozen raw shrimp collected
imported from Southeast Asia to Canada [93]. A recent study from Netherlands reported the isolation
of E. cloacae ST813 bearing plasmid with blaIMI-2 and a novel Ambler class A carbapenemases blaFLC-1

from a frozen vannamei white shrimp (Litopenaeus vannamei) originating in India. This new blaFLC-1

carbapenemases was found to be related to previously known French imipenemase (FRI), with 82%
amino acid identity to blaFRI-1 and 87% to blaFRI-5 [94]. Although rare but raw milk containing
OXA-48-producing K. pneumoniae ST530, an epidemic clone, was reported in Lebanon [95].

A role for fresh produces in spreading antimicrobial-resistant has been suggested by several
studies. In China, fresh lettuce was found to be contaminated with E. coli ST877 co-producing NDM-1
and KPC-2, while also carrying fosA3 and floR genes on a transferrable IncA/C2 type plasmid [96].
Various species of CRE were recovered from leek, radish, basil, spinach, lettuce, traditional and
commercial salads in Iran and OXA-48 producing K. pneumonia were detected in fresh vegetables from
Algeria [97]. It has also been suggested that international trade of fresh vegetables and spices could
be the possible route for the spread of CRE. Coriander imported from Asia to Switzerland and many
other countries was positive to blaOXA-181-producing Klebsiella variicola [98,99]. Consequently, there
is a need for resistance surveillance programs for both carbapenemase-producing pathogenic and
non-pathogenic organisms in the food chain to find the potential reservoirs of carbapenemase genes
and to prevent their spread from food to humans.

7. Carbapenemases-Producing Enterobacteriaceae from the Environment

As discussed above, several studies demonstrate the spread of CPE all around the world among
humans and animals. However, there are very few reports on the role of environmental contamination
in the spread of CPE. The environment, surrounded by the CPE carriers, may be contaminated with
these bacteria and further act as a vector for their dissemination. Dissemination of environmental
CPE (eCPE) can negatively impact human health [100]. The prevalence rate of eCPE is high especially
around intensive care units, acute and long-term health care facilities. Exposure of health care
personnel to infected patients and cleaning methods used in the health facilities could potentially
be responsible for dissemination of eCPE [101]. A study reported the presence of eCPE on the bed
surface, personal table and infusion pump used by one CPE-infected patient [101]. The potential
presence of eCPE on health care personnel brings attention toward the importance of adopting cleaning
methods used in hospitals to disinfect the surfaces and material used by CPE carriers [102]. In
hospitals, carbapenems are frequently used to treat infectious diseases caused by extended spectrum
cephalosporinase (ESC) producing bacteria. Carbapenems are not entirely metabolized in the body
and some residues present in human excreta can get into hospital sewage. Due to selection pressure,
there is a chance that pathogens present in hospital effluent may become resistant against carbapenems.
It has been reported that hospital sewage may act as a reservoir for resistance genes and a point where
organisms likely acquire resistance through horizontal gene transfer events [103]. For instance, NDM-4
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producing E. coli with downstream bleomycin resistance gene, bleMBL on a plasmid type associated
with complete IS Aba125 were isolated from hospital sewage in India, suggesting hospital wastes as
major reservoir of resistance genes [104]. Likewise, antibiotic residues released into the municipal
wastewater along with human excreta could contribute to selection of CPE the ground and surface
water sources. A VIM-1-producing resistant K. pneumoniae strain has been isolated from rivers in
Spain, Switzerland and Sweden [105–107]. The presence of CRE in wastewater is a potential concern
because this environment may serve as major reservoir leading to HGT events and an increased risk of
carbapenem resistance spreading into the environment. The data collected from a recent US survey of
seven wastewater treatment plants reported the detection of 20% carbapenem-resistant E. coli isolates
of sequence types associated with extra-intestinal infections in humans harboring predominantly
blaVIM and blaKPC genes [108]. Similarly, a study from the United States documented the presence
of CRE including E. coli and P. mirabilis isolates harboring blaIMP-27 gene on IncQ1 plasmids in both
environmental and fecal samples of swine production system [109]. The presence of blaKPC-2 gene
has been reported in the United States in the metagenome from the feces of beef cattle regardless
of antibiotic use in the farm [110]. Moreover, two most recent studies reported the presence and
survival of carbapenem-resistant organisms harboring a plasmid-borne blaOXA-23 gene from swine
manure environment from a Croatian pig farm and NDM-5 producing E. coli ST156 from a poultry
farm in China. These suggest the possible dissemination of CRE in the food chain through animal
manure fertilization [111,112]. On the other hand, irrigation water and various water matrices are
also considered as major source of fresh produce contamination with resistant bacteria including CRE
that can potentially be transferred to the consumer especially when consumed raw [113]. Likewise,
a recent study reported carbapenem resistant K. pneumoniae isolates from Austrian rivers showing
genetic similarities to clinical isolates from hospitals raises concerns regarding the role of surface water
in the of dissemination of CRE [114]. Surprisingly, tap water could serve as reservoir of community
exposure to CRE in high income countries. A recent multi-state study form United States screened
drinking water samples from both public and private water systems in six states and detected 6.4% CRE
harboring blaOXA-48-type carbapenemase gene [115]. Another Recent study from Egypt, investigated
the occurrence of β-lactamase and CRE in the integrated agriculture–aquaculture environment and
isolated several Enterobacteriaceae strains resistant carrying predominantly the carbapenemase resistant
gene blaKPC either alone or with the β-lactamase genes (blaCTX-M-15, blaSHV, blaTEM, and blaPER-1).
This study suggests transmission of the resistance genes among Enterobacteriaceae strains in integrated
agriculture–aquaculture system with serious public health implication [116].

8. Molecular Epidemiology of Carbapenem Resistance (CR) Genes

Spread of CRE: The most frequently identified carbapenem genes are the ambler class A including
blaKPC followed by class B metallo- beta lactamases (MLBs) such as blaNDM, and the class D OXA-type
gene like blaOXA-48 (Table 1). Since its identification in the North Carolina, USA in 1996, in K. pneumonia
patient, the epidemiology of blaKPC producing isolates has expanded mostly globally in Africa, America,
Asia, Australia, and Europe especially the clonal group (CG) 258, which includes the lineages ST258
and ST11). Since 2015, several outbreaks related to ST258 have been documented in hospital of Israel
closely related to strain found in New York [117]. Likewise, the class B metallo- beta lactamases genes,
including blaNDM, blaSME, blaGES, blaVIM, and blaIMP, have also been disseminated worldwide, blaNDM-1

being the most prevalent worldwide [118]. The gene blaNDM-1 was first detected in a K. pneumonia
isolate from a Swedish patient of Indian origin in 2008 in a multidrug-resistant K. pneumoniae, suffering
from urinary tract infection acquired in India [119]. Subsequently, the blaNDM-1 was also found in K.
pneumonia isolate from Croatia, from a patient arrived from Bosnia and Herzegovina. The second
geographical origin of blaNDM-1 considered to be eastern Balkans. In May 2010, a case of infection with
blaNDM-1 producing E. coli was reported in Coventry in the United Kingdom. Moreover, the blaNDM-1

gene was also reported in Australia, Austria, Belgium, China, Canada, France, Germany, Hong Kong,
Japan, Netherland, Norway, and Sweden. Likewise, the blaSME were reported in England with sporadic
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reports of such gene in USA. Since 2004 and it has also been reported in Argentina, Australia, Brazil,
Canada and Switzerland but the increasing number of this gene have been reported in America and
UK [120]. The blaVIM gene was originally described in Italian Pseudomonas aeruginosa in the mid-1990s
and afterwards CRE carrying blaVIM were predominantly reported in Europe and large number of
cases were also reported in other countries including Africa, Taiwan, Mexico, Saudi Arabia and the
United States. However, the blaVIM gene was found in Greece with more than 48 variants of this
gene showing global dissemination [121]. Furthermore, the blaIMP gene was first originated in south
pacific Asia predominantly among isolates of E. coli and Enterobacter on class 1 integrons and genomic
evidences are now emerging of its dissemination globally [122]. Finally, among the various variants
known of Class D today, the blaOXA-48 gene was first identified in Turkey in 2001. Although endemic
during that time mostly in Turkey and Malta but since 2015, it has been spread to multiple countries
including Singapore, Algeria, Korea, south Africa and have recently emerged in Canada and other
western countries.

CRE carriage: Several studies particularly in China and also around the globe have recently
attempted to investigate the carriage of CRE in animals and humans that possibly contributes to
its dissemination in societies and healthcare facilities [123,124]. For instance, a recent case study in
Singapore determined the duration of CRE carriage among various hospital workers by investigating
21 CRE carriers for more than 1 year. The authors of this study reported a mean carriage duration of 86
days among hospital workers and further suggested that the prolonged carriage could be associated
with use of antimicrobial drugs and the probability of decolonization in a year was 98.5% [124]. Despite
reports in healthcare facilities, a recent study by Zhai, et al. [125] monitored the carriage of CRE in a
Chinese poultry farm for over a year (January 2017 to April 2018). During this period these authors
collected 350 cloacal samples from four broiler farms in additional to 582 environmental samples and
found that CRE negative 1-day-old broilers acquired blaNDM within 24 h of transfer. Furthermore, the
same study also analyzed the persistence and transmission of blaNDM-producing bacteria in a Chinese
poultry farm and found that the IncX3 plasmid accounts for 71% of blaNDM carriage that persisted in
farm over 16 months and about 20% also carried either the colistin resistance mcr-1 or mcr-8 gene. This
study further suggests that the contaminated in-house environment contributes to the persistence and
transmission of blaNDM producing bacteria in Chinese poultry farms.

Food chain transmission: The rise of CRE in food-producing animals and food supply is
of growing concern globally and, given the risks of CRE to human health, there have been a
zero-tolerance policy and an international ban on the sale of food items contaminated with CRE
in several countries [126]. Therefore, prevention of CRE occurrence and spread in food-producing,
wildlife and companion animals is a major public health priority to protect both persons with direct
exposure and consumers. Authorities in European countries have already reacted by establishing
active carbapenem resistance surveillance programs targeting food-producing animals mainly poultry,
pork, cattle, and retail meat products [127]. There is concern that without these programs the presence
of carbapenem genes in bacteria has the potential to enter the food supply undetected and subsequently
transmission to humans [19]. For example, in 2014 a study by Morrison and Rubin [85], reported a
3.94% prevalence of CPOs in seafood imported in Canada that could pose a potential risk for transfer to
clinically relevant bacteria and eventually to humans which is certainly of concerns. Strong evidences
exist that the transmission of resistance might have taken place from animals to humans. Although
many of these evidences were not direct and were based on the similarities between the carbapenem
resistance genes of bacteria isolated from food-producing animals including poultry, pigs, cattle and
from humans having close contact with these animals such as farm workers, animal caretakers and
their family members [128]. To support risk assessment for zoonotic CRE, a comprehensive systematic
review on CRE that carried blaVIM, blaKPC, blaNDM, blaIMP and blaOXA, from wildlife, food-producing,
and companion animals was conducted recently by Köck, el al [72]. This study was primarily focused
on the dissemination of CRE in livestock, food items including seafood, companion animals and their
potential of transmission to exposed humans. The most prevalent carbapenem genes were blaVIM, blaKPC,
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blaNDM, blaOXA, and blaIMP in E. coli and K. pneumoniae isolates. Interestingly, only two independent
studies reported that 33–67% of exposed humans on poultry farms carried CRE closely related to isolates
from the poultry farm environment suggesting fecal-oral transmission or transmission via the food
sources has the higher potential to spread CREs to healthier population. Wang, et al. tested six fecal
specimens from farmers and workers from a Chinese commercial chicken farm, of which three (50%)
were positive for plasmid-borne blaNDM-5 producing E. coli and demonstrated that two of the farmers
isolates shared sequence types (ST10, ST746) with isolates from local dogs, flies, and chickens and
clustered closely together, suggesting exposure and transmission to human on the farm environment.
In their follow up study, Wang et al. [129] demonstrated clonal commonality between blaNDM-positive
E. coli isolates from chicken farms, slaughterhouses, supermarkets, and humans, belonging to sequence
types ST10 and ST156. Recently, another study in Egypt by Elshafiee et al. [130] provided strong
evidences of direct transmission of CRE to humans from farm animals. Another study by Li et al. [124],
investigated the prevalence, risk factors, and drivers of CRE transmission between humans and their
backyard animals in rural China that provided direct evidence of inter-host transmission of blaNDM

producing E. coli between humans and backyard animals. Moreover, the incidence of carbapenem
resistant genes in food-producing animals has also been reported from several other countries with
chickens and pig being the most investigated species, in which carbapenem resistant genes has been
most frequently detected [128].

Detection of CRE: In the recent past, several molecular genotyping methods such as microarrays,
single and multiplex polymerase chain reaction (PCR) assays have been used to detect the common
carbapenemases, including blaKPC, blaNDM, blaIMP, blaVIM and blaOXA-48, in bacterial isolates or directly
from clinical specimens [131]. However, these molecular methods can accurately detect specific
carbapenemase genes but cannot detect novel carbapenemase genes. On the other hand, whole
genome sequencing (WGS) is a powerful new method with vastly improved resolution over current
gold-standard techniques that not only identifying CRE but also providing detailed insights into
their evolution and dissemination [132]. WGS potentially represent the ultimate molecular detection
by probing the complete genomic content, chromosomal and extrachromosomal, of bacteria for the
detection of carbapenem resistant genes. Moreover, WGS provide an opportunity to extrapolate
additional information, including strain relatedness, molecular epidemiology, plasmids of replicon
types harboring the carbapenemase, prediction of factors influencing carbapenem resistance for
example point mutation and presence of other resistance factors and data can be analyzed in real-time
or stored for future analysis. There is no doubt that WGS enhances our ability to characterize and resolve
outbreaks of carbapenem resistant bacterial populations, understand and predict epidemiological
trends, and create new machine learning tools for rapid detection of novel variants. As new algorithms
are developing for tracking of transmission of carbapenem resistant bacteria in various fields including
health care facilities and agricultural products (poultry, beef, and pork), likely to become increasing
efficient and interpreting with the level of precision necessary to guide the modification of infection
control procedures and food safety measures to limit the spread of CPO, allowing WGS to gain broader
acceptance [133].

Role of insertion sequences, transposons and integrons: Dissemination of CPE among humans
and animals has been enhanced by the horizontal transfer of CR genes on MGEs such as insertion
sequences, transposons and integrons and their associated plasmids. [16,50,134–137]. The genetic
analysis of blaIMP and blaIVIM from endemic areas in Southern Europe and Southeast Asia showed
an association between both genes with class 1 integrons [138]. Molecular typing method such as
PCR based replicon typing and plasmid multi-locus sequence typing (pMLST) methods have been
used to identify a range of plasmid incompatibility groups responsible for the epidemiology of
CR genes [139–141]. Most of the CR genes associated with the Ambler class A, class B, and Class
D β-lactamases are located on plasmids, except Ambler class A CR genes (blaSME-1 to 3, blaIMI and
blaNMC-A), which are usually located on the chromosome (Table 1). Some blaKPC, blaVIM, blaIMP,
and blaOXA type carbapenemases genes have been located within transposons on plasmids which are
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responsible for the spread of such CR genes among Enterobacteriaceae. In addition, clonal expansion
also acts as a way to spread the CR genes as described for blaKPC in K. pneumoniae ST258 [142] and
blaNDM-5 in E. coli on the IncX3 type plasmid [143]. The insertion sequences and transposons play a role
in the genetic variability. Accordingly, ISAba1/3 and ISAba125 have been reported to induce expression
of several carbapenem resistance genes such as blaOXA-23-51-66 -like and blaNDM-1 in A. baumannii and
K. pneumoniae [144–148]. Similarly, a novel Tn4401 transposon variant (Tn4401h, a188-bp deletion)
on conjugative plasmids has been associated with enhanced blaKPC expression and the degree of
phenotypic resistance to carbapenemases in K. pneumoniae [149].

Plasmid: Plasmids belonging to different incompatibility groups play an important role in the
epidemiology of CR genes. Plasmid-mediated spread of blaNDM-1 gene in Enterobacteriaceae has attracted
attention, primarily, due to its predominant presence in nosocomial isolates (K. pneumoniae), as well
as in community-acquired isolates (E. coli). Another characteristic is the propensity of conjugative
plasmids to transfer resistant genes among other Enterobacteriaceae [150,151]. The blaNDM-1 gene was
first detected in New Delhi, and in the Indian subcontinents [52]. Since then it has been isolated in UK,
Pakistan, Bangladesh, Central and South America, the US and Canada [151]. In this case, urbanization
and international travelling were described to contribute in the propagation of the bacterial clones
and plasmids with blaNDM-1 gene from Indian subcontinent to other countries and continents [151].
Genetic studies demonstrated that the blaNDM-1 gene was associated with different bacterial clones
and has spread among Enterobacteriaceae and non-Enterobacteriaceae species. This blaNDM-1 gene is
carried by a broad range of multidrug plasmids belonging to the IncA/C, IncL/M, IncN and IncF
incompatibility groups [45]. These plasmids with blaNDM-1 gene, also harbor other genes conferring
resistance to aminoglycosides, quinolones, trimethoprim, sulphonamides, tetracyclines, colistin and
heavy metal [3,44,152,153]. Moreover, blaNDM-1 has been identified in E. coli ST90, ST131 and E. cloacae
ST231 whereas blaNDM-5 gene in ST101, ST167, and ST405 clones bearing diverse transmitting vectors
were responsible for community acquired infections [154,155]. Thus, infections caused by NDM
pathogens could be difficult to be treated [52,156,157].

Some CR genes including blaOXA-48 are associated with a single type of plasmid incompatibility
group in Enterobacteriaceae [39,158]. The dissemination of blaOXA-48 gene among K. pneumoniae, E. coli
and E. cloacae is due to the presence of this gene on mono-drug resistance plasmids belonging
to the IncL/M incompatibility group sharing common characteristics such as self-transferability,
no additional antibiotic resistance genes and size of plasmid range between 60–70 kbp [45]. In companion
animals, the blaOXA-48 gene was found to be located on a multidrug-resistance plasmids belong to
same IncL/M incompatibility group also carrying and extended spectrum β-lactamases and Amp C
β-lactamases [45,66,159].

The blaKPC genes have usually been located on self-transferable and multidrug-resistant large size
plasmids, which are varying in size as well as phage-like plasmids [160,161]. The transferability of the
blaKPC plasmids has been reported between C. freundii and K. oxytoca belonging to two different bacterial
genera [162,163]. These plasmids also carry additional antibiotic resistance genes for aminoglycosides,
ESBLs and fluoroquinolones [164]. Different K. pneumoniae clones and different strains may carry KPC
β-lactamase. In all reported cases, the blaKPC gene has been associated with the Tn3 type transposon
named Tn4401. This transposon may be a major source for transmission of blaKPC gene [160].

9. Conclusions

The driving factor for the continuous increase in antibiotic resistance is antimicrobial usage in
human and veterinary medicine as well as in agriculture. The European Surveillance of Antibiotic
Consumption Network data in 2017 reported that in 10 out of 25 countries, consumption of carbapenems
among humans increased since 2012, while only one country (Portugal) showed a decreasing trend
during the same period (https://ecdc.europa.eu/en/publications-data/summary-latest-data-antibiotic-
consumption-eu-2017). The carbapenems resistance in addition to ESC and cephamycins resistance in
Enterobacteriaceae represent an important threat for public health. Out of the three classes, the class A
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carbapenemases KPC has spread globally and become more prevalent in the USA and Greece. The class
B carbapenemase VIM and IMP has also been reported worldwide, but seem more endemic in Taiwan,
Japan, and some European countries. The carbapenemase KPC, IMP, VIM, NDM, and OXA types
have been mainly reported in nosocomial K. pneumonia strains. Pathogenic E. coli strains carrying
blaNDM-1 and blaOXA-48 genes also have been found in community acquired infections. Therefore, proper
identification and surveillance programs of carbapenem resistance pathogens and non-pathogenic
strains have become necessary to support the control of CRE infections in both animals and humans.
Source attribution studies along with developing alternative infection control strategies are warranted.
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Abstract: The spread of carbapenemase-producing Enterobacterales (CPE), especially Klebsiella
pneumoniae (K. pneumoniae) and Escherichia coli (E. coli), is a serious public health threat in pediatric
hospitals. The associated risk in newborns is due to their underdeveloped immune system and
limited treatment options. The aim was to estimate the prevalence and circulation of CPE among
the neonatal intensive units of a major pediatric hospital in Italy and to investigate their molecular
features. A total of 124 CPE were isolated from rectal swabs of 99 newborn patients at Bambino
Gesù Children’s Hospital between July 2016 and December 2019. All strains were characterized by
antimicrobial susceptibility testing, detection of resistance genes, and PCR-based replicon typing
(PBRT). One strain for each PBRT profile of K. pneumoniae or E. coli was characterized by multilocus-
sequence typing (MLST). Interestingly, the majority of strains were multidrug-resistant and carried
the blaNDM gene. A large part was characterized by a multireplicon status, and FII, A/C, FIA (15%)
was the predominant. Despite the limited size of collection, MLST analysis revealed a high number of
Sequence Types (STs): 14 STs among 28 K. pneumoniae and 8 STs among 11 E. coli, with the prevalence
of the well-known clones ST307 and ST131, respectively. This issue indicated that some strains
shared the same circulating clone. We identified a novel, so far never described, ST named ST10555,
found in one E. coli strain. Our investigation showed a high heterogeneity of CPE circulating among
neonatal units, confirming the need to monitor their dissemination in the hospital also through
molecular methods.

Keywords: Enterobacterales; carbapenem resistance; neonates; plasmid-typing; sequence type
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1. Introduction

The spread of carbapenem-resistant Enterobacterales (CRE) is an emerging concern
worldwide and, noteworthy, carbapenem-resistant gram-negative bacterial infections
are counted in the WHO priority pathogen list [1,2]. Due to continuous evolution of
molecular mechanisms of resistance, the epidemiology of CRE is changing, and an
increasing number of people are being colonized and infected by these organisms world-
wide [3,4]. These infections are associated with high mortality ranging from 40% to
50%, and their prevalence continue to increase [4]. Indeed, carbapenemase-producing
Enterobacterales (CPE) typically carry genes that confer resistance to other antibiotics
and they are often extensively drug-resistant or even pan-drug resistant, limiting treat-
ment options and leading to a high rate of therapeutic failures and subsequently to
fatalities [5,6]. Globally, Klebsiella pneumoniae carbapenemases (KPCs) are the most
common transmissible genes circulating in Enterobacterales. They have the ability to
hydrolyze all β-lactams, and strains carrying blaKPC often acquire resistance to sev-
eral antibiotic agents, resulting in Multidrug-Resistant Organisms (MDROs) [7]. The
rapid spread of KPC-Enterobacterales is due to the successful ST258 lineage, multidrug-
resistant strains of K. pneumoniae endemic in several countries and responsible for many
outbreaks [8].

However, in the last decade, the emergence of the most recently described carbapene-
mase New Delhi metallo-lactamase (NDM-1) was widely described as a matter of concern
in clinical settings. This carbapenemase belongs to the metallo-lactamases class (MBLs)
hydrolyzing a broad range of β-lactams with the exception of monobactams such as aztre-
onam. Infections caused by NDM producers include urinary tract infections, peritonitis,
septicemia, pulmonary infections, soft tissue infections, and device-associated infections [9].
In contrast with KPC genes, the spread of NDM-type MBLs seems to be not associated with
clonal lineages, but it is mediated by different plasmid incompatibility (Inc) groups [4,9].
Indeed, the clonal spread of these microorganisms among different patients develops very
easily, and resistance genes to carbapenems can be transmitted between microorganisms of
different species through plasmids [10].

In this scenario, the spread of (MDROs) is particularly worrisome in the Neonatal
Intensive Care Unit (NICU): in this complex care setting, the emergence and dissemination
of CRE and CPE, especially K. pneumoniae and E. coli, can occur with particular frequency
and serious risks for newborns [11–13]. The epidemiological context and, in particular, the
level of endemicity in communities and care settings, play a very important role in the risk
of importing isolates and/or genetic resistance determinants into a NICU. Community-
acquired (CA) pathogens are introduced in the hospital through the patients (including
neonates and infants) themselves, their parents, and healthcare professionals. Furthermore,
in the reference NICU of a specific territorial area, the epidemiology of microorganisms
is strongly influenced by patient movements from and to other NICUs. Alongside the
condition for which they are transferred (e.g., malformations, surgical emergencies, etc.),
they present additional risk factors for the carriage of MDRO, i.e., previous exposure to
another high-risk care setting [14–17].

On the other hand, prolonged hospitalization in such fragile patients is known to pre-
dispose to hospital-acquired colonization (HAC) [18,19]. For these reasons, to monitor the
spread of carbapenemase-producing organisms (CPO), different international institutions
have developed numerous guidelines [20–22], which have also been adopted in Italy.

Current prevention strategies for carriage and infections by CPE include active surveil-
lance using culture and/or molecular methods, adoption of contact precautions, isolation
or cohorting and, in selected cases, decolonization. Several studies emphasize the impor-
tance of identifying individuals carrying antimicrobial-resistant bacteria in both the patient
and healthy population [23,24]. In fact, asymptomatic rectal carriers are considered the
main source of spread of multidrug-resistant organisms, especially among fragile indi-
viduals, such as pediatric ones, where colonization is a precursor to infections such as
bacteraemia, pneumonia, central nervous system (CNS), and urinary tract infections [25,26].
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A large amount of information is reported in the literature for adults but, to date, little is
known about the epidemiology and screening strategy of CPE in children, and even less
in newborns.

The aim of this study was to estimate the distribution of CPE strains isolated during
a three-year period from newborn patients admitted to the NICU and cardiac intensive
care unit (CICU) of a large, tertiary care pediatric Italian hospital. All CPE strains were
characterized in terms of their antimicrobial resistance patterns and molecular features
such as determinants and plasmid replicons. Each strain of K. pneumoniae and E. coli,
representative for each PBRT profile, was further characterized by multilocus-sequence
typing (MLST).

2. Results
2.1. Epidemiological Features

Between July 2016 and December 2019, 124 CPE strains were consecutively collected
from 99 newborn patients (44 females and 55 males) aged from six days to one year. A
large part of newborns (72%) was hospitalized in the neonatal surgical unit (NSU), 15%
in neonatal intensive therapy (NIT), 6% in the sub-intensive neonatal unit (SNU), and the
remaining 5% in the cardiac intensive care unit (CICU). All strains were collected from rectal
swabs: 105 (84%) were isolated from Italian patients, whereas 19 (15.3%) from 14 foreign
patients: three from Burundi, two from Libya, Russia, and Romania, and one from Iraq,
Georgia, Central African Republic, Sierra Leone, and Ukraine. From all patients, at least
one strain was isolated (one strain from each swab), with the exception of 25 children
subjected to a second swab during the hospitalization stay or after the second admission.
In detail, 50 strains were isolated from 25 patients, and the remaining 74 strains were
isolated from 74 patients. Moreover, the major part of the strains (n = 103; 82%) were
isolated from patients colonized during their hospitalization, whereas 21 strains (17%) were
community-acquired because they were isolated from patients who were colonized at the
time of their admission to the hospital.

2.2. Isolate Identification

Of 124 CPE strains, K. pneumoniae (n = 55; 44%), E. coli (n = 44; 35%), Klebsiella oxytoca
(n = 7; 6%), Enterobacter cloacae (n = 7; 6%), Citrobacter freundii (n = 6; 5%), Klebsiella aerogenes
(n = 2; 2%), Citrobacter koseri (n = 1; 1%), Serratia marcescens (n = 1; 1%), and Morganella
morganii (n = 1; 1%) were identified. The most prevalent species of K. pneumoniae and E. coli
were widely detected both in NICU and CICU wards, with a significant presence in NSU
(n = 41/55 for K. pneumoniae; n = 35/44 for E. coli). One foreign patient carried Citrobacter
koseri and another carried Morganella morganii.

2.3. Antimicrobial Resistance Characterization

All CPE strains were found to be resistant to nearly all antibiotics tested in this study,
including imipenem (n = 121; 97%) and meropenem (n = 119; 96%). High resistance
was detected towards amoxicillin–clavulanic acid (100%), cefotaxime (100%), ceftazidime
(100%), and piperacillin–tazobactam (100%). The lowest rate of resistance was recorded for
tigecycline (n = 4; 3%). All strains of K. pneumoniae were resistant to all the antibiotics tested,
whereas those of E. coli were susceptible only to tigecycline. Among 21 strains related to
community-acquired colonization, 12 different antibiotic patterns were recorded, showing
very high variability.

All 124 CPE strains were positive for carbapenemase genes, with the prevalence of
73% for the New-Delhi Metallo-β-lactamase gene (blaNDM). In detail, the blaNDM gene
was detected in combination with blaKPC and blaVIM in 24 and 2 strains, respectively. By
contrast, the remaining blaKPC (n = 15), blaVIM (n = 13), and blaOXA-48 (n = 3) genes were
individually detected.
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2.4. Replicon Typing

A summary of replicons detected among the 122 CPE strains is given in Figure 1.
Overall, only two strains of E. cloacae were not typeable by the PBRT, and IncA/C was
the most common Inc group (65%), followed by IncFIA, IncFII, and IncFIIK found in 43%,
39%, and 32% of isolates, respectively. In this study, 18 out of 30 replicons were identified,
whereas IncHI1, IncI2, IncB0, IncP1, IncW, IncI1γ, IncFIIS, IncN2, IncX1, IncX2, IncK, and
IncX4 were not detected.

The majority of isolates (n = 94/122; 77%) were characterized by the multireplicon
status carrying three or more different Inc groups. In detail, the predominant multireplicon
profiles were FII, A/C, FIA (n = 19; 15%) and FII, A/C, FIB (n = 11; 9%), both found only
among E. coli strains. Instead, the two multireplicon profiles consisting of A/C, R, FIIK,
FIB KQ and FIB KQ, FIIK, R, A/C, and FIA were the most common in K. pneumoniae.

In our study, we observed that all forty-nine PBRT patterns were species-specific with
few exceptions. In fact, the profile composed by the single replicon A/C was found in
E. coli, E. cloacae, M. morganii, K. aerogenes, and K. oxytoca, whereas the pattern IncFIB KQ,
IncFIIK was found in K. pneumoniae and C. freundii.
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Figure 1. Distribution of PBRT patterns among CPE strains. Forty-nine PBRT profiles were distributed
among 122 out of 124 CPE strains. All of these PBRT patterns were associated with a single species
with the exception of replicon A/C (E. coli, E. cloacae, M. morganii, K. aerogenes, and K. oxytoca) and
IncFIB KQ, IncFIIK (K. pneumoniae and C. freundii).

2.5. Correlation between PBRT and Antibiotic Resistance Patterns

The distribution of PBRT and antibiotic resistance within the collected strains is
reported in Table 1. Although we detected a consistent heterogeneity, 12 (24%) PBRT
profiles seemed to be related with specific antibiotic-resistance patterns and the associated
carbapenemase-resistance genes. For instance, the PBRT profile IncFII, IncA/C, IncFIA
(indicated with the number 5) was present in 18 E. coli strains, and all of them reported the
same antibiotic resistance pattern (AMK-AMC-FEP-CTX-CAZ-CIP-GEN-IPM-TZP-MEM)
and the same carbapenemase determinant (blaNDM). This type of analysis was performed
for all PBRT profiles, which included at least two strains, and numbered as 2, 13, 14, 16, 17,
19, 24, 28, 33, 46, and 49 (Table 1). Moreover, within the PBRT profiles IncFII, IncA/C, IncFIA
and IncFIB KQ, IncFIIK, IncR, IncA/C, and IncFIA (numbered 5 and 17, respectively) we
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observed the highest number of strains that not only shared the same antibiotic-resistance
pattern and related determinants, but also the same species (E. coli and K. pneumoniae,
respectively), origin of patients (Italy), and type of colonization. By contrast, the highest
variability was found for the PBRT profile IncA/C (number 12) wherein, out of eight
strains, five different species (E. coli, K. aerogenes, K. oxytoca, M. morganii, and E. cloacae),
five different antibiotic-resistance patterns, and three different carbapenemase determinant
patterns were recorded.

Overall, correlations between replicons and multiple resistance profiles found in this
study confirmed that plasmids are an important reservoir for the spread of resistance in
Enterobacterales.

2.6. Multilocus-Sequence Typing

MLST analysis performed on 39 strains, each representative of a PBRT profile found
in E. coli (n = 11) or K. pneumoniae (n = 28), revealed 22 STs. As described in Table 1,
14 different STs in 28 carbapenemase-producing K. pneumoniae isolates were found, with
the prevalence of ST307 (n = 5; 18%), followed by ST17 (n = 4; 14%) and ST395 (n= 4; 14%).
Among four K. pneumoniae strains isolated from foreign-born neonates, four different STs
were detected (ST307, ST11, ST323, and ST1412). All strains were isolated from patients
colonized upon their admission (CAC), with the exception of the strain belonging to ST323
related to hospital-acquired colonization. Moreover, these patients were hospitalized in
NIT and NSU wards. Despite the modest size of collection, these findings suggest a certain
degree of heterogenicity, due to the high number of circulating clones independently by
origin of patient and hospitalization ward.

In light of this, we constructed phylogenetic trees in order to investigate the relation-
ship among all STs identified in our analysis, and clonal relatedness of strains is shown
in Figure 2. This analysis involved 28 nucleotide sequences for K. pneumoniae with 3018
positions in the final dataset.

Only the two strains belonging to ST323 and ST1164 seemed to be less related with
the others, whereas strains typed with the most common identified ST307 showed higher
phylogenetic relation with strains belonging to ST35 and ST466. Thus, all K. pneumoniae
strains of our collection showed a clonal relatedness with the exception of two strains that
were not genetically related with the main cluster. All strains grouped in this main cluster
are well-known to be responsible for carbapenem resistance spread.

On the other hand, eight different STs were observed among 11 carbapenemase-
producing E. coli, and ST131 was the main, found in three strains (two isolated from foreign
patients). Instead, two strains belonged to ST69, and the remaining STs (ST617, ST80, ST74,
ST162, ST167, and the novel ST10555) were individually found. Moreover, all foreign
patients were hospitalized in the NSU ward, and four out of five strains isolated from them
belonged to different STs (ST131, ST617, ST167, and ST69), reporting community-acquired
colonization. By contrast, all E. coli strains isolated from Italian patients were associ-
ated with hospital-acquired colonization concerning not only the NSU ward but also the
other wards.

Notwithstanding the low number of strains typed by MLST, we detected a wide
diversity of STs in our E. coli collection as confirmed by the phylogenetic analysis. It
involved 11 nucleotide sequences with a total of 3423 positions in the final dataset and
revealed a higher relation among strains belonging to ST131, the novel ST10555, ST80, and
ST74 (Figure 2). Of note, a main cluster was not identified, but we observed an interesting
similarity of the novel ST10555 with the most common ST131. The latter is known to be an
emerging carbapenemase-producing clone, suggesting the ability of the novel ST10555 to
disseminate carbapenemase genes.
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Figure 2. MLST-based phylogenetic trees of K. pneumoniae and E. coli strains. Trees of concatenated 
nucleotide sequences of seven housekeeping genes of K. pneumoniae (A) and E. coli (B) were obtained 
using the Maximum Likelihood method and the General Time Reversible model by MEGA software 
(version 10.0) with bootstrap percentages retrieved in 1000 replications. Graphical representation of 

Figure 2. MLST-based phylogenetic trees of K. pneumoniae and E. coli strains. Trees of concatenated
nucleotide sequences of seven housekeeping genes of K. pneumoniae (A) and E. coli (B) were obtained
using the Maximum Likelihood method and the General Time Reversible model by MEGA software
(version 10.0) with bootstrap percentages retrieved in 1000 replications. Graphical representation of
both were obtained using Interactive Tree of Lifes (iTOL v.6) software. Scale bars indicate the number
of nucleotide substitutions per site. For each strain, the name was reported as Kp for K. pneumoniae
and Ec for E. coli. STs and replicon profiles were also indicated for each strain.

2.7. The Novel ST10555

Interestingly, a new sequence type was identified among E. coli clinical isolates (named
E. coli_104) as shown in Table 1 and Figure 2. This strain was isolated from an Italian
male patient (five months of age) in 2017. The isolate exhibited the A/C replicon and the
following antibiotic-resistance profile AMK-AMC-FEP-CTX-CAZ-CIP-GEN-IPM-TZP-SXT-
MEM; carbapenem resistance was confirmed by the detection of blaNDM gene. It revealed a
novel allelic variant for the recA gene (recorded as 772) confirmed through whole-genome
sequencing. Successively, the entire genome was submitted to EnteroBase database at
https://enterobase.warwick.ac.uk/species/index/ecoli (accessed on 21 March 2022), re-
sulting in the associated ST10555 (adk 13, fumC 52, gyrB 10, icd 14, mdh 17, purA 25, recA 772).
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Moreover, we used genomic analysis tools to explore the whole-genome sequencing data.
Through ResFinder 4.1 we confirmed the resistance observed phenotypically and found
additional resistance towards tobramycin, cefoxitin, ampicillin, and ertapenem. The same
analysis revealed the following resistance genes: aac(6′)-Ib3 (amikacin, tobramycin), aph(3′)-
VI (amikacin), rmtC (amikacin, gentamicin, tobramycin, kanamycin), blaCMY-6 (amoxicillin,
amoxicillin–clavulanic acid, ampicillin, cefotaxime, ceftazidime, piperacillin–tazobactam),
blaNDM-1 (amoxicillin, amoxicillin + clavulanic acid, ampicillin, cefepime, cefotaxime, cefox-
itin, ceftazidime, ertapenem, imipenem, meropenem), and blaCTX-M-15 (amoxicillin, ampi-
cillin, cefepime, cefotaxime, ceftazidime, piperacillin). Moreover, through PlasmidFinder
2.0 and pMLST-2.0 Server, we confirmed that this isolate belonged to IncC group and to the
profile IncA/C PMLST, respectively.

Finally, SerotypeFinder 2.0 Server revealed the serotype H6 encoded by the flic gene
(99.94% of identity) as well as the serotype O2 encoded by wzy and wzx genes, with the
identities of 98.03% and 98.65%, respectively. The genetic features of this newly emerged
strain type highlight the risk associated with its circulation, especially in terms of antibiotic
resistance spread that is a matter of concern in the neonatal population.

3. Discussion

Although CPE infections are endemic in Italy and neonates and infants are considered
patients at high risk, few studies have been carried out to evaluate their dissemination
among neonatal intensive units [12,13,27–29]. Retrospective studies carried out among the
NICUs of different pediatric Italian hospitals reported high rates of colonization by strains
with important molecular features, highlighting the role of risk factors on infection inci-
dence. For instance, Montagnani and colleagues confirmed the immunosuppressive state
of children with hematologic/oncologic conditions, invasive devices, history of surgery
or hospitalization, and prior use of antibiotics as important risk factors associated with
CPE infections [27]. Instead, Mammina and colleagues showed that feeding by formula
was significantly associated with colonization due to cross-contamination and poor infec-
tion control procedures [30]. On the other hand, a more recent study demonstrated that
the efficacy of screening programs associated with proactive measures to control cross-
contamination and hospital-acquired colonization are effective to reduce the spread of
CPE also in the pediatric setting [13]. Moreover, these studies were useful also to collect
information about the emerging clones circulating among neonatal wards, tracing the
evolution of their molecular aspects.

Here, we described CPE distribution in neonatal wards, including NICU, and a
CICU of a major tertiary pediatric referral hospital in Italy, where foreign patients
are also frequently admitted. The first interesting point was the high variability of
CPE detected in terms of isolates and associated molecular features. In accordance
with other studies, within the variety of species detected in our collection and widely
associated with neonatal colonization, K. pneumoniae and E. coli were the most com-
mon [12,13,31–33]. Most strains (76%) exhibited resistance to at least one agent of three
or more antimicrobial categories tested in our panel. Hence, they were classified as
multidrug-resistant (MDR) as described by Majorakos et al. [34], increasing the risk
of treatment failure. To note, almost all strains were susceptible to tigecycline (97%).
This was in agreement with results reported by the SENTRY surveillance program
where a good activity of tigecycline against these microorganisms was indicated [35].
Conversely, other studies reported higher levels of resistance towards this antimicro-
bial agent [27], and recent investigations suggest an improved efficacy of tigecycline
against carbapenem-resistant Enterobacterales in combination with colistin [36] or
with ceftazidime–avibactam [37]. These findings suggest the need to monitor the use
of this or other last-resort antibiotics in order to limit the impairment of treatment due
to increased levels of resistance.
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Moreover, CPE strains have the potential to spread widely due to the localization of
carbapenemase genes on mobile genetic elements, which further complicate the treatment,
increasing mortality and morbidity rates [38,39]. Overall, 26% of strains coharbored a
combination of two resistance genes, thus contributing to increased risk in terms of public
health. It was not surprising that the predominant determinant of carbapenem resistance
found in our study was blaNDM. Indeed, the rapid dissemination of New Delhi metallo-
beta-lactamase (NDM)-producing carbapenem-resistant Enterobacterales have been largely
detected in central Italy in the last years [40]. This spread of NDM-producing strains
confirms a significant change in CPE epidemiology consisting in replacement of previous
endemicity of blaKPC genes.

It is well-known that K. pneumoniae and E. coli are the main drivers of this rapid
and consistent spread, and the dissemination of NDM is generally mediated by plasmids
with a variety of replicon types [41]. In accordance with the literature, the predominant
IncA/C plasmid (66%) detected in the present study was strongly associated with blaNDM
genes [42,43]. This plasmid type, identified in all enterobacterial species, possesses a broad
host range of replication and has been identified not only from human but also from
animal isolates [44,45]. For all of these reasons, the IncA/C-type plasmid is considered
an increasing threat to public health. Moreover, the majority of isolates (77%) carried
three or more replicons defining the multireplicon-status, with a high percentage of the
IncF family that it is known to be restricted to Enterobacterales. The multireplicon status
promotes acquisition of plasmids carrying incompatible replicons, enlarging the host range
replication also between different species [46]. A typical multireplicon IncF plasmid carries
FII, FIA, and FIB, as also observed in our collection, confirming their large diffusion among
clinical Enterobacterales [46,47]. From a functional point of view, FII is silent, whereas the
activity of FIA as well as that of FIB is exclusively related to enteric bacteria [46].

Additional interesting information about the diversity of strains investigated in the
present study was revealed by multilocus-sequence typing analysis. The identification
of ST was performed for a single strain representative for each PBRT pattern in order to
obtain preliminary information about the clones circulating in the neonatal intensive unit.
Of all the obtained STs, ST307 was the most common in K. pneumoniae, confirming the
recent and rapid spread of this emerging clone in Italy [48–50]. Noteworthy, the diffusion
of ST307 in Italy traces the evolution of the current epidemiological change because it
seems to replace the global ST258 and its endemic Italian variant ST512. Indeed, after the
first outbreak occurred in Sicily (Italy) in 2008 [51], where KPC-3-producing K. pneumoniae
ST258 was mainly responsible, a second surveillance carried out in 2014 revealed the
emerging of KPC-3-producing strains ST307 [29,52]. As also detected in our investigation,
ST307 is a novel distinctive lineage carrying blaKPC determinants [49], even if in our study
we found it in association with blaNDM or blaOXA-48, suggesting the potential to acquire
advantageous features for the adaption to clinical niches. Furthermore, the increased
detection of ST307 also in other countries in the last years suggests not only its pivotal
role in the spread of antibiotic resistance but also the potential to become one of the most
clinically relevant clones. Our data confirmed the increasing CPE prevalence in neonates
and infants and showed that the molecular characteristics of strains are evolving. Moreover,
CPE colonization represents an important reservoir for nosocomial infections due to their
stronger virulence and transmission. Hence, an active screening also through molecular
typing is very useful to classify genotypes and is a priority in vulnerable patients like
newborns, where multiple-antibiotic resistance can result in failed infection treatment.

On the other hand, E. coli strains characterized by MLST revealed several STs, but
this collection was too limited, and the frequency of these clones could be underestimated.
Among them, ST131, known to be responsible for hospital- and community-acquired
urinary tract infections as well as bloodstream infections, was most commonly detected.
Most strains belonging to ST131 are MDR, therefore limiting therapeutic options that cause
recurrent infections [53].

36



Antibiotics 2022, 11, 431

The identification of the novel ST10555 highlights the variability observed among E.
coli strains despite the low size of collection. It was isolated from an Italian patient and
exhibited resistance towards all of antibiotics tested in our study, with the exception for
tigecycline. Whole-genome analysis revealed the carriage of other determinants besides
blaNDM, confirming the risk associated with its distribution among newborn patients. This
novel ST was phylogenetically related with ST131, described as a high-risk clone due to its
role in antibiotic resistance spread, confirming the continuous emergence of new clones
with potential to colonize clinical niches (Figure 2).

Notwithstanding the limited size of our collection, the richness and variability
of genetic repertoire showed by these strains made more evident the dynamic evo-
lution of CPE and, consequently, the importance of monitoring their distribution in
healthcare settings.

From a health perspective, the results of this study highlight the urgency of addressing
the surveillance of CPE distribution in pediatric hospitals. One important challenge for
hospitals consists of collaborative efforts with different and external professional figures of
health sciences. Indeed, in addition to the commonly reported guidelines implemented
by WHO protocols to manage the prescription of antibiotics in therapeutic plans, strict
cooperation among diagnostic laboratories, hospitals, and research institutes is strongly
recommended to reduce the spread of these dangerous strains and prevent the emergence of
serious infections in newborns. Considering this, we highlight the usefulness of molecular
typing to better understand the distribution of resistant strains in clinical settings, especially
where patients at risk, like neonates and children, are hospitalized.

4. Materials and Methods
4.1. Ethics Statement

The Institutional Review Board (IRB) of the IRCCS Bambino Gesù Children’s Hospital
approved the study protocol (n.2156_OPBG_2020). As the data in this study were collected
and analyzed retrospectively, the study did not infringe upon the rights or welfare of the
patients and did not require their consent.

4.2. Study Design

This study was a retrospective investigation carried out from July 2016 to December
2019. A total of 9914 surveillance rectal swabs were performed for CPE screening from
newborn patients hospitalized or admitted to the neonatal surgical unit (NSU), neonatal
intensive therapy (NIT), the sub-intensive neonatal unit (SNU), and the cardiac intensive
care unit (CICU) of Bambino Gesù Children’s Hospital in Rome (Italy), according to the
active surveillance protocol issued by the hospital infection control committee. Wards
considered in this study were those in which a possible transfer of patients frequently
occurred during their hospital stay.

Strains were considered community-acquired when isolated from patients that were
colonized at the time of their admission to the hospital. Otherwise, strains isolated from
hospitalized patients were classified as hospital-acquired.

We collected demographic and clinical information about the enrolled patients from
electronic medical records, including sex, age, geographical origin, the date of rectal swab
collection, and department hospitalization (e.g., neonatal surgical unit, neonatal intensive
therapy, sub-intensive neonatal unit, and cardiac intensive care unit). After isolation and
identification, all CPE strains were characterized by antimicrobial susceptibility testing,
detection of carbapenemase-encoding genes, and PBRT. Finally, one single strain of K.
pneumoniae or E. coli representative for each PBRT profile was analyzed by MLST.

4.3. Microbiological Cultures and Antibiotic Susceptibility Testing

For cultural screening, each swab was inoculated on a set of two plates: MacConkey
agar plate (bioMérieux, Craponne, France) with a 10 µg meropenem disk (Oxoid, Bas-
ingstoke, UK), according to EUCAST guidelines for the detection of resistance mechanisms
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(https://www.eucast.org/resistance_mechanisms/ (accessed on 21 February 2022)) and a
CHROMID® CARBA plate (bioMérieux, Craponne, France), implemented in our routine
laboratory practice.

Plates were incubated at 37 ◦C overnight. All the morphologically different colonies
growing into the meropenem disk halo (zone diameter < 28 mm) and on the selective
chromogenic medium were picked up and subcultured for purity onto a MacConkey agar
plate (bioMérieux, Craponne, France) [54,55].

Isolated colonies were identified by using Matrix-Assisted Laser Desorption Ionization–
Time-of-Flight Mass Spectrometry (MALDI-TOF, Bruker Daltonics, Bremen, Germany). An-
timicrobial susceptibility testing was performed using the automated Vitek 2 (bioMérieux,
Craponne, France) instrument. The following antimicrobial agents were tested with the
automated system: amikacin (AMK), amoxicillin–clavulanic acid (AMC), cefepime (FEP),
cefotaxime (CTX), ceftazidime (CAZ), ciprofloxacin (CIP), gentamicin (GEN), imipenem
(IPM), meropenem (MEM), piperacillin–tazobactam (TZP), tigecycline (TGC), trimethoprim–
sulfamethoxazole (SXT).

The MIC value of meropenem was confirmed with gradient test methods by MIC
Test Strip (Liofilchem, Roseto degli Abruzzi, Italy) on Muller–Hinton agar (bioMérieux,
Craponne, France), incubated at 37 ◦C overnight. The isolates were identified as resistant
to carbapenems according to clinical breakpoints based on the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) breakpoints tables. We adopted the updated
EUCAST breakpoints tables (version 6.0 to version 9.0, from 2016 to 2019) (https://www.
eucast.org/clinical_breakpoints/ (accessed on 21 February 2022)).

4.4. PCR-Based Methods for Carbapenemase Genes

The Xpert Carba-R molecular assay (Cepheid, Sunnyvale, CA, USA) was performed
to confirm the presence of resistance genes to carbapenems. Briefly, subcultured isolated
colonies were diluted in 0.45% saline to the turbidity of a 0.5 McFarland standard. Ten
microliters of the suspension were inoculated into a 5 mL sample reagent vial and vortexed
for 30 s. Finally, 1.7 mL of this suspension was transferred into an Xpert Carba-R cartridge
using a disposable transfer pipette. The cartridge was loaded onto the GeneXpert system,
and the assay was performed. The test, based on automated real-time PCR, is designed
for rapid detection and differentiation of the blaKPC, blaNDM, blaVIM, blaOXA-48, and blaIMP-1
gene sequences associated with carbapenem-non-susceptible Gram-negative bacteria. The
results were interpreted by the GeneXpert System from measured fluorescent signals.

4.5. Bacterial DNA Extraction and Plasmid Typing

Total DNA of isolated colonies that were positive for carbapenemase genes was
extracted using an EZ1 DNA Tissue Kit (Qiagen, Hilden, Germany). Briefly, isolated
colonies were diluted in 0.45% saline to the turbidity of 0.5 McFarland standard, and 200 µL
of the suspension was transferred into a 2 mL vial. The vial and prefilled reagent cartridges
were loaded onto the EZ1 Advanced XL (Qiagen, Hilden, Germany) instrument, and the
protocol for automated purification of bacterial DNA, using magnetic particle technology,
was started. DNA was eluted in a final volume of 100 µL and stored at −20 ◦C until use.

One µL of the extracted DNA was used for plasmid typing using a PCR-based replicon
typing (PBRT) kit 2.0 (Diatheva, Fano, Italy). This novel PBRT assay, consisting of eight
multiplex PCRs, is able to detect 30 different replicons of the main plasmid families in En-
terobacterales [56]. This kit was used following the manufacturer’s instructions, including
positive controls. Amplification products were resolved and visualized directly on a closed
ready-to-use 2.2% agarose gel-cassette system (FlashGel-Lonza, Basel, Switzerland) using
the 100 bp FlashGel DNA marker. The obtained fragments were compared to positive
controls of each multiplex PCRs.

38



Antibiotics 2022, 11, 431

4.6. Multilocus Sequence Typing

Multilocus sequence typing (MLST) was performed to subtype K. pneumoniae and E.
coli strains using housekeeping genes. For the former, the seven gene fragments (gapA,
infB, mdh, pgi, phoE, rpoB, and tonB) were amplified by PCR and sequenced as described
by protocol 2 of the Institute Pasteur Klebsiella MLST database (https://bigsdb.pasteur.
fr/klebsiella/primers_used.html (accessed on 21 February 2022)). Instead, the seven
housekeeping genes (adk, fumC, gyrB, icd, mdh, purA, and recA) to type E. coli strains were
selected from the Enterobase MLST database (http://enterobase.warwick.ac.uk/species/
index/ecoli (accessed on 28 February 2022). Primer sequences and reaction conditions were
previously described by Wirth and colleagues (2006) [57].

All amplicons were sequenced using a BigDye Terminator v. 1.1 Cycle Sequencing
kit on an ABI PRISM® 310 Genetic Analyzer (Thermo Fisher Scientific, Waltham, MA,
USA). The alignment between sequences and the related reference was carried out using
Unipro UGene version 38.0 software [58]. The allele numbers and the sequence types
(STs) were determined through the corresponding MLST database. Finally, phylogenetic
analyses of concatenated allelic variants were performed using Molecular Evolutionary
Genetics Analysis (MEGA) software version 10.0. The evolutionary history was inferred
using the Maximum Likelihood method and the General Time Reversible model. Initial
trees for the heuristic search were obtained applying the Neighbor-Joining method to a
matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL)
approach. Branch quality was evaluated using a bootstrap test with 1000 replicates [59].
Graphical representation of both were obtained using Interactive Tree Of Lifes (iTOL v.6)
software [60].

4.7. Whole-Genome Sequencing (WGS)

Whole-genome sequencing was performed in accordance with Lindsted et al. (2018) [61]
for E. coli_104 strain, which revealed a new recA allele by MLST analysis. Briefly, genomic
DNA concentration was determined using a Qubit dsDNA BR Assay Kit and a Qubit 2.0
Fluorometer (Thermo Fisher Scientific, Waltham, USA) in order to obtain a DNA input
concentration between 100 and 500 ng. Library preparation was performed using an Illu-
mina DNA Prep Library Kit (Illumina, Berlin, Germany) according to the manufacturer’s
instructions. The reference strain of E. coli ATCC 25922 was used as sequencing quality
control. Sequencing was performed using a MiSeq Reagent Micro Kit on an Illumina MiSeq
desktop platform (Illumina Inc., San Diego, CA, USA) for ~20 h to produce paired-end
sequences (2 × 300 base pair).

Raw Illumina reads were paired and assessed for sufficient coverage (≥Q30), and bases
with low quality (<Q30) were discarded. Finally, the reads in FASTQ format were uploaded
and submitted to the EnteroBase database (https://enterobase.warwick.ac.uk/species/
index/ecoli (accessed on 21 February 2022)). High-throughput sequencing data were sub-
mitted to the Sequence Read Archive (SRA) (GeneBank accession number SUB10115582).

Futhermore, raw reads were analyzed using a bioinformatics tool of the Center for
Genomic Epidemiology such as ResFinder 4.1 [62], PlasmidFinder 2.0 [63], pMLST-2.0
Server [63], and SerotypeFinder 2.0 Server [64].

5. Conclusions

Great attention should be given to high prevalence of CPE in NICUs and CICU
due to the vulnerability of newborn patients. The molecular features of investigated
strains showed their potential to be a serious threat to the health of neonates and infants.
Our study contributed to increasing the knowledge concerning CPE circulation in Italian
pediatric hospitals, and it highlighted the need to strengthen control measures to avoid their
spread among wards. This is crucial to avoid complications for the treatment of neonatal
infections. Moreover, introducing molecular typing methods in clinical routine procedures
is becoming more and more necessary to monitor the spread of high-risk clones, to track
their circulation, and to promptly identify emerging clones with advantageous ability to
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colonize clinical niches. We provided the evidence that PBRT can be commonly integrated
within the diagnostic routine of a hospital in order to obtain important information about
the epidemiology of circulating strains. Data concerning replicons harbored by MDROs in
general, and CPE in our case study, represent an added value for a successful surveillance
program. PBRT allows clinicians to prevent or monitor the spread of strains with potential
ability to acquire and disseminate resistance genes through plasmids among wards. On
the other hand, we used MLST because it enabled us to complete the description of
the molecular profile of circulating clones, and the phylogenetic tree was also useful
for comparing the novel identified ST with the well-known others. Moreover, typing
housekeeping genes can be a very useful way to identify the dominance of a specific lineage
responsible for an important clinical outbreak.
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Abstract: Carbapenemase-producing Klebsiella pneumoniae (CPKP) emerged in Greece in 2002 and
became endemic thereafter. Driven by a notable variability in the phenotypic testing results for
carbapenemase production in K. pneumoniae isolates from the intensive care units (ICUs) of our
hospital, we performed a study to assess the molecular epidemiology of CPKP isolated between 2016
and 2019 using pulse-field gel electrophoresis (PFGE) including isolates recovered from 165 single
patients. We investigated the molecular relatedness among strains recovered from rectal surveillance
cultures and from respective subsequent infections due to CPKP in the same individual (48/165 cases).
For the optimal interpretation of our findings, we carried out a systematic review regarding the
clonality of CPKP isolated from clinical samples in ICUs in Europe. In our study, we identified
128 distinguishable pulsotypes and 17 clusters that indicated extended dissemination of CPKP within
the hospital ICU setting throughout the study period. Among the clinical isolates, 122 harbored KPC
genes (74%), 2 harbored KPC+NDM (1.2%), 38 harbored NDM (23%), 1 harbored NDM+OXA-48
(0.6%), 1 harbored NDM+VIM (0.6%) and 1 harbored the VIM (0.6%) gene. Multiple CPKP strains in
our hospital have achieved sustained transmission. The polyclonal endemicity of CPKP presents a
further threat for the selection of pathogens resistant to last-resort antimicrobial agents.

Keywords: Klebsiella pneumoniae; carbapenemases; NDM; KPC; VIM; OXA-48; molecular epidemiology;
PFGE

1. Introduction

In recent years, hospital-acquired infections caused by carbapenem-resistant Gram
negative bacteria, especially carbapenem-resistant Klebsiella pneumoniae (CRKP), have been
observed worldwide causing important public health problems and posing serious infec-
tion control issues. CRKP are opportunistic pathogens that cause infections with high
morbidity and mortality mainly in hospitalized patients [1,2]. In Europe, the burden of
CRKP predominantly affects the south and the east. According to the annual report of the
European Centre for Disease Prevention and Control on antimicrobial resistance in Europe,
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66.3% of the reported invasive K. pneumoniae isolates in Greece during 2020 were resistant
to carbapenems.

Relatively high carbapenem resistance rates were also observed in Romania (48%),
Italy (29%) and Bulgaria (28%), while, in the majority of the EU countries, this proportion
was below 10% [3]. High carbapenem resistance trends were also observed in other non-EU
neighboring countries: Bosnia, Herzegovina, Georgia, the Russian Federation, Serbia and
Turkey reported proportions between 25% and 50% whereas, Belarus, the Republic of
Moldova and the Ukraine reported proportions exceeding 50% [4].

The most common mechanism of carbapenem resistance among Enterobacterales and,
thus, K. pneumoniae is the production of carbapenemases. Carbapenemases are β-lactamases
able to hydrolyze all β-lactams, including carbapenems, and are categorized into several
types. The carbapenemases most commonly encountered in Greece belong in three classes:
class A K. pneumoniae carbapenemase (KPC), class B Verona imipenemase (VIM) and New
Delhi metallo-β-lactamase (NDM) and class D oxacillinase-48 (OXA-48) [5].

Carbapenemase-producing K. pneumoniae (CPKP) emerged in Greece in 2002; they
were of VIM-type, were involved in various outbreaks and soon became endemic in many
hospitals all over the country. VIM-type carbapenemase-producers often belonged to
different clones with ST147 being the predominant multi-locus sequence type (MLST) [6].
In 2007, KPC-producing K. pneumoniae isolates were introduced in Greek hospitals and
rapidly dominated [7].

Greek KPC-CPKP mostly belonged to the worldwide successful hyperepidemic clone
ST258, often associated with multi-drug resistant (MDR) phenotype [8]. The emergence
of NDM in CPKP strains in Greece took place in 2011; the majority of them belonged
to ST11 and were involved in oligoclonal outbreaks or sporadic cases [9]. OXA-48 type
carbapenemases are the most prevalent class D enzymes identified in CPKP strains. The
first OXA-48 was detected in Athens, Greece in 2012 and belonged to ST11 [10].

Carbapenemase-encoding genes spread fast via horizontal gene transfer together
with other resistance determinants within the K. pneumoniae species in hospital settings,
thus, dramatically restricting the available treatment options [11]. Moreover, the local
epidemiology and the limited availability for isolation of affected patients in separate
rooms in Greek hospitals undermine the efforts for effective infection control strategies.

K. pneumoniae is characterized by a high variety of antimicrobial resistance genes as
well as a wide ecological distribution. Thus, in addition to its significance as a nosocomial
pathogen (especially the hypervirulent phenotype), K. pneumoniae is considered as one of
the most important bacterial species contributing in the dissemination of antimicrobial
resistance genes to other human pathogens [12].

K. pneumoniae has the ability to colonize various mucosal surfaces, including the upper
respiratory and the gastrointestinal gut. Among hospitalized patients, colonization rates in
the nasopharynx are up to 19%, while it can reach as high as 77% in the gastrointestinal
tract. Gut colonization often precedes and serves as a reservoir for transmission to other
body sites resulting in the development of subsequent infections [13]. The duration of gut
colonization with multi-drug resistant (MDR) bacteria, such as carbapenem-resistant K.
pneumoniae varies from 43 to 387 days [14].

Driven by a notable variability in the phenotypic testing results for carbapenemase
production and the types of carbapenemases present in K. pneumoniae isolates in our
hospital, we performed a study to assess the molecular epidemiology of CPKP isolated
between 2016 and 2019. Additionally, we investigated the molecular relatedness among
strains recovered by rectal surveillance cultures and by respective subsequent infections
due to CPKP in the same individual. In order to put our findings in context, we also
performed a systematic review regarding the clonality of CPKP isolated from clinical
samples originating in intensive care units (ICUs) in Europe.
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2. Results
2.1. Carbapenemase Detection

During the study period (January 2016–June 2019) 165 single-patient clinical CRKP
were analyzed; the isolates were recovered from 115 patients hospitalized in ICU 1, 6 pa-
tients in ICU 2 and 44 patients in ICU 3. Clinical samples included blood (n = 36), central
venous catheters (n = 27), bronchial secretions (n = 51), urine (n = 20), pus (n = 13), wound
swabs (n = 12), pleural fluid (n = 1), peritoneal fluid (n = 2), nasal swab (n = 1) and
cerebrospinal fluid (n = 2).

Phenotypic and molecular testing revealed that all CRKP isolates harbored at least one
carbapenemase often combined with ESBL activity. Among the clinical isolates, 122 har-
bored the KPC gene (73.95%), 2 KPC + NDM (1.21%), 38 NDM (23.04%), 1 NDM + OXA-48
(0.60%), 1 NDM + VIM (0.60%) and 1 VIM (0.60%).

2.2. Pulse-Field Gel Electrophoresis

All the 165 clinical CRKP isolates were typeable by pulse-field gel electrophoresis
(PFGE) following digestion by restriction enzyme XbaI, revealing 128 distinguishable
pulsotypes (P1-P128; Figure 1).

At a similarity level of 80% or above, the majority of CPKP isolates (95.6%, 158/165)
were assigned into 17 clusters (A-Q), demonstrating multiclonal dissemination. The remain-
ing seven genomes resulted to be unrelated and were consequently classified as sporadic
isolates. KPC as well as NDM genetic determinants demonstrated polyclonal dissemination
being present in 14 and 11 distinct clones, respectively.

In more detail, four predominant clusters E, G, K, and M consisting of 31, 19, 16 and 41
CRKP isolates, respectively, were identified: isolates of cluster G were almost exclusively
obtained from ICU 1 (18 of 19), while clusters E, K, M consisted of clinical isolates from all
ICUs under study. Interestingly, within the above clusters, indistinguishable pulsotypes
shared by isolates from different patients and different ICUs were identified. Furthermore,
looking at indistinguishable pulsotypes, we could identify common pulsotypes among
isolates obtained from different patients during different time periods of the study (P5, P27,
P48 and P106).

We also used PFGE analysis for revealing the genetic association among CRKP
strains from rectal and clinical samples of 48 representative patients. According to PFGE,
in the majority of the cases (81.3%, 39 of 48), the clinical and rectal strains from the
same patients were identical (Figure 2). Different pulsotypes were observed for pairs
PAT_1422a/b, PAT_1386a/b, PAT_854a/b, PAT_476a/b, PAT_326a/b, PAT_1529a/b,
PAT_735a/b, PAT_191a/b and PAT_1216a/b.

Six clinical-rectal surveillance pairs presented different PCR results (PAT_1017a/b,
PAT_1436a/b, PAT_1529a/b, PAT_1569a/b, PAT_191a/b and PAT_326a/b). Among them,
PAT_1017a/b, PAT_1529a/b, PAT_191a/b and PAT_326a/b showed also different PFGE
profiles. Overall, different pulsotypes were observed for pairs PAT_1422a/b, PAT_1386a/b,
PAT_854a/b, PAT_476a/b, PAT_1529a/b, PAT_735a/b, PAT_191a/b and PAT_1216a/b
even though the PCR results were identical among the clinical and the rectal samples.
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Figure 1. Pulsotypes of the 165 clinical carbapenemase-producing K. pneumoniae isolates. Clusters 
(A–Q) were defined at a similarity level of 80%.PAT: patient; ICU: intensive care unit; CVC: central 
venous catheter; BRS: bronchial secretions; CSF: cerebrospinal fluid; P: pulsotype. 

Figure 1. Pulsotypes of the 165 clinical carbapenemase-producing K. pneumoniae isolates. Clusters
(A–Q) were defined at a similarity level of 80%.PAT: patient; ICU: intensive care unit; CVC: central
venous catheter; BRS: bronchial secretions; CSF: cerebrospinal fluid; P: pulsotype.
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Pairs with different pulsotypes are marked with the same symbol. PAT: patient; ICU: intensive care 
unit; CVC: central venous catheter; BRS: bronchial secretions; CSF: cerebrospinal fluid. 
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Figure 2. Pulsotypes of the 48 rectal-clinical carbapenemase-producing K. pneumoniae isolate pairs.
Pairs with different pulsotypes are marked with the same symbol. PAT: patient; ICU: intensive care
unit; CVC: central venous catheter; BRS: bronchial secretions; CSF: cerebrospinal fluid.

2.3. Non-Susceptibility Rates of CRKP Isolates in the Hospital

The non-susceptibility rates of CRKP isolates in our institution’s ICUs for amikacin,
aztreonam, colistin, fosfomycin, gentamicin, piperacillin/tazobactam and tigecycline in
isolates during the study period are shown in Table 1 and Figure 3. CRKP isolates pre-
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sented with high level of resistance to both meropenem and imipenem (MIC50 ≥ 16 mg/L)
throughout the study years. On the other hand, a significant increase in resistance was
observed for gentamycin ranging from 15% in the first semester of 2016 to 66.7% in the
first semester of 2019. In regard to tigecycline, an increase was also observed (23.5% in the
2016a semester to 61.1% in the 2019a semester). As for colistin, an increase was observed
(15.8% in the 2016a semester to 27.8% in the 2019a semester).

Table 1. Imipenem resistant K. pneumoniae susceptibility rates per semester among single patient
isolates recovered from the hospital’s ICUs during the study period.

Semester Antimicrobial No Tested R I S R% I% S%

2016a Amikacin 20 10 1 9 50% 5% 45%
Aztreonam 19 19 0 0 100% 0% 0%
Gentamicin 20 3 0 17 15% 0% 85%

Piperacillin/Tazobactam 20 20 0 0 100% 0% 0%
Colistin 19 3 0 16 15.8% 0% 84.2%

Tigecycline 17 4 13 0 23.5% 76.5% 0%
Fosfomycin 19 15 0 4 79.0% 0% 21.0%

2016b Amikacin 8 5 1 2 62.5% 12.5% 25%
Aztreonam 8 8 0 0 100% 0% 0%
Gentamicin 8 1 0 7 12.5% 0% 87.5%

Piperacillin/Tazobactam 8 8 0 0 100% 0% 0%
Colistin 8 3 0 5 37.5% 0% 62.5%

Tigecycline 8 5 2 1 62.5% 25% 12.5%
Fosfomycin 8 2 0 6 25% 0% 75%

2017a Amikacin 23 14 0 9 60.9% 0% 39.1%
Aztreonam 22 22 0 0 100% 0% 0%
Gentamicin 23 6 1 16 26.1% 4.3% 69.6%

Piperacillin/Tazobactam 23 23 0 0 100% 0% 0%
Colistin 22 0 0 22 0% 0% 100%

Tigecycline 21 10 5 6 47.6% 23.8% 28.6%
Fosfomycin 22 11 0 11 50% 0% 50%

2017b Amikacin 32 18 3 11 56.2% 9.4% 34.4%
Aztreonam 30 29 0 1 96.7% 0% 3.3%
Gentamicin 32 19 3 10 59.4% 9.4% 31.2%

Piperacillin/Tazobactam 32 32 0 0 100% 0% 0%
Colistin 30 7 0 23 23.3% 0% 76.7%

Tigecycline 30 13 12 5 43.3% 40% 16.7%
Fosfomycin 30 25 0 5 83.3% 0% 16.7%

2018a Amikacin 25 7 4 14 28% 16% 56%
Aztreonam 24 24 0 0 100% 0% 0%
Gentamicin 25 13 0 12 52% 0% 48%

Piperacillin/Tazobactam 25 25 0 0 100% 0% 0%
Colistin 24 1 0 23 4.2% 0% 95.8%

Tigecycline 24 14 8 2 58.3% 33.3% 8.4%
Fosfomycin 24 20 0 4 83.3% 0% 16.7%

2018b Amikacin 30 1 3 26 3.3% 10% 86.7%
Aztreonam 30 29 0 1 96.7% 0% 3.3%
Gentamicin 30 21 0 9 70% 0% 30%

Piperacillin/Tazobactam 30 30 0 0 100% 0% 0%
Colistin 30 2 0 28 6.7% 0% 93.3%

Tigecycline 30 14 14 2 46.7% 46.7% 6.6%
Fosfomycin 30 24 0 6 80% 0% 20%

2019a Amikacin 18 7 1 10 38.9% 5.5% 55.6%
Aztreonam 18 17 0 1 94.4% 0% 5.6%
Gentamicin 18 12 0 6 66.7% 0% 33.3%

Piperacillin/Tazobactam 18 18 0 0 100% 0% 0%
Colistin 18 5 0 13 27.8% 0% 72.2%

Tigecycline 18 11 5 2 61.1% 27.8% 11.1%
Fosfomycin 18 11 0 7 61.1% 0% 38.9%
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isolates recovered from the hospital’s ICUs during the study period. 

Semester Antimicrobial No Tested R I S R% I% S% 
2016a Amikacin 20 10 1 9 50% 5% 45% 

 Aztreonam 19 19 0 0 100% 0% 0% 
 Gentamicin 20 3 0 17 15% 0% 85% 
 Piperacillin/Tazobactam 20 20 0 0 100% 0% 0% 
 Colistin 19 3 0 16 15.8% 0% 84.2% 

Figure 3. Non-susceptibility rates (line) and number (bars) of single patient imipenem non-susceptible
K. pneumoniae isolates recovered from the hospital’s ICUs per semester.

2.4. Systematic Review Results

Our systematic review search strategy yielded 290 results. After implementation
of the exclusion criteria, 39 studies remained. Fourteen studies reported monoclonal
dissemination. Data extracted from the remaining 25 studies are reported in Table 2.
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3. Discussion

The present study evaluated the type of carbapenemases and the molecular epi-
demiology of K. pneumoniae strains circulating in the ICUs of a tertiary hospital in
Thessaloniki, Greece between 2016 and 2019. During the study years, KPC was the
predominant carbapenemase; NDM were also present, and a few double-carbapenemase-
producers were isolated. On the basis of PFGE, a total of 17 different CRKP transmission
clusters were identified.

CRKP isolates have been introduced in our hospital since 2004. At that time, no
phenotypic or molecular testing was performed to reveal the type of carbapenemase up to
2010. From 2010 to 2014, phenotypic testing among CRKP isolates revealed that the majority
carried KPC enzymes (60%), 25% produced MBL, and 7% co-produced KPC and MBL
enzymes. In the time period of 2011–2014, we also observed the first OXA-48 producers in
our hospital at a rate of 1.7%. Molecular testing showed that KPC positive strains harbored
the blaKPC-2, while MBL-positive strains harbored blaVIM-1.

During 2013–2015, an oligoclonal outbreak caused by 45 CRKP occurred in our hospital [40].
All the patients were hospitalized in the three intensive care units of the hospital, and 17 (68%)
of them developed bloodstream infections; the overall mortality of the patients involved in
the outbreak was 48% (12/25). Molecular testing verified that all 45 K. pneumoniae isolates
co-harbored blaKPC-2 and blaVIM-1 and were associated with OmpK35 deficiency and OmpK36
porin loss. PFGE clustered all isolates into a single clonal type, and multi-locus sequence typing
(MLST) assigned them to the emerging high-risk ST147 clonal lineage.

Starting from 2014 until 2016, while KPC producers still prevailed (approximately 75%
of the CRKP), we observed a shift among MBL producers from blaVIM-1 towards blaNDM-1.
More specifically, VIM-type carbapenemases decreased from 17.6% in 2014 to 6.7% in
2016, whereas NDM-type increased from 1.2% in 2014 to 19.4% in 2016 [41]. In the years
2013–2015, the co-production of KPC and MBL enzymes corresponded to approximately
10% of all CRKP strains [35]. Finally, in 2019, we isolated a strain carrying both NDM-1
and OXA-48 genes classified as ST-11 [42].

In our study, PFGE analysis identified 128 distinguishable pulsotypes and 17 clusters
indicating an extended dissemination of CRKP within the hospital setting. Moreover,
the dissemination took place over a long-time frame since we included in our study
isolates recovered during a 3.5-year period. The presence of identical isolates in all three
ICUs highlights their successful dissemination through different hospital wards. More
worryingly, the persistence of certain strains throughout the whole study period, despite the
various infection control measures that were applied, reflects the difficulties that undermine
the efforts for their eradication once they are well-established in a certain geographical
area. Indeed, such strains may have persisted in the hospital or/and may have been
re-introduced by carrier admissions.

In fact, most of the CRKP carriers that later presented a CRKP infection had identical
pulsotypes between their rectal and clinical isolates. The most probable explanation for this
finding is that gut colonization preceded infection. In some cases, however, the pulsotypes
of rectal and clinical isolates were different indicating that the infection was caused by
another nosocomial K. pneumoniae.

There were also two clinical-rectal pairs (PAT_1436a/b and PAT_1569a/b) that har-
bored different carbapenemase-encoding genes according to PCR results but had identical
PFGE pulsotypes. This could be explained by the mobilization of mobile genetic elements,
most likely by the loss and acquisition of plasmids [43] even though an infection by a
different isolate of the same pulsotype harboring different resistance determinants could
not be excluded. PFGE studies in our hospital performed in several CRKP strains during
the period of 2011 to 2013 revealed that KPC strains prevailed and that the majority of them
belonged to two distinct clones (unpublished data).

A similar pattern of carbapenemases was observed in Hippokration General Hospital
of Thessaloniki, Greece where KPC carbapenemases have prevailed among CRKP since
2009 outnumbering the VIM-type carbapenemases that predominated previously [44].
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In the same report, KPC-producers belonged to two distinct clones, the predominant
of which correspond to the hyperepidemic Greek clone. In a multicenter nationwide
surveillance study conducted in several Greek hospitals for CRKP from 2014 to 2016, NDM-
producing isolates belonged mainly to one clone, whereas KPC, VIM, OXA-48 and double
carbapenemase-producers were mainly categorized in three clones [45]. On the contrary, in
our study, both KPC and NDM CRKP isolates showed extremely multiclonal profiles.

In our study, we also observed a rise in the resistance rates of tigecycline, gentamicin
and colistin. This is in accordance with other studies reporting elevated resistance rates to
last resort antibiotics driven, among other factors, by a vicious cycle of increased last resort
antibiotic consumption and subsequent resistance [46].

Our systematic review results showed that non-monoclonal dissemination of K. pneu-
moniae strains in ICU settings has been described before in countries participating in the
EARS-Net (Table 2). Of note, such observations have been reported almost exclusively
by Mediterranean countries, mainly from Greece and Italy, and this is in accordance with
the epidemiological situation of the region regarding carbapenem-resistance determinants.
However, and despite the heterogeneity of settings and methods used, most studies re-
ported rather oligoclonal transmission with further identification of sporadic cases.

In our study, multiple clones circulating simultaneously achieved sustainable dissemi-
nation and, according to our knowledge and our systematic review results, this is the first
time that such polyclonal dissemination has been observed in Europe. This multi-clonal
PFGE observation highlights a possible additional reason for their endemic persistence in
our hospital even though infection control measures, including hand hygiene, surveillance
for colonization among high-risk patients and contact precautions have been established.

In this context, active surveillance with rectal swab cultures is of outmost importance
to control the spread of these pathogens by isolation or cohorting of the colonized pa-
tients [29]. However, the spread of CRKP in an endemic environmental niche is a dynamic
and multifaceted phenomenon that involves many variables. In a similar situation, more
than one CRKP clone may be simultaneously present in the hospital; whereas new admis-
sions may be CRKP carriers most likely by previous hospitalizations in the same or other
hospitals. Consequently, a multi-clonal spread is very likely to occur and, even when a
previously colonized subject presents a CRKP infection, it is not certain that this infection
is directly related to the strain that colonized the patient upon admission.

Our study has several limitations. A multi-centric study would be able to evaluate
whether the epidemiological pattern that we observed in our single center study was
an isolated phenomenon or more widespread. Including non-ICU along with ICU K.
pneumoniae strains would yield a more complete picture for their dissemination. In our
analysis, we did not include clinical patient level information, and this limits our ability to
draw conclusions with regard to precipitating factors. Finally, we were not able to employ
sequencing-based methods to better characterize the molecular epidemiology of the strains
included in our study.

4. Materials and Methods
4.1. Study Design

This was a retrospective study that was carried out at AHEPA University Hospital, a
700-bed institution with three ICUs, a central surgical and medical ICU (8 beds, ICU 1), a
surgical ICU (4 beds, ICU 2) and a cardiosurgical ICU (5 beds, ICU 3) as well as surgical
and internal medicine departments. The study was approved by the institutional medical
scientific board. Sample related patient data were retrieved from the laboratory database.

CRKP clinical isolates, recovered in the aforementioned ICUs between January 2016
and June 2019 from 165 single patients, were included in the study. In 48 cases, a rectal
isolate (isolated upon admission in ICU for infection control purposes) and a subsequent
clinical isolate (isolated by an infection that occurred during ICU stay) were considered,
thus forming 48 pairs of surveillance-clinical isolates. Isolates taken from the remaining
117 patients were all recovered from clinical specimens only.
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Rectal swabs taken from ICU patients upon admission were inoculated on MacConkey
agar plates supplemented with meropenem and ceftazidime discs. All Gram-negative
colonies that grew after 24 h of incubation near the discs were further identified and K.
pneumoniae isolates were tested for carbapenemase production with phenotypic and molec-
ular techniques. For clinical specimens, standard laboratory procedures were followed
depending on each specimen source.

Bacterial identification and antimicrobial susceptibility testing were performed with
the Vitek2 automated system (Biomerieux, Marcy-l’Étoile, France). Furthermore, the mini-
mum inhibitory concentration of tigecycline was determined by E-test (Liofilchem, Roseto
degli Abruzzi, Italy) and for colistin using the broth microdilution method (Liofilchem,
Roseto degli Abruzzi, Italy). The results of all antimicrobial testing were interpreted in
accordance with the CLSI criteria. For tigecycline, the breakpoints recommended by the
United States Food and Drug Administration were used (susceptible: MIC ≤ 2 mg/L;
resistant: MIC ≥ 8 mg/L).

4.2. Carbapenemase Detection

All isolates were phenotypically screened for carbapenemase production with the
Modified Hodge Test (MHT), [47] while the type of MBL or KPC was assessed with the
Combined Disk Test (CDT) [48]. Following phenotypic identification, PCR assays were
performed for carbapenemase-encoding genes using specific primers for blaKPC, blaVIM,
blaIMP, blaNDM and blaOXA-48 (Appendix A) [49].

4.3. Pulse-Field Gel Electrophoresis

The genetic relationship among the CPKP isolates was determined by PFGE according
to standardized protocol [50] with the XbaI endonuclease (New England Biolabs, Beverly,
MA, USA) by using a CHEF-DR III apparatus (Bio-Rad Laboratories Inc., Hercules, CA,
USA) for the separation of DNA fragments. XbaI-digested DNA from Salmonella enterica
serotype Braenderup H9812 was used as a reference size standard, while PFGE patterns
were digitally analyzed using the FPQuest (Bio-Rad Laboratories Pty Ltd., Hercules, CA,
USA) software package.

PFGE profiles were compared using the Dice correlation coefficient with a maximum
position tolerance of 1.5% and an optimization of 1.5%. Similarity clustering analysis was
performed by using the Unweighted Pair Group Method using Averages (UPGMA), and a
dendrogram was generated. Two PFGE profiles were classified as indistinguishable if the
DNA fragment patterns matched each other completely, while clusters were selected using
a cutoff at the 80% level of genetic similarity.

4.4. Non-Susceptibility Rates of CRKP Isolates

For every semester of the study period, we determined the K. pneumoniae non-susceptibility
rates of amikacin, aztreonam, colistin, fosfomycin, gentamicin, piperacillin/tazobactam and
tigecycline in imipenem non-susceptible single patient isolates from the ICUs using the CLSI
2020 breakpoints.

4.5. Systematic Review

In order to evaluate the extent of non-monoclonal transmission of CRKP strains in
the intensive care environment in countries participating in the European Antimicrobial
Resistance Surveillance Network (EARS-Net), we undertook a systematic review of the
recent literature. We searched MEDLINE via PubMed from 1 January 2000 to 28 April
2021, implementing the search strategy described in Appendix B. Titles and abstracts were
screened for studies, which incorporated a molecular epidemiology investigation (PFGE or
sequencing methods) of CRKP strains, including samples obtained from ICU patients.

We excluded reviews, case reports, studies restricted to environmental samples, studies
that did not explicitly include any ICU clinical samples and studies not conducted in
EARS-Net participating countries. No language and patient age restrictions were applied.
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Eligibility assessment was conducted in duplicate (D.P. and G.M.) and discrepancies were
adjudicated by a third author (E.P.).

Next, studies reporting monoclonal transmission were excluded, and, from the
remaining studies, we extracted the following data: study setting and eligible samples,
sample type (clinical versus surveillance and infection versus colonization), the num-
ber of carbapenem-resistant isolates and mechanism of resistance detected, the method
used to investigate molecular epidemiology and the number and size of clusters in-
volving ICU patients. If ICU-level data were not available, hospital-wide data were
reported. Data extraction was conducted by A.T., G.M., T.P., D.P. and E.P. All steps
were conducted in duplicate.

5. Conclusions

In our study, we demonstrated that CPKP in our hospital belonged to a great variety of
pulsotypes and clusters, thus, indicating their extended dissemination within the hospital
ICU settings. Among them, KPC carbapenemase predominated. The presence of multiple
clones harboring variable resistance-determinants poses additional challenges. Further
studies are required to identify suitable infection control strategies in a setting of polyclonal
dissemination within a context of carbapenem resistance endemicity. Our results highlight
the need to urgently reinforce infection-control measures along with antimicrobial steward-
ship and together with a generous increase in the nosocomial budget in order to contain
the transmission of antibiotic resistant organisms.
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Appendix A. Primers for Carbapenemase Detection

Gene Primers (5′–3′)

blaKPC TGTCACTGTATCGCCGTC
TATTTTTCCGAGATGGGTGAC

blaIMP CTACCGCAGCAGAGTCTTTG
AACCAGTTTTGCCTTACCAT

blaVIM TCTACATGACCGCGTCTGTC
TGTGCTTTGACAACGTTCGC

blaNDM-1 GGTTTGGCGATCTGGTTTTC
CGGAATGGCTCATCACGATC

blaOXA-48 TTGGTGGCATCGATTATCGG
GAGCACTTCTTTTGTGATGGC

62



Antibiotics 2022, 11, 149

Appendix B. Systematic Review Search Strategy

#1 (critical care OR ICU OR intensive care OR critical ill OR critical illness OR criti-
cally ill OR “Intensive Care Units”[Mesh] OR “Critical Care”[Mesh] OR “Critical
Illness”[Mesh])

#2 carbapenem* OR meropenem OR imipenem OR ertapenem
#3 Klebsiella
#4 (epidem* OR outbreak OR clon* OR strain*)
#5 (PFGE OR puls* OR genom* OR typing OR sequenc* OR MLST OR NGS OR WGS

OR cgMLST or wgMLST OR MLVA)
#6 (“1 January 2000”[Date–Publication]: “28 April 2021”[Date–Publication])

Final search(29 April 2021): #1 AND #2 AND #3 AND #4 AND #5 AND #6→ 290 results
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Abstract: The changing epidemiology of carbapenem-resistant Klebsiella pneumoniae in Southern
European countries is challenging for infection control, and it is critical to identify and track new
genetic entities (genes, carbapenemases, clones) quickly and with high precision. We aimed to
characterize the strain responsible for the first recognized outbreak by an NDM-1-producing K. pneu-
moniae in Portugal, and to elucidate its diffusion in an international context. NDM-1-producing
multidrug-resistant K. pneumoniae isolates from hospitalized patients (2018–2019) were characterized
using FTIR spectroscopy, molecular typing, whole-genome sequencing, and comparative genomics
with available K. pneumoniae ST11 KL105 genomes. FT-IR spectroscopy allowed the rapid (ca. 4 h
after incubation) identification of the outbreak strains as ST11 KL105, supporting outbreak control.
Epidemiological information supports a community source but without linkage to endemic regions of
NDM-1 producers. Whole-genome comparison with previous DHA-1-producing ST11 KL105 strains
revealed the presence of different plasmid types and antibiotic resistance traits, suggesting the entry
of a new strain. In fact, this ST11 KL105 clade has successfully disseminated in Europe with variable
beta-lactamases, but essentially as ESBL or DHA-1 producers. We expand the distribution map of
NDM-1-producing K. pneumoniae in Europe, at the expense of a successfully established ST11 KL105
K. pneumoniae clade circulating with variable plasmid backgrounds and beta-lactamases. Our work
further supports the use of FT-IR as an asset to support quick infection control.

Keywords: nosocomial infections; carbapenemase-producing Enterobacterales; NDM-1; whole-
genome sequencing; outbreak; Fourier transform infrared spectroscopy; infection control

1. Introduction

The dissemination of carbapenem resistant K. pneumoniae (CRKP) is a well-known
problem, but there is a great asymmetry in the geographic distribution of carbapenemase
types and K. pneumoniae lineages across countries [1–3]. Moreover, changing epidemiology
over time is a very challenging situation that affects several countries from Southern
Europe [4–7]. Knowing and to understanding these dynamics is essential in order to
promptly recognize new genetic entities with enhanced antibiotic resistance, virulence
and/or transmission, and to allow a prompt redesign of diagnostic tools and infection
control policies to curtail further dissemination [2,8]. Whole-genome sequencing has
provided the greatest resolution in establishing transmission pathways at local and global
levels of CRKP [1,2], and in enlightening the phylogeny and evolutionary history of some
highly frequent KP clonal groups (e.g., CG258, CG307) [8–10]. However, it is still unable to
support real-time infection control decisions.
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ST11 is one of the most diffused clones, and is especially prevalent in Asia and
particularly in China [11]. The heterogeneity within ST11 is well recognized in studies
on this geographic area, with clades reflecting capsule recombination events (KL64, KL47,
KL105) [9,12]. For this reason, because Fourier transform infrared (FT-IR) spectroscopy
is a suitable tool to identify K. pneumoniae capsular (KL) types with a fast turnaround
time [13,14], it is ideal to discriminate and identify ST11 variants, which are understudied
in Europe.

In Portugal, resistance to carbapenems is a problem with growing proportions, espe-
cially among K. pneumoniae, of which the rates among invasive isolates recorded in national
surveillance networks increased ca. 80% in just three years (2014–2017) [15]. Reporting of
CPE from national laboratories has been mandatory since 2013 and there have been official
regulations for the management of outbreaks and for CPE infection control since 2017 [4].
The available epidemiological and population analysis data suggest the dominance all over
the country of particular genetic traits (the ST147 clone, KPC-3 carbapenemase) [16–19],
with an increasing diversity of species, carbapenemases types and clones [2,4,20]. KPC-
3 and to a lesser extent OXA-48 or OXA-181, which are occasionally associated with
GES-5 [18,20], are the most common carbapenemase types among K. pneumoniae. NDM-1
has been sporadically described in Providencia stuartii, Morganella morganii and Proteus
mirabilis [21,22] but, prior to this study, no cases of colonization and/or infection with
NDM-producing K. pneumoniae were reported. NDM-1 is especially prevalent in India, the
Middle East and the Balkans, and its emergence in other countries (especially in Escherichia
coli or K. pneumoniae) is considered a public health priority due to the risk of subsequent
(frequently polyclonal) dissemination [3,23,24].

In this study, we used FT-IR spectroscopy to support the identification and control of
the first recognized outbreak of NDM-1-producing ST11 capsular-type KL105 K. pneumoniae
in Portugal. Furthermore, we used whole-genome sequencing to trace the variability and
diffusion of this particular ST11 K. pneumoniae clade from an international perspective.

2. Results
2.1. Epidemiological Context and Infection Control Measures

We identified and characterized the first recognized outbreak of NDM-1-producing
K. pneumoniae isolates in Portugal, involving a total of seven patients. The index case was
from a patient (patient 1) with no history of previous hospitalization or travel abroad,
whereas most other cases were linked to concomitant hospitalization in the surgical unit
at the same time as the index patient (patients 2–6) (Table 1). None of the other patients
had a record of foreign travel in the 3 months prior to strain isolation. Patient 3 had been
previously hospitalized in a different hospital but screening at admission was negative.
Patient 7 came from a household and no epidemiological link could be established with
other patients, but this patient had also been previously hospitalized and tested negative at
first admission.

The patient cohort, screening of putative carriers, contact precautions and the rein-
forcement of cleaning and disinfection practices prevented new cases. Regular screening of
CPE carriers at admission and during hospitalization, as well as weekly audits to assess
compliance to the protocols and implement corrective measures, were used to monitor for
the appearance of new cases, and these are still in practice to control the spread of CPE.

In the three months prior to NDM-1 detection, the patients who received antibiother-
apy were treated with beta-lactam/beta-lactamase inhibitors, cefuroxime, ceftazidime and
ciprofloxacin.
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2.2. Strain Relatedness

FT-IR spectroscopy was performed retrospectively on suspected isolates received at
the Faculty of Pharmacy, University of Porto. After reception, our FT-IR based workflow al-
lowed us to establish a close relationship between the first five isolates, and to communicate
strain relatedness less than 4 h after bacterial culture. Comparison of the spectra with our
database allowed the classification of the K-type as KL105, together with previous DHA-1
producing ST11-KL105 isolates that had been circulating in Portuguese hospitals for years
(Figure S1) [25]. The four isolates identified subsequently clustered with these, confirming
the K-type and strain relatedness by means of FTIR, which was further confirmed using
PFGE for all studied isolates (data not shown). The genes blaNDM-1, as well as blaCTX-M-15,
were detected in all isolates via PCR, and all isolates exhibited identical susceptibility
profiles.

2.3. Molecular Characterization

Isolates revealed multidrug resistance profiles, being resistant to all antibiotics tested
except amikacin, tigecycline and colistin. Sequenced isolates carried several antibiotic
resistance genes (blaNDM-1, blaSHV-182, blaCTX-M-15, aac(6′)-Ib-cr, aac(3)-IId, aph(3′’)-Ib, aph(6)-
Id, oqxAB, qnrB1, catB3, sul2, tetD and dfrA14), supporting the phenotypic data. They
also carried chromosomal mutations in gyrA (S83I) and parC (S80I), and UhpT (E350Q),
conferring reduced susceptibility to fluoroquinolones and fosfomycin, respectively. They
were also enriched with virulence genes encoding enterobactin (entB), yersiniabactin (irp1/2,
ybt10 associated with ICEKp4), iron receptors (fyuA, kfuBC) and type I and type III fimbriae
(fimH, mrkABC). All strains had wzi75, which corresponds to a novel capsular type (KL105),
and KLEBORATE confirmed 100% identity with the KL105 locus and the O2v2 O antigen
locus.

2.4. Whole-Genome Data and Phylogenetic Analysis

The genomes of K606 and K624 strains had 5.5 Gb, a GC content of 57.2% and were
assembled into 76–97 contigs (data not shown). The SNP-based phylogenetic tree was
constructed on the basis of 4.87 Gb common positions covered by the core genome, corre-
sponding to 88.5% of the genome of the reference strain. We observed a close relatedness
between the available ST11 KL105 genomes from Europe, America and China (2013–2017)
since isolates varied at 0–297 sites distributed over their 4.8 million base pair (bp) core
genome (~medium 31SNP/Gb) (Figure 1, Supplementary Figure S2). All of them carried
blaSHV-182 in the chromosome.

Two main branches were identified within the tree (Figure 1). One of these included
highly related (<20 SNPs) KPC-2-producing strains from China and carried IncR and
ColRNAI plasmids and a few additional antibiotic resistance genes. The second branch
included isolates producing CTX-M-3, CTX-M-15 or DHA-1, occasionally together with
NDM-1, most of them (n = 13/15; 87%) identified in Europe, and many from the Euscape
project [2]. Most (92%) of these carried several antibiotic resistance genes, some of which
were signatures of particular genetic platforms (e.g., catB3, arr-3, qnrB4). Most carried R
replicons, but also FIA(HI1), FIIk and/or FIB, together with variable F replicons (FIA, FIB
and/or FIIk, and colRNAI) (Figure 1). All of them consistently carried ybt10 (ICEKp4),
ipr1/irp2 and fyuA2 virulence genes.

The SNP-based matrix (supplementary Figure S2) showed that the two sequenced
strains differ in only six SNPs, supporting their close relatedness. However, due to the
absence of an epidemiological link between both patients, it is reasonable to consider
an unrecognized source. Both strains showed ~100 SNPs (20 SNP/Gb) with previous
DHA-1 ST11-KL105 producers circulating in Portuguese hospitals (Whole Genome Shotgun
project accession Nº QTTC00000000 and QTTD00000000). Three of the public genomes,
corresponding to isolates from Romania and the USA, also carried blaNDM-1 and showed
only 80–90 SNP differences with our outbreak strains.
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Figure 1. SNP-based phylogenetic tree of ST11-KL105 genomes and heatmap of antimicrobial
resistance genotype. Genomes sequenced from this study (shown in bold) were compared with those
from 28 other ST11-KL105 strains deposited in public databases (accessed on 5 November 2019).
Phylogenetic tree was obtained using the SNP method of CSI phylogeny with default parameters
and the reference strain KLPN_19, the closest ST11 with KL107 (accession number GCF_003861305.1).
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genes and replicons. Numbers in the left indicate bootstrap values >0.85, calculated based on the
maximum-likelihood method.

71



Antibiotics 2022, 11, 92

2.5. Genetic Support for blaNDM-1 Acquisition

The blaNDM-1 gene was identified in pAN_K624, an 84 Kb IncR+IncFIA(HI1) multir-
replicon plasmid with high identity (100%) and coverage (92%) to the pAR_0109 plasmid
(Genbank acc. Number CP032212), which is of an unknown origin and which carries the
typical genetic environment of blaCTX-M-15. blaNDM-1 is located in a Tn125-like multidrug
resistance region (MRR) comprising deltaISAba125, blaNDM-1, bleMBL, trpF, dsbC, cutA, groES,
groEL, psp, qnrB1 and SDR family reductase, 99% identical to that of the reference plasmid
pNDM-MAR (Genbank acc. Number JN420336). The MRR region (~8.5Kb) containing
blaNDM-1 was flanked by an IS3000 element that might have mediated its insertion into
the backbone of a pAR_0109-like plasmid between a Tn5403-like transposon and pspF
(Figure 2).
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Figure 2. Genetic environment of blaNDM-1 in plasmid pAN_K624, represented using Geneious
version 9.1.8. The location of the insertion of the MRR region into the pAR_0109-like plasmid
backbone is shown.

Additionally, these strains also carried a 149 Kb IncFIB(K) plasmid with high iden-
tity and coverage (>99%) with the ~160 Kb p002SK2_A plasmid (Genbank acc. Number
CP025516), a non-antibiotic resistant plasmid identified in a K. pneumoniae ST147 isolate
from wastewater in Switzerland. There were no traces of the DHA-1-producing pKPS30
IncR plasmid previously identified in ST11-KL105 isolates circulating in Portugal [25], nor
of the IncC plasmid previously detected with blaNDM-1 in species other than K. pneumo-
niae [21]. Likewise, none of the other NDM-1-producing ST11 KL105 public strains carried
a similar plasmid replicon content, suggesting a new plasmid as the vehicle of blaNDM-1.

3. Discussion

This study enlarges the distribution map of NDM-1 carbapenemase in Europe and
raises the alarm for its emergence in our country in a multidrug-resistant ST11-KL105
K. pneumoniae lineage, that has previously caused the long-term dissemination of DHA-1
in Portuguese hospitals [2,25]. Simultaneously, it increases the pool of carbapenemases
circulating among high-risk K. pneumoniae lineages in our country, which is worrisome
considering the possibility of further transmission of blaNDM-1 to other already circulating
high-risk K. pneumoniae clones or even to other Enterobacterales [4,17]. In fact, other NDM-
1-producing K. pneumoniae ST11-KL105 strains with identical PFGE patterns have been
more recently identified in other hospitals in our area, suggesting further dissemination
and wider expansion (data not shown).

It is of interest to highlight that none of the patients had a record of hospitalization or
travel abroad in the 3 months prior to strain isolation, and the absence of an epidemiological
link for the index case suggests community acquisition from an unrecognized source. A
chain of nosocomial dissemination could be established, and our data further reinforce
the importance of contact screening of CPE using fast and reliable methods such as FT-IR,
together with quick identification of carbapenemases, in order to optimize infection control,
to detect new emergences and prevent subsequent spread [4].

The quick identification of the outbreak using FT-IR spectroscopy (ca. 4 h after
incubation) allowed the prompt establishment of infection control measures for outbreak
control, and whole-genome sequencing supported the classification of the outbreak strain
as ST11 KL105. Our comparative genomic analysis of available ST11 KL105 genomes
revealed that this lineage has been found circulating in several European countries since at
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least 2006, in most cases carrying blaDHA-1, blaCTX-M-3 or blaCTX-M-15 (Figure 1). This is in
agreement with data from the Euscape project [2], in which ca. 62% of ST11 K. pneumoniae
isolates were non-carbapenemase producers. Here, we additionally demonstrate that these
Euscape isolates belong to the same ST11 clade expressing KL105, which differs from
variants prevalent in China and eastern European countries [9,12,26].

Our comparative genomic analysis shows that NDM-1 was not acquired by ST11
KL105 strains previously circulating in Portugal [25] but through the introduction of a new
ST11 KL105 strain, carrying blaNDM-1 in a different genetic context. In fact, comparison
of NDM-1- and DHA-1-producing ST11 strains revealed variability of beta-lactamases
(blaNDM-1, blaCTX-M-15 vs blaDHA-1), antibiotic resistance traits (qnrB1, catB3, dfrA14 vs qnrB4,
arr-3, catA1, dfrA12) and plasmids (IncR+FIA(HI1) + IncFIB(K) vs IncR). The pAN_K624
plasmid (IncR+FIA(HI1)) encoding NDM-1 was also different from the IncC platform
identified previously in other Enterobacterales in Portugal [21], supporting a new entry
of the blaNDM-1 gene and the circulation of different platforms encoding NDM-1. Further-
more, our data on the plasmid genetic context suggest the introduction of blaNDM-1 into a
multidrug resistance plasmid that is different from those carrying blaNDM-1 in other ST11
KL105 strains from Europe, suggesting a new platform. Also, it differs from the pKPX-1
plasmid, associated with massive NDM-1 spread in Poland [26]. In the ST11 KL105 clade,
the acquisition of blaNDM-1 seems to be sporadic, in some cases over DHA-1 or ESBL genetic
backgrounds (Figure 1, Supplementary Table S1), contributing to high genetic plasticity
and plasmid shuffling in this lineage, extending previous observations [27].

Our work also highlights the need to further deepen the population analysis of K. pneu-
moniae clones to obtain maximum discrimination for the efficient tracking of outbreak
strains. Indeed, there is high genetic variability within some of the most frequent clonal
groups, including CG11 [2,27,28]. Despite the high capsular diversity identified among the
most common clonal groups, many studies have demonstrated an extraordinary selection
of lineages with specific capsular types within CG258 [28] and CG11 [9,12], suggesting
that the capsule type is a good evolutionary marker of clinically relevant K. pneumoniae
lineages [13]. Considering this evolutionary scenario, FT-IR based typing based on a rep-
resentative spectral database is a reliable tool to differentiate these lineages, providing
information that, together with epidemiological data, might be of great value in supporting
the identification of outbreaks and real-time infection control decisions at a quick and
low-cost rate [13,14,29]. Whole-genome sequencing requires a higher cost and time but it
can be used downstream to provide full resolution, allowing a thorough understanding of
the dynamics of the spread of antimicrobial resistance [8,10,27].

This ST11-KL105 K. pneumoniae lineage consistently carries blaSHV-182, encoding a
natural SHV-type beta-lactamase, according to the BLBD beta-lactamase database
(http://bldb.eu accessed on 11 November 2019) [30]. In all the genomes analyzed, blaSHV-182
was chromosomally located and might be potentially used as a marker for this specific
lineage.

4. Materials and Methods
4.1. Setting

The outbreak occurred at a 500-bed hospital that serves a population of about 520,000
in the north of Portugal, together with another hospital unit at a distance of 30 km. It offers
healthcare specialties within medical, surgical and emergency (adults and pediatric), as
well as outpatient attendance. Control of the dissemination of CPE bacteria is implemented
according to official national recommendations and includes active screening and the
reinforcement of infection control procedures. At this hospital, rectal screening of CPE is
performed (i) at admission when transferring from another hospital with hospitalizations
>48 h or from a household or long-term care facility; (ii) when there are previous (12 months)
hospitalizations, (iii) every 7 days of hospitalization. At admission, genes encoding specific
carbapenemases were detected using a rapid PCR kit (Xpert CarbaR), whereas subsequent
screenings on hospitalized patients were performed using a cultural method.
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4.2. Index Case

The first NDM-1-producing K. pneumoniae was isolated in the surgical ward in the bile
of a 71-year-old patient with a cholangiocarcinoma on 27 November 2018. In the absence of
clinical symptoms it was considered possible drain colonization, and CPE rectal screening
performed the day after revealed the carriage of a NDM-1-producing isolate. This patient
had been hospitalized since 26 October 2018 but there were no criteria for screening at
admission, thus this information is missing.

These isolates were resistant to third-generation cephalosporins, carbapenems, aztre-
onam, beta-lactam/beta-lactamase inhibitors, fluoroquinolones, trimethoprim- sulfamethox-
azole, nitrofurantoin and several aminoglycosides; intermediate to fosfomycin; and suscep-
tible only to amikacin, tigecycline and colistin.

4.3. Additional Cases

Six additional patients were identified with NDM-1-encoding K. pneumoniae. All
patients in the same nursery were considered exposed and were screened for rectal carriage
independently on the result at admission (if applicable). Three of them carried a K. pneumo-
niae isolate with the same susceptibility profile. All patients with positive screening results
were transferred to cohort areas and subjected to isolation and contact precautions. Four
additional isolates were subsequently identified in the rectal swabs or caused a urinary
infection in three outpatients that were admitted between December 2018 and March 2019
from the emergency room. Two of them were identified as carriers of NDM-producing
K. pneumoniae at admission, whereas the last one was negative for carriage at admission
during a previous hospitalization but that missed subsequent screenings.

4.4. Bacterial Identification and Carbapenemase Detection

In total, 9 NDM-1-encoding K. pneumoniae isolates were identified in seven patients.
These isolates were recovered from feces (n = 9), urine (n = 1) and bile (n = 1) (Table 1).
Carbapenemase genes were primarily detected via molecular biology using Xpert CarbaR
(Cepheid). Bacterial identification and preliminary susceptibility testing were performed
using a VITEK 2 system (bioMérieux) or broth microdilution (for colistin). Available clinical
and epidemiological data, as well as information on recognized risk factors for infection by
CPE, were recorded and analyzed.

4.5. Antibiotic Resistance Phenotypes and Genotypes

Antibiotic susceptibility profiles to 25 antibiotics (all beta-lactams, beta-lactam/beta-
lactamase combinations, fluoroquinolones, aminoglycosides, tetracyclines, fosfomycin,
trimethoprim-sulfamethoxazole, chloramphenicol) were determined via disk diffusion
and interpreted following EUCAST guidelines (www.eucast.org 6 January 2020). Car-
bapenemase production was confirmed using the Blue-Carba test [31] and the type of
carbapenemase was identified via PCR directed to the most frequent carbapenemase gene
families (blaKPC, blaOXA-48, blaIMP; blaVIM, blaNDM) and further sequencing [17,32]. The
presence of blaCTX-M-15 was confirmed using PCR in all isolates.

4.6. Identification of Outbreak Strains

We used Fourier transform infrared (FTIR) spectroscopy to assess isolates’ relation-
ships according to our previously established workflow and models based on the com-
parison of bacterial discriminatory spectra. The analysis was performed retrospectively
on suspected isolates received in early December 2018 and March 2019. Upon reception,
isolates were re-grown in standardized culture conditions (37 ◦C/18 h), after which a
colony was directly deposited on the ATR accessory of our FT-IR instrument (Perkin-Elmer
Frontier) and air-dried. Three spectra per strain were acquired (technical replicates) from
600 cm−1 to 4000 cm−1, and the spectral region of interest (accumulating polysaccharide
vibrations) was compared with spectra included in our in-house K. pneumoniae database
and machine-learning model [13]. The K-type and clone of the suspected strains were
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then predicted with an accuracy of 100%, because of previously established correlations in
internationally circulating lineages [13]. These FT-IR-based assignments were confirmed by
means of PCR and sequencing of the wzi gene [33], as well as pulsed-field gel electrophore-
sis.

4.7. Whole Genome and Phylogenetic Analysis

Two NDM-1-producing isolates (the first and the last outbreak strain with no epidemi-
ological link) were selected for whole genome sequencing. The DNA was extracted using
the Wizard Genomic DNA purification kit (Promega Corporation, Madison, WI, USA)
according to the manufacturer’s instructions and the concentration was determined with a
Qubit 3.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). DNA
was sequenced using an Illumina Novaseq 6000 (2× 300 bp pair-ended runs, ~6 Gb genome,
coverage 100×), reads were trimmed de novo using Trimommatic 0.39 to remove adapters
(http://www.usadellab.org/cms/?page=trimmomatic accessed on 5 November 2019)
and assembled using SPAdes version 3.9.0 (cab.spbu.ru/software/spades/ accessed on
5 November 2019). The quality of the reads and the assembly were assessed using
FastQC v0.11.9 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ accessed on
5 November 2019) and Quast (http://cab.cc.spbu.ru/quast/ accessed on 5 November 2019).
Contigs were further annotated with RAST (https://rast.nmpdr.org accessed on 6 Novem-
ber 2019). This Whole Genome Shotgun project has been deposited at DDBJ/ENA/GenBank
under the BioProject accession number PRJNA484888, with Biosamples SAMN16522901
and SAMN16522902.

Provided with a snapshot of the ST11 clade distribution in previous papers [9,12], we
decided to focus on understanding the phylogeny and geographic distribution of the ST11
KL105 clade since these isolates were poorly represented in those series. Twenty-eight ST11-
KL105 K. pneumoniae genomes available on GenBank database (https://www.ncbi.nlm.nih.
gov/genbank accessed on 18 November 2019) were included for comparison (Supplementary
Table S1). Antibiotic resistance and replicon content were extracted from Center for Genomic
Epidemiology tools (ResFinder, PlasmidFinder at http://www.genomicepidemiology.org
accessed on 5 November 2019) or CARD (https://card.mcmaster.ca accessed on 5 November
2019). Plasmid contigs were identified using mlplasmids [34]. Plasmid assembly and partial
reconstruction was obtained, mapping ST11 contigs on reference plasmid sequences and
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi accessed on 5 November 2019). Geneious
version 9.1.8 was used to represent the blaNDM-1 genetic environment.

The virulence gene content and wzi, capsular (KL) and O antigen loci were assessed us-
ing the K. pneumoniae Institut Pasteur database (https://bigsdb.pasteur.fr/cgi-bin/bigsdb/
bigsdb.pl?db=pubmlst_klebsiella_seqdef accessed on 5 November 2019) and KLEBO-
RATE (https://github.com/katholt/Kleborate accessed on 5 November 2019). The core
genome of the two sequenced isolates (K606 and K624), the two previously described
DHA-1-producing ST11-KL105 strains from Portugal [25] and those of 26 other ST11-
KL105 strains deposited in the GenBank database were extracted and used to construct
a SNP-based phylogenetic tree using the CSI phylogeny tool, using default parameters
(https://cge.cbs.dtu.dk/services/CSIPhylogeny/ accessed on 6 November 2019) and the
maximum-likelihood method to calculate bootstrap values. The closest genome correspond-
ing to strain KLPN_19 (a ST11 strain with KL107 GCF_003861305.1) was used as a reference,
and the tree was further represented with Interactive Tree of Life (iTOL, https://itol.embl.de
accessed on 7 November 2019).

5. Conclusions

Data from the first recognized outbreak of NDM-1-producing K. pneumoniae in our
country raise the alarm for the potential silent dissemination of NDM-1 through unnoticed
carriage in the community, which needs to be monitored to prevent further spread. This
report extends the distribution map of NDM-1 carbapenemase in Europe, which emerged
through the re-introduction of ST11 KL105 K. pneumoniae clade into our country and a
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new plasmid backbone carrying blaNDM-1. We provide the first comparative analysis of the
ST11 KL105 K. pneumoniae clade and show that it is successfully established in European
countries carrying a variable pool of ESBL, DHA-1 or NDM-1-encoding plasmids. Finally,
we further demonstrate the usefulness of the speed and the accuracy of FT-IR spectroscopy
to support outbreak identification and infection control.

Supplementary Materials: The following are available https://www.mdpi.com/article/10.3390/
antibiotics11010092/s1, Table S1: List of K. pneumoniae ST11-KL105 genomes deposited on NCBI
public databases used for phylogenetic analysis. Figure S1: Projection of FT-IR spectra from the
outbreak K. pneumoniae isolates (gray dots) in the in-house partial-least squares discriminant model
(PLSDA) [13]. Figure S2: SNP matrix obtained from core-genome DNA comparison between K. pneu-
moniae ST11 KL105 genomes, supporting phylogenetic tree.
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Abstract: Imipenemase-6 (IMP-6) type carbapenemase-producing Enterobacteriaceae is regarded as
dangerous due to its unique lack of antimicrobial susceptibility. It is resistant to meropenem (MEPM)
but susceptible to imipenem (IPM). In addition to carbapenemase, outer membrane porins and efflux
pumps also play roles in carbapenem resistance by reducing the antimicrobial concentration inside
cells. Extended-spectrum β-lactamase (ESBL) is transmitted with IMP-6 by the plasmid and broadens
the spectrum of antimicrobial resistance. We collected 42 strains of IMP-6-producing Escherichia coli
and conducted a molecular analysis of carbapenemase, ESBL, porin, efflux, and epidemiological
characteristics using plasmid replicon typing. Among the 42 isolates, 21 strains were susceptible to
IPM (50.0%) and 1 (2.4%) to MEPM. Seventeen strains (40.5%) co-produced CTX-M-2 type ESBL. We
found that the relative expression of ompC and ompF significantly correlated with the MIC of IPM
(p = 0.01 and p = 0.03, respectively). Sixty-eight% of CTX-M-2-non-producing strains had IncI1, which
was significantly different from CTX-M-2-producing strains (p < 0.001). In conclusion, 50.0% of our
IMP-6-producing strains were non-susceptible to IPM, which is different from the typical pattern
and can be attributed to decreased porin expression. Further studies investigating other types of
carbapenemase are warranted.

Keywords: IMP-6; carbapenemase; porin; efflux pump; plasmid

1. Introduction

The prevalence of imipenemase-6 (IMP-6) type carbapenemase-producing
Enterobacteriaceae (CPE) is increasing in Japan, and this is regarded as dangerous due to its
unique lack of antimicrobial susceptibility [1,2]. They are generally resistant to meropenem
(MEPM), although they are susceptible to imipenem (IPM) [2,3]. Carbapenemase is the
enzyme that inactivates carbapenem. CPE can produce a variety of carbapenemases, which
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are divided into three groups as class A, class B, and class D according to the Ambler
classification [4]. In Japan, the most common carbapenemase type is IMP, one of the class B
carbapenemases. It exhibits metallo-β-lactamase and is able to decompose almost all β-
lactam drugs, including carbapenems, by a wide range of instrumental specificity. IMP-6 ex-
ceptionally shows characteristic inactivation as described above [5]. CPE often co-produces
extended-spectrum β-lactamase (ESBL), which inactivates penicillins, cephalosporins, and
monobactams [3,6] for wider spectrum antimicrobial resistance. IMP-6 generally does not
inactivate penicillins and monobactams [2,7], but if an IMP-6-producing strain co-produces
ESBLs, it does inactivate these antimicrobials. Thus, the co-production of carbapenemase
and ESBL should be considered as an important mechanism in antimicrobial resistance.

Outer membrane porins and efflux pumps are also important mechanisms of car-
bapenem resistance Enterobacteriaceae (CRE) by reducing the antimicrobial concentration
inside cells [8]. Because carbapenem is one of the most effective wide-spectrum antimicro-
bials, CRE infections increase treatment difficulty and worsen prognosis [9].

Porins are small pores in the outer membrane of Gram-negative bacteria (GNB).
Decrease or loss of porins hinders drug entry in GNB [10]. Carbapenems enter cells through
porins such as OmpC and OmpF, encoded by porin genes ompC and ompF [11]. OmpC and
OmpF are the two most important outer membrane porin proteins in Escherichia coli. The
pore size of OmpF is larger than that of OmpC, allowing more solutes, including noxious
agents, to diffuse into the cell through the OmpF channel [12]. A decrease in the relative
expression of ompC and ompF indicates loss or disruption of OmpC and OmpF.

Efflux pumps are responsible for membrane transport and can discharge antibac-
terial drugs outside the cell. Hyperfunction of efflux pump proteins is one of the most
important mechanisms in carbapenem resistance. Resistance-nodulation-division (RND)
efflux pumps are a major mechanism of multidrug resistance in Enterobacteriaceae [13]. The
AcrAB-TolC RND system is the most common among the different efflux systems, which
catalyze substrate efflux by an H+ antiport mechanism [13,14]. Phenylalanine-arginine
β-naphthylamide (PAβN, also called MC-207,110) is well known as a broad-spectrum
efflux pump inhibitor [15]. PAβN binds to AcrB, leading to the inhibition of substrate
efflux outside the cell [16,17]. In carbapenem resistance attributed to the overexpression of
efflux pumps, the minimum inhibitory concentration (MIC) will decrease from the addition
of PAβN because carbapenem cannot be effluxed out of the cell. Therefore, efflux pump
activity in carbapenem resistance can be evaluated using PAβN [18,19].

Plasmids are extra-chromosomal circular fragments of DNA that replicate autonomously
in host cells [20]. Plasmids are classified based on incompatibility (Inc) groups by Plasmid
Replicon Typing [20]. Carbapenemase genes and ESBL genes are transferred easily by
plasmids, contributing to the rapid spread of carbapenemase and ESBL-producing strains.
IncN plasmid often carries IMP-6 with CTX-M-2 type ESBL and plays an important role in
the spread of IMP-6 and CTX-M-2 co-producing strains [3,20]. Plasmid replicon typing facil-
itates the exploration of the epidemiological features of carbapenemase-producing strains.

Whether resistance mechanisms other than carbapenemase affect antimicrobial sus-
ceptibility in IMP-6-producing bacteria has rarely been investigated. An epidemiological
analysis is also important for a comprehensive understanding of the spread of CPE. The
purpose of this study was to assess antimicrobial susceptibility and the effects of the
three carbapenem resistance mechanisms, ESBL production, and epidemiology in IMP-6-
producing Escherichia coli.

2. Results
2.1. Antimicrobial Susceptibilities

Among the 42 IMP-6-producing isolates, 21 strains (50.0%) were susceptible to IPM,
1 strain (2.4%) to MEPM, no strains (0%) to ertapenem (ETP), and 11 strains (26.2%)
to doripenem (DRPM). Minimum inhibitory concentrations (MIC)50 were 1.5 µg/mL,
16 µg/mL, 16 µg/mL, and 8 µg/mL, and MIC90 were 4 µg/mL, 32 µg/mL, 64 µg/mL, and
32 µg/mL for IPM, MEPM, ETP, and DRPM, respectively (Table 1) (Supplemental Table S1).
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Most strains were resistant to piperacillin (PIPC) (97.6%), ceftazidime (CAZ) (97.6%), ce-
fepime (CFPM) (95.2%), ciprofloxacin (CPFX) (97.6%), and levofloxacin (LVFX) (97.6%). No
strain was resistant to amikacin (AMK) (0%).

Table 1. Antimicrobial susceptibility among 42 strains of IMP-6-producing E. coli.

Susceptible Intermediate Resistant MIC50
(µg/mL)

MIC90
(µg/mL)

IPM 21 (50.0%) 14 (33.3%) 7 (16.7%) 1.5 4
MEPM 1 (2.4%) 2 (4.8%) 39 (92.9%) 16 32

ETP 0 (0%) 3 (7.1%) 39 (92.9%) 16 64
DRPM 11 (26.2%) 4 (9.5%) 27 (64.3%) 8 32
PIPC 1 (2.4%) 0 (0%) 41 (97.6%) >64 >64
CAZ 0 (0%) 1 (2.4%) 41 (97.6%) >16 >16

CFPM 1 (2.4%) 1 (2.4%) 40 (95.2%) >16 >16
CPFX 1 (2.4%) 0 (0%) 41 (97.6%) >2 >2
LVFX 1 (2.4%) 0 (%) 41 (97.6%) >4 >4
AMK 41 (97.6%) 1 (2.4%) 0 (0%) <4 16
GM 11 (26.2%) 20 (47.6%) 11 (26.2%) 8 >8

2.2. Phenotypic and Genotypic Detection of Carbapenemase and ESBL

Carbapenemase-associated genes other than blaIMP-6 were not detected in our strains.
Twenty-nine strains (69.0%) had confirmed ESBL production and ESBL blaCTX-M-2 genes
were detected in 17 strains (40.5%), blaCTX-M-14 in 1 strain (2.4%), and blaCTX-M-15 in 2 strains
(4.8%) (Table 2) (Supplemental Table S2).

Table 2. Characteristics of carbapenemase and ESBL among 42 strains of IMP-6-producing E. coli.

Carbapenemase
Producing

Carbapenemase
Genes ESBL Producing

ESBL Genes

blaIMP-6 blaCTX-M-2 blaCTX-M-14 blaCTX-M-15

Number of isolates
(n = 42) 42 42 29 17 1 2

(%) 100.0 100.0 69.0 40.5 2.4 4.8

2.3. Relative Expression Level of ompC and ompF

Relative expression levels of ompC and ompF were measured by quantitative reverse
transcription polymerase chain reaction (qRT-PCR). The relative expression levels of ompC
significantly correlated with the MICs of IPM (r = −0.388, p = 0.0112) and DRPM (r = −0.501,
p = 0.000734) (Figure 1A,D). Furthermore, the relative expression levels of ompF significantly
correlated with the MICs of IPM (r = −0.332, p = 0.0318) and MEPM (r = −0.529, p = 0.00032)
(Figure 2A,B).

2.4. Efflux Pump Activity and Carbapenem Resistance

To determine the effect of efflux on IPM resistance, the MICs of two representative
carbapenems, IPM and MEPM, were measured with and without the addition of PAβN
(Figure 3). If carbapenem resistance depends on the overexpression of efflux pumps, MICs
of carbapenems will decrease with the addition of PAβN because carbapenem cannot be
effluxed out of the cell. In this study, no isolates showed more than a four-fold decrease
of MIC in the presence of PAβN compared with MICs when only IPM and MEPM were
present. Therefore, no significant effect of efflux pump activity on carbapenem resistance
was found in all 42 strains. It was confirmed by the control that PAβN did not inhibit
bacterial growth (data not shown).
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2.5. Plasmid Replicon Typing

IncF was the most prevalent plasmid replicon, identified in 40 of the 42 strains (95.2%)
(Table 3). A variety of plasmids were found in our IMP-6-producing E. coli strains, including
IncFIA in 37 strains (88.1%), IncN in 36 strains (85.7%), IncFIB in 28 strains (66.7%), IncI1 in
18 strains (42.9%), IncB/O in 4 strains (9.5%), and IncA/C in 2 strains (4.8%). There was a
significant difference in the rates of carrying IncI1 between CTX-M-2 co-producing strains
(n = 17) and the others (n = 25) (p < 0.001, Table 3). We found duplications of plasmids in
the isolates. The details for individual strains are presented in Supplemental Table S2.
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Table 3. Plasmid replicon typing among IMP-6-producing E. coli strains.

Total (n = 42)
IMP-6 +

CTX-M-2
(n = 17)

IMP-6 (n = 25) p-Value

FIA 37 (88.1%) 15 (88.2%) 22 (88.0%) 1
FIB 28 (66.7%) 9 (52.9%) 19 (76.0%) 0.184
FIC 0 (0.0%) 0 (0.0%) 0 (0.0%) N.A.

F 40 (95.2%) 17 (100.0%) 23 (92.0%) 0.506
FII 0 (0.0%) 0 (0.0%) 0 (0.0%) N.A.

HI-1 0 (0.0%) 0 (0.0%) 0 (0.0%) N.A.
HI-2 0 (0.0%) 0 (0.0%) 0 (0.0%) N.A.

I1 18 (42.9%) 1 (5.9%) 17 (68.0%) <0.001 *
L/M 0 (0.0%) 0 (0.0%) 0 (0.0%) N.A.

N 36 (85.7%) 16 (94.1%) 20 (80.0) 0.374
P 0 (0.0%) 0 (0.0%) 0 (0.0%) N.A.
W 0 (0.0%) 0 (0.0%) 0 (0.0%) N.A.
T 0 (0.0%) 0 (0.0%) 0 (0.0%) N.A.

A/C 2 (4.8%) 0 (0.0%) 2 (8.0) 0.506
K 0 (0.0%) 0 (0.0%) 0 (0.0%) N.A.

B/O 4 (9.5%) 2 (11.8%) 2 (8.0) 1
X 0 (0.0%) 0 (0.0%) 0 (0.0%) N.A.
Y 0 (0.0%) 0 (0.0%) 0 (0.0%) N.A.

N.A.: not applicable; * Statistical significance.

3. Discussion

IMP-6-producing CRE is frequently detected in Japan, especially in west Japan. A
previous study from Osaka showed that 130 (97.0%) of 134 carbapenem-resistant E. coli
produced IMP-6 [1]. Their susceptibility rates to MEPM and IPM were 0% and 100.0%,
respectively, which is a typical pattern of IMP-6-producing CRE. Our IMP-6-producing
E. coli strains were resistant to at least one of the carbapenems, and most of these strains
were resistant to MEPM (92.9%). Although most previous studies indicated that IMP-6
does not inactivate IPM [2,3], 50.0% of our strains were non-susceptible to IPM. Thus,
non-susceptibility to IPM may be due to a resistance mechanism other than the production
of IMP-6. A few studies reported the susceptibility of IMP-6-producing Enterobacteriaceae to
ETP and DRPM. A previous study in Korea reported that all of 10 IMP-6-producing strains
were not susceptible to ETP [21], similar to our strains. Another study in Japan showed that
all of 11 IMP-6-producing strains were not susceptible to DRPM [22], which is consistent
with the low susceptibility (26.2%) in our strains. Altogether, these results demonstrated
the non-susceptibility of IMP-6-producing strains to ETP and DRPM.

Previous studies reported that most IMP-6-producing strains co-produced CTX-M-
2 [7,23], but less than half of our strains co-produced CTX-M-2. The form of transmission
may have changed. Furthermore, most of our strains were resistant to PIPC with or without
CTX-M-2 production, despite the fact that IMP-6-producing strain is generally susceptible
to PIPC. Quite possibly, these strains co-produced another β-lactamase. For example, a
previous study reported that IMP-6-producing strains co-produced TEM-1, a non-ESBL
β-lactamase [2]. These strains were resistant to PIPC by co-producing TEM-1.

One of the main mechanisms for carbapenem resistance other than carbapenemase pro-
duction is the decrease or loss of porin. A previous study in China showed low expression of
either ompC or ompF in 46 (68.7%) of 67 carbapenemase-non-producing strains [24]. In that
study, porin-related mechanisms were investigated only for carbapenemase-non-producing
strains, not for carbapenemase-producing strains. Our study explored porin-related mecha-
nisms in CPE and found that IMP-6-producing CRE had decrease or loss of porin according
to the downregulation of two porin genes ompC and ompF as another resistance mechanism.
Furthermore, statistical analysis showed a significant negative correlation between the
expression levels of the two porin genes and MIC of some carbapenems, including ompC
with IPM and DRPM (Figure 1A,D) as well as ompF with IPM and MEPM (Figure 2A,B).
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Although half of the IMP-6-producing CRE strains in our study were susceptible to IPM,
we still found that the MICs of IPM were correlatively higher when the porin-related
genes ompC and ompF were more downregulated. Thus, decreased porin expression can
also affect antimicrobial resistance in IMP-6-producing strains, with altered antimicrobial
susceptibility in some cases.

Efflux activity in carbapenem resistance has been reported using several methods
for confirmation of efflux activity [19,24]. A previous study showed that 7 isolates of
carbapenem-resistant Pseudomonas aeruginosa exhibited a significant reduction in meropenem
MIC with PAβN, using the same methods as our study [25]. Similar to our study, another
group investigated KPC-2-producing CRE and did not find any effect of efflux pump activ-
ity in carbapenem resistance [19]. Our strains also did not show a contribution by efflux
pump activity to carbapenem resistance. Taken together, these results suggest the minor
effect of efflux activity on carbapenem resistance in carbapenemase-producing bacteria.

Plasmid replicon typing is a useful assay to investigate horizontal gene transfer be-
cause carbapenemase genes and ESBL genes are generally encoded on plasmids [3,20].
As mentioned above, IMP-6-producing CRE strains often possess IncN plasmid and si-
multaneously produce CTX-M-2 [3]. A previous study showed that 80 strains (96.4%)
possessed IncN, and 73 strains (88.0%) co-produced CTX-M-2 among 83 IMP-6-producing
strains [7]. In contrast, a lower portion (40.5%, 17/42) of our strains co-produced IMP-6
and CTX-M-2 despite a high carriage rate (85.7%, 36/42) of IncN. Compared with CTX-M-2
co-producing strains, IMP-6 producing but not CTX-M-2 co-producing strains significantly
possessed IncI1 (p < 0.001). So far, IncI1 has not been reported in IMP-6-producing CRE.
Transmission and carriage of IncI1 type plasmids could reduce co-production of CTX-M-2
among IMP-6-producing CRE.

Our study confirmed that IMP-6-producing strains were resistant to MEPM, ETP,
and DRPM as reported so far. However, the IPM non-susceptible strains appeared to
differ from the typical pattern. We demonstrated that downregulation of porin-associated
genes was responsible for this IPM non-susceptibility, suggesting evolving characteristics
of IMP-6-producing CPE. It is necessary to update our knowledge of the antimicrobial
susceptibility of IMP-6-producing CPE to facilitate appropriate treatment and clinical
practice. Downregulated porin-related genes should also be taken into account when
developing antimicrobials against IMP-6-producing CPE.

There are some limitations in this study, including the small number of isolates and
the unavailability of full clinical data for investigation. In addition, phenotypic studies of
porin and genotypic efflux pump analysis were not performed. Despite these limitations,
our study contributes to preventing the further expansion of IMP-6-producing CRE.

4. Materials and Methods
4.1. Bacterial Collection

Forty-two strains of IMP-6-producing E. coli were collected from Hyogo prefecture and
sent to Hyogo Clinical Laboratory Corporation, Himeji, Japan, from 2012 to 2018. They were
isolated from urine, sputum, and other sources. IMP-6 production was confirmed using
phenotypic and genotypic methods. Carbapenemase production was detected by three
phenotypic methods, the carbapenem inactivation method (CIM), double disk synergy test
(DDST) with sodium mercaptoacetic acid (SMA), and the modified Hodge test. We defined
a strain as carbapenemase-producing if it was positive by at least one method. CIM and
modified Hodge tests were carried out according to Clinical and Laboratory Standards
Institute (CLSI) recommendations [26]. SMA-DDST was performed for CAZ and IPM as
previously described [27]. We detected blaIMP-6 by PCR and DNA sequencing as previously
described [28,29].

4.2. Antimicrobial Susceptibility Tests

Antimicrobial susceptibility testing was performed by broth microdilution methods
according to the CLSI guidelines [26]. MIC of E. coli was tested for the following antimicro-
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bials: MEPM (Wako, Fujifilm Wako Pure Chemical Corporation, Japan), IPM (Wako, Japan),
ETP (Sigma-Aldrich, St. Louis, MO, USA), and DRPM (Wako, Japan), using E. coli ATCC
25922 as quality control. MicroScan (Beckman Coulter Inc., Brea, CA, USA) was used to
determine the MIC of the antimicrobials PIPC, CAZ, CFPM, LVFX, CPFX, AMK, and GM.
We determined susceptibility according to the current CLSI clinical breakpoint [26]. We
defined non-susceptible as resistant or intermediate to each antimicrobial.

4.3. Phenotypic Detections of ESBL Production in E. coli Isolates

All isolates of E. coli were screened for ESBL production using cefotaxime (CTX) and
CAZ disc diffusion testing, according to CLSI guidelines [26]. The confirmation tests were
conducted by the double-disk synergy method using CTX and CAZ disks alone and in
combination with clavulanic acid [26].

4.4. Detection of Carbapenemase Genes and ESBL Genes

The presence of carbapenemase genes blaIMP-1, blaIMP-2, blaKPC, blaNDM, blaOXA-48
blaGES, blaVIM-1, and blaVIM-2 was determined using PCR amplification, as previously de-
scribed [28,30–34]. The presence of ESBL genes blaCTX-M, blaTEM, and blaSHV were also
determined using PCR amplification, as previously described [35]. The PCR products
were run on 1% agarose gel and stained with ethidium bromide (0.5 mg/mL) in a dark
room. PCR purification was conducted by QIAquick PCR Purification Kit (Qiagen, Hilden,
Germany) with sequencing by Eurofins Genomics, Inc. (Tokyo, Japan) [29].

4.5. q-RT-PCR for Porin Coding Genes ompC and ompF

The qRT-PCR for porin genes (ompC and ompF) was performed. RNA was extracted
from bacterial pellets and DNase-treated using NucleoSpin RNA (Macherey-Nagel, Ger-
many). cDNA was constructed using the ReverTra Ace qPCR RT Kit (Toyobo, Japan). The
qRT-PCR was performed for porin genes ompC and ompF and the housekeeping gene rpoB
using the primer previously described [11]. The reactions were run on a CFX Connect
(Bio-Rad, Hercules, CA, USA) with the following cycling parameters: 95 ◦C for 5 min and
40 cycles of 95 ◦C for 15 s, 60 ◦C for 30 s, and 72 ◦C for 30 s, followed by melting with
ramping from 60 ◦C to 95 ◦C in 0.2 ◦C increments. Melting curve analysis was performed
to identify the amplicons. Each experiment was performed in triplicate, and results were
presented as the mean value of three experiments. The relative expression levels were
calculated by the 2−∆∆Ct method. Expression of porin genes was normalized using the
housekeeping gene rpoB in the same sample. Fold change in porin expression was deter-
mined by calculating the ratio of normalized porin expression in IMP-6-producing isolates
to the control strain of the same species, E. coli ATCC 25922 [11].

4.6. Efflux Pump Inhibitory Assay

To examine the influence of efflux pumps on carbapenem resistance, efflux inhibitory
assays were performed using representative carbapenem, IPM, and MEPM. The MICs
of imipenem and meropenem were measured with and without 25 mg/L of the efflux
pump inhibitor PAβN (Sigma-Aldrich, St Louis, MI, USA) [36]. Efflux pump activity
was evaluated by fold change from the MIC without PAβN to the MIC with PAβN. If
carbapenem resistance depended on the overexpression of efflux pumps, the MIC of
carbapenems would be reduced by the addition of PAβN because carbapenem does not
efflux. More than a four-fold decrease of the MICs in the presence of PAβN compared with
the MICs in the absence of PAβN was defined as positive.

4.7. Plasmid Replicon Typing

Plasmid DNA was extracted as previously described [29]. Plasmid replicon typing
was performed to see the disseminating formulation and investigate for IncF (FIA, FIB, FIC,
F, FII), H, I, L/M, N, P, W, T, A/C, K, B/O, X, and Y by PCR amplification. The temperature
conditions were initial denaturing at 94 ◦C for 5 min, followed by 30 cycles of denaturation
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at 94 ◦C for 1 min, annealing at 60 ◦C for 30 s, extension at 72 ◦C for 1 min and final
extension at 72 ◦C for 5 min [20].

4.8. Statistical Analysis

Correlations between the relative expression of porin genes (ompC and ompF) and the
MIC for each carbapenem were analyzed by Spearman’s rank correlation coefficient using
EZR (Saitama Medical Centre, Jichi Medical University, Saitama, Japan) [37]. The difference
in plasmid carriage between CTX-M-2-producing strains and the others was analyzed by
Fisher’s exact test using EZR. Statistical differences among mean values were considered
significant when p < 0.05.

5. Conclusions

Half of our IMP-6-producing strains were non-susceptible to IPM, and only 40.5%
of them co-produced CTX-M-2, unlike the well-known typical pattern. Downregulation
of porin-associated genes is responsible for this alteration in IPM non-susceptibility, but
efflux plays a minor role. Further studies are warranted for investigation in other types
of carbapenemase.
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Abstract: Background: A carbapenem-resistant Enterobacteriaceae (CRE) outbreak occurred in an
advanced emergency medical service center [hereafter referred to as the intensive care unit (ICU)]
between 2016 and 2017. Aim: Our objective was to evaluate the infection control measures for
CRE outbreaks. Methods: CRE strains were detected in 16 inpatients located at multiple sites.
Environmental cultures were performed and CRE strains were detected in 3 of 38 sites tested. Pulsed-
field gel electrophoresis (PFGE), multilocus sequence typing (MLST), and detection of β-lactamase
genes were performed against 25 CRE strains. Findings: Molecular typing showed the PFGE patterns
of two of four Klebsiella pneumoniae strains were closely related and the same MLST (ST2388), and
four of five Enterobacter cloacae strains were closely related and same MLST (ST252). Twenty-three
of 25 CRE strains harbored the IMP-1 β-lactamase gene and 15 of 23 CRE strains possessed IncFIIA
replicon regions. Despite interventions by the infection control team, new inpatients with the CRE
strain continued to appear. Therefore, the ICU was partially closed and the inpatients with CRE were
isolated, and the ICU staff was divided into two groups between inpatients with CRE and non-CRE
strains to avoid cross-contamination. Although the occurrence of new cases dissipated quickly after
the partial closure, a few months were required to eradicate the CRE outbreak. Conclusion: Our data
suggest that the various and combined measures that were used for infection control were essential
in stopping this CRE outbreak. In particular, partial closure to isolate the ICU and division of the
ICU staff were effective.

Keywords: carbapenem-resistant Enterobacteriaceae (CRE); outbreak; infection control; pulsed-field
gel electrophoresis (PFGE); multilocus sequence typing (MLST); carbapenemase

1. Introduction

Carbapenem-resistant Enterobacteriaceae (CRE) is a major health concern worldwide,
including infections found in Japan [1–3]. Outbreaks of CRE have occurred in most parts
of the world during the past decade [4–6]. When CRE is detected in hospitalized patients,
contact precautions for infection control of CRE is very important. Hospitalized patients
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may be particularly susceptible to infections, and CRE infections are associated with
increasing the risks of morbidity and mortality, prolonged hospital stay, and increasing
health care costs [7,8]. As mentioned earlier, clinical infections with CRE are associated
with high rates of morbidity and mortality, which is due, in part, to limited options for
therapy [7]. When CRE is detected in hospitalized patients, contact precautions for infection
control of CRE are very important [8]. The treatment options for CRE infections remain very
limited, and colistin and tigecycline are considered the drugs of choice to treat infections
caused by CRE [9]. However, the emergence of bacteria that are resistant to these antibiotics
has also been recognized worldwide [10–12]. In addition, outbreaks of colistin-resistant
CRE have occurred [11,13].

The management of CRE in hospital settings is not only costly but presents a significant
challenge. While reliably detecting CRE in the laboratory is an important first step, it can be
hampered by the fact that resistance occurs through a variety of different mechanisms. By
accurately understanding the homology and resistance mechanisms of CRE, it is possible to
know whether the infection is nosocomial or spreading in the community. This information
is useful in deciding whether infection control measures should be implemented on a ward
basis, on a hospital basis, or including the community [14]. On the other hand, knowing the
mechanism of resistance can contribute to the appropriate selection of therapeutic agents.
KPC-producing CRE can be treated with antimicrobial agents containing avibactam and
vaborbactam, so colistin and tigecycline can be preserved [15,16]. This is also important
from the viewpoint of antimicrobial stewardship.

The advanced emergency medical service center in Kurume University Hospital
has experienced several outbreaks due to resistant bacteria such as methicillin-resistant
Staphylococcus aureus and vancomycin-intermediate S. aureus, and an infection control team
(ICT) is usually implemented [17,18]. In this report, we describe a CRE outbreak in our
advanced emergency medical service center (hereafter referred to as the ICU) and discuss
the stepwise infection control measures that were implemented, along with our evaluation
of the effectiveness of these measures.

2. Results
2.1. Bacterial Strains and Patient Characteristics

Sixteen CRE strains were isolated from the stools of nine inpatients; from the nasal
cavity of four inpatients; and from the pus, sputum, and skin of each of these inpa-
tients between August and December 2016 (Figure 1). The mean age of the 16 inpatients
(11 males and 5 females) was 65.7 years, and their actual ages ranged from 24 to 86 years.
The mean detection period of the CRE strain after admission was 23.9 days, which repre-
sented a range of from 1 to 170 days. CRE had been detected at the point of hospitalization
in 4 of the 16 inpatients. During the CRE outbreak, 13 CRE strains were recognized as
colonization. However, three CRE strains were isolated from inpatients with pneumonia or
bacteremia, and one inpatient died from bacteremia due to CRE.

An environmental culture was performed in November 2016, and CRE strains were
detected in 3 of 38 sites (3 different sinks).

2.2. MIC

In judging the effectiveness of CRE treatments, eight isolates showed meropenem
MICs ≥ 2 mg/L, another eight isolates showed imipenem MICs ≥ 2 mg/L, and cefmetazole
recorded MICs ≥ 64 mg/L according to the reporting criteria of the Infectious Disease Act
of Japan (Table 1).
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Figure 1. The time course for a CRE outbreak in the ICU. Gray shadow: period of hospitalization. Black circle: the first day
of CRE strain detection.

Table 1. Antibiotics susceptibolity profiles (minimum inhibitory concentrations, mg/L).

Patient No. ABPC PIPC CTX CAZ CFPM CMZ IPM MEPM AZT ABPC/SBT PIPC/TAZ GM AMK MINO LVFX ST

1 >16 <8 >2 >8 4 >32 2 >2 <4 >16 <16 4 <4 4 2 <2
2 >16 >64 >2 >8 >16 >32 >2 >2 <4 >16 64 >8 <4 4 1 <2
3 >16 >64 >2 >8 >16 >32 >2 >2 <4 >16 >64 >8 <4 4 1 <2
4 >16 <8 <1 <4 <2 >32 2 <1 <4 16 <16 <2 <4 4 <0.5 <2
5 >16 >64 >2 >8 >16 >32 >2 >2 >8 >16 >64 8 <4 <2 <0.5 <2
6 <8 <8 <1 <4 <2 >32 2 <1 <4 <8 <16 <2 <4 <2 <0.5 <2
7 >16 <8 <1 <4 <2 >32 2 <1 <4 16 <16 <2 <4 <2 <0.5 <2
8 >16 >64 >2 >8 >16 >32 >2 >2 >8 >16 >64 >8 <4 >8 4 <2
9 >16 >64 >2 >8 >16 >32 >2 >2 <4 >16 64 >8 <4 >8 4 >2

10 >16 16 >2 >8 >16 >32 2 >2 <4 >16 <16 8 <4 4 4 >2
11 >16 <8 <1 <4 <2 >32 2 <1 <4 16 <16 <2 <4 <2 <0.5 <2
12 >16 <8 >2 >8 4 >32 >2 >2 <4 >16 <16 >8 <4 <2 1 <2
13 >16 <8 2 <4 <2 >32 2 <1 <4 >16 <16 <2 <4 4 <0.5 <2
14 >16 <8 <1 <4 <2 >32 2 <1 <4 16 <16 <2 <4 <2 <0.5 <2
15 >16 <8 >2 <4 <2 >32 2 <1 <4 >16 <16 <2 <4 <2 <0.5 <2
16 >16 <8 <1 <4 <2 >32 2 <1 <4 16 <16 <2 <4 <2 <0.5 <2

ABPC: ampicillin, PIPC: piperacillin, CTX: cefotaxime, CAZ: ceftazidime, CFPM: cefepime, CMZ: cefmetazole, IPM: imipenem, MEPM:
meropenem, AZT: aztreonam, ABPC/SBT: ampicillin/sulbactam, PIPC/TAZ: piperacillin/tazobactam, GM: gentamicin, AMK: amikacin,
MINO: minocycline, LVFX: levofloxacin, ST: sulfamethoxazole-trimethoprim.

2.3. Interpretation of Molecular Typing by PFGE and MLST Analysis

Molecular typing by the PFGE patterns of 25 CRE strains was divided into eight
patterns (A–I). The PFGE patterns of K. pneumoniae in strains three and four, Enterobacter
asburiae from strains 5 to 16, and E. cloacae from strains 19 to 22 all were closely related
(Figure 2). MLST analysis was performed for all four of the K. pneumoniae strains and for
5 of the E. cloacae strains. Of K. pneumoniae the isolates identified ST286 (2 strains) and
ST2388 (2 strains). Of E. cloacae, the isolates identified ST252 (4 strains) and ST384 (1 strain).
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Strain 
No.

Date 
(mo/day/yr)

Patient
No. Source Bacteria MLST

1 08/31/2016 3 dennis
tube K. pneumoniae ST286

2 11/07/2016 3 nasal 
cavity K. pneumoniae ST286

3 10/28/2016 8 stool K. pneumoniae ST2388

4 10/28/2016 10 pus K. pneumoniae ST2388

5 08/31/2016 3 dennis
tube E. asburiae ND

6 09/12/2016 3 sputum E. asburiae ND

7 09/26/2016 3 stool E. asburiae ND

8 11/04/2016 5 stool E. asburiae ND

9 11/07/2016 5 sputum E. asburiae ND

10 10/13/2016 9 nasal 
cavity E. asburiae ND

11 11/14/2016 9 sputum E. asburiae ND

12 11/08/2016 9 blood E. asburiae ND

13 11/11/2016 9 blood E. asburiae ND

14 11/18/2016 9 blood E. asburiae ND

15 11/14/2016 12 sputum E. asburiae ND

16 11/15/2016 - sink E. asburiae ND

17 11/15/2016 - sink E. asburiae ND

18 11/15/2016 - sink E. asburiae ND

19 08/26/2016 3 stool E. cloacae ST252

20 09/12/2016 3 nasal 
cavity E. cloacae ST252

21 10/17/2016 8 stool E. cloacae ST252

22 10/31/2016 5 stool E. cloacae ST252

23 12/07/2016 13 skin E. cloacae ST384

24 10/21/2016 9 stool K. oxytoca ND

25 11/10/2016 11 stool E. aerogenes ND

ND: not determined

Figure 2. PFGE patterns of XbaI-digested DNA from 25 CRE isolates (22 from inpatients and 3 from environments).
Molecular typing showed that the PFGE patterns of 25 CRE isolates were divided into eight patterns (A–I). Those of
K. pneumoniae in strains three and four, E. asburiae from strains 5 to 16, and E. cloacae strains from strains No.19 to 22 were
closely related. Similarly, the MLST patterns of 2 K. pneumoniae in strains three and four were identical as ST2388 and those
of four E. cloacae strains from strains 19 to 22 were identical as ST252.

2.4. Distribution of β-Lactamase Genes

The distribution of β-lactamase genes is shown in Table 2. Twenty-three isolates
were positive for CIM, and all of the isolates harbored the IMP-1 β-lactamase gene. Two
other CIM-negative isolates harbored no carbapenemase gene and were categorized as
non-CPE (carbapenemase-producing Enterobacteriaceae). These two strains were resistant
to carbapenems probably due to overexpression of AmpC β-lactamase combined with a
disrupted outer membrane (porin) permeability or other mechanisms.
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Table 2. Distribution of β-lactamase genes for 25 CRE isolates (22 from inpatients and 3 from
environments). Twenty-three isolates were positive for CIM and all of the isolates harbored the IMP-1
β-lactamase gene. Two other CIM-negative isolates harbored no carbapenemase gene. Incompatibility
group typing revealed two types of plasmids in the CPEs. Fifteen of the 23 CPE isolates possessed
IncFIIA replicon regions, including K. pneumoniae (n = 2), E. asburiae (n = 11), and E. cloacae (n = 2).
Two other isolates belonged to IncN in K. pneumoniae, and the Inc type could not be determined for
the six remaining isolates.

Strain No. Carbapenemase CTX-M ESBL CIM Inc

1 IMP-1 ND SHV + FIIA
2 IMP-1 ND SHV + FIIA
3 IMP-1 ND SHV + N
4 IMP-1 ND SHV + N
5 IMP-1 ND ND + FIIA
6 IMP-1 ND TEM, SHV + FIIA
7 IMP-1 ND TEM, SHV + FIIA
8 IMP-1 ND ND + FIIA
9 IMP-1 ND SHV + ND
10 IMP-1 ND TEM, SHV + FIIA
11 IMP-1 ND ND + FIIA
12 IMP-1 ND ND + FIIA
13 IMP-1 ND ND + FIIA
14 IMP-1 ND ND + FIIA
15 IMP-1 ND ND + FIIA
16 IMP-1 ND ND + FIIA
17 IMP-1 ND ND + ND
18 IMP-1 ND ND + ND
19 IMP-1 ND TEM, SHV + ND
20 IMP-1 ND TEM + ND
21 IMP-1 ND TEM, SHV + FIIA
22 IMP-1 ND TEM, SHV + FIIA
23 ND ND ND - ND
24 IMP-1 ND TEM + ND
25 ND ND ND - FIIA

EBSL: extended-spectrum β-lactamase, CIM: Carbapenem Inactivation Method, ND: not deceted.

Incompatibility group typing revealed two types of plasmids in the CPEs. Fifteen of
the 23 CPE isolates possessed IncFIIA replicon regions, including K. pneumoniae (n = 2),
E. asburiae (n = 11), and E. cloacae (n = 2). Two other isolates belonged to IncN in
K. pneumoniae, and the remaining six isolates were not determined according to Inc type. We
assumed that the IMP-1 β-lactamase gene encoding the IncFIIA plasmid was disseminated
among the species.

2.5. Intervention by the ICT

Initiatives for cohort isolation, active surveillance, environmental culture, monitoring,
and education for the ICU staff were performed by the ICT. However, new inpatients
with the CRE strain continued to appear despite such interventions. We notified the
government of the outbreak and received guidance, but the outbreak was not contained.
We invited several additional infection control experts from other facilities to take measures,
but the outbreak was still not contained. Therefore, the ICU was partially closed after
discussions with the government in November 2016, and the inpatients with the CRE
strain were isolated in order to prevent further horizontal transmission. The ICU staff
was divided into two groups between inpatients with CRE and non-CRE strains to avoid
cross-contamination. Although the occurrence of new cases dissipated quickly after the
partial closure, it took several months to eradicate the CRE outbreak, and the hospital
suffered economically.
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3. Discussion

In this study, we characterized the epidemiological, microbiological, and molecular
analysis of CRE outbreaks in an advanced emergency medical service center in Japan. CRE
has recently been detected in the world and its outbreaks have increased [19]. Because
CRE had been detected in 4 of the 16 inpatients before hospitalization, we have routinely
performed surveillance cultures for all patients upon admission. Thus, it is important
to monitor patients with resistant bacteria before hospitalization [8,20,21]. If there is an
increasing trend in the frequency of isolates of resistant organisms such as CRE, vancomycin
resistance Enterococcus faecium and vancomycin resistant Staphylococcus aureus in the tests
at the time of admission, it is also necessary to exchange information and collaborate on
the isolation status of resistant organisms at medical facilities in the surrounding areas.

The routes of infection for resistant organisms such as CRE are mainly the result of
direct or indirect contact that can be spread in a ward via the transiently colonized hands of
healthcare workers [8,20], and CRE is known to exist in hospital water environments such as
sinks [6]. In addition, our results showed that the CRE organisms detected in blood culture
and in the sink were identified as the same bacteria by MLST analysis. Furthermore, closely
related strains have been detected in several different sinks. Considering the results, daily
cleaning of hospital water environments [19–21] and hand hygiene [21,22] are important for
infection control. In response to this outbreak, we took these factors into consideration and
conducted daily rounds and infection control, focusing on cleaning the water environment.
However, it was not enough to contain the CRE outbreak. The water-free ICU is now
being proposed as a management method for the water-borne outbreak, and Some reports
have shown that removing sinks in intensive care units has reduced the prevalence of
multidrug-resistant Gram-negative bacteria [23,24]. Gram-negative bacteria can survive
for a long time in sinks, where they acquire resistant genes through contact with bacteria
that have resistant genes. By washing hands in the contaminated sink, water droplets are
dispersed into the environment and adhere to the clothes of healthcare workers, which is
thought to spread the drug-resistant bacteria in the ICU. If we had stopped using sinks, the
CRE outbreak might have been contained earlier.

During the CRE outbreak, molecular analysis by PFGE was performed repeatedly to
evaluate horizontal transmission, and members of the ICU staff were immediately informed
of the results. PFGE seems useful for evaluating the presence of horizontal transmission in
hospital-acquired infection [17,18]. Furthermore, we used MLST for analysis in addition to
PFGE for a portion of the CRE strains. The two methods detected the same sequence in
most strains.

In this study, 23 of 25 CRE strains produced IMP-1, but the remaining two isolates had
no carbapenemase. Despite the fact that KPC, OXA-48, and NDM are found globally, these
are rarely found in Japan, where IMP-1 and IMP-6 are exclusively the predominant forms
of carbapenemases [25,26]. Since the resistance gene is known to spread across strains
producing carbapenemase [27], infection control against inpatients with the CRE strain is
important in preventing outbreaks. Our results also suggest that 17/23 strains of CPE had
transmissible plasmid. Further, because the IMP-1 β-lactamase gene encoding the IncFIIA
plasmid was disseminated among the species, infection control against CPE is particularly
important regardless of the bacterial species. Regarding the choice of therapeutic agents, it
is important to investigate the type of carbapenemase in CRE outbreaks. These CREs that
produced IMP type carbapenemase cannot be treated with antibacterial agents including
beta-lactamase inhibitors such as avibactam and vaborbactam. Because The CRE strains in
this study were susceptible to aztreonam, quinolones, tetracycline, and aminoglycosides,
we were able to intervene appropriately regarding the choice of treatment. The appro-
priate use of antimicrobial agents is essential to inhibit the emergence of resistant strains,
including CRE.

During the CRE outbreak, active surveillance, environmental culture, monitoring, and
education for the ICU staff were performed by the ICT, but we were unable to stop the
expansion of CRE. As a result, we partially closed the ICU, which allowed us to strictly
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segregate staff caring for CRE-affected and unaffected inpatients. Nevertheless, several
months were required to finally terminate the CRE outbreak, and the hospital suffered
economically as a result.

This study is limited by the fact that it is a single-center experience of a CRE outbreak,
and the number of cases is small. In order to prevent the spread of CRE after even one
case is isolated, infection control measures and laboratory testing systems similar to those
for outbreaks are necessary. Our analysis of the organisms and estimation of the route of
infection will be useful for other institutions.

In conclusion, despite the employment of various infection control measures, par-
tial closure for isolation plus division of the ICU staff was essential in terminating this
CRE outbreak.

4. Methods
4.1. Ethical Approval

All studies described herein were approved by the Human Ethics Review Boards
of Kurume University (17161). At the time of admission to the ICU, we have obtained
consent from the patient or family for checking resistant organisms’ carriage and for active
surveillance in all cases.

4.2. Setting and Outbreak Description

In the Kurume University Hospital, there are 25 diagnosis and treatment departments
that serve 24 wards with 1018 beds, which includes an ICU with 43 beds. The ICU accepts
many severe patients from ambulance and helicopter emergency medical services. A CRE
strain was first detected from the stool of an inpatient in the ICU in August 2016. Isolation
in a private room and the reinforcement of direct or indirect contact infection measures
were performed for this inpatient with the CRE strain. However, additional inpatients
with the CRE strain eventually emerged. Three new inpatients with the CRE strain were
simultaneously identified at the beginning of September 2016, and the infection control
team (ICT) classified the intervention with the status of an outbreak.

4.3. Bacterial Strains and Patients

Twenty-five CRE isolates from 16 inpatients and three environments in the ICU
between August and December 2016 were enrolled in this study.

4.4. Identification Test and Minimum Inhibitory Concentration

An identification test was conducted using MicroScan WalkAway96 plus NBP 6.23J
(Siemens Healthcare Diagnostics Inc., Tokyo, Japan). The minimum inhibitory concen-
trations (MIC) of ampicillin, piperacillin, cefotaxime, ceftazidime, cefepime, cefmetazole,
imipenem, meropenem, aztreonam, ampicillin/sulbactam, piperacillin/tazobactam, gen-
tamicin, amikacin, minocycline, levofloxacin, and sulfamethoxazole-trimethoprim were
determined in reference to MicroScan Neg NENC1J (Siemens Healthcare Diagnostics Inc.,
Tokyo, Japan) via the broth-dilution method, in accordance with the guidelines of the Clini-
cal and Laboratory Standards Institute [28]. The criteria for CRE were based on laboratory
findings of Japanese criteria as follows: the MIC for meropenem was ≥2 mg/L, or the MIC
for imipenem was ≥2 mg/L and the MIC for cefmetazole was ≥64 mg/L.

4.5. Pulsed-Field Gel Electrophoresis

Pulsed-field gel electrophoresis (PFGE) against 25 CRE strains (22 from inpatients
and three from environments) was performed, as described previously [17]. The DNA
was digested with XbaI (Takara Shuzo Co., Shiga, Japan). CHEF Mapper pulsed-field
electrophoresis systems (Bio-Rad Life Science Group, Hercules, CA, USA) were used with
a potential of 6 V/cm, with switch times of 2.16 and 44.69 s, and run-times of 20 h. After
staining with ethidium bromide, the PFGE patterns were interpreted based on the criteria
described by Tenover et al. [29,30].
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4.6. Multilocus Sequence Typing

Multilocus sequence typing (MLST) was performed for the isolates of Klebsiella
pneumoniae and Enterobacter cloacae. All strains of K. pneumoniae and E. cloacae were as-
sessed by MLST in accordance with the protocol on the MLST website. The primers
of seven housekeeping genes were based on information from the following website:
https://pubmlst.org/ecloacae/, https://bigsdb.pasteur.fr/klebsiella/klebsiella.html (ac-
cessed on 10 July 2019). The sequence types were assigned using the MLST website.

4.7. Detection of β-Lactamase Genes

Carbapenemase production was confirmed using the carbapenem inactivation method
(CIM) [31]. The presence of β-lactamase genes including carbapenemases (blaIMP, blaVIM,
blaKPC, blaOXA-48-like, and blaNDM) and ESBL (blaTEM, blaSHV, and blaCTX-M) was assessed
using PCR and DNA sequencing as previously described [32,33].

4.8. Plasmid Incompatibility Typing

Plasmids incompatibility (Inc) groups were determined using the PCR replicon-typing
scheme, as previously described [34].

5. Conclusions

Despite the employment of various infection control measures, partial closure for
isolation plus division of the ICU staff was essential in terminating this CRE outbreak.
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Abstract: Carbapenemase-producing Enterobacterales, including KPC-2 producers, have become a
major clinical problem. During an outbreak in Quebec City, Canada, KPC-2-producing Klebsiella
michiganensis and Citrobacter farmeri were isolated from a patient six weeks apart. We determined their
complete genome sequences. Both isolates carried nearly identical IncN2 plasmids with blaKPC-2
on a Tn4401b element. Both strains also carried IncP1 plasmids, but that of C. farmeri did not carry
a Beta-lactamase gene, whereas that of K. michiganensis carried a second copy of blaKPC-2 on Tn4401b.
These results suggest recent plasmid transfer between the two species and a recent transposition event.

Keywords: Klebsiella michiganensis; Citrobacter farmeri; KPC-2; carbapenemase; plasmid; transposon

1. Introduction

Carbapenemase-producing enterobacteria (CRE) have become a major problem through-
out the world. The most frequently found carbapenemases are the class A KPC, class D
OXA-48 and its variants, and metallo-Beta-lactamases like IMP, VIM, and NDM [1]. Each
carbapenemase has a distinct epidemiology. KPC carbapenemases are plasmid-mediated
and often found on a Tn4401b transposon [2,3]. KPC has spread throughout the United
States and into Canada, with outbreaks in Toronto, Montreal, and Quebec City [4,5]. We
obtained two strains identified as KPC producers from the Hôtel-Dieu hospital in Quebec
City, where five KPC-producing strains were isolated in 2017 from four patients on four
different floors. These two strains were anal swab isolates that colonized but did not infect
the patient, a 69-year-old male. The first isolate was identified as Klebsiella oxytoca (later
reclassified as K. michiganensis), and the second, isolated six weeks later, was identified as
Citrobacter farmeri. We report here the sequences of the chromosomes, the four plasmids
of C. farmeri, and the two plasmids of K. michiganensis, which are very similar to two of
the plasmids of C. farmeri, except that both K. michiganensis plasmids carry Tn4401b and
encode blaKPC-2, whereas only one of the C. farmeri plasmids does.
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2. Results
2.1. Genomic Sequencing

The complete genome sequences of Klebsiella michiganensis CCRI-24235 and Citrobacter
farmeri CCRI-24236 were determined by PacBio and polished with Illumina to resolve
homopolymer undercounts (see Materials and Methods). The two chromosomes, two
plasmids from K. michiganensis and four plasmids from C. farmeri, were confirmed as being
circular by trimming the terminal duplication of the linear assemblies.

2.2. Chromosomes

The chromosome of K. michiganensis CCRI-24235 (Figure 1A) was 5,977,739 nt in length.
The genome of greatest similarity was that of K. michiganensis E718 (CP003683) [6], with
an average nucleotide identity (ANI) of 99.49%. The chromosome of C. farmeri (Figure 1B)
was 5,022,624 nt in length, and among the complete genomes, it was most similar to the
C. farmeri strain AUSDM00008141 (CP022695) [7] with an ANI of 98.86%. It was also very
similar to whole genome shotgun (wgs) genomes of C. farmeri 1001216B_150713_F2 and
CB00091 (WGS Projects JADMON and JADVHI, respectively) with ANIs of 99.05%. No
acquired resistance genes were found in the two chromosomes.

2.3. Plasmids pCCRI24235-1 and pCCRI24236-2

Plasmid pCCRI24235-1 from K. michiganensis was 88,159 nucleotides in length. Plasmid
pCCRI24236-2 from C. farmeri was 82,438 nt in length. The two plasmids were identical
except for a sequence duplication of the insertion sequence ISCR1 and an adjacent region,
5721 nt in length. They belong to IncN2 and are very similar to pEC448_OXA-163 from
Escherichia coli (CP015078; brown arc in Figure 2A). The plasmids contained a Tn4401b
transposon 10,006 nt in length, encoding a blaKPC-2 gene. Figure 2A is a map of pCCRI24235-
1 and shows the transposon, the blaKPC-2 gene, and the duplication absent from pCCRI24236-
2. In addition to the blaKPC-2 gene, these plasmids had resistance genes blaTEM-1, mphA, mefA,
sul1, qnrB2, sapA, qacEdelta1, dfrA25, and a mercury resistance operon. The integron region
is very similar to pE51_003 from E. coli (CP042537; dark yellow arc in Figure 2A), while the
region containing the blaKPC-2 and blaKTEM-1 genes is very similar to pKPC_CAV1042-44
from K. pneumoniae (CP018668; light yellow arc in Figure 2A).

2.4. Plasmids pCCRI24235-2 and pCCRI24236-3

Plasmid pCCRI24235-2 from K. michiganensis was 62,417 nucleotides in length. Plas-
mid pCCRI24236-3 from C. farmeri was 52,406 nt in length. The two plasmids were identical
except that the former contained a Tn4401b transposon identical to that of pCCRI24235-1
and pCCRI24236-2, and encoding the blaKPC-2 gene, while the latter lacked the transpo-
son. They belong to a new clade of IncP1 (see Discussion) and are very similar to the E.
coli plasmid pHS102707 (KF701335; brown arc in Figure 2B) [8]. Figure 2B is a map of
pCCRI24235-2 showing the transposon. Plasmids pCCRI24235-2 and pCCRI24236-3 had
no other resistance genes except for the tellurium resistance gene telA.

2.5. Plasmids pCCRI24236-1 and pCCRI24236-4

Plasmid pCCRI24236-1 from C. farmeri was 198,299 nucleotides in length. It was
identified by PlasmidFinder (see Materials and Methods) as belonging to a novel unknown
incompatibility group on the basis of similarity of its repB gene to that of pKPC-CAV1321-
244 (CP011611), and the whole sequence is closest to C. freundii plasmids pRHBSTW-00153-2
(CP055565) and pRHBSTW-00370_2 (CP056574). Figure 3A shows a map of pCCRI24236-
1, which had a variety of heavy metal resistance genes, including a copper resistance
operon pcoABCDRSE. However, tellurium resistance gene telA (interrupted by ISEcl1),
copper/silver resistance gene silE (interrupted by IS1), and an arsenical pump-driving
ATPase-encoding gene (N-terminal truncated) were pseudogenes.
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Plasmid pCCRI24236-4 from C. farmeri (Figure 3B) was 50,904 nucleotides in length,
belonged to the IncX5 incompatibility group, and was very similar to Escherichia coli
plasmid pEc1677 (MG516910) [9]. No resistance genes were found.

3. Discussion

The two strains, K. michiganensis CCRI-24235 and C. farmeri CCRI-24236, share a pair
of very similar plasmids, with two additional plasmids in the C. farmeri strain. The plas-
mids pCCRI24235-1 and pCCRI24236-2 are IncN plasmids with blaKPC-2 on Tn4401b, a
context first found in KPC-producing isolates in the 1990s [10] that is still very common.
Tn4401 contains blaKPC-2, a transposase and resolvase, and insertion sequences ISKpn6 and
ISKpn7 [11]. A variety of other elements, collectively called NTEKPC, encode blaKPC [12].
Plasmids pCCRI24235-1 and pCCRI24236-2 are identical except for a 5.7-kb duplication
of ISCR1 and adjacent genes in the former. Plasmid pCCRI24235-1 may have evolved
from pCCRI24236-2 by a one-ended transposition event mediated by the ISCR1 trans-
posase [13]. ISCR1 is found in several integrons downstream of the sul1 sulfonamide
resistance genes [14], and a promoter downstream of the transposase is involved in the
expression of downstream resistance genes [15]. In our plasmids, the downstream sapA
gene is in the opposite orientation. IncP1 plasmids pCCRI24236-3 and pCCRI24235-2
are identical except for the presence of Tn4401b in the latter. The location of Tn4401b
in pCCRI24235-2 represents a novel and unique target. The transposition of Tn4401b is
likely to have taken place in K. michiganensis from pCCRI23235-1 into a plasmid otherwise
identical to the C. farmeri plasmid pCCRI24236-3, resulting in a second copy of blaKPC-2
in the K. michiganensis strain. The quasi-identity of the two plasmid pairs suggests the
possibility of their transfer by conjugation between the two species, although indirect
transfer via a third species cannot be ruled out. Plasmid transfer may be between-patient
or within-patient events [16], but there were too few isolates from the hospital in 2017 to
elucidate the series of events.

Although pCCRI24235-2 and pCCRI24236-3 belong to IncP1, they are in a novel
clade that includes pHS102707 (KF701335) [8], pHNFP671 (KP324830), and pMCR1511
(KX377410) [17]. While plasmids of most clades of IncP-1 can be found in Pseudomonas
aeruginosa, plasmids of this novel clade have not. Plasmid pCCRI24236-1 from C. farmeri
belongs to a novel unknown incompatibility group; similar plasmids are found in Enter-
obacteriaceae but not in Pseudomonas.

Our results add to the small number of C. farmeri complete genomes and show that
this species is a factor in KPC dissemination. KPC-producing CRE are still clinically
important, although, unlike MBL, they are usually sensitive to certain Beta-lactam/Beta-
lactamase inhibitors such as ceftazidime/avibactam. However, various new mechanisms
of KPC-mediated ceftazidime/avibactam resistance have been reported [1].

4. Materials and Methods

Strains K. michiganensis CCRI-24235 and C. farmeri CCRI-24236 were obtained from the
microbiology laboratory at Hôtel-Dieu de Québec hospital, where they had been isolated
from anal swabs of a patient, six weeks apart in 2017, during an outbreak of KPC-2 pro-
ducers in Québec City. DNA was prepared according to the PacBio Template Preparation
and Sequencing Guide (Pacific Biosciences, Menlo Park, CA, USA) and sequenced by the
single-molecule real-time.

The (SMRT) technique was completed using an RS II instrument (Pacific Biosciences)
at the McGill University and Genome Quebec Innovation Centre. DNA was also extracted
using a KingFisher/Qiagen blood kit and prepared for Illumina MiSeq sequencing using a
Nextera XT kit. The genome was first assembled de novo using the Hierarchical Genome
Assembly process (HGAP) [18], and the Illumina data were used to correct and validate
the entire sequence; the only errors encountered in the PacBio data were homopolymer
undercounts. Chromosomes were automatically annotated using an in-house method
based on Prodigal [19]; plasmids were manually annotated using Artemis [20] and Blastp
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on NCBI (https://blast.ncbi.nih.gov/Blast.cgi accessed on 1 March 2021) ANI’s were
calculated using OrthoAnIu from EZBioCloud [21]: (https://www.ezbiocloud.net/tools/
ani, accessed on 1 July 2021). Plasmid incompatibility groups were determined using
PlasmidFinder [22] at the site of the Center for Genomic Epidemiology: (https://cge.dtu.
dk/services/PlasmidFinder, accessed on 1 June 2021).
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Abstract: Over the years, the increasing acquisition of antibiotic resistance genes has led to the
emergence of highly resistant bacterial strains and the loss of standard antibiotics’ efficacy, including
β-lactam/β-lactamase inhibitor combinations and the last line carbapenems. Klebsiella pneumoniae
is considered one of the major exponents of a group of multidrug-resistant ESKAPE pathogens
responsible for serious healthcare-associated infections. In this study, we proved the antimicrobial
activity of two analogues of Temporin L against twenty carbapenemase-producing K. pneumoniae
clinical isolates. According to the antibiotic susceptibility assay, all the K. pneumoniae strains were
resistant to at least one other class of antibiotics, in addition to beta-lactams. Peptides 1B and C
showed activity on all test strains, but the lipidated analogue C expressed the greater antimicrobial
properties, with MIC values ranging from 6.25 to 25 µM. Furthermore, the peptide C showed
bactericidal activity at MIC values. The results clearly highlight the great potential of antimicrobial
peptides both as a new treatment option for difficult-to-treat infections and as a new strategy of
drug-resistance control.

Keywords: Klebsiella pneumoniae; ESKAPE; multidrug resistance; carbapenemases; healthcare-
associated infections; antimicrobial peptides; Temporin L

1. Introduction

In the order Enterobacteriales, Klebsiella pneumoniae is one of the most important causes
of bloodstream, urinary and respiratory tract infections in vulnerable hosts [1]. An empiri-
cal antibiotic treatment is often required due to the severity of the infections and/or the
patient’s critical conditions and the use of broad-spectrum antibiotics is necessary because
of the possibility of a multidrug-resistant bacteria aetiology.

The worldwide spread of difficult-to-treat extended-spectrum beta-lactamase-pro-
ducing enterobacteria has led to the use of carbapenems in empirical therapy [2], but
the treatment with carbapenems has led to the rapid selection of carbapenem-resistant
Enterobacteriales (CRE) [3].

Enterobacteriales may have different mechanisms of resistance to carbapenems. The
most widespread one is the production of beta-lactamases with high affinity for carbapen-
ems (carbapenemases). Another common mechanism of resistance is the hyperproduction
of β-lactamases with limited affinity and/or hydrolytic activity toward carbapenems
combined with structural alterations such as porin loss [4].
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Carbapenemase production is also the most epidemiologically relevant resistance
mechanism, as the genes for carbapenemases are carried by plasmids and therefore hori-
zontally transmissible [5].

Klebsiella pneumoniae is the most common species harbouring transmissible
carbapenemase [6]. In the Ambler classification system, carbapenemases are distributed
in three classes depending on their chemical structure: classes A and D include serine-
carbapenemases, whereas class B includes metallo-beta-lactamases [7]. Klebsiella pneumoniae
carbapenemases (KPCs) are the most common transmissible genes among
Enterobacteriales [8].

Treatment options for CRE are aminoglycosides, polymyxins or tigecycline, but some
of these drugs have non-negligible adverse effects. Furthermore, many enterobacteria have
additional plasmid-borne resistance genes, consequently resulting in resistance to several
other antimicrobial groups. This issue induces clinicians to administer a combination
therapy of two or more drugs [9]. The threat posed by CRE to human health is evidenced
by their placement by WHO in the most critical group of multidrug-resistant bacteria for
which the development of new antibiotics is urgently needed [10]. The new therapeutic
options against CRE are drugs belonging to already known classes of antibiotics or new
beta-lactam/beta-lactamase inhibitor combinations [11].

Antimicrobial peptides (AMPs) could provide a valid chance to overcome and control
the antibiotic resistance [12]. Among these compounds, the temporins, isolated from
the skin of Rana temporaria [13], represent one of the largest AMPs families. Temporin L
(TL) is the most studied isoform for its potent activity both against Gram-positive and
Gram-negative bacteria and yeasts. Due to its high cytotoxicity, TL has been the subject
of different structure–activity relationship (SAR) studies to obtain novel analogues with
an improved therapeutic index [14–16]. In this context, a previous SAR study consisting
of the application of lipidation strategy on a potent Temporin L analogue, named peptide
1B [17,18], has led to the discovery of the lipidated peptide C featured by an alkyl chain
of five carbons in para position of Phe1 in its N-terminus [19]. The addition of fatty acid
conferred to peptide C self-assembling properties improved the effectiveness in inhibiting
the growth of both Staphylococcus aureus (ATCC 25923) and Klebsiella pneumoniae (ATCC
BAA-1705) cells, with a minimum inhibitory concentration (MIC) of 6.25 µM. Interestingly,
it did not show a significant cytotoxic effect even at the high concentration of 25 µM [19].
In this study, we evaluated the activity of peptides 1B and C towards clinical carbapenem-
resistant K. pneumoniae isolates harboring kpc or metallo-beta-lactamase genes.

The conventional antibiotic susceptibility was tested for the following antibiotics:
amoxicillin/clavulanic acid, cefotaxime, ceftazidime, piperacillin/tazobactam, gentam-
icin, amikacin, trimethoprim-sulfamethoxazole, ciprofloxacin, meropenem, ertapenem
and ceftazidime/avibactam. The clinical strains were classified in different category
S/I/R (susceptible/intermediate/resistant) according to EUCAST 2021 breakpoints (https:
//www.eucast.org/clinical_breakpoints, accessed on 28 April 2021). Table 2 shows the
antimicrobial susceptibility profile of clinical strains: except for KNKp, all the isolates were
resistant to amoxicillin/clavulanic acid, ceftazidime, cefotaxime, piperacillin/tazobactam
and to the carbapenems ertapenem and meropenem (except for KPCKp6 and KPCKp10
that showed an intermediate resistance to meropenem). They were also resistant to
ciprofloxacin, excluding KPCKp5 and NDMKp2. Particularly, KPCKp8 and KPCKp15
showed a resistant profile towards all tested antibiotics. We observed that the aminoglyco-
sides amikacin and gentamicin and the combination ceftazidime/avibactam were the most
effective compounds, acting against 52.2% (12/23), 56.5% (13/23), 8.7 % (2/23) of clinical
strains, respectively. The 22 carbapenem-resistant strains were subjected to molecular
tests (Xpert Carba-R-test), which allow the identification of the resistance determinants
involved (KPC, VIM, IPM-1, NDM, OXA-48). We found that 81.8% of the strains (named
KPCKp1–KPCKp18) produced KPC-type carbapenemases, whereas 18.2% produced VIM
(VIMKp) or NDM (NDMKp1, NDMKp2, NDMKp3) metallo-beta-lactamases (MBL). Overall,

110



Antibiotics 2021, 10, 1312

99% of the K. pneumoniae clinical isolates were multidrug-resistant (MDR, resistant to at
least three antibiotics belonging to different antibiotics categories).

2. Results
2.1. Antibiotic Susceptibility and RAPD Profiles

Twenty-three K. pneumoniae clinical strains were tested in this study and their sources
are listed in Table 1. The KPCKp1–KPCKp18 and KNKp strains all come from the Intensive
Care Unit (ICU), whereas the strains VIMKp, NDMKp1, NDMKp2 and NDMKp3 come from
different wards.

Table 1. K. pneumonaie clinical strains used in antimicrobial assays.

Strain Name Source Strain Name Source

KNKp AF KPCKp12 TR
KPCKp1 TR KPCKp13 E
KPCKp2 TFr KPCKp14 B
KPCKp3 UC KPCKp15 TF
KPCKp4 UC KPCKp16 TR
KPCKp5 AF KPCKp17 U
KPCKp6 U KPCKp18 U
KPCKp7 E
KPCKp8 TF VIMKp AF
KPCKp9 C NDMKp1 Tfr
KPCKp10 E NDMKp2 U
KPCKp11 P NDMKp3 E

Abbreviations: AF, pharyngeal aspirate; B, bronchus aspirate; C, catheter; CF, cystic fibrosis; E, blood colture; P,
prothesis; TF, pharyngeal swab; TFr, wound swab; TR, rectal swab; UC, catheter urine; U, urine.

Table 2. Antibiotic-susceptibility profile of K. pneumoniae clinical strains.

Strains AMC CTX CAZ TZP GM AK SXT CIP MEM ERT CAZ/AVI

KNKp 4 (S) ≤1 (S) ≤0.5 (S) ≤4 (S) ≤1 (S) ≤4 (S) ≤1 (S) ≤0.25 (S) ≤0.125 (S) ≤0.25 (S) 1 (S)

KPCKp1 >16 (R) >32 (R) >32 (R) >64 (R) ≤1 (S) ≤1 (S) 4 (I) >2 (R) >8 (R) >4 (R) 8 (S)

KPCKp2 >16 (R) >32 (R) >32 (R) >64 (R) ≤1 (S) ≤1 (S) 4 (I) >2 (R) >8 (R) >4 (R) 1 (S)

KPCKp3 >32 (R) >4 (R) >8 (R) >16 (R) ≤1 (S) 4 (S) >4 (R) >1 (R) >8 (R) >1 (R) 4 (S)

KPCKp4 >32 (R) >4 (R) >8 (R) >16 (R) >4 (R) 4 (S) >4 (R) >1 (R) >8 (R) >1 (R) 1 (S)

KPCKp5 >16 (R) >32 (R) >32 (R) >64 (R) >8 (R) 4 (S) >8 (R) 0.25 (S) >8 (R) >4 (R) 4 (S)

KPCKp6 >32 (R) >4 (R) >32 (R) >64 (R) 2 (S) 8 (S) >4 (R) >1 (R) 8 (I) >1 (R) 1 (S)

KPCKp7 >32 (R) >4 (R) >8 (R) >16 (R) 4 (I) ≤4 (S) ≤1 (S) >1 (R) >8 (R) >1 (R) 1 (S)

KPCKp8 >16 (R) >32 (R) >32 (R) >64 (R) >8 (R) 32 (R) >8 (R) >2 (R) >8 (R) >4 (R) >8 (R)

KPCKp9 >16 (R) >32 (R) >32 (R) >64 (R) ≤1 (S) 4 (S) >8 (R) >2 (R) >8 (R) >4 (R) 4 (S)

KPCKp10 >16 (R) >32 (R) >32 (R) >64 (R) ≤1 (S) ≤1 (S) >8 (R) >2 (R) 8 (I) >4 (R) 4 (S)

KPCKp11 >32 (R) >4 (R) >8 (R) >16 (R) >4 (R) >16 (R) >8 (R) >1 (R) >8 (R) >1 (R) 1 (S)

KPCKp12 >16 (R) >32 (R) >32 (R) >64 (R) 2 (S) >32 (R) ≤1 (S) >2 (R) >8 (R) >4 (R) 4 (S)

KPCKp13 >16 (R) >32 (R) >32 (R) >64 (R) >8 (R) >16 (R) >8 (R) >2 (R) >8 (R) >4 (R) 4 (S)

KPCKp14 >16 (R) >32 (R) >16 (R) >64 (R) >8 (R) 32 (R) >8 (R) >2 (R) >8 (R) >4 (R) 1 (S)

KPCKp15 >16 (R) >32 (R) >32 (R) >64 (R) >8 (R) 32 (R) >8 (R) >2 (R) >8 (R) >1 (R) >8 (R)

KPCKp16 >16 (R) >32 (R) >32 (R) >64 (R) 2 (S) 4 (S) >8 (R) >2 (R) >8 (R) >4 (R) 4 (S)

KPCKp17 >16 (R) >32 (R) >32 (R) >64 (R) ≤1 (S) ≤1 (S) ≤1 (S) >2 (R) >8 (R) >4 (R) 4 (S)

KPCKp18 >32 (R) >4 (R) >8 (R) >16 (R) 2 (S) 4 (S) ≤1 (S) >1 (R) >8 (R) >1 (R) 4 (S)
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Table 2. Cont.

Strains AMC CTX CAZ TZP GM AK SXT CIP MEM ERT CAZ/AVI

VIMKp >32 (R) >4 (R) >8 (R) >16 (R) 2 (S) ≤4 (I) >4 (R) 1 (R) 8 (R) >1 (R) >8 (R)

NDMKp1 >16 (R) >32 (R) >32 (R) >64 (R) >8 (R) 16 (I) ≤1 (S) >2 (R) 8 (R) >1 (R ) >8 (R)

NDMKp2 >16 (R) 32 (R) >32 (R) >64 (R) >8 (R) >16 (R) >8 (R) ≤0.06
(S) >8 (R) >4 (R) >8 (R)

NDMKp3 >16 (R) >32 (R) >32 (R) >64 (R) >8 (R) 32 (R) ≤1 (S) >2 (R) >8 (R) >1 (R) >8 (R)

Abbreviations: AMC, Amoxicillin/clavulanic acid; AK, Amikacin; CAZ, Ceftazidime; CAZ/AVI, Ceftazidime/avibactam; CIP,
Ciprofloxacin; CTX, Cefotaxime; ERT, Ertapenem; GM, Gentamicin; I, Intermediate; MEM, Meropenem; R, Resistant; S, Susceptible;
SXT, Trimethoprim-Sulfamethoxazole; TZP, Piperacillin/tazobactam.

All the K. pneumoniae clinical strains coming from the same ward (ICU) (KPCKp1–
KPCKp18) were genotyped through the Random Amplified Polymorphic DNA (RAPD)
analysis based on the Polymerase Chain Reaction technique (PCR), and the genomic profiles
were compared with the antibiotic susceptibility patterns. As shown in Figure 1, the strains
showed intra-specific variations between the genomic profiles, except for KPCKp1 and
KPCKp2, sharing the same antibiotic susceptibility profile (Table 2), as well as KPCKp13 and
KPCKp14. KPCKp5 showed a genetic profile comparable to that of KPCKp1 and KPCKp2,
but a different susceptibility to GM, SXT and CIP. Similarly, KPCKp11 and KPCKp12 showed
a comparable genetic profile, but differences in sensitivity to GM and SXT. Regarding the
strains KPCKp15 and KPCKp16, RAPD analysis showed some similarity, but by comparing
their antibiotic susceptibility profile we found that these were different. KPCKp15 showed
resistance to GM, AK and CAZ/AVI, whereas KPCKp16 did not. On the contrary, KPCKp17
and KPCKp18 showed a similar profile for antibiotic susceptibility, but a different RAPD
profile. Thus, from the results of RAPD analysis, we chose to work only on 21 KPCKp
strains that showed both different genetic and antibiotic susceptibility profiles, excluding
the strains KPCKp2 and KPCKp14. The strains selected were further investigated.
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2.2. Antimicrobial Activity of Peptides

The antimicrobial activity of peptides 1B and C was tested against ATCC 13883 (KCQ)
and ATCC BAA-1705 (KAT) as K. pneumoniae reference strains and K. pneumoniae clinical
isolates. The peptides resulted to be active against all the tested strains and MIC values are
reported in Table 3. Both peptides inhibited the growth of carbapenem-sensitive strains
(KCQ and KNKp) at MIC values of 6.25 µM; on the other hand, both peptides were able
to effectively inhibit the growth of carbapenemase-producing strains with MIC values
ranging from 12.5 µM to 100 µM for peptide 1B, and MIC values ranging from 6.25 µM to
25 µM for peptide C. Furthermore, peptide C showed bactericidal activity at MIC values,
whereas 1B was bacteriostatic at MIC values, and bactericidal at 2 ×MIC values.

Table 3. Minimum inhibitory concentrations (MIC) of peptides 1B and C against K. pneumoniae test
strains.

Strains
MIC (µM) MIC (µg/mL)

1B C Polymyxin E

KCQ 6.25 6.25 <2 (S)
KAT 12.5 6.25 <2 (S)

KNKp 6.25 6.25 <2 (S)
KPCKp1 50 6.25 8 (R)
KPCKp3 100 25 <2 (S)
KPCKp4 25 25 <2 (S)
KPCKp5 50 12.5 <2 (S)
KPCKp6 12.5 12.5 <2 (S)
KPCKp7 12.5 12.5 <2 (S)
KPCKp8 50 12.5 <2 (S)
KPCKp9 12.5 12.5 <2 (S)
KPCKp10 50 12.5 <2 (S)
KPCKp11 25 12.5 <2 (S)
KPCKp12 25 25 <2 (S)
KPCKp13 25 12.5 <2 (S)
KPCKp15 50 25 8 (R)
KPCKp16 25 25 <2 (S)
KPCKp17 25 12.5 <2 (S)
KPCKp18 25 12.5 <2 (S)

VIMKp 50 25 <2 (S)
NDMKp1 25 25 <2 (S)
NDMKp2 50 25 <2 (S)
NDMKp3 100 25 <2 (S)

Polymyxin E used as control conventional antimicrobial.

3. Discussion

Klebsiella pneumoniae is a frequent colonizer of the human gut and a major cause of
healthcare-related infections whose treatment is complicated by the constant increase in
antibiotic resistance. K. pneumoniae was included in the “ESKAPE” group (Enterococcus fae-
cium, Staphylococcus aureus, K. pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa
and Enterobacter species) [18]. These pathogens acquired resistances through time, becoming
one of the major health concerns of the modern day.

Carbapenems represent the last-resort beta-lactams, and carbapenem-resistant K.
pneumoniae strains are currently spread all over the world [8]. The most relevant mechanism
of carbapenem resistance is the production of carbapenemases. Klebsiella pneumoniae
carbapenemases (KPCs) are the most common enzymes reported worldwide and capable
of deactivating all of the beta-lactams [20]. Among the metallo-beta-lactamases (MBL), New
Delhi MBL (NDM), Verona integron-encoded MBL (VIM) and imipenemase MBL (IMP)
are the most common enzymes identified worldwide [8]. MBL-producers are continuously
isolated in new regions, notably K. pneumoniae strains harboring the ndm gene [21].
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The worrying spread of carbapenemase-producing enterobacteria is due to the preva-
lent localization of these genes on mobile genetic elements. K. pneumoniae can both acquire
and carry a great number of genetic mobile elements, thus accumulating resistance genes
and expanding its accessory genome, with the evolution of multi drug- and extensively
drug-resistant strains [22].

Most of the recently approved drugs for the treatment of CRE are new combinations
of an old beta-lactam with a second-generation beta-lactam inhibitor (BL/BLI). These
combinations are ineffective on MBL-producing strains, whereas they generally show
activity on strains harboring KPC carbapenemases [23]. Among these new combinations,
ceftazidime/avibactam was approved by the FDA in 2015. Although it was recently
introduced, KPC-producing K. pneumoniae isolates resistant to ceftazidime/avibactam have
already been reported [24,25].

For that reason, the attention shifted on the identification of natural-derived peptides,
whose mechanisms of action strongly differ from the classic antibiotics.

Among the novel generations of antimicrobial compounds, the antimicrobial peptides
(AMPs) play a significant role in this context [26,27]. AMPs are widely produced by
different kinds of living forms, and their structure typically consist of a variable-length
amino acids chain (10 to 60 a.a.) [28,29]. The positive charge due to the presence of basic
residues (lys and arg), the hydrophobic residues (about 50%) and the amphipathic nature
are commonly shared features that characterize those molecules [30]. Considering that the
bacterial membrane has been identified as a physical target of AMPs [31], the development
of resistance mechanisms is greatly hampered. On the other hand, the cellular toxicity and
the pharmacokinetic issues represent the main drawbacks of these compounds [32]. To
augment their activity against bacteria and decrease the cytotoxicity, lipidation strategy
was employed [19].

In our previous study, two derivatives of the Temporin L from Rana temporaria, named
1B and C, were tested on Pseudomonas aeruginosa, Klebsiella pneumoniae and Staphylococcus
aureus, showing good activity on these pathogens. Based on these preliminary results, in
this study the peptides 1B and C were evaluated on 20 clinical strains of K. pneumoniae, all
carbapenemase-producers. Of these, 16 strains carried a KPC carbapenemase, whereas four
isolates harbored an MBL. Initially, 18 KPC-producing clinical strains were included in the
study, all from the intensive care unit. They were genotyped by RAPD: most of the tested
strains showed different RAPD profiles, confirming the high heterogeneity of K. pneumo-
niae [33]. For those strains showing comparable RAPD profiles, antibiotic-susceptibility
patterns were considered. On this basis, strains 2 and 14 were excluded as both RAPD and
antibiotic-susceptibility profiles were comparable to strains 1 and 13, respectively. K. pneu-
moniae strains with comparable RAPD profile, but with different antibiotic-susceptibility
pattern for at least one interpretative category were instead included in the study.

Peptides 1B and C showed activity on all the tested strains. The lipidated analogue C
was more active than peptide 1B, probably due to the modification applied on its molecular
structure, with MIC values ranging from 6.25 to 25 µM against the KPC-producing strains,
and MIC values of 25 µM against the MBL-producing strains. Interestingly, at the highest
concentration of 25 µM used in this study, it has previously been shown that peptide C
was not cytotoxic both on human keratinocytes and erythrocytes [19]. MBL producers
are very difficult to treat as therapeutic options are even more limited, but isolation of
KPC-producing strains resistant to the new BL/BLI combinations complicates antibiotic
treatment. In our study, 2 (KPCKp8 and KPCKp15) of the 16 KPC-producers were resistant
to ceftazidime/avibactam. Moreover, these results seem particularly interesting to us as
all the carbapenemase-producing strains tested were also resistant to classes of antibiotics
other than beta-lactams. Notably, KPCKp1 strain was also resistant to polymyxin E, drug
shelved for its side effects and then reintroduced into human therapy as a salvage treatment
against multidrug-resistant Gram-negative bacteria [34]; the KPCKp15 strain was resistant
to all drugs used.
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4. Materials and Methods
4.1. Synthesis

The peptides 1B [H-Phe-Val-Pro-Trp-Phe-Ser-Lys-Phe-DLeu-DLys-Arg-Ile-Leu-NH2]
and C [H-Phe(4-NHCO(CH2)3CH3)-Val-Pro-Trp-Phe-Ser-Lys-Phe-DLeu-DLys-Arg-Ile-Leu-
NH2] were synthesized using Fmoc-based ultrasonic-assisted solid phase peptide synthesis
(US−SPPS) methodology [35]. The elongation of the peptide sequence consisted in repeated
cycles of Fmoc-deprotection and coupling reactions. Specifically, the Fmoc group was
removed treating the resin with a solution of 20% piperidine in DMF (0.5 × 1 min) by
ultrasonic irradiations, whereas each coupling reaction was performed using Nα-Fmoc-
amino acid (3 equiv), HBTU (3 equiv), HOBt (3 equiv) and DIEA (6 equiv) in DMF for 5 min
by ultrasound waves. After the peptide assembly, the conjugation of valeric acid in para
position of Phe1 of peptide C was performed as previously reported [19]. In particular, the
nitro group in para position of Phe1 was reduced treating the resin with a 1M solution of
SnCl2 in DMF for 12 h and then, the valeric acid (3 equiv) was added using HBTU (3 equiv),
HOBt (3 equiv) and DIEA (6 equiv) in DMF for 2 h on automated shaker. Finally, peptides
were treated with a cleavage cocktail (TFA:TIS:H2O, 95:2.5:2.5) to be released from the resin
and cleaved from their protecting groups, and then they were purified and characterized
by RP-HPLC using linear gradients of MeCN (0.1% TFA) in water (0.1% TFA), from 10 to
90% over 20 min.

4.2. Bacterial Strains and Culture Conditions

Strains of Klebsiella pneumoniae evaluated in this study included reference strains
such as carbapeneme-susceptible ATCC 13883 (KCQ) and carbapeneme-resistant ATCC
BAA-1705 (KAT), and 23 clinical strains (Table 1) belonging to a collection of anonymous
isolates, previously established at the Department of Molecular Medicine and Medical
Biotechnology (University of Naples Federico II) during two-year period (March 2020–
March 2021). Among the clinical strains, the first 19 listed strains all come from the
Intensive Care Unit and all but one (KNKp) were resistant to carbapenems. The last 4 listed
strains were from different wards (Cystic Fibrosis Center, Oncology, Geriatrics, Cardiac
Surgery) and were metallo-β-lactamases (MBLs) producers. Identification was performed
by biochemical characterization using the Vitek II system (BioMérieux, Marcy-l’Étoile,
France) and was confirmed by MS MALDI-TOF (Bruker Daltonics, Bremen, Germany).
Antibiotic susceptibility profiles were assessed using automated systems (Vitek 2; Phoenix—
Becton Dickinson, Sparks, NV, USA) and broth microdilution method. Carbapenemase gene
detection was performed using the Xpert Carba-R-test (Cepheid, Sunnyvale, CA, USA),
real-time PCR diagnostic tests that allow to detect and differentiate the most prevalent
carbapenemase gene families. All strains were stored as 15% (v/v) glycerol stocks at
−80 ◦C. Before each experiment, cells were sub-cultured from stocks on Tryptic Soy Agar
(TSA) (Becton Dickinson) plates to 37 ◦C for 24 h.

4.3. Antimicrobial Assays: Determination of the Minimum Inhibitory Concentration (MIC) and
the Minimum Bactericidal Concentration (MBC)

The antibacterial activity of peptides 1B and C was determined using a standard
method of microdilution in broth, following the procedure already described [36]. For each
strain, the bacterial suspension was prepared at 0.5 McFarland standard (corresponding to
about 108 CFU/mL) in Mueller Hinton broth (MHB—Becton Dickinson) and subsequently
adjusted to about 1.5 × 106 CFU/mL. One hundred microliter aliquots of this suspension
were dispensed into 96-well microtiter plates. A 2x stock solution of temporin was serially
diluted (twofold dilutions) with MHB and added to the wells to a final concentration
between 3.125 µM and 100 µM. The plates were incubated at 37 ◦C for 19 h with stirring
(300 rpm). The turbidity of the medium was measured with a spectrophotometer at 595 nm
(Bio-Rad Laboratories S.r.l., Hercules, CA, USA). Wells with only MHB were used as a
negative control and wells without peptide as a growth control. Polymyxin E (Sigma-
Aldrich, Milan, Italy) was selected as a control from the conventional antimicrobials and
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tested at concentrations ranging from 2 µg/mL to 8 µg/mL. The MIC was defined as the
lowest concentration of the compound that resulted in 100% growth inhibition after 19 h
of incubation. The MBC was determined by transferring 50 µL aliquots of each well with
concentrations equal to or higher than the MIC, onto TSA plates and incubating the plates
at 37 ◦C for 24 h. The lowest compound concentration that yielded no bacterial growth on
agar plates was defined as the MBC. Each compound was tested alone in triplicate; each
experiment was performed twice.

4.4. RAPD Analysis

Random Amplification of Polymorphic DNA was performed on both ATCC strains
and clinical isolates. Among all the tested primer, the HI-RP (5′-AACTCGGCGACCAGC
TACAA-3′) primer was selected and used for the amplification [15]. The final RAPD
conditions for HI-RP were: 0.5 µL of genomic DNA, 20 µL H2O, 2.5 µL buffer, 1 µL dNTP,
1 µL primers and 0.1 µL of Taq DNA polymerase (Biotech Rabbit) in a final volume of 25 µL.
The amplification program included an initial step at 94 ◦C for 5 min, followed by 40 cycles
of 30 s at 95 ◦C, 1 min at 36 ◦C, and1 min at 72 ◦C, with a final extension cycle at 72 ◦C for
7 min. Reactions were performed using a thermo cycler (T100 THERMAL CYCLER-BioRad,
Hercules, CA, USA). The PCR products were analysed by electrophoresis on 2% agarose
gel in TBE and stained with ethidium bromide. The gels were photographed under UV
light to record the results.

5. Conclusions

In conclusion, the obtained data show that the selected lipidated peptide C seems very
promising for the development of a new drug with extensive antimicrobial activity and
confirm and underline the potential role of temporins, and AMPs globally and efficiently
counter the outbreaks of new multidrug-resistant pathogens. These compounds represent
a valid mean to support both the management of serious infections and contrast the further
expansion of antibiotic resistances.
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Abstract: Bacterial resistance to antibiotics has proven difficult to control over the past few decades.
The large group of multidrug-resistant bacteria includes carbapenemase-producing bacteria (CPB),
for which limited therapeutic options and infection control measures are available. Furthermore,
carbapenemases associate with high-risk clones that are defined by the sequence type (ST) to which
each bacterium belongs. The objectives of this cross-sectional and retrospective study were to
describe the CPB population isolated in a third-level hospital in Southern Spain between 2015 and
2020 and to establish the relationship between the ST and the epidemiological situation defined by
the hospital. CPB were microbiologically studied in all rectal and pharyngeal swabs and clinical
samples received between January 2015 and December 2020, characterizing isolates using MicroScan
and mass spectrometry. Carbapenemases were detected by PCR and Sanger sequencing, and STs
were assigned by multilocus sequence typing (MLST). Isolates were genetically related by pulsed-
field gel electrophoresis using Xbal, Spel, or Apal enzymes. The episodes in which each CPB was
isolated were recorded and classified as involved or non-involved in an outbreak. There were
320 episodes with CPB during the study period: 18 with K. pneumoniae, 14 with Klebisella oxytoca,
9 with Citrobacter freundii, 11 with Escherichia coli, 46 with Enterobacter cloacae, 70 with Acinetobacter
baumannii, and 52 with Pseudomonas aeruginosa. The carbapenemase groups detected were OXA, VIM,
KPC, and NDM with various subgroups. Synchronous relationships were notified between episodes
of K. pneumoniae and outbreaks for ST15, ST258, ST307, and ST45, but not for the other CPB. There
was a major increase in infections with CPB over the years, most notably during 2020, coinciding
with the COVID-19 pandemic. This study highlights the usefulness of gene sequencing techniques to
control the spread of these microorganisms, especially in healthcare centers. These techniques offer
faster results, and a reduction in their cost may make their real-time application more feasible. The
combination of epidemiological data with real-time molecular sequencing techniques can provide a
major advance in the transmission control of these CPB and in the management of infected patients.
Real-time sequencing is essential to increase precision and thereby control outbreaks and target
infection prevention measures in a more effective manner.
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1. Introduction

There has been an alarming rise in bacterial resistance to antibiotics over the past
two decades, representing a “silent pandemic” that appears unstoppable. This resistance
has become especially frequent in healthcare-related infections (HCRIs) worldwide [1–3].
However, there has also been an increase in the emergence and transmission of multidrug-
resistant bacteria in the community setting over the past few years, including residential
facilities and care homes. The more frequent hospitalization of these residents has favored
exchanges between hospital and community, increasing the capacity to spread resistant
bacteria in each setting [3]. The World Health Organization (WHO) has declared infection
by these microorganisms as an emerging disease that poses a major public health threat
worldwide [1–3].

The large group of carbapenem-resistant bacteria includes carbapenemase-producing
bacteria (CPB), for which there are limited therapeutic options, and infection control mea-
sures have proven ineffective to prevent the dissemination of these bacteria to date [4].
The WHO list of global priority pathogens includes carbapenem-resistant Acinetobacter
baumannii (CRAb) and Pseudomonas aeruginosa (CRPa) and carbapenem-producing Enter-
obacteriaceae (CPE) [2]. The most frequently observed carbapenem-resistance mechanism is
the production of carbapenemases [5]. Control of these infections is further hampered by
the horizontal transmission of these enzymes via plasmids among different Enterobacteri-
aceae [4].

In 2018, one-third of Acinetobacter spp. isolates obtained in the European Union (EU)
were resistant [6], and numerous outbreaks increased morbidity and mortality rates, mainly
in intensive care units (ICUs). A worldwide increase was observed in the frequency of
patients colonized or infected by CPE, which was above the EU mean in Spain [5]. The
European Center for Disease Control (ECDC) reported an increase in combined resistances
in Escherichia coli and Klebsiella pneumoniae over the past few years [3]. K. pneumoniae is
the most prevalent CPE [2] and responsible for the majority of outbreaks in healthcare
centers [7]. CPE infections were first detected in Spain in 2005, and their number had
multiplied 16-fold by 2019 [8].

In addition, carbapenemases are enzymes that associate with certain high-risk clones [8]
that are defined by the sequence type (ST) to which each bacterium belongs. The STs
most frequently associated with carbapenemases in K. pneumoniae are ST258, which is
predominant worldwide [8], and ST307, which is also associated with a higher mortality [9].
In Germany, it was reported that E. coli ST131 is a high-risk clone that should be monitored
very closely [10], alongside ST38, located in various European countries [10]. In Spain, the
STs most frequently associated with carbapenemases are ST11, 13, 15, 16, 101, 147, 340, 384,
388, 405, 437, 464, 512, 846 and 1235 [8].

Carbapenemases can be divided into metallocarbapenemases (zinc-dependent class
B) and non-metallocarbapenemases (zinc-independent classes A, C, and D) [11]. The first
carbapenemase detected was in class A K. pneumoniae [11], and some carbapenemases
appear more frequently than others. The first carbapenemase-producing isolates detected
in Spain belonged to the KPC group [8]. OXA-48 group carbapenemases are currently
the most abundant, mainly among Klebsiella spp. and Enterobacter spp. [5], and are the
most common resistance mechanism among CPEs in Spain [5]. Other carbapenemases
frequently reported in Spain are VIM-1, KPC-2, IMP, and NDM-1 [8].

Since 2020, a rise in CPB resistance in our setting coincided with the COVID-19
pandemic, which has been accompanied by populations at risk of severe complications
and long-term sequelae and by longer hospital stays and the prescription of an elevated
amount of antibiotics. These factors have led to an elevated risk of nosocomial CBP in-

120



Antibiotics 2021, 10, 1127

fections, as recently reported [12–14]. In addition, COVID-19 was especially prevalent in
our hospital catchment area from 2020, and the patients frequently required hospitaliza-
tion, as recorded by the Andalusian Health Service (https://www.juntadeandalucia.es/
institutodeestadisticaycartografia/salud/datosSanitarios.html (accessed on 1 July 2021);
and https://www.sspa.juntadeandalucia.es/servicioandaluzdesalud/todas-noticia/inform
acion-sobre-el-numero-de-casos-de-coronavirus-511?utm_source=servicioandaluzdesalud&
utm_campaign=Boletin%20Novedades&utm_medium=mail&utm_content=20210901&utm_
term=Informacion%20sobre%20el%20numero%20de%20casos%20de%20coronavirus (ac-
cessed on 1 July 2021).

The objectives of this study were to describe the CPB population isolated in a third-
level hospital between 2015 and 2020 and to establish the relationship between STs and the
epidemiological situation as defined by the hospital.

2. Material and Methods

This retrospective cross-sectional study included adult patients admitted to the De-
partments of Internal Medicine and its Specialties, ICUs (general and cardiac), and the
Department of General Surgery and its Specialties of the Virgen de las Nieves University
Hospital in Granada (Spain). This hospital provides specialized care to a population of
around 331,220 inhabitants. No exclusion criteria were applied, except for repeat microbio-
logical studies of the same episode. For the colonization study, the presence of CPB was
studied in rectal (RS) and pharyngeal (PS) swabs received by the Clinical Microbiology
Laboratory between 1 January 2015 and 31 December 2020 (5415 RS and 1034 PS for 3107
episodes studied before 2020 and 2308 during 2020). For the study of “possible infection
episodes”, clinical samples from different localizations were studied by applying standard
clinical microbiology procedures, detecting CPB as previously described [15]. In brief,
samples were seeded on selective culture medium CHROMID® ESBL (BioMérieux, Marcy-
l’Étoile, France) and incubated at 37 ◦C in aerobiosis for 48 h. Isolates were identified by
using the MicroScan system (Beckman Coulter, Brea, CA, USA) and mass spectrometry
(Maldi-Tof ®, Brucker Daltonik GmbH, Bremen, Germany). Resistance was characterized
with the MicroScan system, using currently available Neg Combo panels, and interpreted
according to the clinical cutoff points defined by the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) [16]. Carbapenemase was detected using the colorimetric
Neo-Rapid CARB Kit ® (Rosco Diagnostica A/S, Taastrup, Denmark) and immunochro-
matography (NG5-Test Carba, NG Biotech, Guipry-France to detect KPC, NDM, VIM, IMP,
and OXA-48-like enzymes, and K-Set, Coris BioConcept, Gembloux, Belgium to detect
OXA-23) in isolates meeting EUCAST cutoff point criteria for CPB screening. In parallel,
isolates identified in swab and clinical samples were sent to the reference laboratory for
molecular typing of nosocomial pathogens and genotypic detection of antimicrobial resis-
tance mechanisms of interest under the regional Integrated Program for the Prevention
and Control of Healthcare-related Infections and Appropriate Utilization of Antibiotics
(acronym in Spanish, PIRASOA) led by the Microbiology Department of Virgen Macarena
Hospital in Seville.

2.1. Microbiological Study of Carbapenemase-Producing Bacteria (CPB) under the
PIRASOA Program

The susceptibility to ertapenem, imipenem, and meropenem was investigated by
disk diffusion in Mueller Hinton agar, using EUCAST clinical cutoff points to inter-
pret the results [16]. Carbapenemase activity inhibition [17] was studied by disk dif-
fusion using meropenem, meropenem/boronic acid, meropenem/dipicolinic acid, and
meropenem/cloxacillin disks as well as a temocillin disk (Rosco Diagnostica, Taastrup,
Denmark). Carbapenemase and MLST genes were studied by PCR using specific primers
and Sanger sequencing until 2018 and subsequently massive sequencing (Illumina Inc.,
San Diego, CA, USA). Sequences were analyzed with CLC Genomics Workbench, v10
software (Qiagen Iberia, Las Rozas de Madrid, Madrid, Spain). Determinants of resis-
tance were detected using ResFinder (https://cge.cbs.dtu.dk/services/ResFinder) (ac-

121



Antibiotics 2021, 10, 1127

cessed on 1 July 2021). and CARD (https://card.mcmaster.ca/) (accessed on 1 July
2021). databases, and MLST was identified using the MLST finder 2.0 database (https:
//cge.cbs.dtu.dk/services/MLST) (accessed on 1 July 2021). Clonal relationships among
isolates were evaluated by pulsed-field gel electrophoresis (PFGE). Complete chromosomal
DNA digestion in agarose gel was performed with XbaI (Enterobacterales), SpeI (Pseu-
domonas spp. and Stenotrophomonas), and ApaI (Acinetobacter spp.) according to the species.
The resulting restriction fragments were separated in the CHIEF DR-II system (Bio-Rad
Laboratories, Alcobendas, Madrid, Spain) with 1% agarose gel. The gels were subsequently
stained with ethidium bromide, illuminated with ultraviolet light, and photographed in an
automatic Gel Logic 200 Imaging System (Kodak, Rochester, NY, USA).

The conversion, normalization, and analysis of band patterns were performed using
Bionumerics 7.6 software (AppliedMaths, Jollyville Rd., Austin, TX, USA), analyzing the
patterns as previously described. Band position tolerance and optimization were set at
1%. An unweighted pair group method with arithmetic mean (UPGMA) was employed
to generate a dendrogram and the Dice coefficient was used to measure genetic similarity
among isolates. PFGE patterns with ≥90.0% similarity were considered in the same group
as closely related isolates.

2.2. Epidemiological Study

Episodes in which each carbapenemase-producing microorganism was isolated were
recoded to avoid repetition with the same patient. An episode was defined as each hospital
stay in which one or several different carbapenemase-producing microorganisms were
isolated, only considering the first isolate of each microorganism during the hospital
stay for infection or colonization study. When there were multiple isolated of the same
microorganism during the same episode, one was selected according to the following
criteria and order:

1. Isolate described in a PIRASOA report;
2. Isolate corresponding to infection study;
3. Isolate not reported in infection study, corresponding to colonization study.

The PIRASOA program describes the ST of the microorganism and its genetic simi-
larity to other microorganisms of the same species from any hospital in Andalusia. It also
reports whether the relationship with other microorganisms was recent or derived from a
common transmission focus. It was determined whether a CPB had a synchronous (SR)
or asynchronous relationship (AR) with others of the same species when the following
criteria were met: (1) they belong to the same clone of an ST, (2) patients coincided in their
hospital stay, and/or (3) the genetic study indicates direct transmission among patients
and/or very recent exposure to a common reservoir. An SR was considered when the first
criterion and one other criterion were met and an AR when only one criterion was met.

It was also recorded whether the CPB was involved or not in an outbreak of HCRI,
defined by two or more cases of HCRI due to the same microorganism and associated in
space and time with suspicion of an epidemiological link. The emergence of a single case of
HCRI by a new, or unknown, or re-emergent infectious agent of mandatory declaration was
considered an outbreak of nosocomial infection, henceforth “nosocomial outbreak” [18].

2.3. Influence of COVID-19 Infection during 2020

Data were compared between 2019 and 2020 on tested patients with a positive result
for COVID-19 (n = 178 episodes), including their age, sex, length of hospital stay, and in-
hospital consumption of imipenem (IP), meropenem (MP), and/or piperacillin–tazobactam
(PTZ) as daily dose per 1000 stays (DDD/1000 stays).

2.4. Statistical Study

The involvement of episodes in which an SR was reported in a declared nosocomial
outbreak was examined by constructing contingency tables and applying Fisher’s exact
test. The comparison between sexes was analyzed in the same way. The comparison by age
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was studied with the Student’s t-test after establishing the normality of data distribution
with the Kolmogorov–Smirnov test. IBM SPSS Statistics v. 19 was used for data analyses.
p < 0.05 was considered significant.

3. Results

Between 1 January 2015 and 31 December 2020, 320 episodes of CPB were identified:
118 episodes of K. pneumoniae, 14 of Klebisella oxytoca, 9 of Citrobacter freundii, 11 of E. coli,
46 of Enterobacter cloacae, 70 of A. baumannii, and 52 of P. aeruginosa. Among these, 39
episodes were excluded because there was no definitive PIRASOA report and four be-
cause the clinical history of the patient was missing from the Andalusian Health Service
database. Among the 43 episodes (13.4%) lost to the study, 34.9% involved K. pneumoniae,
6.9% K. oxytoca, 4.6% C. freundii, 6.9% E. coli, 2.3% E. cloacae, 13.9% A. baumannii, and
30.2% P. aeruginosa. Out of the final sample of 277 episodes, 103 involved K. pneumoniae,
11 K. oxytoca, 7 C. freundii, 8 E. coli, 45 E. cloacae, 64 A. baumannii, and 39 P. aeruginosa.

3.1. Description of Episodes

The most frequently isolated CPB in the studied episodes was K. pneumoniae (37.19%
of total episodes), followed by A. baumannii (23.10%) and E. cloacae (16.25%) (Table 1).
K. pneumoniae was detected in more numerous episodes every year except for 2018, when
more episodes with P. aeruginosa were detected, and 2019, when there were more episodes
with A. baumannii. Over the six-year study period, episodes with CPB were most frequent
in 2020 (37.54%). There has been an increase in A. baumannii in episodes over the past
two years and an increase in E. cloacae over the past year. The number of episodes each
year rose from 6 in 2015 (2.17% of total episodes) to 123 in 2020 (37.54%). Globally, there
were 156 episodes of infection and 121 of colonization. However, as depicted in Table 1,
infection episodes were much more frequent than colonization episodes in 2016 and 2017,
there was a similar frequency of infection and colonization episodes in 2018 and 2019, and
colonization episodes (57) were much more frequent in 2020 (47).

The carbapenemase groups detected in this study were OXA, VIM, KPC, and NDM
with their subgroups (Table 2). Table 3 exhibits the relationships between ST and car-
bapenemase for each species. There were four peak episodes with K. pneumoniae of ST258,
ST307, ST15, and ST45, mainly associated with KPC-3, OXA-48, NDM-5, and OXA-48,
respectively. There were fewer episodes with K. oxytoca and C. freundii, and only four STs
were found in K. oxytoca, highlighting the association of ST36 with VIM-1, and six STs in
C. freundii, highlighting the production of OXA-48 in three of the STs. Table 3 highlights
the production of OXA-48 in E. coli with ST58, ST69, ST405, and ST648. However, the most
frequent carbapenemase in E. cloacae was VIM-1, closely related to ST78, with OXA-48
being the second most frequent. Notably, the production of OXA-23 was associated with
ST2 in A. baumannii. A wide variety of carbapenemases was detected in P. aeruginosa,
highlighting the relationship of IMP-8 with ST348, the most frequent ST. ST175 and ST253
were less frequently detected, mainly associated with OXA-50 and IMP-16, respectively.
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3.2. Description of the Association among ST, Type of Relationship, and Involvement in a
Nosocomial Outbreak of Infection with CPB

This association was more frequent in K. pneumoniae, E. cloacae, A. baumannii, and
P. aeruginosa (Table 4). In K. pneumoniae, SRs were only reported for ST15, ST258, ST307,
and ST45, the STs with episodes included in outbreaks. ARs alone were reported for the
other STs detected, none of which had more than three episodes. An association was found
between the presence of an SR in episodes and involvement in an outbreak (p = 0.000007299).
In E. cloacae, PIRASOA reported an SR in only two of the eight STs detected (ST114 and
ST78), but only ST114 was involved in an outbreak, and the association between the
presence of an SR and involvement in an outbreak was just short of statistical significance
(p = 0.06829). In A. baumannii, only two STs (ST1 and ST2) were found, being ST1 in all
episodes except for one; A. baumannii had an SR with others in half of the episodes and
an AR in the remaining half. No significant association was found (p = 1) between the
presence of an SR and involvement in an outbreak. Finally, in P. aeruginosa, six STS were
detected and four of these were SRs: ST175, ST253, ST348, and ST845, but only ST253 was
involved in an outbreak. No significant association was found (p = 1) between the presence
of an SR and involvement in an outbreak.

Table 4. Relationship between sequence types of each CPB, type of relationship, and involvement in
a nosocomial outbreak.

K
.p

ne
um

on
ia

e

Sequence Type AR SR Total OB NO OB YES Total

ST1 1 0 1 1 0 1
ST11 2 0 2 2 0 2

ST128 1 0 1 1 0 1
ST147 1 0 1 1 0 1
ST15 4 8 12 6 6 12

ST1774 1 0 1 1 0 1
ST25 1 0 1 1 0 1

ST258 8 21 29 26 3 29
ST307 8 21 29 20 9 29

ST307/cgST3303 3 0 3 3 0 3
ST307/cgST5556 1 0 1 1 0 1

ST321 1 0 1 1 0 1
ST37 1 0 1 1 0 1

ST392 1 0 1 1 0 1
ST405/cgST5158 3 0 3 3 0 3

ST45 4 7 11 7 4 11
ST512 1 0 1 1 0 1
ST525 1 0 1 1 0 1
ST896 3 0 3 3 0 3

Total 46 57 103 81 22 103

E.
cl

oa
ca

e

ST108 1 1 1 1
ST111 1 1 1 1
ST114 3 10 13 10 3 13

ST1262 1 1 1 1
ST24 1 1 1 1
ST50 2 2 2 2
ST78 13 9 22 22 22
ST90 4 4 4 4

Total 26 19 45 42 3 45

A
.b

au
m

an
ni

i

ST1 1 0 1 1 0 1

ST2 31 32 63 45 18 63

Total 32 32 64 46 18 64
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Table 4. Cont.

P.
ae

ru
gi

no
sa

ST175 3 8 11 11 11
ST2242 1 1 1 1
ST253 4 6 10 4 6 10
ST277 1 1 1 1
ST348 1 13 14 14 14
ST845 1 1 2 2 2

Total 11 28 39 33 6 39
Type of relationship: synchronous (SR) or asynchronous relationship (AR). Outbreak: OB.

As shown in Table 5, episodes with SR did not correspond to episodes involved in an
outbreak, and episodes with AR were even involved in outbreaks in some cases.

Table 5. Comparison between identified SRs and those involved in a nosocomial outbreak of CPB.

CPBs SR OB YES AR OB YES

K. pneumoniae 57 21 46 1
K. oxytoca 4 0 7 0
C. freundii 2 0 5 0
E. cloacae 19 3 26 0

A. baumannii 32 12 32 6
P. aeruginosa 28 4 11 2

Type of relationship: synchronous (SR) or asynchronous relationship (AR). Outbreak: OB.

3.3. Influence of Infection with COVID-19 during 2020

The absolute number of CPB infections was higher during 2020 than during 2019,
attributable to a marked rise in the number of samples studied rather than a higher
percentage of positive results (4.5% in 2020 vs. 5.6% in 2019). Table 6 compares clinical
data of patients testing during 2019 (74) and 2020 (104), positive for COVID-19 infection,
including age (p = 0.014), sex (not significant), hospital stay, hospital occupation, and
prescriptions of PTZ, IMP, and PTZ (daily dose per 1000 stays).

Table 6. Clinical data for episodes of carbapenemase-producing bacteria.

Parameters 2019 2020

Age, years 63.36 57.48
Standard deviation 16.601 17.254

Males, % 65 60
Females, % 35 40

Hospital stay, days 7.75 8.79
Hospital occupation, % 77.56 77.24

Piperacillin–tazobactam * 65.13 66.88
Imipenem * 6.71 5.13

Meropenem * 47.45 61.21
* daily dose per 1000 stays (DDD/1000).

4. Discussion

This study describes carbapenemase-producing microorganisms isolated over the past
six years in the microbiological laboratory of a tertiary hospital in Southern Spain. The
main findings were an increasingly elevated transmission of these bacteria in both hospital
and community settings and a major rise in the detection of CPB.

The capacity to detect CPB and their resistances has significantly improved through
technological advances and the rigorous implementation of screening and control protocols.
However, the upsurge of CPB cases in 2020 can be attributed at least in part to the COVID-
19 pandemic, which led to a major rise in the number of studied episodes due to an increase
in hospital stays, among other reasons. The resulting overload of hospital departments
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hampered the application of infection prevention measures, and there was an increased
administration of antibiotics (often inappropriate) to prevent and treat bacterial over-
infection in patients with pneumonia [19]. The inappropriate use of antibiotics is one cause
of the increasingly frequent emergence of resistance to carbapenem, among other antibiotics.
However, improvements in the diagnostic capabilities of microbiology laboratories over
time should also be taken into account, which would also influence an increase in the
detection of infectious episodes.

Four groups of carbapenemases (OXA, VIM, KPC, and NDM) and corresponding
subgroups were detected, all previously reported in Spain. Some were found in more than
one microorganism species (OXA-48, IMP-8, VIM-1, VIM-63, and KPC-3) and the others
were detected in a single species. The most abundant subgroup was OXA-48 (in 29.79% of
episodes), which is also the most prevalent subgroup worldwide [5], followed by VIM-1
(17.12%), OXA-23 (16.44%), and KPC-3 (12.33%). The most frequently isolated bacteria in
these episodes was K. pneumoniae, one of the most widely disseminated CPB worldwide
and largely responsible for the alarm caused by CPB, given the limited therapeutic options
and high mortality rates [7].

The relationships between STs and carbapenemases were explored in the detected CPB,
followed by a search for ST–carbapenemase combinations that have been reported in Spain
for each CPB, highlighting isolates of: K. pneumoniae ST15-OXA-48 [20,21], ST258-KPC-
3 [8,22], ST307-OXA-48 [23,24], and ST512-KPC-3 [23,25–27]; K. oxytoca ST36-VIM 1 [28];
E. coli ST58-OXA-48 [29]; E. cloacae ST114-OXA-48 [30]; A. baumannii ST1-OXA-23 [31]; and
P. aeruginosa ST175-VIM-2 [32,33].

No other combinations were found, either because they were not previously detected in
a Spanish hospital or were detected but not published. CPB associated with STs or carbapen-
emases were found, but no relationship was observed between STs and carbapenemase.

Although not as notorious as K. pneumoniae, the other CPB described in this study
form part of a group of multidrug-resistant microorganisms that pose a major public health
threat [34] and show increased diversity over time, as reported in a Portuguese study [4].
The frequency of their detection is rising among colonized and infected hospital patients,
despite the implementation of infection prevention and control measures and routine colo-
nization screenings [4]. There is also a trend towards more frequent nosocomial outbreaks,
especially of K. pneumoniae [7], and towards their longer persistence as colonizers of hospi-
talized patients and in the hospital setting. This creates “silent” reservoirs and carriers of
CPB over prolonged time periods, hampering control of their dissemination [7,11]. The
comprehensive and exhaustive implementation of available control measures is essential.
In our setting, these include the surveillance and follow-up of HCRIs and nosocomial out-
breaks and active communication from the microbiology departments on microorganisms
of concern.

We highlight the importance of genetic sequencing techniques for controlling the
spread of these microorganisms, given the speed with which results are obtained. A re-
duction in their cost may allow their real-time performance to be more widely available
at health centers. Data obtained on the STs and carbapenemase subgroup of a CPB indi-
cate its pathogenicity, dissemination capacity, local prevalence, therapeutic options, and
responses to treatment and can also yield information on changes in the resistances of these
bacteria [4,7]. These techniques can be highly effective for the detection and control of noso-
comial outbreaks. When only the species and antibiogram of microorganisms are identified
but not their ST, it is not known whether multiple unrelated STs might be involved, and
this question would be resolved by real-time molecular analysis. Without this information,
an outbreak is declared when there appear to be two or more cases of hospital-acquired
infection. Accordingly, an outbreak is declared in the hospital when there are two or more
patients with the infection who shared hospital space and/or staff/equipment at some time
since their admission (epidemiological link). If cases continue to emerge among patients
successively admitted at different times to the same unit, the possibility of a common
reservoir is investigated to establish the epidemiological link, i.e., an SR. The association
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observed between the presence of an SR and involvement in outbreaks suggests that the
epidemiological criteria for declaring an outbreak were correct because relationships were
observed among microorganisms that were subsequently found to have the same lineage.
However, it cannot be assumed that CPB with identical STs are involved in the same chain
of transmission without considering the epidemiological evidence [35].

In conclusion, there has been a major increase in infections with CPB over the years,
especially during 2020, coinciding with the COVID-19 pandemic. The combination of
epidemiological data with real-time molecular sequencing data represents a major advance
in the control of CPB transmission and the management of infected patients. The increased
precision offered by molecular sequencing techniques and the possibility of their real-
time performance can contribute to a greater control of nosocomial outbreaks and a more
effective targeting of infection prevention measures.
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Abstract: The aim of this work was to analyze outer membrane porin-encoding genes (ompK35
and ompK36) in a collection of OXA-48 producing Klebsiella pneumoniae, to assess the effect of porin
alterations on the susceptibility to ceftazidime/avibactam, and to describe a screening methodology
for phenotypic detection of OXA-48-producing K. pneumoniae with disrupted porins. Antimicrobial
susceptibility was tested by Microscan and Etest. The genomes of 81 OXA-48-producing K. pneumoniae
were sequenced. MLST, detection of antimicrobial resistance genes, and analysis of ompK35 and
ompK36 were performed in silico. Tridimensional structures of the OmpK36 variants were assessed.
Receiver operating characteristics curves were built to visualize the performance ability of a disk
diffusion assay using carbapenems and cefoxitin to detect OmpK36 functional alterations. A wide
variety of OmpK36 alterations were detected in 17 OXA-48-producing K. pneumoniae isolates. All
displayed a high-level meropenem resistance (MIC ≥ 8 mg/L), and some belonged to high-risk
clones, such as ST15 and ST147. Alterations in ompK35 were also observed, but they did not correlate
with high-level meropenem resistance. All isolates were susceptible to ceftazidime/avibactam
and porin alterations did not affect the MICs of the latter combination. Cefoxitin together with
ertapenem/meropenem low inhibition zone diameters (equal or lower than 16 mm) could strongly
suggest alterations affecting OmpK36 in OXA-48-producing K. pneumoniae. OXA-48-producing K.
pneumoniae with porin disruptions are a cause of concern; ceftazidime/avibactam showed good
in vitro activity against them, so this combination could be positioned as the choice therapy to combat
the infections caused by this difficult-to-treat isolates.

Keywords: K. pneumoniae; carbapenem resistance; OXA-48; porins; ceftazidime/avibactam

1. Introduction

The use of carbapenems has been increasing in hospitals in the past years as a con-
sequence of the rise of extended spectrum β-lactamase (ESBL) and/or AmpC-producing
Enterobacterales [1]. The extensive clinical use of these drugs has led in turn to the emergence
of carbapenem-resistant Enterobacterales (CRE), boosted by the spread of carbapenemases,
such as serine β-lactamases (KPC and OXA-48) or metallo-β-lactamases (VIM, IMP and
NDM), by means of mobile genetic elements [2]. Carbapenem resistance can also be
mediated by permeability defects in the outer membrane of ESBL- or AmpC-producing
strains [3], which can besides increase the minimal inhibitory concentrations (MICs) of
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carbapenems in carbapenemase-producing Enterobacterales (CPE). These defects can be
associated with alterations in porin-encoding genes or their promoter regions, such as point
mutations, deletions or insertions which can hinder the synthesis of a functional protein,
hence obstructing the entry of molecules into the periplasm [4]. Klebsiella pneumoniae is
one of the main reservoirs of carbapenemases in the hospital environment [5]. OmpK35
and OmpK36 are the major porins in this species, and they constitute the main pathway
through which carbapenems enter the cell [6].

The increasing carbapenem resistance among Enterobacterales poses a major threat to
public health because of its difficult treatment. Several clinical studies have demonstrated
that carbapenems, alone or combined with other drugs, are options for the treatment of
infections caused by CRE when MICs of these compounds are low [7,8]. This is the case of
most infections caused by OXA-48-producing Enterobacterales, which weakly hydrolyze
carbapenems [9,10]. However, when MICs of meropenem are higher than 8 mg/L, the
probability of reaching therapeutic success is low according to stochastic modeling data,
and thus carbapenems are contraindicated [7]. In response to the emergence and spread
of CRE, new antimicrobials or combinations of a β-lactam plus a β-lactamase inhibitor
are either under development or have been approved in the last years. This is the case of
ceftazidime/avibactam, a combination of a third-generation cephalosporin with a synthetic
β-lactamase inhibitor that prevents the activities of Ambler class A and C β-lactamases
and some Ambler class D enzymes including OXA-48 [11].

In view of the worrisome medical situation raised by CRE, and the recognized contri-
bution of porin alterations to carbapenem resistance, the aims of the present study were
(i) to molecularly analyze outer membrane porin-encoding genes in a collection of OXA-48
producing K. pneumoniae isolates; (ii) to assess the effect of the observed alterations on
the susceptibility to ceftazidime/avibactam; (iii) to develop a screening methodology for
phenotypic detection of OXA-48 producing Klebsiella spp. with porin disruptions.

2. Results and Discussion
2.1. Carbapenems and Ceftazidime/Avibactam Susceptibility, β-Lactamases and Molecular
Epidemiology

Bacterial identification by MALDI-TOF recognized the 81 isolates as K. pneumoniae,
results which were confirmed in silico by analysis of the sequenced genomes. Strains of
K. pneumoniae were classified in 15 sequence types (ST), being ST326 (22/81, 27.2%) and
ST147 (20/81, 24.7%) the most prevalent (Table 1 and Table S1). The presence of blaOXA-48
was confirmed in all of them. Antimicrobial susceptibility testing, performed with the Mi-
croscan system, showed that 100%, 24.69% and 20.99% isolates were resistant to ertapenem,
imipenem and meropenem, respectively. In addition to the five isolates selected from other
samples, twelve recovered from blood cultures displayed high level of meropenem resis-
tance (MIC ≥ 8 mg/L), which could not be explained only by the OXA-48 production. This
suggested the existence of additional mechanisms. Apart from β-lactamase production,
mechanisms which can lead to a high-level carbapenem resistance comprise efflux pumps,
PBP (penicillin binding protein) alterations, and mutations that modify the expression
and/or function of outer membrane porins, the latter being a mechanism frequently found
in Enterobacterales [6]. All isolates of the study were susceptible to ceftazidime/avibactam,
including those highly resistant to meropenem, with MICs ranging from 0.19 mg/L to
0.75 mg/L (three of the latter did not coproduced ESBLs and were also susceptible to
ceftazidime alone). Relevant features of the 17 isolates displaying high-level carbapenem
resistance are shown in Table 1, while the same features relative to the remaining isolates
are compiled in Supplementary Table S2.
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Moreover, 82% of the isolates displaying high-level carbapenem resistance (14/17)
coproduced ESBLs, with roughly the same rate (52/64, 81%) found among the isolates
with low carbapenem MICs (MICs ≤ 4 mg/L). All of the isolates which did not coproduce
ESBLs were susceptible to ceftazidime alone, including those three that displayed high-level
carbapenem resistance. blaSHV-12 and blaCTX-M-15 were the most frequent genes detected
among the isolates that showed an ESBL phenotype (Table 1 and Table S1). Based on the
antimicrobial susceptibility results, and considering that three of the highly-carbapenem
resistant isolates did not co-produce ESBLs, there does not appear to be a necessary
correlation between production of these enzymes and high MICs of meropenem. For
this reason, a detailed analysis of the genes encoding the main porins of K. pneumoniae,
OmpK35 and OmpK36, and their upstream regions was performed, in order to infer
possible permeability alterations in the outer cell membrane.

2.2. Molecular Analysis of OmpK35 and OmpK36 in OXA-48 Producers

Bioinformatic analysis of ompK35 from the 17 isolates with high-level carbapenem
resistance revealed a single nucleotide insertion (T) at 623 position in four of them, and a
single nucleotide deletion (G) at 185 position in another one (Table 1). Both alterations led
to a change in the reading frame. On the other hand, analysis of the ompK35 sequences of
the isolates exhibiting low meropenem MICs showed that three of them carried a IS1-like
element inserted upstream of the gene, one had a G890A transition in the coding region,
which resulted in a premature stop codon, and another one had a single nucleotide deletion
(G) at position 575 (Table S1). Accordingly, it seems that at least not all the changes detected
in ompK35 are enough to substantially increase carbapenem MICs (Table S1). These results
are in line with previous observations by other authors, reporting that alterations affecting
ompK35 are not capable to generate high resistance to carbapenems [12–14].

Regarding OmpK36, functional alterations have been broadly reported among KPC-
producing K. pneumoniae [15–17]; however, reports and analysis of porin disruptions among
OXA-48 producers are still scarce [18]. In the present study, all isolates displaying high
meropenem MICs, including the 12 strains recovered from blood cultures and the five
strains selected from other samples, had alterations affecting the OmpK36 coding region or
the upstream DNA, which could lead to non-functional proteins or hinder the expression
of the gene (Table 1 and Figure 1). The remaining isolates carried no mutations or had
nucleotide changes considered as polymorphisms.

Among high-level carbapenem resistant isolates, four contained an IS5-like element
located within the coding region (three isolates) or immediately upstream of the RSB
(ribosome binding site; one isolate) of OmpK36; the latter alteration was similar to one
previously reported in KPC-2-producing K. pneumoniae ST258, where it was shown to
be associated with significantly lower OmpK36 expression levels and increased MICs of
carbapenems [15]. A single isolate carried an IS1-like insertion within OmpK36. Additional
alterations included: (i) nonsense mutations that generate premature stop codons yielding
truncated and probably non-functional proteins (3 isolates); (ii) single nucleotide deletions
that led to frameshift mutations (4 isolates, with two of them, both ST326, having the
same deletion at the same position); (iii) a large deletion of 886 nucleotides including the
first 702 nucleotides of the ORF and 184 of the upstream DNA (1 isolate; not shown in
Figure 1); (iv) insertions of 2 and 34 nucleotides at positions 29 and 818, respectively, which
resulted on a frame shift (each displayed by a single isolate); (v) insertion of 6 nucleotides at
position 403, resulting in the incorporation of two additional amino acids (DG) on a highly
conserved region (L3) of the porin (two isolates). The same insertion was associated with
carbapenem resistance in KPC-2-producing K. pneumoniae ST423 and ST11 isolates [16]. In
addition, Lunha et al. reported a very similar amino acid insertion (GD) at the same position
within the L3 region of OmpK36 in ST37 and ST11 OXA-48-producing K. pneumoniae, and
linked this alteration to an increase in the carbapenem resistance level. Such resistance
increase was also observed in KPC-2-producing K. pneumoniae ST258 strains with the same
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GD insertion in OmpK36, and attributed to a diminishment in the pore diameter caused by
the two additional amino acids [17].

Figure 1. Genetic alterations in ompK36 and upstream DNA found in OXA-48-producing Klebsiella
pneumoniae isolates displaying high-level resistance to meropenem. Kp_HUCA_4 is not represented
as it carries a large deletion that includes the promoter region and the first 702 nucleotides of the
ORF. RBS, ribosome binding site; IS, insertion sequence;, insertion; ∆, deletion.

The tridimensional structures of OmpK36 variant proteins predicted by the Phyre2
web portal are shown in Figure S1. In most of them, it can be visually verified how the
conformation of the porin is affected by the observed alterations.

Our series represent a wide variety of OmpK36 alterations detected among different
clones of OXA-48-producing K. pneumoniae. Some of them, such as ST15 or ST147, are
considered of high-risk since they are clones which have a special ability for successful
expansion, and are typically involved in outbreaks [19,20], which poses an additional
concern. OmpK36 disruptions described in our work are probably responsible for the
high MICs of meropenem of the strains in which they were detected, in comparison with
MICs of strains with functional OmpK36 proteins. The increase of meropenem MICs in
OXA-48 producers is especially marked since, as previously indicated, this enzyme by
itself only causes weak carbapenem hydrolysis and a consequent low level of resistance
to these drugs [9,10]. Carbapenems must first penetrate the outer membrane in order
to reach the PBPs and, because these drugs are relatively hydrophilic, their entry occurs
through the water-filled porin channels [21]. Obviously, their inactivation via periplasmic
carbapenemases will be more effective in increasing resistance if the influx is decreased
through the loss of porins [22,23]. Apart from allowing carbapenems to cross the outer
membrane, OmpK36 constitutes the entry way into the cell of some nutrients and other
physiological important substances; thus, the loss of this porin is not free of charge. In
fact, Wong et al. recently demonstrated that OmpK36-mediated carbapenem resistance
attenuates the virulence of K. pneumoniae ST258 [17].
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Selection of isolates displaying high-level carbapenem resistance due to outer mem-
brane alterations may be conditioned by several factors, including the selective pressure
exerted by previous exposure to carbapenems of individual patients or by the hospital
environment [17]. In this sense, 11 (64.7%) of the isolates with high-level carbapenem
resistance in our study were recovered from patients who had been previously treated
with carbapenems during the same hospital stay (Table 1). The high-level of meropenem
resistance displayed by these isolates (meropenem MICs ≥ 8 mg/L), exclude these drugs
as therapeutic alternatives to treat the infections they cause. In fact, as already mentioned
in the introduction, PK/PD modeling has shown that the probability of reaching the
target pharmacodynamic parameter is low, even if high dose and extended infusion are
administered [7]. Fortunately, all isolates in the present study were susceptible to cef-
tazidime/avibactam and displayed low MICs of these drugs, regardless of the OmpK36
variant. This might be due to the fact that, unlike other β-lactamase inhibitors, the outer
membrane porins are not the major route by which avibactam enters the periplasm [24],
and it has been previously reported that ceftazidime MICs are not affected by OmpK36
alterations [14]. Wong et al., also, did not find a decrease in the susceptibility to cef-
tazidime/avibactam among K. pneumoniae ST258 with alterations affecting OmpK35 or
OmpK36 [17].

2.3. Disk Diffusion Assay Using Carbapenems and Cefoxitin for Detection of Functional Alteration
in OmpK36:

Detection of strains with functional alterations in porins among OXA-48-producing K.
pneumoniae may be of particular interest in clinical microbiology laboratories, especially
when affecting OmpK36. However, next-generation sequencing techniques are not avail-
able in the routine of these laboratories, so the establishment of a phenotypic screening
for the detection of such strains would be very useful to predict genotypes from pheno-
types and, also, for epidemiological purposes. Most of the isolates with alterations in
OmpK36 displayed reduced inhibition zone diameters to cefoxitin and carbapenems. Thus,
our data suggest that resistance to both drugs could be considered a surrogate marker
of functional alterations in OmpK36 in OXA-48-producing K. pneumoniae. In addition to
carbapenems, it is well known that this porin constitutes the main pathway through which
cefoxitin penetrates the outer membrane [4], and alterations affecting OmpK36 have been
associated with the development of resistance to this drug [25]. In order to set a thresh-
old to detect isolates carrying functional alterations in OmpK36, a disk diffusion assay
testing ertapenem, imipenem, meropenem and cefoxitin was performed, and ROC curves
were built to evaluate sensitivity and specificity of their detection at different thresholds
(Figure 2). All isolates displaying inhibition zone diameter lower or equal to 16 mm to
both ertapenem and meropenem, carried alterations in OmpK36 with or without changes
in OmpK35. However, isolates displaying higher diameters did not have alterations in
the former porin. Accordingly, the sensitivity and specificity for detection of OmpK36
functional alterations was of 100% when applying this threshold. In contrast, when using
an imipenem and cefoxitin disk diffusion assay, the strains with alterations in OmpK36
could not be clearly separated from those with the wild type porin (i.e., 100% sensitivity
and specificity were not obtained at any threshold). Nevertheless, as mentioned above, a
reduction on the inhibition zone to cefoxitin, together with an inhibition zone diameter to
meropenem and ertapenem lower or equal to 16, strongly suggest alterations in this porin.
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Figure 2. Distribution of cefoxitin 30 µg (a), meropenem 10 µg (b), ertapenem 10 µg (c) and imipenem 10 µg (d) inhibition
zones (mm) of OXA-48 producing Klebsiella pneumoniae with and without porin alterations. Below of each graphic, a receiver
operating curve (ROC), showing the evolution of sensitivity and 1-specificity to identify OmpK36 functional alterations in
relation to the different thresholds applied for each antibiotic, is represented.

3. Materials and Methods

All carbapenem-resistant K. pneumoniae isolates recovered from blood cultures of
different patients admitted to a tertiary hospital, Hospital Universitario Central de Asturias
(HUCA), in northern Spain over a five-year period (2014–2019) were collected (n = 76). Ad-
ditionally, five K. pneumoniae isolates with high meropenem MICs, recovered from different
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samples of patients admitted to the HUCA during the same period were studied. Bacterial
identification was performed by MALDI-TOF/MS (Bruker Daltonics, Billerica, MA) using
α-Cyano-4-hydroxycinnamic acid as a matrix and following the manufacturer instructions
available on https://www.bruker.com/en/services/training, (accessed on 14 December
2020). In silico identification was performed by using KmerFinder, available at the Center
for Genomic Epidemiology site (https://www.genomicepidemiology.org/; CGE, 2020; ac-
cessed on 25 January 2021). Antimicrobial susceptibility was determined by the Microscan
system (Beckman Coulter, Brea, CA, USA) and, also, by Etest® (bioMérieux, Marcy l’Etoile,
France) for meropenem and ceftazidime/avibactam. Results were interpreted according to
the EUCAST guidelines [26]. Screening of carbapenemases was performed by means of a
previously described algorithm [27].

Genomic DNA from the 81 isolates (76 recovered from blood cultures and five from
other samples) was extracted with the NZY Microbial gDNA Isolation kit (NZYTech,
Lisbon, Portugal), and then sequenced by Illumina technology to generate 125 bp paired-
end reads in a HiSeq 1500. Quality control of the reads was performed using FastQC
software (Babraham Bioinformatics, Cambridgeshire, UK) and de novo assembly was
carried out with VelvetOptimizer [28].

Multi-locus sequence types and the presence of resistance genes were determined in
silico by the use of the MLST 2.0 and ResFinder 3.2 tools, respectively [29]. The sequences
of the two major porin-encoding genes of Klebsiella (ompK35 and ompK36), including
their upstream regions, were analyzed by bioinformatic tools, such as Clone Manager
Professional v9.2 (CloneSuit9), Clustal Omega and Jalview [30,31]. PCR amplification
of ompK36 followed by Sanger sequencing was performed using previously described
primers [15], when required for confirmation of whole genome sequencing results. The
tridimensional structures of OmpK36 variants were assessed on the Phyre2 web portal for
protein modelling, prediction and analysis, except for sequences of less than 30 amino acid
residues, which are excluded by Phyre2 specifications.

Receiver operating characteristic (ROC) curves were built to visualize the performance
ability of a disk diffusion assay using ertapenem (10 µg), meropenem (10 µg), imipenem
(10 µg) and cefoxitin (30 µg) (Bio-Rad, Hercules, CA, USA), to detect OmpK36 functional
alterations. In order to identify the optimal cut-off values to discriminate strains carrying
functional alterations in this porin, a figure showing the evolution of sensitivity and 1-
specificity in relation to the threshold changes was plotted for each of these antibiotics.
This analysis was performed using Python programming language (Python Software
Foundation. Python Language Reference, version 3.7., available at http://www.python.org,
accessed on 8 March 2021, scikit-learn library) and visualized using matplotlib [32].

Genomes of all isolates studied in this work have been deposited in GenBank and
their accession numbers are shown in Supplementary Table S1.

The present study was approved by the ethics committee of the Principality of Asturias.

4. Conclusions

In summary, we found that OmpK36 alterations could play an important role on
the resistance to carbapenems of OXA-48-producing K. pneumoniae, consistent with the
fact that this porin constitutes the main pathway of entrance of these drugs into the cell.
Although our study only includes isolates recovered from a single hospital, they represent
a great variety of K. pneumoniae clones, and different mutations in ompK36 were found.
As far as we know, our study represents the most extensive and complete molecular
analysis of OXA-48-producing K. pneumoniae with alterations in the outer membrane
porins. We have also demonstrated that these alterations do not affect the susceptibility
to ceftazidime/avibactam, and thus this drug combination could be positioned as the
choice therapy to combat the infections caused by this difficult to treat isolates. Finally,
phenotypic detection of isolates carrying functional alterations on OmpK36 in clinical
microbiology laboratories is important, and cefoxitin together with ertapenem/meropenem
low inhibition zone diameters would strongly suggest alterations in this porin.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antibiotics10101174/s1, Figure S1: Tridimensional analysis, assessed by the Phyre2 web,
of OmpK36 protein structures of OXA-48-producing Klebsiella pneumoniae isolates displaying high-
level resistance to meropenem. This web was not able to create structures for Kp_HUCA_Bac_5,
Kp_HUCA_Bac_24, Kp_HUCA_Bac_65, Kp_HUCA_Bac_85, Kp_HUCA_4 and Kp_HUCA_8 since
the proteins predicted had less than 30 amino acids., Table S1: GenBank accession numbers of the
genomes of OXA-48-producing Klebsiella pneumoniae isolates, Table S2: Microbiological features of
OXA-48-producing Klebsiella pneumoniae isolates displaying meropenem MICs lower than 8 mg/L.
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Abstract: Antibiotic resistance is a growing public health problem globally, incurring health and cost
burdens. The occurrence of antibiotic-resistant bacterial infections has increased significantly over the
years. Gram-negative bacteria display the broadest resistance range, with bacterial species expressing
extended-spectrum β-lactamases (ESBLs), AmpC, and carbapenemases. All carbapenem-resistant
Enterobacteriaceae (CRE) isolates from pediatric urinary tract infections (UTIs) between October 2015
and November 2019 (n = 30). All isolates underwent antimicrobial resistance phenotypic testing using
the Phoenix NMIC/ID-5 panel, and carbapenemase production was confirmed using the NG-Test
CARBA 5 assay. Whole-genome sequencing was performed on the CREs. The sequence type was
identified using the Achtman multi-locus sequence typing scheme, and antimicrobial resistance
markers were identified using ResFinder and the CARD database. The most common pathogens
causing CRE UTIs were E. coli (63.3%) and K. pneumoniae (30%). The most common carbapenemases
produced were OXA-48-like enzymes (46.6%) and NDM enzymes (40%). Additionally, one E. coli
harbored IMP-26, and two K. pneumoniae possessed mutations in ompK37 and/or ompK36. Lastly,
one E. coli had a mutation in the marA porin and efflux pump regulator. The findings highlight the
difference in CRE epidemiology in the pediatric population compared to Qatar’s adult population,
where NDM carbapenemases are more common.

Keywords: carbapenem-resistance; Enterobacteriaceae; Qatar; CRE; OXA-48

1. Introduction

Antibiotic resistance is a growing public health problem globally, incurring health
and cost burdens. The occurrence of antibiotic-resistant bacterial infections has increased
significantly over the years. In 2013, the Center for Disease Control and Prevention
(CDC) issued an antibiotic resistance threats report estimating approximately two million
infections annually in the United States [1]. By 2017, the number increased to approximately
2.8 million, and deaths increased from 23,000 to 35,900 [2]. Beta-lactams are the most
used antibiotics worldwide and include the penicillins, cephalosporins, monobactams,
and carbapenems; they all share a typical beta-lactam ring. Gram-negative bacteria display
the broadest range of resistance, with bacterial species expressing extended-spectrum
β-lactamases (ESBLs), AmpC, and carbapenemases [3]. Of these, carbapenem-resistant
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Enterobacteriaceae (CRE) are of the most concern. Both the CDC and the World Health
Organization (WHO) assign CREs the highest urgency levels [2,4].

Carbapenem antibiotics are the choice for treating infections caused by ESBL or
AmpC-producing bacteria [5]. Carbapenem resistance is caused mainly by carbapene-
mase enzymes. Carbapenemase production can be intrinsic, such as Metallo-β-lactamases
(MBLs) expressed by Stenotrophomonas maltophilia, Bacillus cereus, and Aeromonas species [6].
In Enterobacteriaceae, the most common carbapenemases are categorized into three groups,
Ambler classes A, B, and D. The most common group is class A, which includes the
Klebsiella pneumoniae (K. pneumoniae) carbapenemases (KPC) and Imipenem-hydrolyzing
β-lactamase (IMI), with KPC being the most prevalent overall [3,7]. Class B contains the
Metallo-β-lactamases (MBL), New Delhi Metallo-lactamases (NDM), Imipenem-resistant
Pseudomonas enzyme (IMP), and the Verona integron-mediated Metallo-lactamase (VIM).
Finally, class D contains Oxacillin-hydrolyzing carbapenemases (OXA), of which OXA-48
is the most commonly isolated [3,6]. Carbapenemase genes can be either intrinsic or
acquired [8,9]. These carbapenemases are typically plasmid-mediated. In addition to
carbapenemases, some members of the Enterobacteriaceae family may possess intrinsic
carbapenem resistance, arising from mutations in porins or efflux pumps [6].

Several factors increase the risk of CRE infections, including immune suppression,
advanced age, intensive care unit (ICU) admission, and previous exposure to antimicro-
bials [10,11]. Escherichia coli (E. coli) and K. pneumoniae are the most common human
pathogens, causing various infections [12,13]. Urinary tract infections (UTIs) are among
the most commonly diagnosed infections in children [14]. Empirical treatment for UTIs
initially used amoxicillin; however, the increase in resistance of the pathogens, namely
E. coli, prompted the change to other antibiotics [14]. Recently, with the increased rate of
ESBL UTIs, the prescription of carbapenems has increased. However, reports from various
regions indicate an increase in the rate of carbapenem resistance [15].

Furthermore, a recently published systematic review, taking into account human,
animal, and environmental samples, reported the possibility of the Middle East being an
endemic region for CREs [16]. Nevertheless, reports on the prevalence of CREs among the
pediatric population, while increasing, are still sporadic [17]. There are limited data describ-
ing carbapenem-resistant Enterobacteriaceae (CRE) from the Arabian Gulf region among
the pediatric population. In Qatar, only one study conducted on different clinical samples
from different age groups, presented at the infectious disease forum in 2019, reported that
NDM and OXA-48 are the predominant carbapenemases in Qatar and are associated with
high overall mortality [18]. The epidemiology of CREs in the adult population is well
characterized. As for the pediatric population, while the number of reports is increasing,
they remain sporadic, and there is a shortage of data on epidemiology [17]. To that end,
we aimed to investigate the genotypic profile of CREs among the pediatric population with
UTIs in Qatar.

2. Results
2.1. Demographics and Etiology

The study of the population’s demographics is summarized in Table 1. The male to
female ratio is approximately 1:2.63, with males constituting 27.6% (n = 8) and females
constituting 72.4% (n = 21). CRE infections were more prevalent in non-Qataris (86.2%)
compared to Qataris (13.8%). Additionally, 93% of the isolated CREs come from patients
aged from 2 months to 13 years. The majority of the CRE UTIs were caused by E. coli
(n = 19, 63.3%), followed by K. pneumoniae (n = 9, 30%), and the remaining were caused by
Enterobacter hormaechei (E. hormaechei) (n = 2, 6.7%). One patient had a mixed infection by
E. coli and K. pneumoniae.
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Table 1. Demographic profile of the study population (n = 29).

Gender Total Number (%)
Nationality

Qatari Non-Qatari

Male 8 (27.6%) 0 (0%) 8 (27.6%)
Female 21 (72.4%) 4 (13.8%) 17 (58.6%)

Total 29 (100%) 4 (13.8%) 25 (86.2%)

Age

<2 5 (17.2%) 0 (0%) 5 (17.2%)
2–5 13 (44.8%) 1 (3.4%) 12 (41.4%)
6–15 11 (37.9%) 3 (10.3%) 8 (27.6%)
Total 29 (100%) 4 (13.8%) 25 (86.2%)

2.2. Phenotypic Resistance Profiles of the CRE Isolates

The antibiotic resistance profile of all 30 CRE-producing Enterobacteriaceae is depicted
in Figure 1. All CRE-producing isolates showed 100% resistance to ampicillin, amoxi-
cillin/clavulanate, cefazolin, cephalothin, and ciprofloxacin. High resistance, more than
80%, was detected against cephalosporines, including cefuroxime, ceftriaxone, ceftazidime,
and cefepime. High resistance was also noticed against the β-lactam/β-lactamase inhibitor
combinations; 87.5% were resistant to piperacillin/tazobactam, whereas 100% were re-
sistant to amoxicillin/clavulanate. All isolates demonstrated resistance to at least one
carbapenem, with the highest resistance against ertapenem (96.9%). All isolates were
susceptible to colistin and tigecycline. The resistance to other antibiotics, namely, nitrofu-
rantoin, amikacin, cefoxitin, gentamicin, levofloxacin, trimethoprim/sulfamethoxazole,
was 31.3%, 31.3%, 32.5%, 40.6%, 62.5%, and 56.3%, respectively.
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Figure 1. Phenotypic profile of the carbapenem-resistant Enterobacteriaceae isolated from children
(0–15 years old) with urinary tract infections. The isolates were tested for antibiotic resistance against
22 clinically relevant antibiotics using the Phoenix NMIC/ID-5 panel (BD Biosciences, Heidelberg,
Germany). The figure depicts the percentage of isolates that are non-susceptible to each antibiotic.
The bars are colored according to the antibiotic class.
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2.3. Molecular Genotyping Profile of CRE Isolates

The genome assemblies included in the study are available at the NCBI website
(https://www.ncbi.nlm.nih.gov/bioproject/, accessed on 24 January 2021) under BioPro-
ject: PRJNA690895. The accessions for the isolates are detailed in Table S2. The clonal
diversity among the isolates was determined; the E. coli isolates had 11 different strain
types (STs) (ST11021, ST38, ST162, ST448, ST131, ST2083, ST95, ST227, ST410, ST2346, ST10);
the K. pneumoniae isolates had nine different strain types (ST196, ST45, ST987, ST218, ST101,
ST147, ST35, ST870, ST3712); the E. hormaechei had the ST 269 and 171 (Table 2).

Table 2. Antibiotic resistance genes present in the isolates.

Isolate ID Collection Date
(Month-Year) Sequence Type (ST) Carbapenem Resistance Genes (Mlplasmid

Posterior Probability for Carbapenemases)

Escherechia coli

EC-QU-7 June-2015 162 blaNDM-1 (0.126)
EC-QU-5 November-2015 38 blaOXA-48 (0.971)

EC-QU-14 November-2015 448 blaNDM-5 (0.63)
EC-QU-1 April-2016 11,021 blaNDM-4 (0.937)

EC-QU-10 December-2016 11,021 marA mutation
EC-QU-16 January-2017 131 blaIMP-26 (0.126)
EC-QU-6 March-2017 11,021 blaNDM-4 (0.764)

EC-QU-19 September-2018 2083 blaNDM-5 (0.65)
EC-QU-21 October-2018 162 blaNDM-5 (0.79)
EC-QU-23 January-2019 38 blaOXA-244 (0.852)
EC-QU-25 January-2019 38 blaOXA-244 (0.972)
EC-QU-26 May-2019 38 blaOXA-244 (0.80)
EC-QU-27 July-2019 95 blaOXA-181 (0.84)
EC-QU-31 August-2019 410 blaOXA-484 (0.78)
EC-QU-30 September-2019 227 blaOXA-48 (0.94)
EC-QU-29 September-2019 38 blaOXA-244 (0.991)
EC-QU-28 September-2018 131 blaOXA-244 (0.94)
EC-QU-33 September-2019 2346 blaOXA-244 (0.983)
EC-QU-35 October-2019 10 blaOXA-244 (0.731)

Klebsiella pneumonaie

KPN-QU-9 October-2015 45 ompK37 mutation
KPN-QU-15 January-2017 218 ompK37 and ompK36 mutations
KPN-QU-17 March-2017 101 blaNDM-1 (0.884)
KPN-QU-3 March-2017 196 blaNDM-1 (0.992)

KPN-QU-11 April-2017 987 ompK37 mutation blaOXA-48 (0.947)
KPN-QU-20 April-2018 147 blaNDM-5 (0.942)
KPN-QU-22 January-2019 35 ompK37, ompK36 mutations blaOXA-181 (0.913)
KPN-QU-37 August-2019 3712 ompK37 mutation bla OXA-181 (0.97)
KPN-QU-36 October-2019 870 ompK37 and ompK36 mutations blaNDM-1 (0.982)

Enterobacter hormaechi
EBH-QU-2 October-2016 269 blaNDM-7

a

Enterobacter cloacae

EBH-QU-4 December-2016 171 blaNDM-1
a

a Posterior probability was not determined for these isolates.

The antimicrobial markers carried in the isolates are summarized in Table 2 and Table S1.
Seven E. coli isolates harbored blaOXA-244, three E. coli isolates carried blaNDM-5, two harbored
blaOXA-48, two fostered blaNDM-4 while blaNDM-1, blaIMP-26, blaOXA-181, blaOXA-484, and marA
mutations were each housed by one E. coli. Carbapenem resistance in four K. pneumoniae
isolates was ascribed to the combination of blaOXA-48/OXA-181/NDM-1 β-Lactamase production,
and porin ompK36/37 insertional inactivation. Two K. pneumoniae harbored blaNDM-1, one iso-
late carried blaNDM-5. Carbapenem resistance in one K. pneumoniae was assigned to the ompK37
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mutation and in another isolate is due to the ompK36 and ompK37 mutations. E. hormaechei
harbored blaNDM-1 and blaNDM-7 (Table 2).

The locations of the carbapenemases were determined for E.coli and K. pneumonia using
a support vector machine (SVM) algorithm to determine whether the contig of the gene lies
on the chromosome or a plasmid. The posterior probabilities of the carbapenemase lying on
the plasmid are presented in Table 2. Using a probability cutoff of 0.7 (minimum validated
for the algorithm) 21 out of 27 (77%) isolates harbored plasmid type. The algorithm gave
no probability for the location of the gene in the two Enterobacter isolates as the algorithm
was trained on Enterococcus species. Only 15.6% (5/32) have other genetic mutations that
have been previously associated with carbapenem resistance (Table 2).

3. Discussion

CRE UTIs in the pediatric population in Qatar are caused by a diverse set of E. coli
and K. pneumoniae sequence types (STs). The Pediatric Emergency Center sees patients
from across the country. The isolates are representative of the general pediatric population.
However, no spatial association could be drawn as most patients were not hospitalized,
and no information was available on their geographic origin. Moreover, for most isolates,
there was no temporal relationship between members of the same species and/or ST except
for two isolates (EC-QU-23 and EC-QU-25, Table 2).

CRE infections are associated with mortality rates as high as 65% in the adult popula-
tion; the rates vary between reports in the pediatric population, with higher rates among
neonates [17]. In this study, two patients died within one year of developing CRE UTI (one
in 3 months and the other in 11 months). The leading cause of death is attributed to their
complicated underlying co-morbidities, namely, congenital heart disease and pulmonary
disorders for the first patient and Wiskott–Aldritch for the second.

Carbapenemases are typically carried on plasmids, which enable horizontal gene
transfer and their dissemination between bacteria. However, there have been reports
of carbapenemases integrated into the chromosome [19]. Multiple isolates showed a
probability of the carbapenemase being harbored on the plasmid below the cutoff (0.7).
Two isolates, EC-QU-7 and EC-QU-16, had very low probabilities, indicating that the genes
are likely on the chromosome. The presence of a carbapenemase on the chromosome can
increase dissemination further by allowing vertical transmission while also retaining the
ability to transfer horizontally due to the presence of integrons [19].

The most common carbapenemase genes observed in this study are those that encode
OXA-48-like carbapenemase lactamases. A previous report on CRE infections in Qatar
in the general population (median age 57) and using various sample sources reported
NDM-1 and NDM-7 as the most common carbapenemases [18]. However, investigating
a sub-population, pediatric UTIs in the study case show a shift in the distribution of car-
bapenemases. The worldwide dissemination of carbapenemases, particularly in the Middle
East, has been suggested due to the importation of CREs through international travel [20].
The contrast in the carbapenemase distribution in this study with the previous report may
suggest varying importation sources. The higher prevalence of NDM carbapenemases
in that report may be attributed to the higher proportion of migrant workers from the
Indian subcontinent, where NDM carbapenemases are endemic [21,22]. However, none of
the patients in the study had a recent travel history except for one patient that traveled
to India two months before specimen collection (January 2017). The patient had a mixed
infection by E. coli and K. pneumoniae carrying NDM-4 and NDM-1, respectively. Additional
information on the carriage rates in the pediatric population and their family members,
and their travel history, may provide more concrete data to build a conclusion on.

Nevertheless, there is an apparent relationship between the type of carbapenemase and
the nationality of the patient. Of the 12 NDM producers, 66.67% were isolated from patients
from the Indian subcontinent (including the patient with travel history to India) compared
to 14.3% of OXA-48-like carbapenemase producers (Figure 2). The majority of OXA-48-
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like enzyme producers were isolated from patients from the Arabian Peninsula, Levant,
or North Africa, where OXA-48-like outbreaks or transmission have been reported [23,24].
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Figure 2. Distribution of carbapenemases by patient ethnicity. Patients from the Arabian Peninsula
include the patients from Qatar and the United Arab Emirates. The Levant includes patients from
Jordan, Syria, Lebanon, North Africa includes patients from Egypt and Sudan, and the Indian
subcontinent includes patients from India and Pakistan.

The most common OXA-48-like carbapenemase observed is OXA-244 (50% of OXA48
like enzymes), followed by OXA-181 and OXA-48. OXA-244 is a single amino acid substi-
tution variant of OXA-48 with a weaker carbapenemase activity that has been frequently
reported across Europe [25–27]. The lower carbapenemase activity results in lower MICs
and more challenging detection, contributing to its silent dissemination [28]. All the iso-
lates carrying OXA-244, all of which were E. coli, were non-susceptible to ertapenem and
susceptible to imipenem and meropenem, except for one isolate non-susceptible to all three.
The E. coli isolate that is non-susceptible to all three carbapenems may possess other AMR
markers not detected in this study. Notably, all the isolates co-carried a CTX-M type ESBL
and/or an AmpC β-lactamase, leading to resistance to third generation cephalosporins.
The isolates carrying either carbapenemase were not susceptible to ertapenem or imipenem.
Two of the three OXA-181-harboring isolates were from patients whose origin is the Indian
subcontinent, which is the main reservoir for this carbapenemase [23].

Three of the isolates did not carry any carbapenemases. One K. pneumoniae isolate
had mutations in the outer membrane porin OmpK37, and another had mutations in
OmpK37 and OmpK36. Modifications of OmpK36/37 contribute to resistance to third
generation cephalosporins by reducing antibiotic influx [29–31]. However, porin mutations
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combined with ESBL and/or AmpC β-lactamase have been reported to lead to carbapenem
non-susceptibility [32]. The two K. pneumoniae isolates carried both an ESBL and AmpC
β-lactamase and were non-susceptible to ertapenem and meropenem. The third isolate
without a carbapenemase was an E. coli with a mutation in the multiple antibiotic resistance
A (marA) gene. marA encodes a transcriptional factor that regulates the expression of
multi-drug efflux pumps and porins [33–35]. Overexpression of marA can result in reduced
susceptibility to carbapenems [36]. In addition to marA, the isolate also carried several
efflux pumps and the DHA-1 AmpC β-lactamase. The combination may potentially explain
the observed carbapenem non-susceptibility in a similar mechanism to the porin mutation
and ESBL/AmpC combination seen in K. pneumoniae.

4. Materials and Methods
4.1. Clinical Isolates and Control Strains

Institutional Biosafety Committee approval for this study was obtained from the Med-
ical Research Centre (MRC), Hamad Medical Corporation (HMC), Doha, Qatar, protocol
no. 16434/16. In total, 30 carbapenem-resistant bacterial isolates were collected between
October 2015 and November 2019 from children presented to the Pediatric Emergency
Center at Al-Saad, HMC, Qatar, with lower UTIs. All urine analyses were performed on
patients who presented with symptoms, mainly fever and dysuria. The urinary catheter
was applied for all patients less than or equal to 2 years of age, cerebral palsy (CP) patients,
and patients under intermittent catheterization. Otherwise, urine was obtained from the
mid-stream catch. Samples that did not yield significant bacterial growth, those with
multiple organisms, and samples with suspected contamination as per lab report were
excluded from the study, and no duplicate samples were collected. All of the reported
cases had UTI as their primary diagnosis. In addition, for each patient, demographic data
such as age, nationality, and gender were collected.

Enterobacteriaceae species were then isolated using readymade Cystine Lactose Electrolyte-
Deficient media (IMES, Doha, Qatar) and identified by MALDI-TOF (Bruker Daltonik
GmbH, Leipzig, Germany). Initial antimicrobial susceptibility testing was performed by
Phoenix using the NMIC/ID-5 panel (BD Biosciences, Heidelberg, Germany) according to
the manufacturer’s recommendations. Briefly, panels were inoculated with 0.5 McFarland
pure culture, placed into the instrument, and incubated at 35 ◦C. The instrument tests the
panel every 20 min up to 16 h if necessary. MIC values of each antimicrobial agent are
automatically read as susceptible, intermediate, or resistant (SIR). All intermediates were
considered susceptible, and susceptibility testing was performed for twenty-two clinically
relevant antibiotics. Both automated tests were performed at Hamad General Hospital
Microbiology laboratory. Thirty-two out of 36 detected carbapenem-resistant isolates were
subjected to further genotypic analysis (strain characteristics of these isolates are described
in Table 1), and non-Enterobacteriaceae were excluded.

Standard strains, E. coli ATCC® 25922™ and E. coli ATCC® 35218™ were used as
controls for antimicrobial drug susceptibility testing. Enterobacter cloacae complex.

NCTC® 13925TM, K. pneumoniae NCTC® 13440TM, K. pneumoniae NCTC® 13443TM,
E. coli NCTC® 13476 TM IMP, and K. pneumoniae NCTC® 13442TM were used as positive
controls for class A carbapenemases (IMI), class B Carbapenemases (Metallo-β-lactamases:
VIM-1, NDM-1, IMP) and class D Carbapenemases (OXA-48), respectively. All intermediate-
resistant isolates were considered susceptible. These clinical isolates were preserved at
−80 ◦C for further analysis.

4.2. Carbapenemase Phenotypic Confirmation

The isolates resistant to meropenem, ertapenem, or imipenem were further tested with
the NG-Test CARBA 5 assay (NG Biotech, Guipry, France), following the manufacture’s
protocol. The assay detects the presence of NDM, VIM, IMP, KPC, and OXA-48-like
carbapenemases. In the event that an isolate was negative for the five carbapenemases,
it was tested with both ertapenem and meropenem E-tests (Liofilchem, Roseto degli
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Abruzzi TE, Italy) and interpreted following the Clinical Laboratory Standards Institute’s
(CLSI) guidelines.

4.3. Molecular Characterization

DNA extraction, whole-genome sequencing, and bioinformatic analysis.
Genomic DNA was extracted from all E. coli, K. pneumoniae, and Enterobacter cloacae

(E. cloacae) isolates that were positive for one of the five carbapenemase genes. Extraction
was performed using the QIAamp® UCP Pathogen mini kit (Qiagen, Düsseldorf, Germany)
following the manufacturer’s protocol. Briefly, genomic DNA was purified from each
isolate and later quantified using a Qubit dsDNA high sensitivity assay (Thermo Fisher,
Waltham, MA, USA). Whole-genome sequencing was performed on the Illumina MiSeq
platform, using Nextera XT (Illumina, San Diego, CA, USA), for paired-end (PE) library
construction; the DNA was tagmented, amplified with index primers, and purified with
AMPure XP beads (Beckman Coulter, Brea, CA, USA). Finally, the DNA library was normal-
ized, pooled, and sequenced using the MiSeq platform with 300bp PE reads (MiSeq Reagent
Kit V3). The raw sequences were subjected to a quality check and analyzed using CLC
genomics workbench v20.0.4 (https://digitalinsights.qiagen.com; accessed on 20 August
2020). Briefly, the reads were quality assessed, trimmed, and followed by de novo assembly.
Resistance genes were identified using ResFinder v 4.1 [37] and CARD’s comprehensive
antibiotic resistance database [38]. Only resistance genes that showed a perfect match,
with 100% identity and coverage for a given gene in the database, were reported in this
study. Sequence type was identified by an exact match against the chosen locus scheme
Achtman via pubMLST database for molecular typing (www.pubMLST.org accessed on
20 August 2020). Identification of mobile genetic elements, and their relation to antibiotic
resistance were analyzed through Mobile Element Finder [39], and the location of the gene
was determined using mlplasmids v1.0.0 [40]. In brief, mlplasmid uses SVM algorithm
pentamer frequencies to classify the contigs harboring the genes of interest as plasmid- or
chromosome-derived using maximum likelihood.

5. Conclusions

The most common carbapenemases in pediatric UTIs in Qatar are OXA-48-like car-
bapenemases. CREs expressing these carbapenemases may pose a threat of silent transmis-
sion as they typically confer low-level resistance to carbapenems, particularly in the case
of OXA-224. Additionally, the presence of CREs that gain resistance through mechanisms
other than carbapenemases highlights the limitation of the common screening methods
that rely only on the presence of carbapenemases. While the sample is comprehensive, in-
cluding all CRE UTIs over the period between October 2015 and November 2019, the small
sample size and lack of all-inclusive clinical information preclude in-depth analysis of the
clinical manifestations and implications on the treatment of such infections or measuring
meaningful associations. Nevertheless, the results warrant further investigation on the epi-
demiology of CRE infections in the pediatric population, particularly in terms of carriage,
to elucidate the distribution and transmission dynamics of CREs.
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Abstract: The emerging spread of carbapenemase-producing Enterobacterales (CPE) strains, in par-
ticular, Klebsiella pneumoniae and Escherichia coli, has become a significant threat to hospitalized
patients. Carbapenemase genes are frequently located on plasmids than can be exchanged among
clonal strains, increasing the antibiotic resistance rate. The aim of this study was to determine
the prevalence of CPE in patients upon their admission and to analyze selected associated factors.
An investigation of the antibiotic resistance and genetic features of circulating CPE was carried out.
Phenotypic tests and molecular typing were performed on 48 carbapenemase-producing strains of
K. pneumoniae and E. coli collected from rectal swabs of adult patients. Carbapenem-resistance was
confirmed by PCR detection of resistance genes. All strains were analyzed by PCR-based replicon
typing (PBRT) and multilocus sequence typing (MLST) was performed on a representative isolate of
each PBRT profile. More than 50% of the strains were found to be multidrug-resistant, and the blaKPC

gene was detected in all the isolates with the exception of an E. coli strain. A multireplicon status
was observed, and the most prevalent profile was FIIK, FIB KQ (33%). MLST analysis revealed the
prevalence of sequence type 512 (ST512). This study highlights the importance of screening patients
upon their admission to limit the spread of CRE in hospitals.

Keywords: Enterobacteriaceae; PCR-based replicon typing; antibiotic-resistance; sequence types;
multilocus sequence typing; plasmids

1. Introduction

The rapid spread of carbapenem-resistant Enterobacterales (CRE) mediated by car-
bapenemase enzymes represents a serious problem in hospitals worldwide [1]. Carbapene-
mases are beta-lactamases that have the ability to hydrolyze penicillins, cephalosporins,
monobactams and carbapenems rendering them ineffective as antibiotics [2]. The use of
broad-spectrum antimicrobials is a risk factor for the colonization of CRE in healthcare
settings, and the lack of alternative therapies increases the mortality and morbidity rates
as well as the costs of prolonged hospitalizations. Currently, the European epidemiology
of CRE is variable. It is endemic in some countries, such as Italy, Greece and Romania,
whereas its spread is still limited in most other European countries, notwithstanding a
growing incidence in Spain, Portugal and Bulgaria [3].
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The frequent exchange of plasmids carrying carbapenemase genes occurring among
the strains increases the risk of CRE infections [4]. The European Antibiotic Surveillance
Network (EARS-Net) data for 2018 reported frequent cases of carbapenem-resistance, in par-
ticular, related to the spread of carbapenemases-producing Klebsiella pneumoniae (KPC-Kp)
and Escherichia coli (CP-Ec), with higher levels associated with the former. An increasing
incidence of carbapenem-resistance in the EU/EEA population was reported between 2015
and 2018, with a growing number of deaths caused by K. pneumoniae infections. Despite
its limited incidence, the distribution of E. coli resistant to carbapenems also needs to be
monitored, considering the global impact of antimicrobial resistance [5]. In Italy, CRE
have been spreading since 2010, and recent national surveillances data show that 95% of
carbapenem resistance is attributable to K. pneumoniae and E. coli isolated from bacteraemia.

The main clinical characteristics and risk factors associated with CRE colonization of
vulnerable patients include comorbidities, recurrent hospitalization, lengthy hospitalization
and complex therapeutic management [6]. However, the seriousness of CRE carriage may
vary according to each patient’s particular clinical situation. For example, it is considered
serious in patients with complicated intra-abdominal and urinary tract infections that
require long hospital stays [3]. As suggested by the European Centre for Disease Prevention
and Control (ECDC 2018) [5], a range of hygiene control measures must be implemented in
healthcare settings. Moreover, in light of the importance of the role of patient transfers in
CPE spread in the healthcare network, such measures must be supported by the systematic
screening of patients upon their admission and during their hospitalization [7].

The identification of CPE carriage through the active rectal surveillance of patients
is an effective way to limit and control CPE spread in healthcare settings. When setting
up a CPE surveillance program, relevant considerations include the program’s level of
automation, its costs, the time it requires to execute, as well as how easy it is to use.
Rapid molecular methods may be advisable to support screening performed in clinical
microbiology laboratories [3].

The investigation described herein aims to determine the prevalence of CRE in patients
upon their admission to a teaching hospital in Central Italy and to analyze selected associ-
ated factors. Moreover, a characterization of the strains was performed using PCR-based
replicon typing (PBRT), PCR resistance genes and multilocus sequence typing.

2. Results
2.1. Antimicrobial Resistance

In the study period, 2478 patients were screened on admission by rectal swab. Overall
48 tested positive upon their first admission; hence, the prevalence of CRE was 1.93%.
The isolated strains were predominantly K. pneumoniae (94%, n = 45), while the detection of
E. coli was infrequent (n = 3). All strains were carbapenem-resistant and a phenotypic test
revealed a resistance mediated by KPC carbapenemase enzymes in 47 strains, classifying
them as carbapenemase-producing Enterobacterales (CPE). Genotypic characterization
of the main carbapenemase-resistance genes showed that all strains harbored the blaKPC
resistance gene with the exception of an E. coli strain; blaKPC was combined with blaVIM in
a single strain of K. pneumoniae. Twenty-one isolates (44%) were classified as multidrug-
resistant (MDR) as indicated by Magiorakos et al. [8]. Only seven isolates, identified
as K. pneumoniae, were susceptible to all of the tested antibiotics. Moreover, the highest
resistance rate was towards cefuroxime (54%) followed by ciprofloxacin (44%), levofloxacin
(42%) and ampicillin sulbactam (42%). The genotypic and phenotypic patterns of antibiotic-
resistance and PBRT profiles of the isolates are summarized in Table 1.
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Table 1. Genotypic and phenotypic profiles of strains isolated from rectal swabs.

a Isolate b PBRT Profile c CR Genes
d Antibiotic Resistance e ST

CN AK TOB TZP FOS AMS CIP LEV CXM SXT

Kp_6

FIIK, FIB KQ

blaKPC R R R S S S R S R S 512
Kp_14 blaKPC S S S S S S S S R S
Kp_48 blaKPC S S S S S S S R R S
Kp_56 blaKPC S S S S S S S R R S
Kp_58 blaKPC S S S S R S R R R S
Kp_194 blaKPC S S S S R S S S R S
Kp_282 blaKPC S S S S R S S S S S
Kp_484 blaKPC R R R S S S R R R R
Kp_485 blaKPC S S S S S S S S S S
Kp_593 blaKPC S S R R R R S S R S
Kp_605 blaKPC S S S S R S R R S S
Kp_612 blaKPC R R R S S S R R R R
Kp_613 blaKPC S S S S R R R R R S

Kp_654 blaKPC,
blaVIM

S R R S R R R R R R

Kp_660 blaKPC S S S S S S S S S S
Kp_672 blaKPC R R R S S S R S R S

Kp_506

FIB KQ

blaKPC S S S S S S S S S S 512
Kp_604 blaKPC S R R S S S R R R S
Kp_689 blaKPC S S S R R R R R S S
Kp_690 blaKPC S S S R R S S S S S
Kp_691 blaKPC S S S S S S R R S S
Kp_696 blaKPC S S S R S S S S S S
Kp_712 blaKPC S S S S R R R S S S
Kp_714 blaKPC R R R S S S S S S S

Kp_176

FIIK, FIB KQ, FIB KN

blaKPC S S S S S S S S S S 512
Kp_13 blaKPC R S S R R R R R R S
Kp_59 blaKPC S S S R R R S S S S
Kp_60 blaKPC S S S S R R S S R S
Kp_186 blaKPC S S S S S S S S S S
Kp_187 blaKPC S S S S S R S S R S
Kp_283 blaKPC S S S R S R S S S S
Kp_285 blaKPC S S S R S R S S S S
Kp_673 blaKPC S S S S S S S S R S
Kp_679 blaKPC S S S S S S S S S S

Kp_15 FIIK, FIB KQ, HI1 blaKPC R S S S S S R S R S 512

Kp_245 FIIK, FIB KQ, FIB KN, X3 blaKPC S S S S S R S S S S 512

Kp_709 FIB KN blaKPC S S S R S R S S S S 101

Kp_9

FIIK, FIB KN

blaKPC S S S R S R S R S S 101
Kp_16 blaKPC R S S S S R R S R S
Kp_17 blaKPC S R R S R S R R R S

Kp_284 blaKPC S S S S S S S S S S

Kp_19 FIIK, FIB KN, A/C blaKPC S R S S R S R R R S 101

Kp_49 FIB KQ, FIB KN blaKPC S S S R S R S S S S 101

Kp_640 FIIK, X1,N, M blaKPC S R R S S S R R R S 307

Kp_707 FIB KQ, FIB KN, HI1 blaKPC S S S R R R S R R S 307

Ec_136 FIA, FIB, FII - S S R S S R R R R S 405

Ec_705 FIB KQ, FIB KN blaKPC S S S R R R R R R S 405

Ec_178 FIIK, FIB KQ, FIA, FIB, I1γ blaKPC S S S R R R R R R S 131
a Kp and Ec are abbreviations for the K. pneumoniae and E. coli strains, respectively; b PBRT, PCR-based replicon typing; c CR, carbapenem-
resistance; not detected; d CN, gentamycin; AK, amikacin; TOB, tobramycin; TZP, piperacillin/tazobactam; FOS, fosfomycin; AMS,
ampicillin-sulbactam; CIP, ciprofloxacin; LEV, levofloxacin; CXM, cefuroxime; SXT, co-trimoxazole; e ST, sequence type.
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2.2. Plasmid Typing and Classification

Plasmid analysis showed that IncFIB KQ was the most predominant Incompatibility
group observed in 81% of the strains. The combined results obtained from PBRT identified
14 profiles with a prevalence of FIIK, FIB KQ (33.3%; n = 16), FIB KQ (16.6%; n = 8), FIIK,
FIB KQ, FIB KN (20.8%; n = 10), FIIK, FIB KN (8.3%; n = 4), whereas a single strain was
found to be positive for the remaining profiles (Figure 1). Multireplicon status (two or
more replicons) was recorded in 39 strains (81%), with a maximum of five replicons in one
of the three strains of E. coli, which also showed resistance to six antibiotics. By contrast,
the K. pneumoniae strain (reported in Table 1 as 245) showed a high number of replicons
(n = 4) but low resistance. The only strain (654 in Table 1) carrying a combination of two
carbapenem-resistance genes blaKPC; blaVIM was found among the most prevalent PBRT
profile (FIIK, FIB KQ). Finally, FII was the only replicon recorded for the E. coli strain,
which was the only strain found to be negative for carbapenemase-resistance genes.
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a Kp and Ec are abbreviations for the K. pneumoniae and E. coli strains, respectively; b PBRT, PCR-based replicon typing; c 
CR, carbapenem-resistance; not detected; d CN, gentamycin; AK, amikacin; TOB, tobramycin; TZP, piperacillin/tazobac-
tam; FOS, fosfomycin; AMS, ampicillin-sulbactam; CIP, ciprofloxacin; LEV, levofloxacin; CXM, cefuroxime; SXT, co-tri-
moxazole; e ST, sequence type. 
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Figure 1. Prevalence of PBRT profiles in K. pneumoniae (Kp) and E. coli (Ec) strains.

2.3. Multilocus Sequence Typing Analysis

MLST analysis was performed on a representative isolate from each PBRT profile,
and based on these results, 14 strains (11 K. pneumoniae and 3 E. coli strains) were character-
ized as shown in Table 1. Five different Sequence types (STs) were identified: ST512, ST101,
ST405, ST307 and ST131. Specifically, among the 11 strains of K. pneumoniae, three STs were
determined with a prevalence of ST512 (n = 5), followed by ST101 (n = 4) and ST307 (n = 2).
All the STs detected in this study were found in strains showing high variability in terms of
both antimicrobial resistance and PBRT patterns. The strains called Kp_506 and Kp_176, be-
longing to ST512, were susceptible to all of the tested antibiotics and associated with the FIB
KQ and the FIIK, FIB KQ, FIB KN group, respectively. In addition, the Kp_245 strain was
resistant to a single antibiotic (AMS) but associated with a multireplicon status showing
four replicons (FIIK, FIB KQ, FIB KN, X3). By contrast, the MDR strain Kp_6 was resistant
to five antibiotics (gentamycin (CN), amikacin (AK), tobramycin (TOB), ciprofloxacin (CIP),
cefuroxime (CXM)) but only two replicons were detected (FIIK, FIB KQ). Finally, Kp_15,
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resistant to three antibiotics (CN, CIP, CXM), was the only strain showing a FIIK, FIB
KQ, HI1 profile. The same variability was observed for ST10, which is shown in Table 1.
Importantly, the two strains of K. pneumoniae classified as ST307 showed a high level of
resistance with different antibiotic patterns.

On the other hand, two STs were detected among the three strains of E. coli: the well-
known ST131 (n = 1) and the sporadic ST405 (n = 2). The former was associated with a strain
showing a high resistance rate and five replicons, whereas the latter was associated with
two strains showing different resistance patterns and PBRT profiles. In addition, one of
those strains was negative for carbapenem-resistance genes, confirming the variability of
the collection.

2.4. Epidemiological Data

The control patients did not differ from the cases in terms of age, sex, hospital admis-
sion rate during the previous 30 days, or comorbidities. However, there was a significant
difference between the two groups in terms of origin upon admission, with 83.3% of the
controls coming from the emergency department (ED) versus 52.1% of the cases. Moreover,
none of the controls had previously resided in a long-term care facility (LTCF) (Table 2).

Table 2. Distribution of selected variables associated with the detection of CPE on admission.

Variables Control % Cases % p

Age

<44 2 4.2% 4 8.3% NS
45–64 17 35.4% 17 35.4% NS
>65 29 60.4% 27 56.3% NS

Sex

Male 30 62.5% 32 66.7% NS

Origin of Patients

Emergency department 40 83.3% 25 52.1% <0.001
Home 3 6.3% 10 20.8% NS
1 LTCF - 4 8.3% 0.041

Other hospital 5 10.4% 9 18.8% NS
Hospital admission during the

previous 30 days 11 22.9% 11 22.9% NS

Comorbidities

Diabetes 3 6.3% 8 16.7% NS
Renal disease 13 27.1% 7 14.6% NS

Cardiovascular disease 11 22.9% 6 12.5% NS
2 COPD 7 14.6% 3 6.3% NS
Cancer 10 20.8% 10 20.8% NS

Presence of disability 1 2.1% 5 10.4% NS
Respiratory failure 14 29.2% 9 18.8% NS

Urinary tract infection 9 18.8% 3 6.3% NS
Administration of antibiotics 14 29.17% 25 52.08% 0.022

NS: >0.05; 1 LTCF, long-term care facility; 2 COPD, chronic obstructive pulmonary disease.

The results of multivariable logistic regression are shown in Table 3, highlighting a
significant association between previous antibiotic use (OR 3.76, 95%CI 1.45–9.72) and
hospital admission (OR 3.00, 95%CI 1.16–7.71) and CPE carriage on admission. On the
other hand, admission to the ED was protective (OR 0.27, 95%CI 1.10–0.73).
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Table 3. Result of logistic regression analysis to evaluate factors associated with CPE carriage on
admission.

Variables OR p Value 95%CI

Previous use of antibiotics 3.76 0.006 1.45–9.72
Previous hospital admission 30 days 3.00 0.023 1.16–7.71

Emergency department (ED) 0.27 0.010 0.10–0.73

3. Discussion

In Italy, the rapid spread of CRE has become endemic, and it is a critical issue in the
surveillance and treatment of infections [9].

CRE infection control and prevention require greater investments than other diseases
across a range of areas, including patient screening, the management of long hospitaliza-
tions, as well as antimicrobials and patient isolation [3]. Once they are introduced by newly
admitted patients, CRE strains rapidly spread through the hospital; hence, the prompt
identification of colonized patients through active rectal surveillance can potentially reduce
transmission. Incorporating rapid inexpensive methods into the clinical routine of hospitals
to typify the plasmid conferring carbapenem-resistance can help to stem the spread of
Enterobacterales [10].

We confirmed the efficacy of active screening for CRE through rectal swabs as an
important component of any infection control program [11]. The observed high prevalence
of K. pneumoniae was in agreement with other investigations, including the last European
Survey [5,12]. Most of our CRE isolates were found to be resistant to many antibiotics
commonly used in hospital settings, a phenomenon that has been widely reported [9,13,14].
These findings highlight the limited number of therapies that are available to treat CRE,
which accounts for the high mortality rate currently associated with this type of infec-
tion [12]. Hence, the control of the spread of CRE infections is critically important, particu-
larly in hospital settings.

Among the known groups of genes encoding for the carbapenemase enzymes, blaKPC
and blaNDM are the most prevalent, and the co-occurrence of multiple resistance determi-
nants is frequently reported [15,16]. However, in the present study, only the variant blaKPC
was detected in the isolates, and only one strain of K. pneumoniae was positive for two
carbapenemase genes. To our knowledge, such a low incidence of the co-occurrence of
blaKPC and blaVIM has rarely been described [17,18].

Considering the global spread of these determinants through plasmids, the charac-
terization of incompatibility groups among CPE isolates makes it possible to track the
dissemination of plasmids where antibiotic resistance genes can be located [16]. Not sur-
prisingly, the most prevalent incompatibility group detected among our isolates was IncF,
the common plasmid types largely associated with the spread of antibiotic resistance
genes in Enterobacterales [19]. This is due to their advantageous intracellular adaptation
supported by the regulatory sequences of replicons in constant and rapid evolution. Fur-
thermore, the IncF are low-copy-number plasmids carrying more replicons to promote the
initiation of replication. This feature was also observed in the present work, in which a
high number of multiple replicons were detected with a prevalence of FII and FIB, typically
found in a multireplicon status. Normally, the FII replicon is silent, whereas the activity
of FIB, as well as that of FIA, is only related to enteric bacteria. Notably, the occurrence
of multiple replicons allows plasmids to enlarge the host range replication, increasing
the likelihood that they may be transferred between different species [20]. Our analysis
thus highlights the usefulness of molecular typing to better understand the distribution
of resistant strains in clinical settings monitored by surveillance programs. Furthermore,
the proposed method for the amplicon analysis using the AATI Fragment Analyzer reduces
detection time and simplifies the electrophoresis step with an automated workflow. The
PBRT method therefore represents a valid tool that can also be used in hospital settings
thanks to its rapidity.
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The identification of ST through MLST allowed us to collect preliminary information
about the clones circulating in the hospital. Of all of the sequence types obtained, ST512
and ST131 were the most frequent in K. pneumoniae and E. coli, respectively. ST512 belongs
to the clonal complex 258 (CC258), in which ST258 is not only the dominant type but also
the ancestor of all members. This finding confirms the endemic nature of ST512 in Italy,
its association with several plasmids containing blaKPC variants and its widespread rectal
colonization [21,22]. In addition to the endemic ST512 clone, K. pneumoniae ST101 was also
identified, and found to carry blaKPC, pointing to the high potential for the spread of this
clone, which is already found in Italy [23]. Notably, a comparative analysis carried out
by Roe and colleagues (2019) revealed a similar resistome between emerging ST101 and
the global ST258 of K. pneumoniae, strengthening the tendency of the former to become an
epidemic dual-risk clone [24]. In agreement with other studies carried out in Italy, emerging
ST307 was also identified among our isolates, confirming the pivotal role of this clone in
clinical niches [25,26]. It is a novel distinctive lineage carrying KPC-plasmids acquired
through horizontal transfer with particular virulence factors allowing an advantageous
adaptation to the hospital environment [26].

Notwithstanding the limited number of E. coli strains collected, two relevant lineages
were detected. ST405 has an international distribution and is associated with extended-
spectrum beta-lactamases [27]. ST405, carrying blaNDM, is usually responsible for urosep-
sis [28]; however, in our study this gene was found to be negative. Commonly, the ac-
quisition of novel resistance determinants is essential for a successful and rapid spread
of emerging clones. ST131 causes a wide range of extraintestinal infections with a high
prevalence in patients in LTCF, who require regular health-care assistance [29]. The majority
of the plasmids associated with ST131 belong to the IncF group containing FIA and FII
replicons as was observed in the present study. The IncF plasmid carries multiple antibiotic
determinants and virulence factors that ensure important advantages for ST131 throughout
host colonization [21,29].

The identification of clones responsible for the spread of resistance determinants as
well as the detection of emerging clones highlight the evolutionary dynamics of bacterial
strains. Recent studies have identified the ED as an important reservoir for CRE coloniza-
tion, highlighting the need to address infection control in the ED in order to better manage
carbapenem resistance in other wards [30,31]. Our results, on the other hand, show en-
trance from ED as a protective factor. This discrepancy can probably be accounted for by
the fact that in the present investigation, patients originating from the ED were admitted
through that department but did not stay there for a prolonged period. In addition to being
an established factor associated with colonization, previous admission to a LTCF was not
independently associated with CPE carriage. However, we must underscore the role of
LTCFs as a reservoir of CPE in the healthcare system and the specific clones belonging to
patients originating from LTCF [32]. In this context, the patient’s disability and need for
assistance highlight the importance of contact precautions and infection control policies.
The continuous collection of epidemiological and molecular information in healthcare
facilities allows such facilities to enact prompt intervention to mitigate the risk of the
colonization of patients during their stay.

4. Materials and Methods
4.1. Bacterial Isolates

A surveillance study involving the collection of isolates provided by the ongoing CRE
screening on admission program at Ancona Associated Hospitals (Marche Region, Italy)
was carried out from February to September 2018. A total of 2478 patients were screened
on admission by rectal swab in the study period.

Rectal swabs from all adult patients were collected on admission to the hospital
at the clinical microbiology laboratory in Ancona (Ancona Associated Hospitals, Italy).
All samples were analyzed for the presence of carbapenem-resistant bacteria. The rectal
swabs were transported to our laboratory on the day of collection and stored at 4 ◦C until
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processed. The swabs were then inoculated into 5 mL Tryptic Soy Broth (Liofilchem, Roseto
degli Abruzzi, Italy) with a 10 µg meropenem disc (Becton Dickinson, Franklin Lakes,
NJ, USA) and incubated overnight at 35 ◦C [33]. Subsequently, 100 µL of a 0.5 McFarland
suspension of each swab sample were inoculated into chromogenic media (Brilliance CRE
Agar-Thermo Fisher, Waltham, MA, USA). After 24 h of incubation at 37 ◦C, the plates
were evaluated to verify the color of the colonies: pale pink colonies were considered
presumptive carbapenem-resistant E. coli, while steel-blue colonies were assumed to be
K. pneumoniae. Colorless or cream-colored colonies were assumed to be Acinetobacter
baumannii. Subsequently, VITEK MS (bioMérieux, Marcy l’Etoile, France) was used to
confirm the species.

The phenotypic assay for carbapenem resistance mechanisms was carried out using
disk diffusion method with meropenem disks supplemented with phenylboronic acid,
dipicolinic acid and cloxacillin according to the instruction manual (Biolife Italiana, Milan,
Italy) [34].

4.2. Antimicrobial Susceptibility Testing

Antimicrobial resistance patterns were identified by the Molecular Epidemiology Lab-
oratory at the Università Politecnica delle Marche, Ancona (Italy). The antibiotic susceptibil-
ity of all the collected strains was determined by the minimal inhibitory concentration (MIC)
method using the SensiQuattro Gram-negative System (Liofilchem, Italy). This method-
ology is in accordance with the guidelines of the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) clinical breakpoint version 9.0 (https://www.eucast.org/
fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_9.0_Breakpoint_Tables.
pdf). The following antimicrobial agents were tested: gentamycin (CN), amikacin (AK),
tobramycin (TOB), piperacillin/tazobactam (TZP), fosfomycin (FOS), ampicillin-sulbactam
(AMS), ciprofloxacin (CIP), levofloxacin (LEV), cefuroxime (CXM), co-trimoxazole (SXT).

4.3. Molecular Detection of Resistance Determinants

All carbapenem-resistant strains were tested for the detection of associated determi-
nants. DNA was obtained by boiling the lysis of isolated colonies for 10 min in distilled
water. The samples were then centrifuged at 15,000× g for 10 min and the supernatant was
transferred into a new 1.5 mL tube and used for the following reactions. Carbapenemase-
resistance genes (blaIMP, blaVIM, blaOXA-48, blaNDM, blaKPC) were determined by PCR am-
plification using primers and conditions previously described by Poirel et al. [35]. Briefly,
the thermal cycling settings were 30 cycles at 95 ◦C for 30 s, 55 ◦C for 1 min, 72 ◦C for 30 s
and one cycle at 72 ◦C for 5 min. A positive control was used for the amplification of each
gene. The PCR products were separated by electrophoresis on a 2.5% (w/v) agarose gel
(Sigma-Aldrich, St. Louis, MO, USA) and visualized using UV transillumination.

4.4. PCR-Based Replicon Typing

Plasmid characterization was performed by PBRT [10] using the PBRT kit 2.0 (Diatheva,
Fano, Italy). This system, consisting of eight multiplex PCR assays, allows the identification
of the following 30 replicons found in the Enterobacteriaceae family: HI1, HI2, I1, I2, X1, X2,
X3, X4, L, M, N, FIA, FIB, FIC, FII, FIIS, FIIK, FIB KN, FIB KQ, W, Y, P1, A/C, T, K, U, R, B/O,
HIB-M and FIB-M. All PCR reactions were performed according to the manufacturer’s
instructions, including positive controls. The amplicons were detected through capillary
electrophoresis on the AATI Fragment Analyzer (Agilent, Santa Clara, CA, USA) using the
dsDNA 906 Reagent kit (Advanced Analytical, Ankeny, IA, USA). This amplicon analysis
allows the combination of two multiplex PCRs in the same lane, resolving up to eight
peaks. One µL of multiplex PCR 1 (M1) was combined with 1 µL of multiplex PCR 3 (M3),
followed by M2 and M7, M6 and M8; the remaining M4 and M5 were loaded separately
(2 µL each). The positive peaks were analyzed using the “PBRT plugin” developed in
cooperation with the Advanced Analytical Company. This tool allows automatic peak
calling and the recording of positive replicons.
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4.5. Multilocus Sequence Typing (MLST)

MLST was performed on a representative strain for each PBRT pattern for both K.
pneumoniae and E. coli strains. For the former, the amplification of the seven targeted
housekeeping genes (gapA, infB, mdh, pgi, phoE, rpoB, and tonB) was carried out accord-
ing to Protocol 2 of the MLST Institute Pasteur database (https://bigsdb.pasteur.fr/).
This protocol uses primers with universal sequencing tails amplifying all genes at the same
temperature and sequencing them with the same forward and reverse primers. Instead,
MLST analysis for E. coli strains was performed using primers and conditions described by
Wirth and colleagues [36] to detect the seven housekeeping genes adk, icd, mdh, gyrB, purA,
recA and fumC. The same PCR primers were used for the sequencing carried out using the
BigDye Terminator v. 1.1 Cycle Sequencing kit on the ABI PRISM® 310 Genetic Analyzer
(Thermo Fisher Scientific, Waltham, MA, USA). For each locus, the obtained consensus se-
quences were submitted to the Pasteur online database and compared to assign the specific
allele numbers. Based on the seven-allele combination found for each locus, the profile of
the isolates corresponding to a specific sequence type (ST) was determined.

4.6. Epidemiological Analysis

A case control approach was used to assess factors associated with the isolation
of resistant strains upon hospital admission. CPE carriage was defined as colonization
by a strain with a confirmed carbapenem-resistance phenotype. A 1:1 matched case-
control study adjusted for sex and age (five-year range) was used. It included 48 cases
and 48 controls. A control was defined as a patient not carrying CPE on admission.
The following factors were investigated through the analysis of hospital discharge records,
including socio-demographic variables (age, sex), provenance on admission (home, other
healthcare institution, LTCF, ED), comorbidities (diabetes, renal disease, cardiovascular
disease, chronic obstructive pulmonary disease (COPD), cancer, the presence of a disability,
respiratory failure, urinary tract infection). All variables were tested by bivariate analysis
for their association with CPE carriage on admission, and a multivariate regression model
was constructed to evaluate variables independently associated with CPE carriage using
a stepwise approach. The goodness of fit of the model was evaluated with the Hosmer-
Lemeshow test and its discriminative ability was assessed with the area under the ROC
curve. The level of significance was set at p < 0.05. Data were analyzed by Stata 15 software
(Stata Corp).

Ethical approval was granted by the Regional Ethics Committee of the Marches
(Det. 816/DG, 11 October 2018); in accordance with the study protocol, the clinical isolates
were collected and stored as a routine clinical procedure, and information concerning both
the clinical isolates and patient records was anonymous. All patients provided written
informed consent for their data to be used for surveillance and preventive purposes,
and anonymized data were thus linked by means of an ID given to each patient at the time
of hospital admission.

5. Conclusions

In conclusion, our study highlights the importance of screening patients upon their
admission in order to limit the spread of CRE in hospitals. Moreover, this study provides a
proof of concept for the introduction of rapid molecular typing methods such as the PBRT
in routine clinical microbiological screening. We tested the feasibility of this approach for
future epidemiological surveillance programs and believe that it could be a good starting
point to screen patients on admission and could enhance infection control/screening
programs in hospitals.
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Abstract: This study aimed at the characterization of carbapenem-resistant Klebsiella pneumoniae
isolates focusing on typing of the blaOXA-48-like genes. Additionally, the correlation between the
resistance pattern and biofilm formation capacity of the carbapenem-resistant K. pneumoniae isolates
was studied. The collected isolates were assessed for their antimicrobial resistance and carbapenemases
production by a modified Hodge test and inhibitor-based tests. The carbapenemases encoding
genes (blaKPC, blaNDM, blaVIM, blaIMP, and blaOXA-48-like) were detected by PCR. Isolates harboring
blaOXA-48-like genes were genotyped by Enterobacterial Repetitive Intergenic Consensus-Polymerase
Chain Reaction (ERIC-PCR) and plasmid profile analysis. The discriminatory power of the three
typing methods (antibiogram, ERIC-PCR, and plasmid profile analysis) was compared by calculation
of Simpson’s Diversity Index (SDI). The transferability of blaOXA-48 gene was tested by chemical
transformation. The biofilm formation capacity and the prevalence of the genes encoding the
fimbrial adhesins (fimH-1 and mrkD) were investigated. The isolates showed remarkable resistance to
β-lactams and non-β-lactams antimicrobials. The coexistence of the investigated carbapenemases
encoding genes was prevalent except for only 15 isolates. The plasmid profile analysis had the highest
discriminatory power (SDI = 0.98) in comparison with ERIC-PCR (SDI = 0.89) and antibiogram
(SDI = 0.78). The transferability of blaOXA-48 gene was unsuccessful. All isolates were biofilm
formers with the absence of a significant correlation between the biofilm formation capacity and
resistance profile. The genes fimH-1 and mrkD were prevalent among the isolates. The prevalence
of carbapenemases encoding genes, especially blaOXA-48-like genes in Egyptian healthcare settings,
is worrisome and necessitates further strict dissemination control measures.

Keywords: Klebsiella pneumoniae; carbapenemases; blaOXA-48; ERIC-PCR; plasmid profile analysis;
biofilm formation
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1. Introduction

Antimicrobial resistance is among the serious problems that contribute to high morbidity and
mortality rates, particularly in immunocompromised patients [1]. Several alarming reports released
by international organizations have described the consequences of this crisis at health and economic
levels [2–4]. Klebsiella pneumoniae is among the ESKAPE pathogens (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.)
which adopt numerous mechanisms to “escape” from different antimicrobials actions [5]. Increased
attention has emerged toward resistance to carbapenems, which are considered as the last resort
β-lactam for treatment of life-threatening infections caused by multidrug-resistant Enterobacteriaceae.
Thus, the WHO Global priority list of antibiotic-resistant bacteria classified carbapenem-resistant
Enterobacteriaceae as pathogens of critical priority [6].

Carbapenem resistance may be attributed to porin mutations, efflux pumps, and/or carbapenemases
production. Although there is an expansion in the number of emerged carbapenemases,
five important members that belong to three Ambler classes are the most studied, namely,
Klebsiella pneumoniae carbapenemases (blaKPC), New Delhi metallo-β-lactamases (blaNDM), Verona
integron-encoded metallo-β-lactamases (blaVIM), Active on imipenem metallo-β-lactamases (blaIMP),
and Oxacillinase-48-like carbapenemases (blaOXA-48-like) [7,8]. These carbapenemases have several
variants according to the National Center for Biotechnology Information (NCBI) Antimicrobial Resistance
Reference Gene database, available at https://www.ncbi.nlm.nih.gov/pathogens/isolates#/refgene.
Additionally, and in the terms of the geographical dissemination, the ”big five” carbapenemases
differ in their spread globally, and their epidemiological status may be endemic, or just recorded
cases [8]. KPC β-lactamases belong to the Ambler Class A carbapenemases which have serine at
their active site. In addition to its activity against carbapenems, blaKPC show activity against a wide
range of β-lactams as penicillins, cephalosporins, and monobactams, and also overcome the in-vitro
activity of β-lactamase inhibitors such as clavulanic acid and sulbactam. Additionally, plasmids
carrying blaKPC encoding gene may carry other genes that confer resistance to other antimicrobial
classes such as fluoroquinolones and aminoglycosides [9]. NDM, VIM, and IMP metallo β-lactamases
are the most common metallo-β-lactamases that belong to the Ambler Class B carbapenemases
with zinc at their active site, and this leads to their inhibition by metal-chelating agents such
as ethylenediaminetetraacetic acid (EDTA). They show resistance to penicillins, cephalosporins,
and carbapenems and also to β-lactamase inhibitors. Furthermore, these carbapenemases are
supported by genetic platforms that allow their dissemination with other resistance determinants of
fluoroquinolones and aminoglycosides [10]. OXA-48-like carbapenemases belong to the Ambler Class
D carbapenemases with serine at their active site. They are not inhibited by EDTA or clavulanic acid,
and this makes their detection challenging [11].

In Egypt, blaOXA-48 is of a great concern due to its endemicity in healthcare settings, especially
in a successful candidate such as K. pneumoniae, which is characterized by a great plasmid load and
high ability of transfer of resistance determinants of different antimicrobial classes [12]. There are
several features concerning the blaOXA-48 gene. It is located on pOXA-48a IncL plasmid which does
not carry any further antimicrobial determinants other than the blaOXA-48 gene. The blaOXA-48 gene is
surrounded by two copies of the insertion sequence, IS1999 [13]. Additionally, the rapid dissemination
of pOXA-48a may be attributed to the disruption of tir gene (encodes a protein that is responsible for
transfer inhibition) by transposon Tn1999 and its variants [14]. Furthermore, blaOXA-48 gene has several
variants that differ by few amino acids, and consequently differ in their hydrolysis specificities [13].

The dissemination of resistance genes, especially those encoding carbapenemases, necessitates
the application of typing methods that participate in the study of the features and clonality of isolates
that harbor various antimicrobials determinants [15].

Another problematic feature associated with carbapenem resistance in K. pneumoniae is biofilm
formation. The International Union of Pure and Applied Chemistry defines biofilm as “an aggregate
of microorganisms in which cells that are frequently embedded within a self-produced matrix of
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extracellular polymeric substance (EPS) adhere to each other and/or to a surface” [16]. Biofilm formation
participates in the aggravation of serious clinical manifestations and leads to reduced susceptibility to
antimicrobial agents [17]. Type 1 and 3 fimbriae have a crucial role in adhesion, which is a key factor in
K. pneumoniae biofilm formation besides capsule and lipopolysaccharide [18].

In this study, we aimed to characterize carbapenem-resistant K. pneumoniae isolated from
patients admitted to an Egyptian tertiary hospital. Additionally, we focused on the typing of
the detected blaOXA-48-like genes. Additionally, we shed light on the biofilm formation capacity of the
carbapenem-resistant isolates and studied the possible correlation between the two traits

2. Results

2.1. Distribution and Identification of K. pneumoniae Isolates

A total of 117 isolates of carbapenem-non-susceptible K. pneumoniae were collected and recovered
from diverse clinical specimens as shown in Figure 1. The confirmation of isolate identification using
MALDI-TOF/MS had a high confidence ranging from 99.7 to 99.9%.
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Figure 1. The distribution of collected isolates according to their origin: urine (29.91%), sputum
(25.64%), wound (19.66%), blood (12.82%), and others (endotracheal aspirate (4.27%), central venous
pressure tip (1.71%), cerebrospinal fluid (0.85%), pleural fluid (0.85%), drain culture (0.85%), bedsore
(0.85%), bile culture (0.85%), central venous line culture (0.85%), and aspirate fluid (0.85%)).

2.2. Isolate Antimicrobial Susceptibility Pattern

According to interim standard definitions of acquired resistance by Magiorakos et al. [19],
our isolates were considered as multidrug-resistant (MDR) with the possibility of being
extensively drug-resistant (XDR). As shown in Table S1, there was remarkable resistance to
most antimicrobial agents. All isolates showed a resistant or intermediate profile against most
β-Lactams such as amoxicillin/clavulanic acid (AUG), piperacillin/tazobactam (TZP), cefoxitin (FOX),
cefotaxime (CTX), cefotaxime/clavulanic acid (CTC), ceftazidime (CAZ), ceftazidime/clavulanic
acid (CZC), cefepime (CPM), imipenem (IMI), meropenem (MEM), and ertapenem (ETR).
The susceptibilities of isolates to aztreonam (ATM), gentamicin (GN), amikacin (AK), ciprofloxacin
(CIP), sulfamethoxazole/trimethoprim (STX), and tigecycline (TGC) varied to be sensitive, intermediate,
or resistant. The frequency of antimicrobial resistance is shown in Figure 2. Additionally, all isolates
had minimum inhibitory concentration MIC > 1024 mg/L for imipenem, while MICs of meropenem
ranged from 16 to > 1024 mg/L as shown in Figure 3.
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http://www.accessdata.fda.gov/drugsatfda_docs/label/2009/021821s016lbl.pdf.

Antibiotics 2020, 9, x FOR PEER REVIEW 4 of 16 

 
Figure 2. The frequencies of antimicrobial resistance of collected isolates to different antimicrobial 
classes. The frequencies of K. pneumoniae isolates resistance against β-lactams were very high (mostly 
100%), while they were variable for non-β-lactam antimicrobials. S, Sensitive; I, Intermediate; R, 
Resistant. AUG, amoxicillin/clavulanic acid; TZP, piperacillin/tazobactam; FOX, cefoxitin; CTX, 
cefotaxime; CTC, cefotaxime/clavulanic acid; CAZ, ceftazidime; CZC, ceftazidime/clavulanic acid; 
CPM, cefepime; ATM, aztreonam; IMI, imipenem; MEM, meropenem; ETR, ertapenem; GN, 
gentamicin; AK, amikacin; CIP, ciprofloxacin; STX, sulfamethoxazole/trimethoprim, and (TGC) 
tigecycline. The interpretation of the results was according to the Clinical and Laboratory Standards 
Institute guidelines, CLSI (M100-S26, 2016). Interpretation of tigecycline results was according to the 
FDA recommendations available at 
http://www.accessdata.fda.gov/drugsatfda_docs/label/2009/021821s016lbl.pdf. 

 
Figure 3. The distribution of the minimum inhibitory concentration MIC values of imipenem (IMI) and 
meropenem (MEM) among isolates. For both antimicrobial agents, the MICs for the resistant isolates 
were >4 mg/L according to CLSI (M100-S26, 2016) guidelines. 

2.3. Phenotypic and Genotypic Characterization of Carbapenem-Resistant Isolates 

Figure 3. The distribution of the minimum inhibitory concentration MIC values of imipenem (IMI) and
meropenem (MEM) among isolates. For both antimicrobial agents, the MICs for the resistant isolates
were ≥4 mg/L according to CLSI (M100-S26, 2016) guidelines.

2.3. Phenotypic and Genotypic Characterization of Carbapenem-Resistant Isolates

Only 66 isolates (56.41%) were positive for non-specific detection of carbapenemases production
by the modified Hodge test (MHT). In contrast, the inhibitor-based tests were more specific by
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confirmation of carbapenemases production and differentiation between their types. Seventy-nine
isolates (67.52%) were positive for MβLs production, and no isolates showed positive results for KPC
production or AmpC activity. The remaining isolates (n = 38) did not comply with the criteria of the
previously mentioned enzymes but showed resistance to temocillin, giving a presumptive estimation
of the presence of the blaOXA-48-like genes. The results of both phenotypic tests in comparison with the
further molecular screening of carbapenemases genes are shown in Table S2.

The results of molecular screening of the investigated carbapenemases are shown in Table S2.
VIM gene was the most prevalent gene amongst the studied genes as it was detected in 99 isolates
(84.62%) followed by 88 isolates (75.21%) for NDM gene, 69 isolates (58.97%) for IMP gene, and 34
isolates (29.06%) for OXA-48-like genes. The presence of KPC gene was very limited as it was detected
in only 6 isolates (5.13%).

Furthermore, all isolates showed coexistence of at least two carbapenemases under investigation
except 4 isolates, namely, 33, 136, 147, and 396, which had VIM gene only; 2 isolates, namely, 16 and 417
had NDM gene only; and 9 isolates, namely, 8, 28,113,127, 151, 346, 356, 378, and 399 had OXA-48-like
genes only. On the other hand, only 4 isolates, namely, 137, 142, 410, and 419 were carbapenem-resistant
and showed positive MHT but did not show augmentation in the inhibitor-based tests or any positive
result via PCR, and this gives an indication that carbapenem resistance in those isolates may be for
mechanisms other than carbapenemases production.

The OXA-48-like genes amplicons of the isolates, namely, 151, 303, 311, 383, 399, 405, 409, and 415
were sequenced, and further sequence analysis showed 100% identity for the OXA-48 gene.

2.4. Genotyping of Isolates Harboring blaOXA-48-like Genes

Genotyping of the 34 isolates harboring blaOXA-48-like genes was performed by two molecular
methods: Enterobacterial Repetitive Intergenic Consensus-Polymerase Chain Reaction (ERIC-PCR)
and plasmid profile analysis. Figure 4 shows the ERIC-PCR dendrogram that divided the 34 isolates
into 16 genotypes. Among them, there were three major groups: each represented genetic relatedness
between its isolates despite their collection from different clinics at different periods. Additionally,
10 isolates showed unique patterns and were not related to each other. On the other hand, the plasmid
profile analysis showed variation between isolates. Under experimental conditions, out of 34 isolates,
2 isolates (5.88%) harbored one plasmid, and other isolates harbored many plasmids ranging from
2 to 8 plasmids. The highest number of plasmids was 8 plasmids which were found in one isolate
followed by 6 plasmids which were found in another one, representing 2.94% for each. Additionally,
there were 11 isolates (32.35%) that had 3 plasmids, followed by 9 isolates (26.47%) that had 5 plasmids,
6 isolates (17.65%) that had 4 plasmids, and 4 isolates (11.76%) that had 2 plasmids. The results showed
that the isolates belonging to the same cluster were mostly collected from different sources and at
different times.

The Simpson’s Diversity Index was calculated for antibiogram, ERIC-PCR, and plasmid profile
analysis giving convergent values of 0.78, 0.89, and 0.98, respectively as shown in Figure 5. The SDI
value of the plasmid profile analysis was very close to 1 indicating the maximum diversity that was
achieved by this method. The criteria for SDI calculation of the applied typing methods—antibiogram,
ERIC-PCR, and plasmid profile analysis—are shown in Tables S3–S5, respectively. A comparative
summary of the SDI calculations of the three methods is shown in Table S6.
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Figure 4. ERIC-PCR dendrogram for 34 isolates harboring blaOXA-48-like encoding genes; implemented
using NTSYS 2.01 software. The investigated isolates were divided into 16 genotypes. Among them,
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and 383); G2 (Group 2; isolates: 117 and 397); G3 (Group 3; isolates: 385 and 387); G4 (Group 4; isolates:
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isolates: 102, 127, 152, and 349). The remaining 10 isolates represent unique patterns (isolates: 113, 333,
335, 346, 371, 372, 375, 377, 378, and 394).
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Figure 5. A comparative graph of calculated Simpson’s Diversity Index (SDI) of the applied typing
methods to study the relatedness among the 34 K. pneumoniae isolates harboring blaOXA-48-like genes.
SDI values were convergent as they were 0.78, 0.89, and 0.98 for antibiogram, ERIC-PCR, and plasmid
profile analysis, respectively.

2.5. Transferability of blaOXA-48 Gene

The plasmids of five selected isolates, namely, 311, 383, 399, 405, and 409, underwent genetic
transfer by chemical transformation. PCR results of transformants showed the absence of blaOXA-48

gene. Further investigations were performed for two selected transformants, namely, 383 and 409,
by an antimicrobial susceptibility test and PCR. The results showed reduced susceptibility to different
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β-lactams including carbapenems, sulfamethoxazole/trimethoprim, and tigecycline in comparison
with Escherichia coli DH5α as shown in Table 1. Although the isolate 383 had blaNDM, blaVIM, and blaIMP

encoding genes and the isolate 409 had blaNDM and blaVIM encoding genes, only blaVIM encoding gene
was detected by colony PCR for both isolates transformants. This explains the successful transfer of
such gene.

Table 1. Comparison of antimicrobial susceptibilities between E. coli DH5α and two transformants.

Isolate AUG TZP FOX CTX CTC CAZ CZC CPM ATM MEM ETR GN AK CIP STX TGC

DH5α R S S S S S S S S S S S S S S S

transformant
383 R R R R R R R R R I R S S S R R

transformant
409 R R R R R R R R R R R S S S R R

2.6. Assessment of Biofilm Formation and Detection of Adhesion Encoding Genes in Carbapenem-Resistant
K. pneumoniae Isolates

The quantitative biofilm formation assay resulted in OD600 values ranging from 0.2 to 1.1.
All isolates were classified as biofilm formers but with different capacities. The majority of the isolates
were weak biofilm formers and were represented by 82 isolates (70.09%), followed by 34 isolates as
moderate formers (29.06%), and only one isolate was classified as a strong biofilm former (0.85%).
Furthermore, the PCR screening of the isolates showed the prevalence of the two adhesion encoding
genes in most isolates. Out of 117 isolates, fimH-1 gene was found in 108 isolates (92.31%) and mrkD
gene was found in 115 isolates (98.29%). Additionally, 106 isolates (90.60%) represented the coexistence
of both genes as shown in Table S7.

2.7. The Correlation between Non-Susceptibility Pattern and Biofilm Formation Category of
Carbapenem-Resistant K. pneumoniae Isolates

As shown in Table 2, there is no significant correlation between non-susceptibility patterns and
biofilm formation categories among carbapenem-resistant isolates. All p-values were > 0.05, and this
was considered statistically insignificant.

Table 2. Correlation between non-susceptibility pattern and biofilm formation.

Non-Susceptibility Pattern Biofilm Pattern p-Value
(>0.05)Strong Moderate Weak

A Non-susceptible to all antimicrobials. 1 21 52 0.3333

B Non-susceptible to all Except AK. 0 0 2 0.6667

C Non-susceptible to all Except GN 0 0 4 0.6667

D Non-susceptible to all Except CIP 0 0 1 0.6667

E Non-susceptible to all Except STX 0 3 2 >0.9999

F Non-susceptible to all Except TGC 0 7 13 0.3333

G Non-susceptible to all Except ATM & AK 0 1 0 >0.9999

H Non-susceptible to all Except GN & AK 0 0 2 0.6667

I Non-susceptible to all Except TGC & AK 0 1 0 >0.9999

J Non-susceptible to all Except STX & TGC 0 1 0 >0.9999

K Non-susceptible to all Except GN & TGC 0 0 3 0.6667

L Non-susceptible to all Except GN, CIP & STX 0 0 1 0.6667

M Non-susceptible to all Except GN, STX & TGC 0 0 1 0.6667

N Non-susceptible to all Except GN, CIP, STX & TGC 0 0 1 0.6667
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3. Discussion

The dissemination of carbapenemases encoding genes in Egypt, especially in healthcare settings,
is of great concern in several mapping studies [20–22]. The prevalence of such genes in Egypt could be
attributed to considerable reasons that are well-identified globally. For example, hospital environments
are considered as a pool for the dissemination of such genes through the horizontal gene transfer that
enables their spread via mobile genetic elements such as plasmids [23,24]. Additionally, plasmids may
carry more than one resistance gene, and this leads to resistance to diverse antimicrobial classes and as
a result limited therapeutic options [25].

Although the transferability of the OXA-48 gene of our selected isolates failed and this was
compliant with Skalova et al. trials [26], the reduced transformants susceptibility to most antimicrobials
confirms the genetic transfer risk. Additionally, over-the-counter prescription and the misuse of
antimicrobials participate in the exacerbation of the antimicrobial resistance problem, especially in
Egypt [27,28].

In parallel, the investigated isolates in our study showed increased resistance to various
antimicrobial agents and also high MIC values for imipenem and meropenem. This may be markedly
attributed to various resistance mechanisms that led to resistance to most antimicrobial classes.
Additionally, only 15 isolates (12.82%) of the total investigated isolates were of sole carbapenemase,
indicating remarkable coexistence. This finding is most consistent with studies from Egyptian hospitals
and unlike the study by Argente et al. in which blaOXA-48 gene was the only detected carbapenemase
among the tested isolates [29]. This reflects the diverse regional distribution of carbapenemases.

In the current study, the detection and typing of carbapenemases depended on the merge between
the phenotypic and molecular methods, and this is in consistency with the study by Karampatakis
et al. [30]. The application of the molecular methods in the detection of resistance genes and further
typing of isolates is considered as a gold standard tool in the field of epidemiology, and this appears
on two occasions in this study; Firstly, the disagreement between phenotypic and genotypic methods
for the detection of blaKPC encoding gene which was detected in only 6 isolates by PCR. In this case,
the genotypic methods act as an alarming tool for the silent dissemination of such gene which is
absent phenotypically but likely to be successfully expressed under certain conditions [31]. Secondly,
there is no phenotypic test for the direct detection of blaOXA-48-like genes. Resistance to temocillin is
considered as a stepwise prediction of them, since other resistance mechanisms may confer temocillin
resistance [32].

In our work, we applied ERIC-PCR and plasmid profile analysis, besides the previously determined
antibiogram for the characterization of isolates harboring blaOXA-48-like genes. The discriminatory
power of the applied typing methods (antibiogram, ERIC-PCR, and plasmid profile analysis) was
approximated according to the SDI calculations, while the highest diversity was represented by plasmid
profile analysis (SDI = 0.98). The three typing methods are different in their concepts, and this leads to
variation in the clonality of the isolates among the three methods.

The interplay between the antimicrobial resistance and biofilm formation was studied from
different sides. On the one hand, resistance genes encoded on some plasmids regulate the expression
of fimbrial genes, which are among the essentials of biofilm formation. On the other hand, the plasmid
horizontal gene transfer is enhanced in biofilms more than in planktonic cells [33]. In our work,
all investigated isolates were carbapenem-resistant and showed biofilm formation ability which was
various and independent on the resistance profile of those isolates. It is worth mentioning that despite
the absence of such correlation, having 100% of isolates as biofilm formers with the high resistance
pattern is considered a troublesome feature of the studied isolates.

Our results were in concordance with the study by El Fertas-Aissani et al. on the prevalence of
fimH-1 and mrkD adhesion encoding genes, giving an indication of their conservation in K. pneumoniae
pathogen [34]. Furthermore, the prevalence of those two adhesion genes and the weak biofilm patterns
among the isolates may suggest that the strong biofilm formation may need factors other than fimbrial
adhesion genes.
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Three isolates in our study, namely, 349, 354, and 375, represented unique findings, as they
were resistant to all applied antimicrobials except tigecycline. Additionally, they showed positive
results for the MHT, all carbapenemases (blaKPC, blaNDM, blaVIM, blaIMP, and blaOXA-48-like) encoding
genes, and for fimH-1 and mrkD encoding genes. Although our applied typing methods are relatively
simple and of low cost, the results of the three isolates encourage the adoption of other typing
methods such as whole-genome sequencing (WGS) [35]. Whole-genome sequencing provides
massive data for the determination of the sequence type, plasmid replicon, antimicrobial resistance
determinants, and virulence genes. Additionally, K. pneumoniae was of special concern for the
newly emerged bioinformatics interfaces such as Kaptive Web [36] and KlebNet [37]. Additionally,
we are moving globally toward the extended drug resistance with some reported cases of alarmingly
pan-drug-resistant isolates [38], research is directed toward finding alternatives for combating antibiotic
resistance. The alternative strategies may include antibiotic combinations [39], phage therapy [40],
vaccine development [41], natural products [42], revival of classical antibiotics [43], or repurposing
non-antimicrobials for targeting pathogens [44].

Finally, the applied infection control measures and awareness campaigns may not be enough
to combat the problem of antimicrobial resistance, especially in a developing country such as Egypt.
Among the important strategies that are worth emphasizing is launching collaborative platforms
between Egyptian healthcare institutes and other international ones for networking and gaining
accurate knowledge about the possible patterns of antimicrobial resistance that could be easily
disseminated globally [45,46].

4. Materials and Methods

4.1. Isolates Collection and Confirmation

A total of 117 archival non-duplicate and non-consecutive isolates of carbapenem-non-susceptible
(resistant or intermediate) K. pneumoniae were recovered from clinical specimens. The specimens
were collected and processed by dedicated healthcare workers. Furthermore, the specimens were
collected from patients admitted to different departments of Kasr Al-Ainy Hospital in Cairo, Egypt,
from September 2014 to December 2016. The study was approved by the Ethics Committee of the
Faculty of Pharmacy, Al-Azhar University (Girls’ branch). The ethical approval code is SMR/2015.

The collected isolates were obtained from the diagnostic routine work of the Clinical Pathology
Department of Kasr Al-Ainy Hospital without direct contact with the patient or their related personal
data. All laboratory techniques and procedures of isolation, identification, and storage of the included
isolates in the current study were performed according to the standard microbiological techniques.

The isolates were previously identified using conventional microbiological methods which
included Gram staining, cultural characteristics on MacCkonky’s agar, and biochemical testing such as
growth on Triple Sugar Iron agar (TSI) and Indole, Methyl red, Voges-Proskauer, and Citrate utilization
(IMViC) test. The identification of K. pneumoniae isolates was confirmed using Matrix-Assisted Laser
Desorption/Ionization Time-Of-Flight Mass Spectrometry (MALDI-TOF/MS) (Vitek MS; BioMérieux,
Inc., Marcy-l'Etoile, France).

4.2. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing was carried out by disc diffusion according to the Kirby-Bauer
method. The isolates were tested against the following antimicrobial agents: amoxicillin/clavulanic
acid (20/10 µg), piperacillin/tazobactam (100/10 µg), cefoxitin (30 µg), cefotaxime (30 µg), cefotaxime/

clavulanic acid (30/10 µg), ceftazidime (30 µg), ceftazidime/clavulanic acid (30/10 µg), cefepime (30 µg),
aztreonam (30 µg), imipenem (10 µg), meropenem (10 µg), ertapenem (10 µg), gentamicin (10 µg),
amikacin (30 µg), ciprofloxacin (5 µg), sulfamethoxazole/trimethoprim (1.25/23.75 µg),and tigecycline
(15 µg), (Oxoid, Basingstoke, UK). E. coli ATCC® 25922, E. coli ATCC® 35218, and P.aeruginosa ATCC®

27853 were used as quality control strains. The minimum inhibitory concentrations (MIC) of meropenem
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(commercially available as MeronemTM (500 mg) IV, AstraZeneca, Macclesfield, UK, Ltd.) and imipenem
(commercially available as Tienam TM (500 mg) Injection, Merck Sharp & Dohme BV, Haarlem,
The Netherlands) were determined by a microdilution method. The antimicrobial-free media was used
as a positive control and the un-inoculated media was used as a negative control. The results were
interpreted according to the Clinical and Laboratory Standards Institute guidelines, CLSI (M100-S26,
2016) [47]. Tigecycline interpretive criteria were according to the FDA recommendations. http:
//www.accessdata.fda.gov/drugsatfda_docs/label/2009/021821s016lbl.pdf. The interpretation criteria of
the different antimicrobial agents are mentioned in Table S8.

4.3. Phenotypic Confirmation of Carbapenemases Production

Non-specific screening of carbapenemases production was performed by the modified Hodge test
(MHT) according to guidelines of CLSI [47]. The formation of cloverleaf-like indentation of grown
E. coli ATCC® 25922 along the tested isolate is an indication of the positive result. K. pneumoniae
ATCC® BAA-1705 was used as a positive control, and K. pneumoniae ATCC® BAA-1706 was used
as a negative control. Moreover, the inhibitor-based tests were performed as another phenotypic
approach for further differentiation between carbapenemases producing isolates. The inhibitor-based
tests were based on the inactivation of carbapenemases by combining some substrates independently
with meropenem disc. For example, EDTA as metallo-β-lactamases (MβLs) inhibitor, boronic acid as
KPC inhibitor, and cloxacillin as AmpC inhibitor [48]. The inhibitor-based tests were performed using
MASTDISCSTM ID Carbapenemase Detection Disc Set D70C (MAST group, Merseyside, UK). The set
consists of four different discs as shown in Table 3. The interpretation of the tests depends on the
comparison of the inhibition zone of the meropenem disc with the inhibition zone of the disc containing
meropenem combined with the carbapenemases inhibitor. An additional Temocillin disc (30 µg) was
applied for obtaining a preliminary indication of the blaOXA-48-like production until performing further
genotypic confirmatory tests.

Table 3. The interpretative criteria of applied inhibitor-based tests.

Disc Content Interpretative Criteria

Meropenem (10 µg). Confirmation of Carbapenem-non-susceptibility.

B Meropenem + MβL inhibitor. Confirmation of MβL production (if only B-A ≥ 5 mm).

C Meropenem + KPC inhibitor. Confirmation of KPC production (if only C-A ≥ 4 mm).

D Meropenem + AmpC inhibitor. Confirmation of AmpC+ porin loss (if both C-A ≥ 4 mm
and D-A ≥ 5 mm)

TEM Temocillin (30 µg). Indicative for OXA-48 (if there was no synergy detected
and the inhibition zone of Temocillin was <11 mm)

4.4. Molecular Detection of Carbapenemases Encoding Genes

Total DNA of the isolates was extracted by the boiling method according to Vaneechoutte et al. [49].
Uniplex PCR reactions were performed for detection of blaKPC, blaNDM, blaVIM, blaIMP, and blaoxa-48-like

encoding genes with primers listed in Table S9 [50–52]. The primer specificity was checked against
sequences retrieved from GenBank sequence databases using the National Center for Biotechnology
Information/Basic Local Alignment Search Tool (NCBI/BLAST), allowing the detection of several
variants of each carbapenemase. The primers were synthesized by Eurofins MWG Operon (Ebersberg,
Germany). The applied profile was according to the criteria that were mentioned in primer references
except for adjustment of annealing temperature to be 56 ◦C. The positive controls were obtained from
the Clinical and Chemical Pathology Department laboratory collection (Kasr Al-Ainy hospital, Cairo,
Egypt) and represented by positive strains that harbored investigated carbapenemases encoding genes
and had been previously sequenced. The negative control was a template-free master mix.
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The resulted PCR amplicons were electrophorized on 0.8% gel alongside a 1-kb ladder. Selected
blaOXA-48-like gene amplicons, namely, 151, 303, 311, 383, 399, 405, 409, and 415, were sequenced for
further investigation using pre-OXA-48 primers targeting the gene and its flanking regions [53].

PCR products were submitted for purification and sequencing in both directions via (Solgent
Co. Ltd., Daejeon, Korea). The resulted DNA sequences were trimmed using Geneious Software
v.8.1.6 (www.geneious.com) and compared to the Genbank sequence database using the BlASTn tool
at https://blast.ncbi.nlm.nih.gov/Blast.cgi.

4.5. Genotyping of Isolates Harboring blaOXA-48-like Genes

Thirty-four isolates were confirmed either by inhibitor-based tests and/or PCR as harboring
blaOXA-48-like genes. These isolates were genotyped by two methods: the first one is the Enterobacterial
Repetitive Intergenic Consensus-Polymerase Chain Reaction (ERIC-PCR) which aimed to determine
the clonal relatedness between the investigated isolates by detection of specific conserved sequences
among them [54]. The second typing method is the plasmid profile analysis which depends on the
investigation of the isolate plasmids and characterization of their profile [55].

4.5.1. Enterobacterial Repetitive Intergenic Consensus (ERIC-PCR)

The genomic DNA was extracted using a GeneJet Genomic DNA Purification Kit (K0721, Thermo
Scientific, Rockford, IL, USA) according to the manufacturer’s protocol. The investigated isolates
were genotyped by ERIC-PCR using ERIC-2 primer (5’ AAGTAAGTGACTGGGGTGAGCG 3’) [56].
The PCR profile was according to Abdulall et al. [57] with slight modifications as follows: initial
denaturation at 95 ◦C for 5 min, followed by 35 cycles of denaturation at 95 ◦C for 1 min, annealing
at 45 ◦C for 1 min, and extension at 72 ◦C for 8 min, with a final extension at 72 ◦C for 10 min.
Aliquots of PCR amplicons were electrophorized alongside a 10-kb Ladder. The interpretation of the
results depended on binary data by which the positive and negative amplifications were assigned
as 1/0, respectively. Cluster analysis was performed using NTSYS 2.01 software and the schematic
dendrogram was built using the Unweighted Pair-Group Method using Arithmetic Mean (UPGMA).

4.5.2. Plasmid Profile Analysis

The isolate plasmids were extracted by a QIAprep® Spin Miniprep Kit according to the
manufacturer’s protocol. Extracted plasmids were electrophorized, and the generated patterns
were judged visually and considered of distinct type if they showed a single band of different size,
according to the ESGEM recommendations [15].

4.6. Calculation of the Discriminatory Power of Different Applied Typing Methods

The discriminatory power of the applied typing methods (antibiogram, ERIC-PCR, and plasmid
profile analysis) among the 34 isolates was assessed using Simpson’s Diversity Index (SDI). The concept
of discrimination based on if there are two unrelated isolates, which were sampled from a test
population, they will be probably found in different typing groups [58]. The SDI calculation depended

on the following equation D = 1 −
∑

n(n−1)
N(N−1) , where D is the diversity index, n is the number of

individuals of each species, and N is the total number of individuals of all species. The SDI ranges
from 0, which indicates the identical types of the tested isolates, to 1, which indicates the maximum
diversity among them.

4.7. Genetic Transfer of blaOXA-48 Gene by Transformation

The acquisition of resistance determinants harbored by the isolate plasmids was assessed by
transformation. The preparation and transformation of competent E. coli DH5α cells were performed
using the CaCl2 method according to Cohen et al. [59]. The genetic transfer of blaOXA-48 gene was
assessed for the plasmids of five selected isolates, namely, 311, 383, 399, 405, and 409. The transformants
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were selected on LB agar containing ampicillin (50 mg/L) and also on LB agar containing meropenem
(0.5 mg/L). The plasmids of transformants were extracted and underwent PCR for the detection of the
blaOXA-48 gene.

4.8. Quantitative Biofilm Formation Assay for the Carbapenem-Resistant Isolates by Microtitre Plate Method

The quantitative assessment of biofilm formation for the 117 carbapenem-resistant isolates
was performed by the crystal violet staining assay according to O’Toole protocol with slight
modifications [60]. Briefly, overnight culture of each isolate was grown in Luria-Bertani broth,
and then was diluted 1:100 into fresh LB medium. One hundred microliters of the isolate dilution
was added per well in a flat-bottomed 96 well microtitre plate. After overnight incubation at 37 ◦C,
the medium was discarded, and the wells were washed twice by adding 100 µL of distilled water in
each well for further removal of unattached cells and media. The plate was allowed to dry, stained
by adding 125 µL of 0.1% crystal violet to each well, and incubated at room temperature for 15 min.
The crystal violet was discarded and the plate was washed four times for removing excess stain and
allowed to dry. The stained biofilms were solubilized by adding 125 µL of 30% acetic acid to each well
and incubated for 15 min at room temperature. The solubilized stain of each well was transferred
to a new microtiter plate. The optical density of each well was measured at 600 nm (OD600) using a
microplate reader (Stat Fax® 2100, Awareness Technology Inc., Palm City, FL, USA). The experiments
were carried out three times in triplicates; the readings of each isolate in each plate were averaged and
compared for further interpretation. The positive control was K. pneumoniae ATCC® 700603 and the
negative control was un-inoculated LB media. The interpretation of the results was according to the
recommendations of Stepanović et al. recommendations [61].

4.9. Molecular Detection of Type 1 (fimH-1) and Type 3 (mrkD) Adhesion Encoding Genes

The carbapenem-resistant isolates were screened for the presence of fimH-1 and mrkD encoding
genes by uniplex PCR using primers listed in Table S9 [34,62]. The applied profile was as follows: initial
denaturation at 94 ◦C for 4 min followed by 30 cycles of denaturation at 94 ◦C for 30 s, annealing at 55 ◦C
for 40 s, extension at 72 ◦C for 1 min, and a final extension at 72 ◦C for 10 min. The positive controls
were obtained from the MTI University Microbiology Laboratory archive, Egypt, and represented
by positive strains that harbored investigated adhesion genes and had been previously sequenced.
The negative control was a template-free master mix.

4.10. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software (San Diego, CA, USA).
The description of qualitative data was as a frequency percentage. The chi-square or Fisher’s exact
test was used for comparing categorical variables. The results were considered statistically significant
when p-value < 0.05. Spearman’s test was applied for the determination of the correlation between the
biofilm formation category and antimicrobial resistance profile of all isolates.

5. Conclusions

In our work, we studied the prevalence of the ”big five” carbapenemases encoding genes, (blaKPC,
blaNDM, blaVIM, blaIMP, and blaOXA-48-like) among carbapenem-resistant K. pneumoniae isolated from a
tertiary hospital in Egypt. The tested carbapenem-resistant K. pneumoniae isolates showed a remarkable
coexistence of different investigated carbapenemases. Additionally, we shed light on blaOXA-48-like

genes which represented about one-third of our isolates. The assessment of the simple epidemiological
typing methods—antibiogram, ERIC-PCR, and plasmid profile analysis—showed their convergent
discriminatory power. Further investigations showed the biofilm formation ability of all isolates
with the prevalence of adhesion genes (fim-H and mrkD). The presence of a high resistance pattern
with biofilm formation ability represents a worrisome feature of a superbug such as K. pneumoniae
in the Egyptian healthcare setting. Thus, there is an urgent need for further strategies for combating
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resistance, in-depth studies for the resistance genes and their transfer, and also other characteristics
such as biofilm formation which all strongly improve the ability of any pathogen to cause high rates of
morbidity and mortality.
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52. Aktaş, Z.; Kayacan, C.B.; Schneider, I.; Can, B.; Midilli, K.; Bauernfeind, A. Carbapenem-Hydrolyzing
Oxacillinase, OXA-48, Persists in Klebsiella pneumoniae in Istanbul, Turkey. Chemotherapy 2008, 54, 101–106.
[CrossRef]

53. Potron, A.; Nordmann, P.; Lafeuille, E.; Al Maskari, Z.; Al Rashdi, F.; Poirel, L. Characterization of OXA-181,
a Carbapenem-Hydrolyzing Class D β-Lactamase from Klebsiella pneumoniae. Antimicrob. Agents Chemother.
2011, 55, 4896–4899. [CrossRef]

54. Wilson, L.A. Sharp, P.M. Enterobacterial Repetitive Intergenic Consensus (ERIC) Sequences in Escherichia
coli: Evolution and Implications for ERIC-PCR. Mol. Biol. Evol. 2006, 23, 1156–1168. [CrossRef]

55. Mayer, L.W. Use of plasmid profiles in epidemiologic surveillance of disease outbreaks and in tracing the
transmission of antibiotic resistance. Clin. Microbiol. Rev. 1988, 1, 228–243. [CrossRef]

56. Versalovic, J.; Koeuth, T.; Lupski, J.R. Distribution of repetitive DNA sequences in eubacteria and application
to finerpriting of bacterial enomes. Nucleic Acids Res. 1991, 19, 6823–6831. [CrossRef]

57. Abdulall, A.K.; Tawfick, M.M.; El-Manakhly, A.R.; El-Kholy, A. Carbapenem-resistant Gram-negative bacteria
associated with catheter-related bloodstream infections in three intensive care units in Egypt. Eur. J. Clin.
Microbiol. Infect. Dis. 2018, 37, 1647–1652. [CrossRef] [PubMed]

58. Hunter, P.R.; Gaston, M.A. Numerical index of the discriminatory ability of typing systems: An application
of Simpson’s index of diversity. J. Clin. Microbiol. 1988, 26, 2465–2466. [CrossRef] [PubMed]

59. Cohen, S.N.; Chang, A.C.Y.; Hsu, L. Nonchromosomal Antibiotic Resistance in Bacteria: Genetic
Transformation of Escherichia coli by R-Factor DNA. Proc. Natl. Acad. Sci. USA 1972, 69, 2110–2114.
[CrossRef]

60. O’Toole, G.A. Microtiter Dish Biofilm Formation Assay. J. Vis. Exp. 2011, 47, e2437. [CrossRef] [PubMed]
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Abstract: Carbapenem resistance rates increased exponentially between 2014 and 2017 in
Portugal (~80%), especially in Klebsiella pneumoniae. We characterized the population of
carbapanemase-producing Enterobacterales (CPE) infecting or colonizing hospitalized patients
(2017–2018) in a central hospital from northern Portugal, where KPC-3-producing K. pneumoniae
capsular type K64 has caused an initial outbreak. We gathered phenotypic (susceptibility data),
molecular (population structure, carbapenemase, capsular type) and biochemical (FT-IR) data, together
with patients’ clinical and epidemiological information. A high diversity of Enterobacterales species,
clones (including E. coli ST131) and carbapenemases (mainly KPC-3 but also OXA-48 and VIM) was
identified three years after the onset of carbapenemases spread in the hospital studied. ST147-K64
K. pneumoniae, the initial outbreak clone, is still predominant though other high-risk clones have
emerged (e.g., ST307, ST392, ST22), some of them with pandrug resistance profiles. Rectal carriage,
previous hospitalization or antibiotherapy were presumptively identified as risk factors for subsequent
infection. In addition, our previously described Fourier Transform infrared (FT-IR) spectroscopy
method typed 94% of K. pneumoniae isolates with high accuracy (98%), and allowed to identify
previously circulating clones. This work highlights an increasing diversity of CPE infecting or
colonizing patients in Portugal, despite the infection control measures applied, and the need to
improve the accuracy and speed of bacterial strain typing, a goal that can be met by simple and
cost-effective FT-IR based typing.

Keywords: carbapenemase-producing Enterobacterales; KPC; carbapenem; multidrug resistance;
nosocomial

1. Introduction

The dissemination of carbapenemase-producing Enterobacterales (CPE) has been causing serious
concerns in many EU countries due to the limited therapeutic options and ineffective infection
control policies [1,2]. Portugal is one of the EU countries where the rates of carbapenems resistance
amongst invasive isolates has been alarmingly rising (~80% between 2014 and 2017), especially among
Klebsiella pneumoniae for which reported rates in 2018 were 11.7% [3,4]. Reporting of CPE from
national laboratories is mandatory since 2013 and recommendations to control CPE spread that include
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identification of rectal carriers and improvement of infection control policies in the hospital setting
have been officially launched in 2017 [5].

Available data on molecular epidemiology and population structure of CPE populations in the
country represent scattered snapshots on particular species and/or small institutions. The ST147 K.
pneumoniae clone exhibiting K-type K64 has been one of the first responsible for KPC-3 spread in
diverse healthcare settings in the north of Portugal [6,7]. It was responsible for the first large outbreak
of CPE in a reference hospital from the north of Portugal in 2015 [8] and it has been described in other
regions [9,10]. Analysis of recent CPE collections is still scarce and there is limited analysis on risk
factors and the effect of infection control policies in a single institution.

Considering that precise and timely bacterial typing information can make the difference in the
effectiveness of infection control measures, we have recently proposed a quick and cost-effective
approach for accurate K. pneumoniae typing based on an in-house database of Fourier-Transform
Infrared (FT-IR) discriminatory spectra [11].

In the present study, we aim to understand the evolution of CPE population in a central
hospital from northern Portugal three years after the onset of carbapenemases spread [8] in order to
identify critical factors for the increasing burden of CPE in hospitalized patients. Moreover, we use
this collection to evaluate the performance of our method for accurate subtyping of K. pneumoniae
contemporaneous isolates.

2. Results

2.1. The Incresasing Diversity of CPE Population

Carbapenemase production was confirmed in 120 out of the 128 (94%) recovered isolates, that were
subsequently characterized. The remaining ones were possible ESBL producers with permeability
defects. These 120 isolates were identified in rectal swabs (n = 86) and clinical samples (n = 34) from
114 patients. Multiple Enterobacterales species were identified in either clinical samples or rectal swabs,
though K. pneumoniae was by far the most frequent (n = 98; n = 66 from rectal swabs and n = 32 from
clinical samples) (Table 1). While nearly all isolates from infection belonged to K. pneumoniae (n = 32/34;
94%), the isolates from fecal samples presented a greater diversity, including mostly K. pneumoniae
(n = 66/86; 76.7%), but also E. coli (n = 10/86; 11.6%), different E. cloacae complex species including
E. asburiae and E. hormaechei (n = 5/86; 5.8%), K. oxytoca (n = 4/86; 4.7%), and Citrobacter freundii complex
(n = 1/86; 1.2%), the latter two appearing exclusively in colonization samples. E. coli was identified
mainly from rectal swabs (n = 10/11; 91%). Most isolates produced KPC-3 (n = 118/120; 98.3%) including
all K. pneumoniae, but OXA-48 and VIM-1 were also occasionally detected in 1 E. coli clinical isolate and
1 E. hormaechei identified as a gastrointestinal colonizer, respectively. mcr genes were not detected.

Table 1. Enterobacterales species identified as carbapenemase producers.

Microorganism
Colonization Infection Total

No. % No. % No. %

Klebsiella pneumoniae 66 77 32 94 98 82
Escherichia coli 10 11 1 3 11 9

Enterobacter cloacae complex 5 6 1 3 6 5
Klebsiella oxytoca 4 5 - - 4 3

Citrobacter freundii complex 1 1 - - 1

Total 86 100 34 100 120 100

Simultaneous rectal carriage (in the same sample) by two different species of CPE (K. pneumoniae
and E. coli) or two different K. pneumoniae clones was found in four and one patients, respectively. In all
cases, both species/clones were KPC-3 producers, which may indicate the interspecies transfer of a
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KPC-3-encoding plasmid. In the only case where isolates from urine and blood were recovered from
the same patient, they had identical phenotype and genotype.

2.2. Epidemiological and Clinical Data of Patients Carrying CPE Isolates

Patient’s age ranged from 20 years to 96 years, with mean age of 74 ± 14 years (median 78 years)
and female patients were predominant (59% female versus 41% male). They were mostly located in
medical (n = 55, 48%) or surgical (n = 51; 45%) wards, whereas seven (6%) of them were patients
attending the emergency room, and 1 (0.9%) was at intensive care unit. Clinical isolates (n = 34)
were identified mostly at surgical units (n = 17/34; 50%), whereas isolates from rectal screenings were
obtained mostly from medical wards (n = 50/86; 58%).

The clinical isolates were identified in urine (n = 20; 57%) and pus (n = 7; 21%) but also in blood
(n = 3; 9%), biologic liquid (n = 2; 6%), or respiratory samples (n = 2; 6%). The majority of them were
K. pneumoniae (n = 32/34; 94%), but also E. cloacae (n = 1/34; 3%) or E. coli (n = 1/34; 3%). Clinical isolates
were identified in 4 medical units (internal medicine was the most frequent, 55%) and 7 surgical
units (many from women’s surgery department, 35%). Only ten of the patients with clinical isolates
were primarily diagnosed with infectious diseases at ICU, emergency or medical units, whereas in
many of the other patients, infection occurred during hospitalization for a median of 30 days (Table 2).
Most infected patients (93%) were previous colonized (0–421 days, mean 44 days), most of them in
the month previous to infection. Isolates from outpatients (n = 6; 74–94 years old) were collected
from urine (n = 5/7; 71%) and blood (n = 2/7; 2.9%). Three of these outpatients were previous CPE
carriers from previous hospitalizations, and two of the other three patients had been hospitalized in
the last month, all of this suggesting nosocomial acquisition. Most of these patients (70%) received
antibiotherapy in the three months prior to infection, even most (87%) of those that were not diagnosed
with infectious diseases.

Isolates from rectal swabs were collected from patients at 9 medical (n = 56; 65%) or 7 surgical units
(n = 29, 34%). Internal medicine (n = 24; 43%) and unit III (a satellite hospital at a 23Km distance, n = 10;
18%) were the most frequent units within the medical department, whereas orthopedics and women’s
surgery (n = 8; 23% each) were the most common units within surgical departments. Of highlight,
a portion of isolates (n = 22, 26%) from both medical and surgical units were recovered from 20 patients
identified as CPE carriers that were selected for decolonization protocol by gentamicin use. Eight of
them were being followed for long periods of time (between 2016 and mid 2017). From these,
most (87.5%) had at least one negative CPE screening, on average, 208 days after initial gentamicin
treatment though 3 negative rectal screenings are needed to consider a successful decolonization.

In total, from the 81 patients screened for CPE in rectal swabs, 26 (32%) patients had positive
screenings from previous hospitalizations at this hospital. From the 42 (52%) de novo CPE carriers,
most had long (>14 days) hospitalization periods (n = 22; 52%) or had had previous antibiotherapy
treatments (n = 17; 40%). The remaining 13 screening samples belonged to patients (16%) with no
history of screenings.

In relation to antibiotic exposure, 39 from the 42 de novo colonized patients (93%) were exposed
to antimicrobials in the previous three months. The main antibiotics administered were piperacillin
plus tazobactam (27%), amoxicillin plus clavulanic acid (20%), and broad spectrum cephalosporins
(10% ceftriaxone).

K. pneumoniae isolates were distributed among all origins (50% medical, 41% surgical, 8% emergency
room, 1% ICU), whereas six out of the 11 E. coli isolates were recovered from patients under
decolonization protocol (n = 6/11, 55%) and E. cloacae complex, K. oxytoca, and C. freundii complex were
identified mainly or exclusively in surgical units (83%, 75%, and 100%, respectively).
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2.3. Multiplicity of Clonal Lineages and Emergence of Other International High-Risk Clones

Using our FT-IR spectral workflow and database (11), we were able to predict the capsular type of
94% of the K. pneumoniae isolates (6 isolates were not predicted by our model). From those, we grouped
isolates in 9 clones. Four of them had identity with capsular types included in our model and identified
as K64 (ST147), KL112 (ST15), K19 (ST15), and KL105 (ST11). The remaining five were predicted as not
belonging to any of the 19 classes (K-types) included in our model. Indeed, they were subsequently
identified as K9 (ST22), KL27 (ST392), KL102 (ST307), KL15/KL17/KL51/KL52 (not typed by MLST),
or K53 (not typed by MLST). Only two isolates (2%) were incorrectly predicted (Table 3).

Table 3. Performance of Fourier Transform infrared (FT-IR) typing and epidemiological data of
carbapenemase-producing K. pneumoniae isolates from the studied hospital.

n (%) wzi Alelle K-Type by wzi Sequencing K-Type by FT-IR a MLST Source b Hospital Ward

54 (55) wzi64 K14/K64 KL64 ST147 S (n = 34)
C (n = 20)

MU (n = 25)
SU (n = 23)
ER (n = 6)

20 (20.4) wzi187 KL27 FT1, 1 NT ST392 S (n = 15)
C (n = 5)

MU (n = 15)
SU (n=3)
ER (n = 2)

5 (5.1) wzi9 K9 FT2 ST22 S (n = 4)
C (n = 1)

MU (n = 4)
SU (n = 1)

4 (4.1) wzi173 KL102 FT3 ST307 S (n = 3)
C (n = 1)

MU (n = 3)
SU (n = 1)

3 (3.1) wzi19 K19 1 K19, KL107 *, 1 NT ST15 S (n = 3) SU (n = 3)

2 (3.1) wzi93 K60/KL112 KL112 ST15 S (n = 1)
C (n = 1)

MU (n = 1)
SU (n = 1)

2 (2) wzi53 K53 FT4 ND S (n = 1)
C (n = 1) SU (n = 2)

2 (2) wzi50 KL15/KL17/KL51/KL52 FT5 ND S (n = 1)
C (n = 1)

MU (n = 1)
ICU (n = 1)

2 (2) wzi461 NA NT ND S (n = 2) SU (n = 2)

2 (2) wzi236 KL10 NT ST359 C (n = 1)
S (n=1) SU (n = 2)

1 (1) wzi75 KL105 NT ST11 C (n = 1) SU (n = 1)
1 (1) wzi102 K31 KL62 * ND S (n = 1) SU (n = 1)

a FT-IR types not recognized by the model were attributed arbitrary designations (FT1-FT5). b S = Rectal Screening;
C = Clinical isolate; NT = Not Typeable; NA = Not attributable; ND = Not Done; * Incorrect prediction.
MU = Medical Units; SU = Surgical Units; ER = Emergency Room; ICU = Intensive Care Unit.

Three years after the initial outbreak, ST147-K64 is still the predominant K. pneumoniae clone
(55% overall) responsible for 62.5% of CPE infections and also the most frequent K. pneumoniae colonizer
(52%). They were recovered from patients at several medical or surgical units (50% vs 39%, respectively)
and also in patients at emergency room (11%). The second most represented clone was ST392-KL27
(20.4%) that was mainly identified in medical wards (85%) in February 2018 (Table 3). A diversity of
other clones including ST22-K9 (5.1%), ST307-KL102 (4.1%), ST15-K19 (3%), ST15-KL112 (2%), or others
were identified as colonizers before or after infections (Table 3).

The carbapenem resistant E. coli isolates belonged to distinct phylo-groups, being B2 the most
prevalent one (n = 5; 46%), followed by groups A (n = 2; 18%), E (n = 2; 18%), B1 (n = 1, 9%), and F
(n = 1, 9%). One of the B2 E. coli producing KPC-3 belonged to the worldwide disseminated clone
ST131 (Table 4).
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Table 4. Characterization of CPE producers other than K. pneumoniae.

Species E. coli Phylogenetic Group (Nº) Carbapenemase (Nº) Source (Nº) Hospital Ward

E. coli B2 (5) a KPC-3 (3)
OXA-48 (1)

S (4)
C (1)

n = 2 SU
n = 3 MU

A (2) KPC-3 (2) S (2) n = 2 MU

E (2) KPC-3 (2) S (2) n = 1 MU
n = 1 SU

B1 (1) KPC-3 (1) S (1) n = 1 MU
F (1) KPC-3 (1) S (1) n = 1 MU

K. oxytoca NA (4) KPC-3 (4) S (4) n = 3 SU
n = 1 MU

E. cloacae complex NA (6) KPC-3 (5)
VIM-1 (1)

S (4), C (1)
S

n = 5 SU
n = 1 MU

C. freundii complex NA (1) KPC-3 (1) S n = 1 SU
a B2 E. coli producing KPC-3 belongs to ST131; S = Rectal Screening; C = Clinical Isolate; MU = Medical Units;
SU = Surgical units; NA = Not applicable.

2.4. A Variety of Multidrug Resistance Profiles

All isolates showed multidrug resistance (MDR) phenotypes and were resistant to third generation
cephalosporins (100%) and beta-lactam/beta-lactamase inhibitors (100%) and the vast majority was
resistant to ciprofloxacin (90%). All carbapenemase producers tested were nonsusceptible to ertapenem
(97% resistant, 3% intermediate) and demonstrated susceptible (S), intermediate (I), or resistance (R)
phenotypes to imipenem (61% R, 32% I, 7% S) and meropenem (54% R, 31% I, 15% S). Conversely,
amikacin (94%), as well as tigecycline (95%), tetracycline (80%), chloramphenicol (80%), or fosfomycin
(78%) had the highest susceptibility rates.

Susceptibility patterns varied according to species and clone. Besides third generation cephalosporins,
carbapenems and ciprofloxacin, ST307 and ST22 K. pneumoniae were resistant or intermediate to all
aminoglycosides (except amikacin), and ST22 additionally to trimethoprim/trimethoprim-sulfamethoxazole
and chloramphenicol. ST147 and ST392 were variably resistant to aminoglycosides (ST147-29%; ST392-57%)
other than amikacin, trimethoprim-sulfamethoxazole (ST147-46%; ST392-43%). The clinical E. cloacae
isolate was the most susceptible in this study (susceptibility to all aminoglycosides, ciprofloxacin,
chloramphenicol, tetracycline, tigecycline, trimethoprim, and trimethoprim-sulfamethoxazole). On the
contrary, the clinical OXA-48-producing E. coli was susceptible only to meropenem/imipenem, tetracycline,
tigecycline, and chloramphenicol.

3. Discussion

This study highlights a high multiplicity of species, clones, and carbapenemases three years after
the initial outbreak by KPC-3-producing K. pneumoniae ST147, irrespective of the infection control
measures applied. This information, together with epidemiological and patients’ data is critical to
understand galloping carbapenems resistance rates in our country and support the revision of infection
control measures. To our knowledge, this is the first study providing a comprehensive analysis of the
molecular epidemiology of CPE in a single institution in our country in two different time-points of CPE
spread, towards a comprehension of factors driving their extraordinary increase. The multiplicity of
carbapenemase-producing clones and Enterobacterales species, together with data from previous studies
in Portugal [7,9,10,12], highlights successful horizontal transfer of carbapenemases that might occur
during gastrointestinal colonization, which represents an additional challenge for infection control.

In contrast to previous studies [9,10,12], ST147-K64 K. pneumoniae is still the predominant clone in
different healthcare settings in our area. Its identification in patients that are colonized or infected in
multiple occasions throughout time, and its dispersion in other community-based healthcare-associated
settings suggests possible reintroductions of this highly transmissible clone in the hospital. The emergence
of other KPC-3-producing high-risk K. pneumoniae clones with recognized worldwide expansion (ST392,
ST307) and additional enhanced virulence and/or antibiotic resistance (ST307, ST22) is of concern.
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The ST392 clone has been recently reported in other countries (China, Italy, Mexico) [13–15] but to our
knowledge this is the first study to describe KPC-3-producing K. pneumoniae ST392 isolates in Portugal.
Although detected in small numbers, the identification of 4 ST307 isolates producing KPC-3 among
medical and surgical units is of great concern because of its higher resistance profile and the recognized
virulence potential (high resistance to complement-mediated killing) of this high-risk clone reported
worldwide [16,17]. Our data confirms the absence of ST258 K. pneumoniae in our country, a clone that is
well-established in other neighboring European countries [18,19]. Furthermore, the detection of ST131
E. coli producing KPC-3 especially as rectal colonizers poses a major threat to public health, since it has
the potential to cause widespread resistance to carbapenems in the community setting.

We demonstrated an excellent performance of our FT-IR based approach for subtyping multidrug
resistant K. pneumoniae populations, that was corroborated by reference genotypic molecular methods.
Isolates relationships’ were correctly established for 98% of the isolates and, for some of them, it was
possible to identify previously circulating K. pneumoniae lineages (e.g., ST147-K64, ST15-K19) for which
epidemiological data and resistance patterns are well-known [7,11]. This information is useful for
infection control teams in order to more quickly and effectively implement measures to control the
spread of problematic lineages and eventually guide antibiotic therapy. Thus, the high accuracy of the
method, together with its simplicity and extremely short time-to-response (we can provide results
from 1-3h after standardized growth conditions) represent ideal features for routine implementation
and a real-time support to infection control in the context of outbreak detection [8] or epidemiological
surveillance (this study). New K-types and clones were introduced in our spectral database for further
improvement of the model and correct predictions of future unknown isolates.

Besides establishing the potential for diversification of the CPE population, the data obtained
in this study were critical to support more targeted infection approaches in the most affected units
(medical and surgical wards) and to control the spread of ST392 in medical units (data now shown).
The high number of CPE in internal medicine (22.5%) is in agreement with previous data [9], and occurs
due to the higher burden of elderly patients, long hospitalization periods and the higher frequency
of invasive procedures [20]. Besides, reinforcement of medical equipment, surfaces’ cleaning and
contact precautions between patients and healthcare professionals is critical to control the situation [21].
From the data presented, it can be concluded that nearly all de novo CPE carriers (n = 43; 96%)
became colonized by CPE after hospital admission which strongly supports nosocomial acquisition.
Previous colonization and exposure to antibiotics in the previous three months were also recognized as
risk factors for development of CPE infections, as previously [20]. Patients maintained carrier status
over 200 days, raising questions about the effectiveness of routine decolonization protocols that would
need to be evaluated in a longer period and a larger sample. In any case, it is known that available
data varies according to decolonization strategy and the benefits are still questionable, and for that
reason routine decolonization of CPE is not recommended [22].

In conclusion, this work highlights an increasing diversity of CPE infecting or colonizing
hospitalized patients in a central hospital from the north of Portugal, even after implementation of
recommended infection control measures guided by clinical and epidemiological data and routine
rectal screening results. These results alert for the need to improve the accuracy and speed of bacterial
strain typing information, a goal that can be met by simple and cost-effective FT-IR based typing.
We strongly believe that, together with epidemiological data and antibiotic resistance patterns, it can
be an asset to support infection control and patient’s management in real-time.

4. Materials and Methods

4.1. Study Design and CPE sample

The hospital studied is a central and reference hospital located in the north of Portugal that includes
3 units and 1 rehabilitation center that serves 700.000 inhabitants of that region. It contains capacity
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for 580-beds, and offers healthcare specialties within medical, surgical, and emergency (adults and
pediatric) wards as well as attendance to outpatients.

In this hospital, the first noticed outbreak by CPE occurred in 2015 by a multidrug resistant KPC-3
producing K. pneumoniae ST147 clone with capsular (K)-type 64, that caused the death of 3 patients [8].
From then, the hospital implemented standard infection control measures (including active screening,
isolation and contact precautions for infected or colonized patients) that are still in use; however,
CPE increased throughout time.

At the hospital, suspected CPE isolates (n = 128) identified from either clinical samples (n = 35,
November 2017-February 2018) or from rectal swabs (n = 93 in February 2018) from hospitalized
patients were collected. Screenings of CPE in rectal swabs were performed: (i) at admission in high-risk
patients, i.e. those with hospitalizations longer than 72 h in the last 6 months or transferred from
another healthcare institution; (ii) at 48 h of hospitalization when the result is negative at admission;
(iii) each 7 days of hospitalization if the prior result is negative.

At admission, CPE colonizers were detected by molecular biology using Xpert CarbaR
(Cepheid), whereas subsequent screenings on hospitalized patients were performed using a cultural
method. Rectal swabs (positive for Xpert CarbaR and subsequent screenings) were plated on the
chromogenic agar chromID Carba Smart (bioMérieux) for recovery of carbapenem resistant isolates.
Presumptive Enterobacterales isolates (pink colonies for E. coli and bluish-green colonies for Klebsiella,
Enterobacter, Serratia or Citrobacter sp.) were selected for further characterization (>1 isolate per sample
was studied when representing different morphotypes or species).

All patients with positive results were transferred to cohort areas and submitted to infection
control measures. We collected patients’ data (age, gender, underlying conditions), hospitalization,
and rectal screening history and previous antibiotherapy.

4.2. CPE Identification and Antibiotic Susceptibility Testing

Isolates from clinical samples were identified and preliminarily tested for antibiotic susceptibility by
VITEK®2 system (bioMérieux). When necessary, species identification was confirmed by MALDI-TOF
MS (VITEK MS, bioMérieux) and further sequencing of leuS for speciation within Enterobacter cloacae
species [23].

Extended antibiotic susceptibility profiles were subsequently obtained by disk diffusion for
20 antibiotics (cefotaxime, ceftazidime, cefepime, ertapenem, meropenem, imipenem, amoxicillin-clavulanic
acid, piperacillin-tazobactam, amikacin, tobramycin, gentamicin, kanamycin, netilmicin, ciprofloxacin,
tetracycline, tigecycline, fosfomycin, trimethoprim, trimethoprim-sulfamethoxazole, and chloramphenicol),
according to EUCAST guidelines (www.eucast.org) and CLSI [24].

4.3. Molecular Characterization of CPE Producers

Carbapenemase production was confirmed by the Blue-Carba test [25] and the type of
carbapenemase was identified by PCR directed to the most frequent carbapenemase gene families
(blaKPC, blaOXA-48, blaIMP; blaVIM, blaNDM) and further sequencing [7,26]. mcr genes (mcr-1 to mcr-5)
were sought by a multiplex PCR previously described [27] in representative isolates from different
clones and species.

4.4. FT-IR for Subtyping of K. pneumoniae Carbapenemase Producers

The relationship between K. pneumoniae isolates was established by Fourier Transform Infrared
(FT-IR) spectroscopy using our previously described workflow [11]. Briefly, bacterial spectra were
acquired in standardized conditions and compared with those from our in-house K. pneumoniae
database (including 19 international clones/K-types) for identification of capsular (K) types and because
of established K-type and clone relationships, presumptive clonal identification. These FT-IR-based
assignments were confirmed by PCR and sequencing of wzi gene [11,28] and multi-locus sequence
typing (MLST) using the seven housekeeping genes (gapA, infB, pgi, mdh, phoE, rpoB, tonB) proposed in

188



Antibiotics 2020, 9, 806

Pasteur MLST scheme in representative isolates of clones with >3 isolates each (https://bigsdb.pasteur.
fr/klebsiella/klebsiella.html).

E. coli phylogenetic groups were identified by PCR, according to the quadriplex method described
by Clermont et al. [29]. E. coli ST131 was presumptively identified by a specific PCR in isolates
belonging to the phylogenetic group B2 and fumC sequencing [30].
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Abstract: Mobile genetic elements (MGEs), especially multidrug-resistance plasmids, are major
vehicles for the dissemination of antimicrobial resistance determinants. Herein, we analyse the MGEs
in three extensively drug-resistant (XDR) Klebsiella pneumoniae isolates from Germany. Whole genome
sequencing (WGS) is performed using Illumina and MinION platforms followed by core-genome
multi-locus sequence typing (MLST). The plasmid content is analysed by conjugation, S1-pulsed-field
gel electrophoresis (S1-PFGE) and Southern blot experiments. The K. pneumoniae isolates belong to
the international high-risk clone ST147 and form a cluster of closely related isolates. They harbour
the blaOXA-181 carbapenemase on a ColKP3 plasmid, and 12 antibiotic resistance determinants on an
multidrug-resistant (MDR) IncR plasmid with a recombinogenic nature and encoding a large number
of insertion elements. The IncR plasmids within the three isolates share a high degree of homology,
but present also genetic variations, such as inversion or deletion of genetic regions in close proximity
to MGEs. In addition, six plasmids not harbouring any antibiotic resistance determinants are present
in each isolate. Our study indicates that genetic variations can be observed within a cluster of closely
related isolates, due to the dynamic nature of MGEs. The mobilome of the K. pneumoniae isolates
combined with the emergence of the XDR ST147 high-risk clone have the potential to become a major
challenge for global healthcare.
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1. Introduction

The evolution and spread of antibiotic-resistant pathogens has emerged as one of the most
important public health problems worldwide over the last decades (https://www.who.int/en/news-
room/fact-sheets/detail/antibiotic-resistance). In bacterial genomes, capture, accumulation and
dissemination of antibiotic resistance determinants are often associated with mobile genetic elements
(MGEs) like plasmids, transposons and insertion sequences (ISs) [1]. Plasmids are often assemblies of
different MGE modules and are the most efficient intra- and interspecies DNA transfer mechanism
among prokaryotes [2]. This is well exemplified by the global spread of the KPC carbapenemase
involving the incompatibility group FIIk (IncFIIk) plasmids in Klebsiella pneumoniae [3]. Moreover,
blaNDM-1 in K. pneumoniae has been mainly associated with broad host range IncA/C2, IncHI1, IncX3
and IncN2 plasmids [4]. In Acinetobacter baumannii, the transposon Tn125, harbouring the insertion
element ISAba125, is considered as the main vehicle for the dissemination of NDM-1 enzymes [5,6].

K. pneumoniae, belonging to the Enterobacterales family, is a natural inhabitant of the
gastrointestinal tract of humans and animals. Nevertheless, it is also encountered as a nosocomial
pathogen causing various infections such as pneumonia, urinary tract infection and bloodstream
infection [4]. Of concern is the rapid expansion of carbapenem-resistant K. pneumoniae, mainly associated
with those carbapenemases which are endemic in certain countries, such as KPC-positive K. pneumoniae
in Greece and Italy [7,8]. OXA-48-like is the most common carbapenemase in Enterobacterales in some
regions of the world including Germany. Other frequently encountered carbapenemases in Germany
include VIM-1 and NDM-1 [9,10]. The successful propagation of OXA-48-positive Enterobacterales is
reinforced by the global distribution of certain high-risk clones (e.g., K. pneumoniae sequence type (ST)
307 or Escherichia coli ST38) as also its association with MGEs, e.g., OXA-48 linked with different Tn1999
variants on highly transferable IncL plasmids [10,11]. The expansion of high-risk K. pneumoniae clones
with a multidrug-resistant (MDR) or extensive drug-resistant (XDR) phenotype has been observed
in recent years [4]. K. pneumoniae ST147 has been reported as an emerging high-risk clone associated
with plasmid-encoded extended-spectrum β-lactamases (ESBLs) like blaCTX-M-15, or carbapenemases
such as blaOXA-48 and blaNDM-1 [4,12–17].

In the present study, we characterise the content and genetic structure of MGEs and the clonal
relatedness of three OXA-181-producing K. pneumoniae ST147 clinical isolates recovered in Germany.

2. Results and Discussion

Dissemination of antibiotic resistance is driven by clonal expansion or horizontal gene transfer,
including mainly MGEs [1,2]. In the present study, all three isolates colonising haematology/oncology
patients were identified as K. pneumoniae ST147 and were the only representatives of this ST among 40
in total collected K. pneumoniae isolates. The three isolates were also characterised by their capsular
type KL64 (wzi allele 64). MDR K. pneumoniae ST147 isolates represent a successful clone with a global
spread and these isolates are often armed with carbapenemases and ESBLs [15,18]. The German
National Reference Centre for Multidrug-Resistant Gram-negative Bacteria and the Robert Koch
Institute reported, between 2008 and 2014, 13 carbapenemase-producing ST147 K. pneumoniae isolates
in Germany. In particular, 9/42 OXA-48-, 3/34 KPC-2- and 1/5 NDM-1-producing isolates were assigned
to ST147 [19].

In the present study, the isolates HKP0018, HKP0064 and HKP0067 were analysed by whole
genome sequencing (WGS) and harboured on the chromosome a gene encoding the intrinsic SHV-11,
as well as oqxAB and fosA genes, belonging to the core genome of the KpI–III phylogroups [20].
The plasmid-encoded resistome of the investigated isolates, summarised in Table 1, was identical
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and included beta-lactam, aminoglycoside, fluoroquinolone, tetracycline and other antimicrobial
resistance determinants. Antimicrobial susceptibility testing showed that all three K. pneumoniae
isolates exhibited an XDR phenotype; resistant to ampicillin, aztreonam, ceftazidime, chloramphenicol,
ciprofloxacin, gentamicin, imipenem, meropenem, minocycline, tetracycline, ticarcillin, tigecycline,
and trimethoprim and susceptible only to amikacin and colistin (Table 2). MDR and XDR K. pneumoniae
isolates involved in nosocomial outbreaks have been widely reported [4,21,22]. Between June and
October 2109, an outbreak of XDR K. pneumoniae producing NDM-1 and OXA-48 was reported in four
medical facilities in Mecklenburg-Western Pomerania, Germany [23]. Molecular characterisation using
core genome multi-locus sequence typing (cgMLST) analysis revealed that the three investigated isolates
were closely related and formed a cluster with 0–1 allelic differences (data not shown). One could
speculate that the closely related isolates were likely transmitted within the hospital. All three patients
had been hospitalised in the same department (Table 3) and two of the patients had an overlapping
hospitalisation at the same ward (C5A). However, a direct connection to HKP0018 could not be
established within the study.

Table 1. Plasmid encoded antimicrobial resistance determinants, plasmid content and plasmid size of
the isolates.

Plasmid Replicon Size (bp) Antimicrobial Resistance
Determinants

Isolate No.
HKP0018 HKP0064 HKP0067

pHKP0018.1 ColKP3 6103 blaOXA-181 + + +

pHKP0018.2 IncR 66,330

blaCTX-M-15
b, blaOXA-1,

blaTEM-1B, aac(6’)Ib-cr,
aac(3)-IIa, strA, strB, qnrS1,
sul1, dfrA1, tet(A), catB3-like

+ - -

pHKP0064.2 IncR 70,762

blaCTX-M-15
b, blaOXA-1,

blaTEM-1B, aac(6’)Ib-cr,
aac(3)-IIa, strA, strB, qnrS1,

sul1, dfrA1, tet(A), catB3-like

- + +

pHKP0018.3 IncFIB 113,014 - + + +
pHKP0018.4 NT a 57,450 - + + +
pHKP0018.5 Col-like 8428 - + + +
pHKP0018.6 Col-like 5499 - + + +
pHKP0018.7 NT a 2044 - + + +
pHKP0018.8 Col-like 1459 - + + +

a NT, not typeable; b gene present in two copies.
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Table 2. Antimicrobial susceptibility of the three K. pneumoniae isolates.

Antimicrobial Agent MIC (mg/L) Susceptibility a
HKP0018 HKP0064 HKP0067

Amikacin 8 8 8 S
Ampicillin >128 >128 >128 R
Aztreonam >128 >128 >128 R
Ceftazidime 128 128 128 R

Chloramphenicol 32 32 32 R
Ciprofloxacin 128 128 128 R

Colistin b 1 2 1 S
Gentamicin 128 128 128 R
Imipenem 8 8 8 R

Levofloxacin 64 64 64 R
Meropenem 32 32 32 R

Minocycline c 64 64 64 R
Rifampicin d 64 64 64 -
Tetracycline c 128 128 128 R

Ticarcillin >128 >128 >128 R
Tigecycline b 2 2 2 R

Trimethoprim 128 128 128 R
a R, resistant; S, susceptible; b tested by broth microdilution method; c only CLSI breakpoint available; d no
breakpoint available.

Table 3. K. pneumoniae clinical isolates information.

Isolate Date of
Isolation Source Department Ward ST

HKP0018 16.02.2015 Rectal swab Haematology/Oncology C5A 147
HKP0064 08.05.2015 Throat swab Haematology/Oncology 1G 147
HKP0067 19.05.2015 Rectal swab Haematology/Oncology C5A 147

Phylogenetic analysis of 30 ST147 K. pneumoniae isolates from different countries showed several
branches (Figure 1). The isolates HKP0018, HKP0064 and HKP0067 were on the same branch with
ST147 isolates from different countries, such as Switzerland, USA, United Kingdom and Singapore,
illustrating the worldwide spread of this clone. In addition, the three investigated isolates clustered
together with 7 ST147 K. pneumoniae isolates recovered between 2013 and 2014 in Göttingen, Germany.
The latter MDR isolates harboured the carbapenemase OXA-48 on a 63.6 kb IncL plasmid [15]. The close
genetic relatedness observed between the German isolates suggests that an OXA-48-like producing
ST147 clone is circulating in the country.
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Figure 1. Phylogenetic analysis of HKP0018, HKP0064, HKP0067 and 30 ST147 K. pneumoniae isolates.
Phylogenetic maximum-likelihood tree was generated using the FigTree v1.4.3 software of the SNP
analysis performed using the kSNP3 tool (Galaxy version 3.1) software at the ARIES Galaxy server
(https://aries.iss.it/).

In the present study, plasmid analysis revealed eight closed plasmids for each individual
K. pneumoniae isolate.

OXA-48-like is the most prevalent carbapenem-hydrolysing β-lactamase in Enterobacterales
isolates from Germany [9,24]. MDR K. pneumoniae ST147 encoding OXA-48 on a conjugative IncL
plasmid have been recently reported in Germany [15]. In the present study, all three investigated
isolates harboured OXA-181 on an identical 6103 bp ColKP3 plasmid, pHKP0018.1. This plasmid
also encoded the mobilisation genes mobA, mobB, mobC and mobD, and, upstream of blaOXA-181 gene,
170 bp of a disrupted ISEcp1 was present. A blastn analysis to compare pHKP0018.1 to sequences
available in the GenBank database revealed high similarities mainly with three groups of plasmids,
of which Carbapenemase OXA-232_ColKP3 (Acc. No CP050165), pKP3-A (Acc. No JN205800) and
p50595_OXA_181 (Acc. No CP050375) were chosen as exemplars for a more detailed comparison.
The first one, with a size of 6141 bp, showed an identity of 99.98% to our plasmid, has a longer fragment
of the interrupted ISEcp1 (208 bp) and carries the blaOXA-232 gene, a blaOXA-181 variant from which it
differs by a single nucleotide, leading to the Arg214-Ser amino acid substitution, and from which it
probably originated (Figure 2) [25]. Plasmid pKP3-A, obtained from a clinical K. pneumoniae isolate
in 2010, is a ColKP3 plasmid carrying blaOXA-181, proved to be mobilisable but not self-transmissible.
It showed 99.95% similarity when compared to pHKP0018.1, from which it differs by the presence of
the complete ISEcp1 element. In this plasmid, the carbapenemase gene was described as part of the
Tn2013 transposon, made up by the 3139 bp module ISEcp1-blaOXA-181-∆lysR-∆ereA [26]. In plasmid
pHKP0018.1 this transposon was disrupted, with only the two right inverted repeats (IRR1 and IRR2)
and the 3′ target site duplication (ATATA) still identifiable (Figure 2) [26]. Lastly, p50595_OXA_181
plasmid depicts the group of X3-ColKP3 plasmids of approximately 51 kb in size, which held 50% of
the pHKP0018.1 plasmid, with an identity of 100%. This portion contained the interrupted Tn2013
(∆ISEcp1-blaOXA-181-∆lysR-∆ereA) and an almost complete repA gene of ColKP3, inserted between the
two insertion sequences IS3000 and ISKpn19 (Figure 2). The sequence comparative analysis also showed
that blaOXA-181 seems to be almost uniquely located on X3-ColKP3 plasmids, frequently harboured
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by E. coli isolates, while its variant blaOXA-232 is primarily located on ColKP3 plasmids harboured
predominantly by K. pneumoniae. Nevertheless, both variants are distributed on a global scale, including
not only clinical isolates but also animal and environmental ones. Indeed, OXA-181 and OXA-232
represent, respectively, the second and third most common and widespread OXA-48-like enzyme and
both are described as part of the Tn2013 transposon, which, together with its localisation on plasmids
like ColE-type, IncX3, IncN1 and IncT, is responsible for their dissemination [10].

Figure 2. Graphical representation of blaOXA-181/blaOXA-232-carrying plasmids sequence comparison.
Starting from the inner ring: GC content of pKP3-A plasmid sequenced (here used as reference),
blaOXA-181-positive pKP3-A plasmid sequence (JN205800), pKP3-A CDSs, blaOXA-181-positive
pHKP0018.1 plasmid sequence (CP061063.1), pHKP0018.1 CDSs, blaOXA-232-positive Carbapenemase
(OXA-232)_ColKP3 plasmid sequence (CP050165), blaOXA-181-positive p47733_OXA_181 plasmid
sequence (CP050368), blaOXA-181-positive p50595_OXA_181 plasmid sequence (CP050375).
CDS’s arrows indicate their transcription direction. Hypothetical proteins are not displayed. The figure
was generated with BRIG v0.95.

S1-PFGE, Southern blot and WGS analysis revealed that all three isolates harboured an IncR
plasmid, pHKP0018.2, pHKP0064.2 and pHKP0067.2, presenting only the repB gene and lacking the
repE and repA genes and encoding the same antibiotic resistance determinants (Figure 3). The MDR
region included a mosaic structure of 12 antibiotic resistance genes, including β-lactamases blaCTX-M-15

(present in two copies on each IncR plasmid), blaOXA-1, blaTEM-1B, aminoglycoside modifying enzymes
aac(6’)Ib-cr, aac(3)-IIa, strA, strB, as well as the resistance determinants qnrS1, sul1, dfrA1, tet(A) and
catB3-like (Table 1). The MDR region was highly recombinogenic and encoded several copies of
different ISs (n = 9). Furthermore, pHKP0018.2, pHKP0064.2 and pHKP0067.2 encoded a higB/higA
toxin-antitoxin (TA) module and parA/parB partitioning genes, contributing to plasmid stabilisation
and inheritance. As many others previously described, containing only the repB gene alone, the IncR
plasmid of this study did not harbour known conjugative loci, and consequently attempts to transfer
by conjugation IncR and to mobilise the ColKP3-OXA-181 into E. coli J53 were not successful. The IncR
plasmids showed high sequence homology to IncR plasmids pKp_Goe_304-4 (Acc. No CP018724.1),
pKp_Goe_021-4 (Acc. No CP018718.1), pKp_Goe_024-4 (Acc. No CP018705.1), and CP017989.1 of a
ST147 K. pneumoniae isolate collected in Germany in 2014, and to the IncR plasmid pSg1-NDM (Acc.
No CP011839.1) identified in a ST147 K. pneumoniae isolate from Singapore [18].

Sequence analysis revealed that pHKP0064.2 and pHKP0067.2 were identical and 70,762 bp in
size. Nevertheless, comparative analysis revealed a rearrangement of a composite transposon flanked
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by two inverted copies of IS26 and containing catB3-like, aac(6’)Ib-cr and blaOXA-1 genes. This 3826
bp region was inserted in the same position in the two IncR plasmids but in opposite orientation.
Similarly, another reshuffling of a 13,957 bp region was observed for pHKP0064.2 and pHKP0067.2.
This genomic region was flanked by two copies of ISEcp1 in inverse orientation and harboured a
truncated transposase, Tn3 resolvase, blaTEM-1B, qnrS1, recombinase, ISKpn19, umuC, HAMP-domain
and IS26 (Figure 3). In the isolate HKP0018 an IncR plasmid, pHKP0018.2, with a size of 66,330 bp was
identified. The plasmids pHKP0064.2 and pHKP0067.2 shared a high degree of sequence homology
with pHKP0018.2, apart from a 4432 bp region which was missing from the latter plasmid. The missing
region was part of the 13,957 bp genomic region involved in the rearrangement in pHKP0064.2 and
pHKP0067.2. This subregion was comprised of genes encoding for the error-prone DNA polymerase V
subunit (umuC) and a sensor histidine kinase (HAMP-domain) followed by the MGE ISKpn19 (Figure 3).
These results indicate that within a group of clonal isolates, diversity can still be observed. Genetic
variation within clonal bacterial groups caused by homologous recombination has been described in
E. coli [27]. While genetic rearrangement, such as inversion or duplication, caused by MGEs have been
confirmed by diverse studies [28–30].

An identical 113,014 bp IncFIB-like plasmid, pHKP0018.3, was identified in the K. pneumoniae
isolates and did not encode any known antibiotic resistance determinants (Figure S1). However, this
plasmid harboured a tellurite/colicin resistance determinant, phage-related genes, and was lacking
known conjugative transfer genes. Furthermore, the plasmid harboured two members of the IS3 family,
ISKpn1 and IS2. The IncFIB-like plasmid showed high homology (coverage 97%, identity 100%) to
pSG1.1 (Acc. No CP012427.1) from an NDM-1 positive ST147 K. pneumoniae isolate from Singapore
and also with other ST147 IncFIB plasmids (Acc. No CP021940.1, CP021945.1 and CP014756.1),
indicating that this plasmid might be intrinsic to this ST [18].

Figure 3. Major structural features of the IncR plasmids, pHKP0018.2 (a), pHKP0064.2 (b) and
pHKP0067.2 (c), identified in K. pneumoniae isolates HKP0018, HKP0064 and HKP0067, respectively.
Arrows indicate the deduced open reading frames (ORFs) and their orientations. Hypothetical proteins
are not shown. The figure was generated with EasyFig 2.1 [31].
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Southern blot and WGS revealed that the ST147 isolates carried also an identical 54,750 bp plasmid,
pHKP0018.4 (Figure S2). The plasmid showed similarity (coverage 78%, identity 99%) to K. pneumoniae
ST147 plasmids recovered from Singapore, pSg1-3 (Acc. No CP012429) [18]. pHKP0018.4 exhibited also
similarity (coverage 62%, identity 83%) to phiKO2 of a Klebsiella oxytoca isolate which was described as
a prophage able to replicate as linear plasmids with covalently closed ends [32].

Small plasmids, often present in high copy numbers, can serve as an important reservoir
for antibiotic resistance determinants, such as small ColE plasmid derivatives encoding qnrS1 in
Salmonella enterica [33–35]. In the present study, apart from the ColKP3 blaOXA-181-encoding plasmid,
the ST147 K. pneumoniae isolates harboured in addition four identical small plasmids, which varied
in size from 1.4 kb to 8.4 kb and did not encode known antimicrobial resistance determinants.
An identical 8428 bp plasmid, pHKP0018.5, was identified in the three isolates. The plasmid carried two
Col-like replication initiation proteins and showed similarity to pKpvST147B_4 (Acc. No CP040727.1,
coverage 56%, identity 100%) from a ST147 K. pneumoniae isolate recovered at a hospital in south-east
England (Figure S3). Another plasmid, 5499 bp in size and identical for the investigated ST147 isolates
(pHKP0018.6), was detected and typed as a Col-like plasmid (Figure S4).

Moreover, a 2044 bp plasmid identical for the three K. pneumoniae plasmids, pHKP0018.7, was
detected and encoded two hypothetical proteins, with no conserved domains. This plasmid could
not be assigned to a replicon type and was identical (coverage 100%, identity 100%) to plasmids
p4_1_2.4 (Acc. No CP023843.1) and pDA33140-2 (Acc. No CP029584.1) both from ST147 K. pneumoniae
isolates recovered in Sweden (plasmid map not shown). Finally, an identical 1459 bp plasmid,
pHKP0018.8, replicon typed as Col-like and bearing a hypothetical protein was identified. The Col-like
plasmid was identical (coverage 100%, identity 100%) to plasmids found in E. coli, such as pEC881_8
(Acc. No CP019021.1) and pEC648_7 (Acc. No CP008721.1), which can be a result of interspecies
plasmid transfer (plasmid map not shown).

3. Materials and Methods

3.1. Bacterial Isolates and Transformants

The isolates HKP0018, HKP0064 and HKP0067 were recovered in 2015 from throat and rectal swabs
of three patients on admission to a university hospital in northern Germany (Table 3). The isolates were
collected as part of the CONTAIN multicentre cohort study of the German Centre for Infection Research
(DZIF) on the efficiency of infection control measures to prevent the transmission of ESBL producing
Enterobacterales in haematology/oncology units [36]. The selection of the three isolates for further
investigation was based on their clonal relatedness, ST, and acquired resistome. The surveillance
swabs were plated on selective media (chromID® ESBL; bioMérieux, Nürtingen, Germany) and
incubated for 18–24 h. The species identification was performed with MALDI-TOF mass spectrometry.
Additionally, plasmid DNA was extracted from the isolate HKP0018 with the PureYield Plasmid
Midiprep System (Promega, Madison, WI, USA) and then used to transform One Shot MAX Efficiency
DH5α-T1R Competent Cells (Thermo Fisher Scientific, Waltham MA, USA). Selection of transformants
was performed using ampicillin (40 mg/L) and tetracycline (30 mg/L) and was confirmed by PCR
(Supplementary data).

3.2. Antimicrobial Susceptibility Testing

MICs for ampicillin, tetracycline, trimethoprim, gentamicin (Sigma–Aldrich, Steinheim,
Germany), amikacin, aztreonam, imipenem, meropenem, minocycline, rifampicin, (Molekula,
Newcastle-upon-Tyne, UK), levofloxacin (Sanofi Aventis, Frankfurt, Germany), ciprofloxacin (Bayer
Pharma AG, Berlin, Germany) and ticarcillin (Carl Roth GmbH, Karlsruhe, Germany) were determined
using the agar dilution method [37]. MICs for colistin and tigecycline were determined by
broth microdilution method (Merlin Diagnostika GmbH, Bornheim, Germany). E. coli ATCC
25922, Pseudomonas aeruginosa ATCC 27853, and Staphylococcus aureus ATCC 25923 were used as
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quality control strains. MICs were interpreted using the resistance breakpoints for Enterobacterales
from EUCAST (Version 10.0, January 2020, http://www.eucast.org/clinical_breakpoints/) and CLSI
(https://clsi.org/standards/products/microbiology/documents/m100/).

3.3. S1-Pulsed-Field Gel Electrophoresis (S1-PFGE) and Southern Blot Hybridisation

Plasmid linearisation by S1 nuclease followed by PFGE was used to determine the size and total
number of plasmids. Bacterial DNA embedded in agarose plugs was digested using 50 Units S1
nuclease (Thermo Fisher Scientific, Waltham, MA, USA) per plug slice and incubated according to the
manufacturer’s instructions. Samples were run on a CHEF-DR II system (Bio-Rad, Munich, Germany)
for 17 h at 6 V/cm and 14 ◦C while initial and final pulses were conducted at 4 and 16 s, respectively.
The Lambda PFG Ladder and λ DNA-Mono Cut Mix (New England Biolabs, Frankfurt, Germany)
were used as markers. The approximate plasmid size was calculated using Image LabTM software
(Bio-Rad, Munich, Germany).

Southern blot hybridisation was performed to determine the plasmid/chromosomal gene location
by hybridisation with digoxigenin (DIG)-labelled probes (Roche, Mannheim, Germany). For the
IncR replicon and strA of pHKP0018.2 and for the terminase pHKP0018.4 specific probes were
used respectively (Table S1). Signal detection was performed according to the manufacturer’s
instructions using CDP-Star®ready-to-use (Roche, Mannheim, Germany) chemiluminescent substrate
by autoradiography on a X-ray film (GE Healthcare, Buckinghamshire, United Kingdom).
Chromosomal location was shown by colocalisation with a rpoB probe.

3.4. Whole Genome Sequencing (WGS) and Bioinformatics

Total DNA from the bacterial isolates and transformants was extracted using the MagAttract
HMW DNA Kit (Qiagen, Hilden, Germany) and plasmid DNA was extracted using PureYield Plasmid
Midiprep System according to manufacturer’s instructions and used for short-read sequencing.
Sequencing libraries were prepared using a Nextera XT library prep kit (Illumina GmbH, Munich,
Germany) for a 250 bp paired-end sequencing run on an Illumina MiSeq platform. The obtained
reads were de novo assembled with the Velvet assembler integrated in the Ridom SeqSphere+ v. 7.2.1
software, and SPAdes 3.11 [38]. Finally, where necessary, overlapping assembly contigs and predicted
gaps were filled and confirmed by PCR-based gap closure as described previously [39].

DNA extraction for long-read sequencing was performed using the Genomic-Tips 100/G kit and
Genomic DNA Buffers kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.
Libraries were prepared using the 1D Ligation Sequencing Kit (SQK-LSK108) in combination with
Native Barcoding Kit (EXP-NBD103) and Rapid Barcoding Kit (SQK-RBK004) in accordance with the
manufacturer’s instructions (Oxford Nanopore Technologies, Oxford, United Kingdom) and were
loaded onto a R9.4 flow cell (Oxford Nanopore Technologies, Oxford, United Kingdom). The run was
performed on a MinION MK1b device (Oxford Nanopore Technologies, Oxford, United Kingdom).
Collection of raw electronic signal data and live base-calling was performed using the MinKNOW
software and Albacore (Oxford Nanopore Technologies, Oxford, United Kingdom). De novo assembly
of the MinION long-reads was performed using Canu [40]. The Illumina short-reads were assembled
with the MinION long-reads using hybridSPAdes and Unicycler [41,42]. Additionally, plasmidSPAdes
was implemented to identify plasmid sequences [43].

The assembled genomes generated in this project have been deposited in the NCBI under
the BioProject ID PRJNA660340 (BioSample accessions: HKP0018, SAMN15946735; HKP00164,
SAMN15946736; HKP0067, SAMN15946737).

3.5. Molecular Epidemiology, Resistome, Mobilome and Genome Annotation

The Pasteur multi-locus sequence typing (MLST) scheme was used to assign the ST (https:
//bigsdb.pasteur.fr/index.html). The molecular epidemiology was investigated with a validated cgMLST
scheme, including 2358 target alleles, using the Ridom SeqSphere+ v. 7.2.1 software [44]. Capsular type
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(KL-type) were assigned using Kaptive Web [45]. The resistome and plasmidome were analysed
using ResFinder v.3.2.0 (https://cge.cbs.dtu.dk/services/ResFinder/) and PlasmidFinder v.2.0.1 [46,47].
Genome sequences were annotated using the RAST server (http://rast.nmpdr.org/) and partially
manually edited. Plasmids were graphically depicted using SnapGene (http://www.snapgene.com/).

3.6. Conjugation Experiments

Broth mate conjugation experiments were performed using the sodium azide-resistant E. coli
J53 as recipient. Selection of transconjugants was performed using sodium azide (200 mg/L) and
ampicillin (40 mg/L), or tetracycline (30 mg/L). Transconjugants were tested by PCR for the presence of
the blaOXA-181 and tet(A) genes, while their susceptibility to meropenem (10 µg) and tetracycline (30 µg)
was tested using the disk diffusion method, according to EUCAST recommendations (Version 10.0,
January 2020, http://www.eucast.org/clinical_breakpoints/).

4. Conlusions

In conclusion, the present study describes a complex variety of plasmids within three clonal
ST147 K. pneumoniae isolates recovered from haematology/oncology patients hospitalised in the same
German hospital. The ST147 K. pneumoniae isolates harboured the blaOXA-181 carbapenemase gene
on a small ColKP3 plasmid, but also a complex array of 12 antibiotic resistance determinants on an
MDR IncR plasmid, severely limiting treatment options. The recombinogenic nature of the MDR
IncR plasmid encoding a large number of ISs can serve as genome plasticity mediators. The IncR
plasmids of the studied isolates differed overall in a 4 kb region which could be attributed to an IS
transposition event, as also in the opposite orientation of two composite transposons (3.8 kb and 13 kb).
These results indicate that within a cluster of closely related isolates, variation can be observed due to
the dynamic nature of MGEs. The abundant mobilome and resistome of the K. pneumoniae isolates
combined with the emergence of ST147 as an international high-risk clone has the potential to become
a major challenge for the healthcare setting and requires special attention and vigilance.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6382/9/10/675/s1.
Table S1: List of oligonucleotides used in the present study, Figure S1: Major structural features of the IncFIB
plasmid pHKP0018.3 identified in K. pneumoniae isolates HKP0018, HKP0064 and HKP0067. Arrows represent
predicted open reading frames (ORFs) and their direction represents the direction of transcription. Hypothetical
proteins are not shown, Figure S2: Major structural features of the pHKP0018.4 plasmid identified in K. pneumoniae
isolates HKP0018, HKP0064 and HKP0067. Arrows represent predicted ORFs and their direction represents
the direction of transcription. Hypothetical proteins are not shown, Figure S3: Major structural features of
pHKP0018.5 identified in K. pneumoniae isolates HKP0018, HKP0064 and HKP0067. Arrows represent predicted
ORFs and their direction represents the direction of transcription. Hypothetical proteins are assigned as hp,
Figure S4: Major structural features of pHKP0018.6 identified in K. pneumoniae isolates HKP0018, HKP0064 and
HKP0067, respectively. Arrows represent predicted ORFs and the direction of the arrow represents the direction
of transcription. Hypothetical proteins are assigned as hp.
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Abstract: Currently, human and veterinary medicine are threatened worldwide by an increas-
ing resistance to carbapenems, particularly present in opportunistic Enterobacterales pathogens
(e.g., Klebsiella spp.). However, there is a lack of comprehensive and comparable data on their
occurrence in wastewater, as well as on the phenotypic and genotypic characteristics for var-
ious countries including Germany. Thus, this study aims to characterize carbapenem-resistant
Klebsiella spp. isolated from municipal wastewater treatment plants (mWWTPs) and their receiving
water bodies, as well as from wastewater and process waters from poultry and pig slaughterhouses.
After isolation using selective media and determination of carbapenem (i.e., ertapenem) resistance
using broth microdilution to apply epidemiological breakpoints, the selected isolates (n = 30) were
subjected to WGS. The vast majority of the isolates (80.0%) originated from the mWWTPs and
their receiving water bodies. In addition to ertapenem, Klebsiella spp. isolates exhibited resistance
to meropenem (40.0%) and imipenem (16.7%), as well as to piperacillin-tazobactam (50.0%) and
ceftolozan-tazobactam (50.0%). A high diversity of antibiotic-resistance genes (n = 68), in par-
ticular those encoding β-lactamases, was revealed. However, with the exception of blaGES-5-like,
no acquired carbapenemase-resistance genes were detected. Virulence factors such as siderophores
(e.g., enterobactin) and fimbriae type 1 were present in almost all isolates. A wide genetic diversity was
indicated by assigning 66.7% of the isolates to 12 different sequence types (STs), including clinically relevant
ones (e.g., ST16, ST252, ST219, ST268, ST307, ST789, ST873, and ST2459). Our study provides information
on the occurrence of carbapenem-resistant, ESBL-producing Klebsiella spp., which is of clinical importance
in wastewater and surface water in Germany. These findings indicate their possible dissemination in
the environment and the potential risk of colonization and/or infection of humans, livestock and
wildlife associated with exposure to contaminated water sources.

Keywords: Klebsiella pneumoniae; wastewater; antimicrobial resistance; carbapenem resistance; virulence
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1. Introduction

Antimicrobial resistance (AMR) is currently considered one of the major threats to
public health and modern healthcare worldwide [1]. In 2015, more than 670,000 infections
in the European Union (EU) and European Economic Area (EEA) countries were caused
by bacteria resistant to antibiotics, resulting in an estimated 33,000 deaths [2]. Of those,
K. pneumoniae resistant to third-generation cephalosporins and carbapenems accounted
for 84,500 infections in healthcare settings with approx. 6,000 attributable deaths, where
this pathogen was most frequently associated with bloodstream and ventilator-associated
pneumonia infections [2]. Furthermore, K. pneumoniae and K. oxytoca/K. michiganensis,
which represent the most important clinical species, have been associated with community-
acquired infections such as UTIs, meningitis, pneumonia and bacteraemia [3]. In addition,
Klebsiella spp. are ubiquitous in the environment and have been recovered from surface
water, soil, and plants [4].

At 11.3%, K. pneumoniae was one of the most commonly reported bacterial species in
EU/EEA countries in 2019 among invasive isolates originating from blood or cerebrospinal
fluid [5]. In Germany in 2019, less than 1% of clinical K. pneumoniae isolates exhibited resis-
tance to carbapenems (i.e., imipenem and/or meropenem); meanwhile, several Southern
and East European countries reported rates of more than 10% [6]. However, an increase in
carbapenem resistance in K. pneumoniae isolates in Germany is clearly noticeable, with a
rise from 0.1% in 2015 to 0.9% in 2019 [6]. Furthermore, significantly increasing trends are
seen in EU/EEA population-weighted mean percentages of carbapenem resistance among
K. pneumoniae isolates, from 6.8% in 2015 to 7.9% in 2019 [6].

Currently, the most clinically used carbapenems are meropenem and imipenem [7].
They are the sole, or one of the few, safe and efficacious therapies available for people
affected by severe and polymicrobial infections caused by critical priority Gram-negative
pathogens, such as multidrug-resistant (MDR) A. baumannii, P. aeruginosa, and various
bacteria of the Enterobacteriaceae family [8]. However, amid increasing rates of resistance
to carbapenems, e.g., due to the production of carbapenemases, the effectiveness of most
β-lactam antimicrobials is compromised. Genes encoding clinically relevant carbapene-
mases (i.e., KPC, NDM, IMP, OXA-48-like, and VIM), are often located on mobile genetic
elements such as plasmids, transposons and intergrons and can be exchanged between
Enterobacteriaceae and other Gram-negative bacteria, contributing to their spread [9].

While the incidence of carbapenem-resistant Enterobacteriaceae (CRE) in the general
population is still low (0.3–2.93 infections per 100,000 person-years in USA), they show a
high potential to cause outbreaks in healthcare settings [10]. Through clinical wastewater,
such high-risk bacterial pathogens are introduced into municipal wastewater systems and
are discharged into surface water due to inadequate wastewater treatment. In Germany,
a study by Kehl et al. (2021) demonstrated the discharge of a high-risk K. pneumoniae
clone, ST147, carrying blaNDM and blaOXA-48 from a hospital into surface water [11]. Similar
findings of carbapenem-resistant K. pneumoniae in rivers with high genetic concordance to
clinical isolates have also been reported in other European countries [12–15].

Carbapenems are restricted to human use only and are not approved for use in
veterinary medicine [8,16]. However, the risk of co-resistance to carbapenems, through the
use of other antimicrobials in livestock or through horizontal gene transfer from human
pathogens, cannot be ruled out [16]. CRE have been sporadically reported in the food
chain in various European countries [17]. Carbapenem-resistant, and carbapenemase-
producing K. pneumoniae have already been detected in poultry, chicken meat, cows and
fish in countries that lack strict antimicrobial stewardship in livestock production [18–21].
However, the transmission of CRE from non-human sources is still limited. Nevertheless,
antibiotic resistance remains a notable One Health problem, since not only animals and
humans but also the environment is affected by CRE. The aquatic environment is of
particular importance, since it provides a basic resource for all ecosystems, including
agroecosystems, and holds a crucial role in the dissemination of AMR and their propagation
between the natural environment, humans and other animals.
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In Germany, the data are still lacking regarding the occurrence of the most clini-
cally relevant species of Klebsiella spp. (i.e., K. pneumoniae and K. oxytoca) with resistance
to carbapenems in wastewater, as well as their phenotypic and genotypic characteris-
tics. Thus, the aim of this study is to evaluate the occurrence of carbapenem-resistant
Klebsiella spp. in municipal wastewater treatment plants (mWWTPs) and their receiving
water bodies, as well as in wastewater and process waters from poultry and pig slaughter-
houses. In order to better assess their clinical relevance to public and environmental health,
we also aim to characterize the recovered Klebsiella spp. isolates by applying phenotypic
and genotypic methods.

2. Results

An overview of the phenotypic antimicrobial resistance of the investigated
Klebsiella spp. isolates is presented in Figure 1. The isolates exhibit various phenotypic
resistances to antimicrobials, inter alia to those highly and critically important for humans
(Figure 1).
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Figure 1. Phenotypical resistance to antimicrobial agents detected among isolates of Klebsiella spp.
(n = 30). Abbreviations for antimicrobial agents: CHL, chloramphenicol; CIP, ciprofloxacin; NAL,
nalidixic acid; CST, colistin; GEN, gentamicin; TMP, trimethoprim; SMX, sulfamethoxazole; TET,
tetracycline; TGC, tigecycline; CTX, cefotaxime; CAZ, ceftazidime; FEP, cefepime; FOX, cefoxitin;
ETP, ertapenem; IMI, imipenem; MEM, meropenem; TZP, piperacillin-tazobactam; CZA, ceftazidime-
avibactam; C/T, ceftolozane-tazobactam.

As expected, the resistance rates to third- and fourth-generation cephalosporins
(i.e., cefotaxime, ceftazidime, cefepime) were high and ranged from 93.3% (28/30) to
100%, whereas the rate of resistance to cefoxitin was lower at 73.3% (22/30). In addition
to ertapenem resistance (96.7%, 29/30), as a selection criterion for this study, 16.7% (5/30)
and 40.0% (12/30) of the isolates were resistant to imipenem and meropenem, respec-
tively. Notably, 50% (15/30) of the isolates showed resistance to piperacillin-tazobactam
and ceftolozan-tazobactam, whereas all of the isolates were susceptible to ceftazidime-
avibactam. Almost all of the isolates (96.7%, 29/30) exhibited resistance to fluoroquinolones
(i.e., ciprofloxacin), whereas only two isolates (6.7%) were resistant to colistin. Of note, the
resistance rates to tigecycline and gentamicin were 20.0% (6/30) and 23.3% (7/30), respec-
tively. The phenotypic resistance patterns of individual isolates are shown in Table 1.
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Klebsiella spp. isolates represented a reservoir for 68 different ARGs (antimicrobial
resistance genes) conferring resistance to antimicrobials belonging to 11 different classes
(Table 2).

Table 2. Prevalence of antibiotic-resistance genes detected in carbapenem-resistant Klebsiella spp.
isolates recovered from municipal WWTPs and their receiving water bodies as well as from process
waters of poultry and pig slaughterhouses.

Antimicrobial Class Genes Percentage [%]

β-lactams

blaCTX-M-15 36.7

blaTEM-1B 30.0

blaOXY-2-8-like
a 20.0

blaOXA-1 16.7

blaSHV-1
a 16.7

blaOXA-10 16.7

blaSHV-69-like 10.0

blaTEM-1B, blaSHV-27-like, blaSHV-27-like, blaSHV-11, blaTEM-1A each 6.7

blaOKP-B-3-like
a

, blaSHV-28, blaGES-5-like, blaSHV-2-like,
blaSHV-148-like, blaOXY-2-2-like

a
, blaSHV-25, blaSHV-33,

blaSHV-38-like, blaCTX-M-9, blaOXA-4, blaOXY-2-5
a

, blaSHV-28-like

each 3.3

Aminoglycosides

strB 40.0

strA 36.7

aadA5 23.3

aac(3)-I-like 16.7

aadA1 16.7

aadA2 16.7

strA-like 13.3

strB-like 13.3

aadB 10.0

aac(3)-IId-like, aacA4, aadA24-like, aph(3′)-Ia each 6.7

aac(3)-IIa-like, aacA4-like, aadA22, aph(3′)-XV each 3.3

Phenicols

catB3-like 20.0

floR-like 6.7

catB2 3.3

Fluoroquinolones and aminoglycosides
aac(6’)Ib-cr 20.0

aac(6’)Ib-cr-like 10.0

Diaminopyrimidines (Trimethoprim)

dfrA14-like 26.7

dfrA17 23.3

dfrA1 13.3

dfrA12 6.7

Sulfonamides

sul1 56.7

sul2 33.3

sul2-like 16.7

Phosphonic Acid (Fosfomycin)
fosA-like a 56.7

fosA a 13.3
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Table 2. Cont.

Antimicrobial Class Genes Percentage [%]

Quinolones

oqxA-like a 70.0

oqxB-like a 70.0

qnrB66-like 13.3

qnrS1 13.3

qnrA1-like 10.0

qnrB1 6.7

Tetracyclines

tet(A) 13.3

tet(A)-like 6.7

tet(B) 6.7

Macrolides
mph(A) 30.0

erm(B)-like 6.7

Lincosamides lnu(F) 3.3
a Intrinsic chromosomally encoded ARGs.

Of the detected ARGs, 25 encoded β-lactamases which, as expected, were found in
all isolates. They encoded enzymes of seven families: blaCTX-M, blaTEM, blaSHV, blaOXA,
blaOXY, blaGES, and blaOKP. The most abundant were blaCTX-M-15, blaTEM-1B and blaOXY-2-8-like,
accounting for 36.7% (11/30), 30.0% (9/30) and 20.0% (6/30) of the isolates, respectively;
and blaOXA-1, blaSHV-1 and blaOXA-10 were each detected in 16.7% (5/30) of the isolates. Of
note, combinations of up to four β-lactamases were detected in K. pneumoniae isolates from
both in- and effluent of mWWTP. Interestingly, blaOXA-1 and blaOXA-10, in combination with
other extended spectrum β-lactamases of SHV and TEM families, were found to a large
extent in isolates with resistance to piperacillin-tazobactam and ceftolozan-tazobactam
(Table 1). No carbapenemases were detected, with the exception of blaGES-5-like carried by
a K. pneumoniae isolate recovered from the effluent of mWWTP. Thus, resistance could be
mediated by chromosomal alterations.

Among the Klebsiella spp. isolates of this study, only some of the genes could be backed
to mobile genetic elements. Using the MobileElementFinder tool (version 1.0) from the
Center for Genomic Epidemiology, some of the genes could be associated with plasmid or
insertion sequences (IS) (Table S1). Interestingly, IncR plasmids often comprise a combina-
tion of the genes aph(3”)-Ib-aph(6)-Id, leading to a streptomycin resistance phenotype, while
some other resistance genes coding for resistances against extended-spectrum β-lactamase
antibiotics, tetracycline and sulphonamides were found on other plasmid types (based on
the Inc-groups). Overall, the majority of the isolates exhibit a broad diversity of different
IS, but mainly IS elements such as ISVsa3, ISAhy2, ISEc9, IS6100, ISKpn19 were found
to be associated with resistance determinants. Based on the prevailing data, it cannot be
excluded that further genes will be associated with plasmid or IS sequences, due to the use
of short-read sequencing data for in silico analysis. Further information about the impact
of the plasmids or IS elements on the spread of resistances needs to be determined in detail
in another study.

The results of the multilocus sequence-typing (MLST), performed to identify high-risk
clones of public health importance, showed that 66.7% (20/30) of the isolates could be
assigned to 12 different sequence types (STs). Three isolates each belonged to ST503 and
ST2459. ST873, ST458, ST268 and ST252 each accounted for two isolates, whereas the
remaining six isolates were identified as ST789, ST441, ST307, ST219, ST1948 and ST16. The
STs of seven K. oxytoca and three K. pneumoniae isolates (Table 1) could not be determined
using the prevailing genotyping schemes, possibly indicating new STs.

Among known virulence factors, genes encoding various siderophores, and fimbriae
were detected (Table 3). Almost all isolates (96.7%, 29/30) carried genes coding for the
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enterobactin siderophore system, whereas yersiniabactin, salmochelin, and aerobactin
were less prevalent and accounted for 40.0% (12/30) and 33.3% (10/30) of the isolates,
respectively. Fimbriae type 1 and fimbriae type 3 were detected in 90.0% (27/30) and 63.3%
(19/30) of the isolates, respectively.

Table 3. Virulence factors detected in carbapenem-resistant Klebsiella spp. isolates recovered from
municipal WWTPs and their receiving water bodies as well as from process waters of poultry and
pig slaughterhouses.

Virulence Factor Genes Percentage a

Enterobactin ent 96.7

Yersiniabactin ybt, irp1, irp2, fyuA 40.0

Salmochelin iroN, iroBCD 40.0

Aerobactin iucABCD, iutA 33.3

Colibactin clbA-R 0

Regulators of mucoid phenotype rmpA, rmpA2, rmpB 0

K1 capsule synthesis magA 0

Chromosomal capsule production cps 0

Fimbriae type 1 fim 90.0

Fimbriae type 3 mrk 63.3
a Percentage of isolates carrying particular virulence factor.

Surface polysaccharide locus typing, performed in order to determine the capsule
(K antigen) serotypes, showed that the capsule polysaccharide (CPS) types of the vast
majority of the isolates (80.0%, 24/30) could be assigned to 14 different types. Three isolates
each accounted for KL9 and KL60. KL81, KL74, KL62, KL52, KL21 and KL20 were each
represented by two isolates, whereas the remaining six isolates were assigned to KL51,
KL24, KL18, KL151, KL114 and KL102.

3. Discussion

This study provides novel data on antimicrobial resistance, genetic lineages, virulence
factors and CPS-types of carbapenem-resistant (CR) Klebsiella spp. from municipal WWTPs
as well as process waters and wastewater from German poultry and pig slaughterhouses.

The occurrence of ESBL-producing and CR Klebsiella spp. in municipal WWTPs indi-
cates its possible dissemination in the general population and the impact of clinical effluents
on the municipal sewer system. Wielders and colleagues (2017) reported an overall preva-
lence of ESBL-producing K. pneumoniae in the general population in the Netherlands of
4.3%, with seasonal differences ranging from 2.6% to 7.4% [22]. Meijs and colleagues (2021)
reported even higher levels of ESBL-producing K. pneumoniae carriage for veterinary health-
care workers in the Netherlands of 9.8%, emphasizing occupational contact with animals as
a potential source of ESBL-producing K. pneumoniae in the general population [23]. Several
studies have reported high abundances of carbapenemase-producing Klebsiella spp. in
clinical wastewater and its discharge into the municipal sewer system [11,24–26]. The
subsequent incidence of such bacteria in surface waters suggests that conventional bio-
logical treatment is insufficient in terms of eliminating microbial loads, and shows the
negative impact of inadequately treated wastewater on surface waters. Similar findings
on ESBL, and on carbapenemase-producing K. pneumoniae in Austrian and Swiss rivers
mostly within urbanized areas, also highlight the anthropological pollution in aquatic
environments [13,14]. Klebsiella spp. are known for their ability to survive under adverse
conditions and are widely distributed in nature, including in surface water and nutrient
rich wastewater [27]. Lepuschitz and colleagues (2019) recovered two multidrug-resistant
K. pneumoniae ST985 isolates, which share the same cgMLST profile, from sampling sites
on a river 200 km apart, demonstrating the possible survival distance of K. pneumoniae
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in river water [13]. A study by Rocha and colleagues (2022) suggests that Klebsiella spp.
isolates in wastewater retain clinically relevant features, including those acquired through
HGT, even after treatment. Thus, further dissemination of the CR isolates recovered in
our study among animals and humans, and their colonization and/or infection cannot be
ruled out [28]. The application of state-of-the-art wastewater treatment techniques based
on oxidative, adsorptive, and membrane-based technologies, as well as the establishment
of a surveillance system for clinically relevant antimicrobial-resistant bacteria in surface
water should be encouraged.

In this study, almost all isolates exhibited resistance to ciprofloxacin, which is con-
sidered to be critically important in human medicine and is often administered to out-
patients [29]. Thus, the use of (fluoro)quinolones may contribute to the selection of CR
Klebsiella spp. in the general community. This finding is in line with the EDCD report
indicating that resistance to carbapenems is almost always combined with resistance to
other antimicrobial classes, severely narrowing the treatment options for invasive infections
caused by “critical pathogens” (i.e., CR A. baumannii, P. aeruginosa and Enterobacteriaceae)
and decreasing the likelihood of a positive outcome [6].

Resistance to carbapenems at a clinical level is most frequently caused by the pro-
duction of carbapenemases, however, other mechanisms may also be involved in the
development of such phenotypes [30]. In this study, the results of antimicrobial suscep-
tibility testing were interpreted based on epidemiological cut-off values. This allows the
detection of early changes in resistance patterns that could possibly lead to resistance at
a clinical level. Nevertheless, no clinically relevant carbapenemases were detected, with
only one K. pneumoniae isolate from the effluent of mWWTP carrying blaGES-5. Since no
carbapenemases and AmpC β-lactamases were detected, possible mechanisms of resistance
to carbapenems, and combinations of β-lactam–β-lactamase inhibitor (i.e., piperacillin-
tazobactam and ceftolozane-tazobactam), could be: changes in membrane permeability
due to mutations in the genes encoding efflux pump, alterations in the expression and
function of porins, and the association of impermeability with the production of ESBL [30].
Furthermore, blaOXA-1, which encodes a penicillinase with weak affinity for inhibitors such
as tazobactam, and hyperproduction of blaTEM-1 could also be responsible for resistance to
piperacillin-tazobactam [31,32]. Narrow-spectrum oxacillinases, e.g., OXA-10-type class D
β-lactamases, were previously shown to exhibit weak carbapenemase activity at a level
comparable with that of OXA-58 [33,34]. Genes encoding class D β-lactamases are com-
monly found in P. aeruginosa; however, they are also detected in Enterobacteriaceae, albeit
with lower abundance than in Pseudomonas spp., underlying the important role of horizon-
tal gene transfer (HGT) in the spread of AMRs [35]. Resistance to ceftolozane-tazobactam,
and ceftazidime-avibactam have been reported in clinical MDR/extensively-drug resis-
tant (XDR) P. aeruginosa isolates due to mutations in blaOXA-10 which developed during
antimicrobial treatment [36].

K. pneumoniae isolates belonging to the sequence types (STs) determined in this study
(ST16, ST252, ST219, ST268, ST307, ST789, ST873, and ST2459) have been detected in
various clinical settings across Europe and Asia, causing urinary and respiratory tract
infections [37–42]. All of them carried different carbapenemases belonging to NDM, OXA,
IMP, and KPC families, with some of them exhibiting an extensively drug-resistant (XDR)
phenotype. In Europe, the spread of carbapenemases among K. pneumoniae is frequently
linked to specific clonal lineages such as ST11, ST15, ST101, ST258/512 and their deriva-
tives [43]. However, novel high-risk CR K. pneumoniae lineages are continuously emerging.
Wyres and colleagues (2018) showed that some K. pneumoniae clones are generally better
than others at acquiring genetic material via HGT [44]. Currently, comprehensive data
on the mechanisms underlying this phenomenon are still lacking, and experimental stud-
ies are needed for its further investigation. Interestingly, K. pneumoniae ST789 carrying
blaNDM-5 has been reported in neonates in China, and was classified as a novel high-risk CR
lineage [45]. In our study K. pneumoniae ST789 was detected in wastewater from poultry
eviscerators and was carrying blaSHV-25. However, given the potential of some Klebsiella
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spp. to become high-risk clonal lineage, the possible factors contributing to increased
virulence and antimicrobial resistance that might occur in livestock production need to be
investigated. This would help develop mitigation strategies in order to interrupt possible
dissemination of CRE from livestock to humans. ESBL-producing Enterobacteriaceae can
serve as a basic model for its spread, since the bacterial species involved are the same and
the antimicrobial resistance genes are located on plasmids as well.

The contamination of food of animal and vegetable origin with ESBL-producing En-
terobacteriaceae is already well described [46–50]. However, considering the risks of CRE
to human health, there have been appeals for a zero-tolerance policy and an international
ban on the sale of food contaminated with CRE [46]. The fact that carbapenems are not
approved for use in veterinary medicine and are predominantly used in human hospital
settings can explain the low incidence of carbapenem resistance among the isolates recov-
ered from poultry and pig slaughterhouses. These findings are in line with other reports
indicating the absence of or single cases of CRE in European livestock, in particular pigs
and broilers [51]. Nevertheless, the risk of AMR transmission through horizontal gene
transfer from human pathogens or of co-resistance through the use of other antimicrobials
in agriculture cannot be ruled out.

According to epidemiological studies, the first step in the majority of K. pneumoniae
infections is the colonization of the host’s gastrointestinal tract [52]. The recovered isolates
carried genes encoding fimbrial adhesins (type 1 and type 3 fimbriae), which play an
essential role in adhesion to the host’s mucosal surfaces and in biofilm formation, as well
as genes encoding components of siderophore systems that mediate the uptake of ferric
iron [53]. The presence of these virulence factors increases the probability of adherence
to the host, colonization, and invasive infections. These data reinforce the recent trend
of increasing occurrence of community-acquired K. pneumoniae infections in young and
healthy individuals, rather than primarily nosocomial infections in immunocompromised
patients [54]. However, in comparison to clinical isolates, all of the recovered isolates lacked
the factors responsible for the hypermucoviscous phenotype that protects the bacteria
against opsonization and phagocytosis.

4. Materials and Methods

The sampling sites, procedures and preparation of the samples have been previously
described [55,56]. Briefly, the process waters and wastewater (n = 87) arising during the
operation and cleaning of production facilities were collected from the delivery areas
(transport trucks, transport crates, and holding pens) and unclean areas (stunning facilities,
scalders, eviscerators, and aggregate wastewater from production facilities) of two poultry
and two pig slaughterhouses. In- and effluents (n = 62) from their in-house wastewater
treatment plants (WWTPs) were also sampled. Further samples (n = 36) were taken at two
municipal WWTPs (mWWTPs) receiving pretreated wastewater from the pig slaughter-
houses, including their on-site preflooders upstream and downstream from the discharge
points [55]. At each sampling site, 1 L of water was collected using sterile Nalgene Wide
Mouth Environmental Sample Bottles (Thermo Fisher Scientific, Waltham, MA, USA). For
further information on selected characteristics of the sampled slaughterhouses, sampling
sites and number of samples taken at each sampling site, please see [55,56].

Klebsiella spp. isolates with resistance to third-generation cephalosporins, and car-
bapenems were recovered from water samples by selective cultivation on CHROMagar
ESBL and CHROMagar mSuperCarba plates (MAST Diagnostica, Reinfeld, Germany), as
previously described [56]. Presumptive colonies of Klebsiella spp. were unselectively sub-
cultured on Columbia Agar supplemented with 5% sheep blood (v/v) (Mast Diagnostics,
Reinfeld, Germany). Species identification for the individual isolates was conducted using
MALDI-ToF MS (bioMérieux, Marcy-l’Étoile, France) equipped with the Myla software.

Antimicrobial susceptibility testing was performed according to CLSI guidelines
(M07-A10), using broth microdilution and applying the epidemiological cut-off values
(ECOFFs) from the European Committee on Antimicrobial Susceptibility Testing (EU-
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CAST). In order to assess the clinical relevance of the presumptive ESBL-producing and
carbapenem-resistant Klebsiella spp. isolates for human medicine, they were tested against
the newly approved β-lactam/β-lactamase inhibitor combinations ceftazidime-avibactam,
ceftolozan-tazobactam, and piperacillin-tazobactam, by a microdilution method using the
clinical cut-off values as previously described [56,57].

A total of 185 Klebsiella spp. (155 K. pneumoniae, 30 K. oxytoca) were isolated, of which
30 (16.2%), comprising 23 K. pneumoniae and 7 K. oxytoca, showed resistance to at least
one of the tested carbapenems (i.e., ertapenem, imipenem, meropenem), and were further
investigated in detail. The vast majority (80%, 24/30) originated from mWWTPs (influent,
n = 12; effluent, n = 7) and their on-site preflooders upstream (n = 4) and downstream
(n = 1) from the discharge points. Further isolates were recovered from the process waters
and wastewater accruing in poultry (stunning facilities, n = 2; eviscerators, n = 1) and pig
slaughterhouses (pig transporters, n = 1; holding pens, n = 1; influent in-house chemical-
physical WWTP, n = 1).

Extraction of genomic DNA (gDNA) from the individual colonies of Klebsiella spp.,
DNA library preparation, and whole-genome sequencing (WGS) were performed as pre-
viously described [58]. Briefly, gDNA was extracted using PureLink® Genomic DNA
Mini Kit (Invitrogen, Darmstadt, Germany) following the manufacturer’s instructions.
Commercial DNA library preparation and WGS were conducted using LGC Genomics
GmbH (Berlin, Germany) on an Illumina NextSeq 500/550 V2 (Illumina, CA, USA). De
novo assembly of high-quality ~150 bp paired-end sequencing reads was conducted us-
ing the SPAdes algorithm of the PATRIC database (v. 3.5.27) [59]. ResFinder v 3.0 and
MLST v 2.0 under default values, as well as MyDbFinder (release 1.1; parameters: 90%
sequence identity, 60% sequence coverage) of the Center for Genomic Epidemiology
(https://cge.cbs.dtu.dk/services/ (accessed on 10 December 2020)) were used for bioin-
formatics analysis of ARGs, sequence types (STs) and virulence factors, respectively [60].
The captive tool (https://kaptive-web.erc.monash.edu/ (accessed on 10 December 2020))
was used for surface polysaccharide locus typing and variant evaluation. The tool Mo-
bileElementFinder (Center for Genomic Epidemiology, version 1.0, default parameters;
https://cge.cbs.dtu.dk/services/MobileElementFinder/ (accessed on 10 March 2022) was
used for the prediction of mobile genetic elements (MGEs) in combination with plasmid or
insertion sequences.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/antibiotics11040435/s1, Table S1: Mobile genetic elements detected
in carbapenem-resistant Klebsiella spp. isolates recovered from municipal WWTPs and their receiving
water bodies as well as from process waters of poultry and pig slaughterhouses.
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Abstract: To investigate the capacities of persistence and dissemination of blaNDM-5 within Escherichia
coli and in aquatic environment, we characterized E. coli (sequence type 636) strains B26 and B28
isolated one month apart from the same urban river in Montpellier, France. The two isolates carried a
pTsB26 plasmid, which sized 45,495 Kb, harbored blaNDM-5 gene and belonged to IncX-3 incompatibil-
ity group. pTsB26 was conjugative in vitro at high frequency, it was highly stable after 400 generations
and it exerted no fitness cost on its host. blaNDM-5harboring plasmids are widely dispersed in E. coli
all around the world, with no lineage specialization. The genomic comparison between B26 and B28
stated that the two isolates probably originated from the same clone, suggesting the persistence of
pTsB26 in an E. coli host in aquatic environment.

Keywords: Carbapenemase producing Enterobacterales; plasmid; IncX-3; NDM; carbapenem resis-
tance; one health; water; environment

1. Introduction

Antimicrobial resistance (AMR) occurs worldwide and the World Health Organization
has identified it as one of the three main threats to human health [1,2]. Due to the overuse
and misuse of antimicrobials, selective pressure exerted on bacteria significantly enhances
AMR, with consequences for antimicrobial treatments failures [3]. At first neglected, the
environment is now considered as a main player in the emergence and diffusion of AMR.
Water plays a major role in interconnecting different ecosystems such as humans, animals,
soils and hydrosystems [4–8]. Urban and rural surface waters constitute hotspots for ex-
changes among microorganisms of human and environmental origin, which are all subject
to strong selection pressures due to diverse pollutions [3,5]. β-lactams are by far the most
widely consumed antibiotics worldwide [9], and among β-lactams, carbapenems are last re-
sort treatment for multidrug-resistant bacterial infections [10–12]. Several studies reported
the occurrence of Carbapenemase Encoding Genes (CEGs) in aquatic environments [6–8].
However, there is a lack of studies on the persistence and dissemination capacities of CEGs
and bacteria carrying CEGs in waters.

In 2009, a New Delhi Metallo-β-lactamase-1 (NDM-1) encoding gene was first identi-
fied in a carbapenem-resistant Klebsiella pneumoniae involved in a urinary tract infection [13].
Since then, NDM-producing Enterobacterales have spread rapidly in humans and animals,
and in various environments [14–17]. NDM enzymes belong to class B β-lactamases, which
displays a broad lysis spectrum, hydrolyzing almost all β-lactams [7]. Until now, 29 vari-
ants of NDM have been described [18]. Several plasmids harboring blaNDM genes have
been identified. Among them, plasmids of the incompatibility group IncX-3 are frequently
associated with blaNDM-5 [14,19–24]. The IncX-3 plasmids group gathers self-transmissible
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plasmids with a narrow host spectrum restricted to Enterobacterales [25]. Characteriz-
ing these plasmids would be contributive for understanding their role in environmental
AMR issue.

Several clinical, animal and environmental strains containing IncX-3 plasmids carrying
blaNDM-5 have been isolated in China, South East Asian countries [26–28] and French
urban waters [29]. Here, we described pTsB26, an IncX-3 plasmid encoding blaNDM-5
gene carried by two strains of E. coli isolated from an urban river one month apart. We
studied the capacities of dissemination and persistence of pTsB26 by in vitro assays and
the fitness cost associated with pTsB26 carriage. Metadata analysis was performed in order
to identify common themes in blaNDM-5-harboring IncX-3 plasmids and to gain insights
in IncX-3 success in E. coli population. The worldwide circulation of blaNDM-5-harboring
IncX-3 plasmids in E. coli and in various environments as well as the high stability in host
bacteria observed herein could explain the contribution of this type of plasmid in the global
dissemination of carbapenemase genes.

2. Results
2.1. Characteristics of the Two NDM-5 Producing E. coli Isolates B26 and B28

B26 and B28 E. coli were isolated in the urban river of Font d’Aurelle, in August and
September 2015, respectively. They both displayed high level of carbapenem resistance,
with minimum inhibitory concentrations (MIC) over 15 mg/L for ertapenem, meropenem
and imipenem.

The B26 genome is 4927 Mb and includes four plasmids belonging to IncFIA/FIB,
IncFII, IncQ1 and IncX-3 incompatibility groups. The inventory of antimicrobial resistance
genes identified blaNDM-5, blaTEM-1B and blaSHV-12 (previously identified as blaSHV-5 by
multiplex PCR GeneXpert Cepheid). Genome of B28 is 4858 Mb, including a unique IncX-3
plasmid and blaNDM-5, was the only antimicrobial resistance gene detected.

Both isolates were affiliated to the sequence type (ST) 636 (B2 phylogroup) by in
silico multilocus sequence typing. Whole-genome alignment and comparison showed no
large indels. Only 21 variations between B26 and B28 genomes were identified, including
19 single nucleotide polymorphisms (SNPs) and two multi-nucleotide polymorphisms
(four nucleotides). Among the 21 variations, six variations were related to hypothetic
encoding sequences, four of them corresponding to synonymous mutations and two to
missense mutations.

2.2. Characteristics of the blaNDM-5-Harboring IncX-3 Plasmids

Transformation assays in E. coli TOP10 with plasmids extracted from B26 and B28
were successful and gave two transformants, TsB26 and TsB28. These two transformants
displayed high level of resistance to carbapenems (MIC ≥ 7.5 mg/L whatever the car-
bapenem). They were positive to specific PCRs anchored in pir gene (i.e., specific of IncX-3
plasmid) and blaNDM. PCR tests indicated that both transconjugants did not contain any
other plasmid.

Genomic sequences of TsB26 and TsB28 were aligned and compared with those of E. coli
TOP10. TsB26 presented a unique additional sequence onto a single contig corresponding to
IncX-3 plasmid. The extremities of this contig were blaNDM-5 and ISAba125, corresponding
to a plasmid region already sequenced [29]. Complete identity was observed between
pTsB28 and pTsB26 encoding blaNDM-5 plasmids. So, the plasmid was called pTsB26 from
then on. pTsB26 sizes 45,495 kb with a GC content of 46.5%. It belongs to IncX-3 plasmid
incompatibility group. Nucleotide sequence analysis revealed 57 predicted open reading
frames corresponding to 57 encoding genes (Figure 1). Alignment of pTsB26 with IncX3-
plasmid conserved backbone, described by Liakopoulos [30], showed that pTsB26 backbone
was typical of IncX-3 group. It is approximately 25 kb and includes encoding genes for
replication (pir and bis), entry exclusion (eex), plasmid stability (parAB, topB and hns)
and conjugative transfer (pilX1–11 and taxA-C) [30]. The accessory module of about
20 kb contains blaNDM-5, which is preceded by IS3000 and ISAba125 and followed by
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bleMBL (bleomycin resistance gene), trpF (N-5′phosphoribosylanthranilate isomerase), dsbD
(disulfide oxidoreductase) and umuD (encoding a protein implicated in the SOS system).
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Figure 1. pTsB26 plasmid representation.

BLASTn analysis showed that pTsB26 displayed nearly the same sequence (45494/45495
bp) as the plasmid pEC7-NDM-5 (accession number: MH347484) found in a E. coli strain
isolated from dog in South Korea. A high homology (45475/45495 bp) was also observed
with the well characterized IncX-3-blaNDM5 pEC463-NDM5 plasmid (accession number:
MG545911) in an E. coli clinical strain from China [31].

2.3. Conjugative Transfer Success of pTsB26 In Vitro

Conjugative transfer rate of pTsB26 was studied by mating assays, with B26, B28,
TsB26 and TsB28 as donor strains and XL1-Blue E. coli as receptor. All strains success-
fully transferred pTsB26, with high transfer rates (Table 1), and all transconjugant strains
displayed carbapenem resistance (MIC ≥ 7.5 mg/L).

Table 1. Conjugative transfer rates of pTsB26 from different donor strains to Escherichia coli XL1-
Blue receptor.

Donor Strains Conjugative Frequency

B26 2.09 × 10−3

B28 4.81 × 10−4

TsB26 3.52 × 10−3

TsB28 3.76 × 10−3

2.4. In Silico Population Study of blaNDM-5-Harboring IncX-3 Plasmids among E. coli Species

A genomes dataset was constructed with 28 complete genomes of E. coli-carrying
blaNDM-5 on an IncX-3 plasmid and the genomes of B26 and B28 strains. In silico sequence
types, phylotypes and metadata associated with the genomes are presented in Table 2.
More than 96% of the genomes belong to A, B1 and C phylogroups. B26 and B28 were the
only genomes of the B2 phylogroup in the dataset. The 31 genomes corresponded to strains
isolated from diverse origins: humans (n = 20), environment (n = 6) and animals (n = 4).
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Table 2. Characteristics of E. coli genomes carrying a blaNDM-5 IncX-3 plasmid.

Strain Accession
Number ST Phylotype Country Source Type Source

Niche Year

CRE1493 CP019071 167 A China rectal swab homo sapiens 2013
165 CP020509 101 B1 USA abdominal homo sapiens 2015

CREC-591 CP024821 101 B1 South Korea peritoneal fluid homo sapiens 2015
WCHEC025943 CP027205 410 C China wastewater environment 2017
WCHEC005784 CP028578 617 A China rectal swab homo sapiens 2014

135 CP028632 11 E Canada NA livestock 2006
ECCRA-119 CP029242 156 B1 China stools dog 2017

CH613 MCRE01000001 10 A China urine homo sapiens 2015
GSH8M-2 NZ_AP019675 542 A Japan wastewater treatment plant environment 2018

WP8-S18-CRE-02 NZ_AP022245 542 A Japan wastewater treatment plant environment 2018
TUM18781 NZ_AP023205 2040 B1 Japan NA homo sapiens 2018

YJ3 NZ_AP023226 10 A Myanma stools homo sapiens 2018
WCHEC005237 NZ_CP026580 167 A China rectal swab homo sapiens 2014

SCEC020001 NZ_CP032426 410 C China urinary tract homo sapiens 2016
SCEC020022 NZ_CP032892 156 B1 China stools homo sapiens 2016

WCHEC020031 NZ_CP033401 410 C China NA homo sapiens 2016
L37 NZ_CP034589 48 A China rectal swab homo sapiens 2018
L65 NZ_CP034738 3076 B1 China NA homo sapiens 2018

SCEC020026 NZ_CP034958 410 C China NA homo sapiens 2016
WCHEC020032 NZ_CP034966 410 C China NA homo sapiens 2016
WCHEC025970 NZ_CP036177 167 A China NA homo sapiens 2017

L725 NZ_CP036202 2161 B1 China stools homo sapiens 2018
EC-129 NZ_CP038453 167 A Japan sputum homo sapiens 2018

GZ04-0086 NZ_CP042336 44 A China stools homo sapiens 2018
GZEC065 NZ_CP048025 156 B1 China blood homo sapiens 2017

pV11-19-E11-025-038 NZ_CP049050 1721 A South Korea NA dog 2019
3R NZ_CP049348 156 B1 China NA poultry 2015

SFE8 NZ_CP051219 533 B1 China stools pork 2019
B26 B26 636 B2 France urban water environment 2015
B28 B28 636 B2 France urban water environment 2015

ST, Sequence Type; NA, Not Available.

In order to study the distribution of E. coli encoding blaNDM-5 on IncX-3 plasmids
within the whole E. coli populations, we reconstructed genetic links by goeBURST analysis.
The dataset of 30 genomes was matched with 178 776 available genomes of E. coli (11 058 STs)
in the dataset EnteroBase (13 July 2021) (Figure 2). The genomes of E. coli-carrying blaNDM-5
IncX-3 plasmid spread out in 16 STs with no obvious lineage specialization. However,
about half of the genomes (41.9%) belong to the CC10. This CC is a major sub-population
in E. coli because it gathers 11.85% of the STs available in EnteroBase. The other genomes
are scattered in the overall E. coli population structure. B26 and B28 belonged to ST636,
which forms the CC636 together with 4 related STs. CC636 was relatively isolated in the
E. coli population and gathers 451 strains (0.25%) of the 178,776 strains of EnteroBase.
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a global population of E. coli established on 178 776 strains available in the EnteroBase database. Each
node corresponds to a Sequence Type (ST). The size of the node is scaled to the number of genomes
of that ST. Nodes linked between them present one allele in common among the 7 genes considered
in the MultiLocus Sequence Type scheme. Red nodes correspond to STs for which genomes with a
blaNDM-5 encoding IncX-3 plasmid was identified; the proportion in the ST of genomes containing the
plasmid is noted in parentheses.

2.5. Stability and Fitness Cost of pTsB26 on B26 and B28 E. coli

To evaluate the stability of the pTsB26 plasmid in B26 and B28, strains were passaged
daily for 40 days without antibiotic selection. pTsB26 is highly stable, with more than 96%
of plasmid containing cells after approximately 400 generations (Figure 3).

These assays allowed one to isolate strains without pTsB26: B26∆pJ40 and B28∆pJ19,
respectively, isolated at day 40 and day 19 of the experiment. In parallel, two strains
containing pTsB26 plasmid (B26J40a and B28J19a) were isolated the same day as B26∆pJ40
and B28∆pJ19. These strains, used as control, were thereafter called “LB-adapted” strains,
with the letter “a” at the end of the strain name.
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Growth kinetics assays were performed for the strains with (ancestral strains and
LB-adapted strains) and without pTsB26 plasmid (Table 3). Growth rates of B26, B26∆pJ40
and B26J40a did not vary significantly (p > 0.05), suggesting that the carriage of pTsB26
did not produce fitness lost for B26. Of note, B26∆pJ19 and B26J19a contained the other
plasmids IncFIA/FIB, IncFII and IncQ1 as the ancestral B26. On the other hand, growth
rates of ancestral B28 or LB-adapted B28 (B28J19a) were equivalent and significantly better
than observed for B28 cured for pTsB26 (p < 0.05). This last observation suggests that
pTsB26 could provide fitness advantage even to its host, without selective pressure.

Table 3. Growth rates of strains with and without the pTsB26 plasmid.

Strain µmax (h−1) (±sd)

B26 0.43351667 (±0.02560949) a

B26∆pJ40 0.4441375 (±0.02775884) a

B26J40a 0.44380714 (±0.03785335) a

B28 0.43683889 (±0.0217273) a, b

B28∆pJ19 0.40048824 (±0.0333677) c

B28J19a 0.43095 (±0.03460016) a, b

sd, standard deviation; values with a different letter (a,b,c) are significantly different at p < 0.05 (Student’s t-test).

3. Discussion

The spread of NDM-5 variant has been extensively described in hospital environments,
including hospital sewage water [32,33] and in wastewater [34]. In France, in 2020, about
20% of carbapenemase-producing enterobacteria isolated from clinical samples were NDM-
producers [35]. Among them, more than 35% were NDM-5 variant. Its emergence and
successful spread are worth emphasizing as this variant represented only 5% of NDMs
reported in 2013, 15% in 2016 and more than 30% in 2017, with stabilization since this
date [35].

Focusing on hydric environments, this variant has been found in various environ-
ments such as urban waters [29,36]; rivers and lakes [8,37]; sediments and soil [38]; and
seawater [8]. Various plasmid incompatibility groups carrying blaNDM-5 have been reported,
with IncX-3 and IncF being among the most prevalent [8,27,34,37–40].

Here, we report the description of the blaNDM-5 carrying plasmid pTsB26 from two
E. coli ST636 isolated from an urban river in Montpellier, France [29]. IncX-3 plasmids have
a narrow host spectrum restricted to Enterobacterales species [25,28,41]. Their association
with antimicrobial resistance has been documented worldwide [28,41–49].
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The involvement of IncX-3 plasmids in the dissemination of blaNDM genes was first
described in the 2000′s [43]. It became quickly prevalent within Enterobacterales all around
the world, with predominance in Asia [27,28,41,42,44–47,49,50]. Here, we show that
blaNDM-5-harboring IncX-3 plasmids are widely disseminated in the species E. coli in all
the continents, with no lineage specialization (Figure 3). This strongly suggests horizontal
spread within E. coli and proves the important implication of IncX-3 plasmid in the success
of blaNDM-5 gene in this species.

Only 21 variations (19 SNPs and 2 multi-nucleotide polymorphisms) were detected
between B26 and B28 isolated in the same urban aquatic environment a month apart. The
scarce genomic differences strongly suggest their clonal origin. Clonal strains have certainly
persisted for at least one month in the river, with iterative input being highly unlikely but
not excluded. This hypothesis is strongly supported by the fact that the two isolates carried
the same plasmid pTsB26 (100% nucleotide identity). Interestingly, the IncFIA/FIB, IncFII
and IncQ1 plasmids carried by B26 (isolated in August 2015) were absent from the genome
of B28 (isolated in September 2015). Only pTsB26 has persisted in the E. coli strain isolated in
September, showing that pTsB26 is stable in B26 and B28 isolates, relative to other plasmids
in the same strains. This in situ observation was verified by in vitro evolution experiments,
demonstrating the longtime persistence of the plasmid after 400 generations in B26 and B28
isolates (Figure 3). Several factors could explain the stability of pTsB26 in the cell lineage.
First, like the other IncX-3 plasmids, pTsB26 harbors the widespread partitioning system
ParAB. This system limits the number of segregant cells during cell division, ensuring the
correct inheritance of the plasmid to the daughter cells [51]. Moreover, the conjugative traits
of pTsB26 allow for infection of segregant cells and thus limit their number. Thus, harboring
pTsB26 does not reduce the fitness of B26 and B28 (Table 3) and enhances the growth of B28.
It is generally admitted that plasmids cause a fitness burden on their bacterial host [52–55]
and that the plasmid could be quickly eliminated from its host. High stability of IncX-3
plasmids has already been reported in Enterobacterales transconjugant strains [28,56]. The
absence of fitness cost of IncX-3 plasmids could be explained by their small size [25] and
by the presence of transcriptional regulator H-NS like protein [28,30,57–60]. The observed
high stability of pTsB26 has potential due to its high conjugation frequency, to a low rate of
segregational loss and due to the fact it does not pass a fitness cost onto the bacterial host.

The isolates B26 and B28 are the unique representants of ST636 in the studied dataset
of E. coli-carrying blaNDM-5-encoding IncX-3 plasmid (Table 2). However, in their study,
Kumwenda et al. reported two E. coli ST636 clinical isolates that carried blaNDM-5 onto a
plasmid not affiliated to an incompatibility group [61]. EnteroBase reported 118 isolates
belonging to ST636 (Figure 3). They were isolated in different countries (all continents are
represented) and in environmental and clinical samples. Other studies reported the occur-
rence of ST636-producing ESBLs in clinical and environmental samples [62–64], suggesting
a generalist trait for this ST.

Persistence of strains or STs carrying CEGs on self-transmissible plasmid such as
pTsB26 in aquatic environment is of concern. Aquatic environment contains diverse
autochtonous bacteria, including Enterobacterales (e.g., Enterobacter sp. [65] or Raoultella
sp. [66]), which can exchange and receive IncX-3 plasmids [27,28,41]. These autochtonous
bacteria can constitute an environmental reservoir and shuttles for blaNDM genes. Aquatic
environments are strongly linked with anthropic activities, and during recreational ac-
tivities, after flood episodes or by alimentation, humans can become exposed to bacteria
from aquatic environments [7,67–70]. Thus, if water contains carbapenemase-producing-
bacteria such as B26 or B28 or other autochtonous bacteria, and has acquired the plasmid
by horizontal gene transfer, it represents a risk for human health (i) directly by causing
antimicrobial-resistant bacterial infections [71] and (ii) indirectly by participating in the
dissemination of blaNDM-5 on the occasion of gut colonization [71,72], or transit. These
resistant bacteria can transfer the plasmid to host microbiota bacteria, making a “shuttle”
between aquatic environment and humans [7,71].
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We described for the first time the in situ persistence of a blaNDM-5harboring IncX-
3 self-conjugative plasmid in an E. coli lineage in an aquatic environment. This study
underlines, once again, the importance of investigations into environmentally emerging,
resistant bacteria. Beside genomics, testing genetic transfer and resistance stability by
in vitro evolution is a proxy for diffusion and persistence in natural environment. In
addition to the strategy proposed in this study, experiments of resistance genes transfer
to waterborne autochthonous bacteria in microcosm would be interesting to conduct for a
better description of the resistance reservoirs and the conditions influencing these reservoirs.
On another hand, rapid alerts on environmentally emerging antimicrobial resistance are
needed for rapid responses to resistance with public health concern. For this, efficient
surveillance of AMR in environment should be undertaken. This is one of the challenges of
the current national and international projects aiming to limit global AMR outbreak.

4. Materials and Methods
4.1. Escherichia coli Strains

E. coli strains B26 and B28 were isolated from water sampled at the same site of the
urban river Font d’Aurelle in the city of Montpellier (N43.62711 E003.85316), France. They
were isolated in August and September 2015, respectively [29].

Transformant strains, TsB26 and TsB28, were obtained by transformation experiments
(see Section 4.2.).

Strains B26∆pJ40, B28∆pJ19, B26J40a and B28J19a were obtained during plasmid
stability assays (see Section 4.3.).

4.2. Transformation and Conjugation Assays

Plasmid DNA extraction was done using the NucleoSpin Plasmid Kit (Macherey-
Nagel, Allentown, PA, USA). Plasmid extracts were used for transformation assays using
One Shot TOP10 chemically competent E. coli (Invitrogen, ThermoFisher Scientific, Paisley,
UK) as recipient cell.

Conjugation experiments were performed using non-competent XL1-Blue E. coli MRF’,
a recipient strain resistant to tetracycline and sensitive to meropenem. Briefly, donor (B26,
B28 and transformants TsB26 and TsB28) and recipient strains were grown overnight at
37 ◦C in Luria Bertani (LB) broth supplemented (donor strains) or not (recipient strain)
with ertapenem (4 mg/L). Cells were washed from antibiotic and resuspended in LB broth,
and each donor strain suspension was mixed (1:1 ratio) with the receptor strain. 200 µL of
each mix was deposited onto nitrocellulose membrane, itself stuck on LB agar media and
incubated at 37 ◦C during 24 h. Transconjugants were selected by plating the bacteria from
the nitrocellulose membrane onto LB agar plates supplemented with ertapenem (4 mg/L)
and tetracycline (12 mg/L). The conjugative frequencies were determined by calculating
the transfer rate (ratio transconjugant/donor).

The presence of blaNDM and pir (encoding the IncX-3 plasmid-specific Pir protein) in
selected transconjugants and transformants was assessed by specific PCRs [14,73].

4.3. Evaluation of Plasmid Stability

Strains B26 and B28 were grown overnight at 37 ◦C in 10 mL of LB broth supplemented
with ertapenem (4 mg/L). Bacterial cells were washed from antibiotic by centrifugation, the
pellet was resuspended in 1 mL of LB broth and 10 mL of fresh LB broth without antibiotic
was spiked with 10 µL of the bacterial suspension and incubated 24 h at 37 ◦C in a shaking
water bath. Serial passages of 10 µL of overnight culture to 10 mL of fresh LB broth were
done daily. One passage corresponded approximatively to 10 generations of growth. Every
50 generations, samples were diluted and plated on LB agar plates. Then, 50 colonies
from each lineage were screened on LB agar plates supplemented or not with ertapenem
(4mg/L) to determine the fraction of plasmid-containing cells. The lack of plasmid was
confirmed by the absence of blaNDM and pir genes with specific PCRs, and these strains
(B26∆pJ40 and B28∆pJ19) were harvested for fitness cost assays. Parallelly, strains from
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the same generation, carrying pTsB26 plasmid, were harvested as controls (B26J40a and
B28J19a). Experiments were done in triplicate.

4.4. Fitness Cost of Plasmid Carriage

Growth of strains carrying (B26, B28, B26J40a and B28J19a) or not (B26∆pJ40 and
B28∆pJ19) pTsB26 plasmid were measured at 37 ◦C in LB broth without antibiotics using
a CLARIOstar Plus microplate reader (BMG, Labtech). Every 15 min, the microplate was
shacked at 200 rpm during 20 s, and optical density was measured at 600 nm. Growth rates
were calculated according to Sandegren et al. [74].

4.5. Carbapenem Susceptibility Testing

Susceptibility to carbapenems of B26, B28, TsB26, TsB28, B26J40a, B28J19a, B26∆pJ40
and B281∆pJ19 was assessed by determining the Minimal Inhibitory Concentration (MIC) in
liquid media [75] for ertapenem, meropenem and imipenem. E. coli strain ATCC 25922 was
used as control strain, as recommended by the CA-SFM (https://www.sfm-microbiologie.
org/2021/04/23/casfm-avril-2021-v1-0/, accessed on 28 September 2021).

4.6. In Silico Analysis
4.6.1. DNA Extraction and Whole-Genome Sequencing

Genomic DNA of B26, B28, TsB26, TsB28 and E. coli TOP10 was extracted using the
MasterPure™ purification kit (Lucigen, Middleton, WI, USA). High-throughput genome
sequencing was carried out at the Plateforme de Microbiologie Mutualisée (P2M, Institut
Pasteur, Paris, France). DNAs were processed for sequencing with Illumina systems
(libraries using the Nextera XT DNA Library Prep kit and sequencing with the NextSeq
500 system). Paired-end reads were submitted to pre-processing using fqCleaner and to
de novo assembly using SPAdes v3.12.0 [76] with k-mer lengths 21, 33, 55 and 77. The
raw data and assemblies have been deposited in GenBank under the BioProject accession
number PRJNA796954.

4.6.2. Genotyping Methods

B26 and B28 strains were genotyped by Clermont typing [77] using the in silico tool
EzClermont [78] and by MultiLocus Sequence Typing (MLST) using the Achtman scheme
(https://pubmlst.org/data, accessed on 28 September 2021).

4.6.3. Plasmid Sequence and Annotation

The sequence of the plasmid pTsB26 was deduced from the alignment of the genomes
of TsB26 and TsB28 with that of E. coli TOP10 using the ProgressiveMauve algorithm
of Mauve software [79]. Identification of plasmid incompatibility group was done with
PlasmidFinder [80]. Plasmid annotation was performed with Prokka v1.14.6 [81] with
default parameters through the Galaxy platform (v4.6.0 + galaxy0) [82], and the plasmid
sequence was manually curated; plasmid-specific genes were named according to Thomas
et al. recommendations [83].

For ORF annotation as hypothetical protein, functional prediction was performed
with default settings using NCBI BLASTp [84], InterProScan [85] and Pfam [86] servers.
Identification of antimicrobial resistance genes was done using ResFinder 4.1 [87]. pTsB26
representation was done using genomeVx [88].

4.6.4. Comparative Genomics of B26 and B28 Genomes

Genomes of B26 and B28 were first aligned with the ProgressiveMauve algorithm of
Mauve software. Snippy v4.6.0 (https://github.com/tseemann/snippy, accessed on 20
November 2021) was used to detect both substitutions and insertions/deletions (indels) be-
tween B26 and B28 genomes. Snippy was run on the Galaxy platform (v4.6.0 + galaxy0) [82]
with the default parameters.
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4.6.5. Distribution of IncX3-blaNDM Plasmids in E. coli Population

In order to select E. coli genomes carrying blaNDM-5 on an IncX3 plasmid, complete
genomes available on NCBI database (6 April 2021) were investigated using BLASTn
tool [84]. blaNDM-5 and pir gene of pTsB26 sequences were used, and genomes carrying the 2
genes (minimum homology 100% and 92%, respectively) on the same replicon were selected.
Metadata associated with each genome were collected, and ST were determined in silico
using the MLST 2.0 [89]. STs (Achtman MLST scheme) associated with selected genomes
and B26 and B28 strains were compared to general E. coli population using EnteroBase
database [90] (178,776 strains the 13 July 2021) and the goesBURST algorithm (single locus
variant level) of PHYLOViZ 2.0 software [91]. Plasmid homologies were determined by
BLASTn analysis [84] against the NCBI nr/nt database with default parameters.

4.7. Statistical Assays

Statistical analysis of growth rates was performed using Student’s t-test. All statistics
were made using the GraphPad Prism software V 5.03. Test results were considered as
statistically significant when the associated p-value was less than 0.05.
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Abstract: Carbapenems are considered to be the last resort antibiotics for the treatment of infections
caused by extended-spectrum beta-lactamase (ESBL)-producing strains. The purpose of this study
was to assess antimicrobial resistance profile of Carbapenem-resistant Enterobacteriaceae (CRE) isolated
from cattle faeces and determine the presence of carbapenemase and ESBL encoding genes. A total
of 233 faecal samples were collected from cattle and analysed for the presence of CRE. The CRE
isolates revealed resistance phenotypes against imipenem (42%), ertapenem (35%), doripenem (30%),
meropenem (28%), cefotaxime, (59.6%) aztreonam (54.3%) and cefuroxime (47.7%). Multidrug
resistance phenotypes ranged from 1.4 to 27% while multi antibiotic resistance (MAR) index value
ranged from 0.23 to 0.69, with an average of 0.40. Escherichia coli (E. coli), Klebsiella pneumoniae
(K. pneumoniae), Proteus mirabilis (P. mirabilis) and Salmonella (34.4, 43.7, 1.3 and 4.6%, respectively)
were the most frequented detected species through genus specific PCR analysis. Detection of genes
encoding carbapenemase ranged from 3.3% to 35% (blaKPC, blaNDM, blaGES, blaOXA-48, blaVIM
and blaOXA-23). Furthermore, CRE isolates harboured ESBL genes (blaSHV (33.1%), blaTEM (22.5%),
blaCTX-M (20.5%) and blaOXA (11.3%)). In conclusion, these findings indicate that cattle harbour
CRE carrying ESBL determinants and thus, proper hygiene measures must be enforced to mitigate
the spread of CRE strains to food products.

Keywords: Enterobacteriaceae; multidrug resistance; carbapenemase; ESBL; resistance genes; cattle

1. Introduction

Carbapenem-resistant Enterobacteriaceae (CRE) strains pose a serious threat, especially in public
health worldwide [1,2]. These strains cause severe infections such as bloodstream, pneumonia and
complicated urinary tract infections in debilitated immunocompromised patients, thus leading to
prolonged hospital stay as well as increased healthcare costs and mortality rates [2,3]. According
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to the Centers for Disease Control and Prevention (CDC), direct healthcare costs associated with
antimicrobial resistance infections are estimated at $20 billion per annum in developed countries [4].
Carbapenem-resistant Enterobacteriaceae strains have been commonly reported in hospital settings
and patients in intensive care units [1,5,6]. Although Escherichia coli (E. coli) and Klebsiella pnuemoniae
(K. pneumoniae) are the most frequently detected CRE species, other clinical pathogens such Citrobacter
freundii, Enterobacter aerogenes (E. aerogenes), Enterobacter cloacae (E. cloacae), P. mirabillis, Salmonella and
Serratia marcescens species have been detected from environmental samples [7,8]. In addition, several
studies have reported that these species harbours clinically important carbapenemase encoding genes
such as blaKPC, blaVIM, blaIMP, blaNDM and blaOXA-48 [9]. These genes are usually plasmid-borne,
thereby accelerating horizontal transfer of resistance determinants between the same and/or different
species [10]. Worrisome is the fact that Carbapenem-resistant strains may carry extended-spectrum
beta-lactamase (ESBL) resistance genes.

Several studies have detected major ESBL genes (blaTEM, blaSHV, blaCTX-M and blaOXA) in
CRE strains [11]. Given the fact that carbapenem antibiotics are considered as the last resort for
treating infections caused by ESBL-producing strains, presence of carbapenemase and ESBL genes
in CRE strains coupled with lack new therapeutic option is cause for concern [9,10]. Against this
background, the World Health Organisation (WHO) has classified CRE strains (Acinetobacter baumannii
(A. baumannii), E. coli, K. pneumoniae, Pseudomonas aeruginosa (P. aeruginosa) and Enterobacter species)
as “critical priority pathogens”, which require urgent research and development novel and effective
antibiotics [12]. Furthermore, the WHO has published an “action plan”, which encourages all countries
to establish their own action plan to curb antibiotic resistance phenomenon [13]. This could be
achieved via extensive research as well as surveillance and epidemiological studies both nationally and
internationally. Data obtained from such studies may assist to strengthen the existing departmental
and national policies to mitigate the spread of antimicrobial resistance pathogens.

Despite the fact that most of the studies conducted on CRE have been confined within
hospital environment and admitted patients [5,6,14], there is a new evidence indicating that food
producing animals, especially cattle, pigs and poultry, may harbour CRE carrying ESBL genes [15–18].
Nevertheless, the number of studies investigating cattle as potential reservoir of CRE harbouring ESBL
genes is limited. Hence, the current study was undertaken to determine the occurrence of CRE carrying
ESBL determinants in cattle.

2. Results

2.1. Enterobacteriaceae Isolated from Cattle Faeces

Out of the 233 faecal samples collected from four farms, a total of 280 presumptive isolates
belonging to the Enterobacteriaceae family were obtained. Enterobacteriaceae isolates were mostly
obtained from Farm_R-B and Farm_N-D (101 and 92, respectively). Only 59 and 28 of the isolates were
obtained from Farm_K-A and Farm_L-C, respectively.

2.2. Carbapenem Resistance Isolates

All 280 isolates revealed various antimicrobial susceptibility profiles against four carbapenem
antimicrobial agents tested; Figure 1. Of these, 69.3% of the isolates showed intermediate or resistance
to one or more of the four carbapenem antibiotics. The isolates revealed resistance to imipenem (42%),
ertapenem (35%), doripenem (30%) and meropenem (28%), while intermediate resistance was shown by
26, 31, 33 and 41%, respectively. All 194 isolates that exhibited carbapenem resistance phenotypes were
positive for the modified Hodge test. A total of 151 isolates were capable of growing on Brilliance™
ESBL agar and produced colonies with different colours (pink, green, colourless and brown halo),
indicating that the isolates could be composed of different species such as E. coli, Klebsiella, Enterobacter,
Serratia, Citrobacter and Salmonella, Proteus.

236



Antibiotics 2020, 9, 820

Figure 1. Antimicrobial susceptibility profile of Enterobacteriaceae isolated from cattle faeces.

2.3. Antimicrobial Resistance Profile of CRE

The 151 isolates that were Carbapenem-resistant and also positive for ESBL production revealed
various antimicrobial resistance profiles against 13 different antibiotics tested, Figure 2. The isolates
were resistant to at least two or more antimicrobial agents tested. Most of the isolates were resistant
to cefotaxime, aztreonam and cefuroxime (59.6, 54.3 and 47.7%, respectively). Resistance to other
antimicrobial agents (ceftiofur, amoxicillin, piperacillin, ticarcillin, cephalothin, ceftazidime and
cefoxitin) ranged from 39.1 to 43.7%. Low resistance (12.6 and 9.3%) was observed for ciprofloxacin and
amoxicillin-clavulanate, respectively. Large proportion (93.4%) of CRE isolates were resistant to three
or more antimicrobial agents and were defined as multidrug resistant strains. Multidrug resistance
phenotypes ranged from 1.4 to 27%, with the most common MDR pattern being observed against four,
five and six different antimicrobial agents (27, 27 and 22%, respectively); Figure 3. Multi antibiotic
resistance (MAR) index value ranged from 0.23 to 0.69, with an average of 0.40. The MAR indices 0.31,
0.38 and 0.46 were the most frequently observed among CRE isolates, Figure 4 and Table S1.
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Figure 2. Antimicrobial susceptibility pattern of carbapenem-resistant Enterobacteriaceae.
A = Amoxicillin, AMC = Amoxicillin-clavulanate, ATM = Aztreonam, CPM = Cefepime,
CTX = Cefotaxime, FOX = Cefoxitin, CAZ = Ceftazidime, CXM = Cefuroxime, EFT = Ceftiofur,
KF = Cephalothin, CIP = Ciprofloxacin, PRL = Piperacillin and TC = Ticarcillin.

Figure 3. Frequency of multidrug resistance pattern in CRE isolated from cattle faeces.
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Figure 4. Mean frequency of multiple antibiotic resistance profiles of CRE strains.

2.4. Molecular Identification of CRE Species

A total of 151 CRE isolates were confirmed through amplifying the 16S rRNA conserved region.
Of these, 84% were confirmed at species level (E. coli (34.4%), K. pneumoniae (43.7%), P. mirabilis (1.3%)
and Salmonella (4.6%)) through genus-specific PCR analysis. The remaining 16% of the isolates that
could not be identified as either one of these four species were classified as unspecified CRE species.

2.5. Detection of Genes Encoding Carbapenemases in CRE

All six carbapenemase-encoding genes screened were detected in CRE isolated from cattle faeces.
The blaKPC (35.8%), blaNDM (20.5%) and blaGES (17.9%) were the most frequently detected genes,
Figure 5. The blaOXA-48, blaVIM and blaOXA-23 were detected in low proportions (10.6, 6.6 and
3.3%, respectively). Simultaneous detection of blaKPC_blaOXA-23 (2.6%) blaKPC_blaNDM (1.3%) and
blaGES_blaOXA-48 (1.3%) genes in some of the isolates were observed. In general, large proportion
(94.7%) of CRE species carried carbapenem resistance genes. Carbapenemase encoding genes were
commonly detected in E. coli and K. pneumoniae species (96.2 and 92.4%, respectively), while all
Salmonella and Proteus mirabilis species detected in this study possessed CR determinants; Table 1.

Figure 5. Number of carbapenemase-encoding genes detected in CRE isolated from cattle faeces.
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Large proportion (42.4 and 27.3%) of K. pneumoniae species harboured blaKPC and blaGES, followed
by 34.6 and 32.7% of E. coli species carrying blaKPC and blaNDM, respectively. Salmonella species (42.9
and 28.6%) carried blaNDM and blaKPC, while unspecified CRE species (29.2 and 25.0%) of possessed of
blaVIM and blaKPC and 50% of P. mirabilis species harboured either blaOXA-23 or blaOXA-48. Some of
E. coli species (3.8%) also possessed blaKPC_blaNDM, while K. pneumoniae species (6.1 and 1.5%)
harboured blaKPC_blaOXA-23 and blaGES_blaOXA-48, followed by unspecified CRE species (4.2%)
possessing blaGES_blaOXA-48.

2.6. Detection of ESBL Determinants in CRE

All four major ESBL-encoding genes screened were detected in CRE isolates. The blaSHV
(33.1%), blaTEM (22.5%) and blaCTX-M (20.5%) were most frequently detected genes while blaOXA
(11.3%) detection was very low, Figure 6. Concurrent detection by blaOXA_blaCTX-M (7.3%) and
blaSHV_blaTEM (5.3%) genes in CRE isolates were observed. Generally, 87.4% CRE species harboured
ESBL genes. As indicated in Table 2, most of E. coli (86.5%) and K. pneumoniae (84.8%) and Salmonella
(85.7%) species were positive for ESBL genes. All P. mirabilis and 95.8% unspecified CRE species carried
ESBL genes. Large proportion (45.5%) of K. pneumoniae species harboured blaSHV. E. coli species
(34.6 and 26.9%) and Salmonella species (57.1 and 28.6%) carried blaCTX-M and blaTEM, respectively).
The 33.3% of unspecified CRE species harboured blaSHV while 50% of P. mirabilis species carried either
blaTEM or blaOXA. Some E. coli (9.6 and 3.8%) and K. pneumoniae species (3.0 and 12.1%) possessed
blaSHV_blaTEM and blaOXA_blaCTX-M, respectively. Salmonella (14.3%) and P. mirabilis species (9.1%)
possessed blaOXA_blaCTX-M, while unspecified CRE species (4.2%) harboured blaSHV_blaTEM.

Figure 6. Frequency of ESBL-encoding genes detected in CRE isolated from cattle faeces.
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3. Discussion

This study reports the occurrence of Carbapenem-resistant Enterobacteriaceae from cattle faeces
obtained from different commercial farms in the North West province, South Africa. Overall,
280 Enterobacteriaceae were successfully isolated. Notably, Enterobacteriaceae isolates revealed
intermediate or resistance to carbapenem antibiotics (imipenem, ertapenem, doripenem and
meropenem) tested. Moreover, resistance to carbapenem antibiotics ranged from 28 to 42%.
High resistance was observed against imipenem (42%). This finding was lower than 98% imipenem
resistance reported in the previous study [19]. Interestingly, all Enterobacteriaceae isolates that revealed
intermediate and/or resistant phenotypes against carbapenem antibiotics tested positive for the
modified Hodge test and were thus regarded as CRE strains [15,20]. In addition, the isolates were
capable of growing on Brilliance™ ESBL media, and this suggests that those isolates carry ESBL
determinants [15]. Since carbapenem antibiotics are regarded as being the last resort for the treatment
of infections caused by ESBL-producing Enterobacteriaceae or multidrug resistant pathogens, resistance
to this antibiotic group may exacerbate morbidity and mortality rates in humans [14,21–23]. Therefore,
monitoring of CRE and the genes associated with CR in food producing animals is essential to determine
prevalence of Carbapenem-resistant pathogens in cattle.

Extensive use of antibiotics in agriculture, especially in food producing exacerbate the emergence
antibiotic resistant pathogens in food producing animals. Several studies have reported the occurrence of
antimicrobial resistant pathogens in foodborne pathogens [24–26]. In this study, Carbapenem-resistant
Enterobacteriaceae isolates revealed various resistance patterns against beta-lactam, 1st, 2nd and 3rd
cephalosporins antibiotics. Most of the isolates were highly resistant to cefotaxime, aztreonam and
cefuroxime (59.6, 54.3 and 47.7%, respectively). These results corroborate the previous study [26].
In addition, large proportion (93.4%) of CRE isolates revealed MDR phenotypes, which is higher
than the 83.78% MRD phenotype previously reported in spinach in South Africa [27]. Moreover,
resistance against a maximum of nine antimicrobial agents was observed, suggesting that some of
the CRE isolates obtained in this study could possibly be considered as extensively drug resistant
(XDR) strains [28]. Interestingly, the MAR index value of 129 MDR strains ranged from 0.23 to 0.69,
with an average of 0.40. Although these findings were lower than that of the other study [29], the MAR
indices observed in this study were > 0.2. A MAR index of 0.2 or higher indicates high-risk sources
of contamination [30,31]. This implies that continuous monitoring of carbapenem resistance in food
producing animals, especially cattle is crucial to ensure the safety of food.

Increasing emergence of Carbapenem-resistant species poses a severe threat in public health [32].
Several studies reported have reported the occurrence of CRE in food, animals, water, hospitalised
patients and hospitals and/or clinic environments [2,5,33,34]. E. coli and K. pneumoniae are the most
predominant species associated with carbapenem resistance [32]. Overall, four CR species (E. coli,
K. pneumoniae, Salmonella and P. mirabilis) were identified using genus-specific PCR analysis in this
study. Similar to other studies [5,34,35], K. pneumoniae (43.7%) and E. coli (34.4%) species were the most
commonly detected species. Moreover, other CR species, Salmonella (4.6%) and P. mirabilis (1.3%) were
detected in low quantity. However, 16% of CRE isolates could not be identified at the specie level and
were classified as ‘unspecified CRE species’.

Carbapenem resistance determinants (blaKPC, blaNDM, blaOXA-23, blaVIM, blaOXA-48 and
blaGES) have been detected in CRE isolated from different sources such as hospitals, drinking and
recreational water, agricultural environments, food producing animals and food products [23]. In this
study, 97.4% of CRE isolates possessed carbapenem resistance genes were detected in CRE species.
These findings were higher than the 14.3% detection of carbapenem resistance determinants reported
in the previous study in from vegetables [33]. This variation could be attributed to different sample
sources and isolation methods used per study. Furthermore, high detection of CR genes in this study
indicates that the use of carbapenem antibiotics in agriculture may increase the occurrence of CR
pathogens in food producing animal, especially cattle. As a result, this may accelerate dissemination
of CR pathogens to humans through consumption of contaminated food [22,33,36]. Based on each
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species, E. coli (96.2%), K. pneumoniae (92.4%), Salmonella (100%), P. mirabilis (100%) and unspecified
CRE species (95.8%) carried carbapenem resistance determinants. However, these findings were higher
than that of the other studies [14,33,37]. However, these findings were higher than those of the other
studies [14,33,37]. A possible explanation for this variation could be attributed to differences in the
source of samples and geographical location and management practices per farm, which may have
different selective pressure for the antimicrobial resistance levels [31]. Most K. pneumoniae species and
E. coli carried blaKPC, while Salmonella species possessed the blaNDM gene. In addition, the P. mirabilis
species possessed either blaOXA-23 or blaOXA-48, whereas unspecified CRE species possessed of
blaVIM. Some E. coli species possessed a combination of blaKPC_blaNDM, while K. pneumoniae species
harboured blaKPC_blaOXA-23 and blaGES_blaOXA-48, followed by unspecified CRE species possessing
blaGES_blaOXA-48. Given that E. coli and K. pnuemoniae species cause severe infection in humans,
detection of Carbapenem-resistant determinants in these species cannot be overemphasised.

In Enterobacteriaceae, ESBL determinants (blaSHV, blaTEM, blaCTX-M and blaOXA) are considered
as the primary mechanism for mediating beta-lactam antibiotics resistance in Enterobacteriaceae [38,39].
Given that extended spectrum cephalosporins antibiotics are used in veterinary medicine, this has
resulted in the emergence of ESBL resistance genes in food producing animals, especially cattle [40].
Numerous studies have detected ESBL determinants in Enterobacteriaceae isolated from food, cattle and
pigs [26,37,41]. Likewise, ESBL-encoding genes (blaSHV, blaTEM, blaCTX-M and blaOXA) were detected
in this study. Overall, large proportion (87.4%) of CRE isolates harboured ESBL genes. This finding
was higher than that of the previous studies, which reported the occurrence of ESBL-producing
Enterobacteriaceae in cattle and food [26,42,43]. The blaSHV, blaTEM and blaCTX-M were the most
frequently (20.5–33.1%) detected genes. However, these findings were lower than those of the
previous studies, which reported the prevalence of ESBL-producing strains obtained from hospital
environment [27,44,45]. The variation could be attributed to the source of samples, geographical
location and the number of isolates analysed per study. Furthermore, blaOXA was detected at low
rate. Based on each species, large proportion (84.8–100%) of CRE species (E. coli (86.5%), K. pneumoniae
(84.8%), Salmonella (85.7%) and P. mirabilis (100%) unspecified CRE species (95.8%)) harboured ESBL
genes. Large proportions of K. pneumoniae (45.5%) and unspecified CRE (33.3%) species harboured
blaSHV. This finding is consistent with the other study, in which blaSHV was predominantly detected
in K. pnuemoniae [44]. Moreover, E. coli (34.6%) and Salmonella species (57.1%) possessed blaCTX-M,
while P. mirabilis (50%) species carried either blaTEM or blaOXA. Notably, some E. coli and K. pneumoniae
species harboured blaSHV_blaTEM, which is similar to another study from Eastern Cape Province,
South Africa [44]. Another ESBL combination observed was blaOXA_blaCTX-M. These findings suggest
that strict measures must be implemented throughout the food chain to mitigate transmission of
antimicrobial resistant pathogens to the environment, as well as humans.

4. Materials and Methods

4.1. Ethical Consideration

Ethical clearance and approval for the study was obtained from the Animal Care Research
Ethics Committee (AnimCare REC), of the North-West University, South Africa (Reference number:
NWU-00066-15-S9).

4.2. Study Area, Sample Collection and Processing

This is a cross-sectional study, and it was conducted from July 2016 to July 1017 in the North-West
province, South Africa. A total of 233 faecal samples were collected from four cattle farms (Farm_K-A,
Farm_R-B, Farm_L-C and Farm_N-D) located in the Ngaka Modiri Molema district. The selection of
the sampling sites was based on the accessibility and the wiliness of the farm owners to participate in
the study. The farms had 100 to 400 head of cattle. Sampling was done between July 2016 and August
2017 and all the ethical procedures were followed during handling of the animals. Faecal samples were
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collected directly from the rectum of individual animals using sterile arm-length gloves and in order to
avoid duplication of sampling, the cattle were locked into their respective handling pens. Samples
were placed in sterile sample collection bottles, labelled appropriately and immediately transported
on ice packs to the Antimicrobial Resistance and Phage Biocontrol Research Group (ARPHBRG)
laboratory, North-West University for microbial analysis. For bacteria isolation, 1 g of each sample
was dissolved in 2% (w/v) sterile buffered peptone water (Biolab, Lawrenceville, GA, USA). Aliquot
of 5 µL of each sample (mixture) was transferred into 10 mL buffered peptone water. Ten-fold serial
dilutions were prepared and aliquots of 100 µL from each dilution was spread-plated on MacConkey
agar supplemented with crystal violet and salt (Biolab, Lawrenceville, GA, USA) using a standard
procedure. The plates were incubated aerobically at 37 ◦C for 24 h. The colonies depicting different
colours (pale, pink or red) were selected and purified by streaking on MacConkey agar and the plates
were at 37 ◦C for 24 h. Pure colonies were preserved in 20% glycerol and the stock cultures were stored
at −80 ◦C for future use.

4.3. Culture-Based Methods for Identification of Carbapenem Resistance Enterobacteriaceae Colonies

A total of 280 isolates were screened for carbapenem resistance using Kirby–Bauer disc diffusion
method [46], the isolates were revived on MacConkey agar and the plates were at 37 ◦C for 24 h.
After incubation, one colony was transferred into 50 mL falcon tubes containing 10 mL nutrient
broth. The tubes were incubated at 37 ◦C for 20 h. The turbidity of the cultures was adjusted to
1 × 108 CFU/mL (equivalent to 0.5 McFarlan standard) using Thermo Spectronic (Model, Helios
Epsilon) [Thermo-Fisher Scientific, Waltham, MA, USA]. Aliquot of 100 µL of the culture was spread on
Muellerf–Hinton agar (Biolab, Lawrenceville, GA, USA). Four carbapenem antibiotic discs: imipenem
(IPM, 10 µg), ertapenem (ETP, 10 µg), meropenem (MEM, 10 µg and doripenem (DOR, 10 µg) (Mast
Diagnostics, Randburg, South Africa) were placed on inoculated plates. The plates were incubated
at 37 ◦C for 24 h. The results were interpreted using both Clinical Laboratory Standards Institute
and European Committee on Antimicrobial Susceptibility Testing guidelines [20,47]. Colonies of all
the isolates showing intermediate or resistant phenotypes to one of the three tested antibiotics were
further subjected to Modified Hodge Test to confirm their ability to produce carbapenemase [48].
Carbapenemase-negative E. coli (ATCC 25922) and Carbapenemase-positive K. pneumoniae (ATCC
BAA-1705) were used as quality control.

4.4. Phenotypic Screening for Identification of ESBL-Producing Enterobacteriaceae

The isolates that showed intermediate or resistant phenotypes to at least one of the carbapenem
antibiotics were screened for the presence of extended spectrum beta-lactamase (ESBL) traits. Briefly,
the isolates were culture on chromogenic BrillianceTM ESBL agar (Thermo-Fisher Scientific, Waltham,
MA, USA). E. coli (ATCC 25922) and K. pneumoniae (ATCC 700603) were used as the quality control
organisms. Growth on BrillianceTM ESBL agar indicated the ability of the isolates to produce extended
spectrum beta-lactamase, and the results were interpreted according to manufacturer’s instructions.

4.5. Antimicrobial Susceptibility Test

All the CRE isolates revealing ESBL characteristics on BrillianceTM ESBL agar were subjected to
antibiotic sensitivity test to determine their antimicrobial resistance profile according to Kirby–Bauer
disc diffusion method [46], following Clinical Laboratory Standard Institute guidelines [20]. The thirteen
antibiotics used were: Amoxicillin (A, 25 µg), Amoxicillin-clavulanate (AMC, 30 µg), Aztreonam (ATM,
30 µg), Cefepime (CPM, 30 µg), Cefotaxime (CTX, 30 µg), Cefoxitin (FOX, 30 µg), Ceftazidime (CAZ,
30 µg), Cefuroxime (CXM, 30 µg), Ceftiofur (EFT, 30 µg), Cephalothin (KF, 30 µg), Ciprofloxacin (CIP,
5 µg), Piperacillin (PRL, 30 µg) and Ticarcillin (TC, 75 µg) (Mast Diagnostics, Randburg, South Africa).
E. coli (ATCC 25922) and K. pneumoniae (ATCC 700603) were used as the quality control organisms.
The isolates were classified as sensitive, intermediate resistant or resistant based on standard reference
values [20]. Any isolate revealing resistance to at least three or more different antibiotics tested was
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considered multidrug resistant. Multiple antibiotic resistance (MAR) index was determined as the
ratio of the number of antibiotics to which CRE isolate showed resistance to the number of antibiotics
to which the isolate was exposed [30], using the following formula:

MARI = X/Y (1)

where ‘X’ is the number of antimicrobial agents which bacteria revealed resistance while ‘Y’ is the total
number of antimicrobial agents tested.

4.6. DNA Extraction from CRE Isolates

Genomic DNA was extracted from all CRE/ESBL-producing isolates using the Zymo Research
Genomic DNATM–Tissue MiniPrep Kit (Zymo Research Corp, Irvine, CA, USA) according to the
manufacturer’s instructions. The quality and quantity of DNA was determined using NanodropTM-Lite
spectrophotometer (Thermo Scientific, Walton, MA, USA). Pure DNA samples were stored at −20 ◦C
for future use.

4.7. Genus-Specific Identification of CRE Isolates

Bacterial universal primer was used to amplify bacterial 16S rRNA gene fragments from the
genomic DNA. The identities of the isolates were confirmed by genus-specific PCR, targeting the
uidA, ntrA, tuf and invA genes specific for E. coli, K. pneumoniae, P. mirabilis and Salmonella species,
respectively. Details of oligonucleotide primer sequence and PCR conditions are listed in Table 3.
PCR reactions were prepared in standard 25 µL (comprising 12.5 µL 2 × DreamTaq Green Master Mix,
0.25 µL of each oligonucleotides primer, 11 µL RNase-DNase free water and 1 µL DNA template). A no
DNA template (nuclease-free water) reaction tube served as a negative control while a DNA sample
from E. coli (ATCC 25922), K. pneumoniae (ATCC 700603), S. enterica (ATCC 14028 and 12325) were used
as quality control organisms. All the PCR reagents were New England Biolabs (Ipswich, MA, USA,
supplied by Inqaba, Pretoria, South Africa) products supplied by Inqaba Biotechnical Industry Ltd.,
Pretoria, South Africa. Amplifications were performed using a DNA thermal cycler (model- Bio-Rad
C1000 Touch™ Thermal Cycler). All PCR products were resolved by agarose gel electrophoresis and
the rest were stored at 4 ◦C.

4.8. Detection of Carbapenemase-Encoding Genes Using Multiplex PCR

All confirmed CRE isolates were subjected to Multiplex PCR analysis for detection of
carbapenemase resistance genes (blaNDM, blaKPC, blaVIM, blaOXA-23, blaOXA-48 and blaGES).
The oligonucleotide primer sequence and PCR conditions are listed in Table 4. PCR reactions were
prepared in standard 25 µL (comprising of 12.5µL 2 × DreamTaq Green Master Mix, 0.25 µL of each
oligonucleotides primer, 11µL RNase-DNase free water and 1µL DNA template). A non-DNA template
(nuclease-free water) reaction tube served as a negative control. DNA sample from K. pneumoniae
(ATCC BAA-1705), S. enterica (ATCC 14028 and 12325) was used as quality control. All the PCR
reagents were New England Biolabs (Ipswitch, MA, USA supplied by Inqaba, Pretoria, South Africa)
products supplied by Inqaba Biotechnical Industry Ltd., Pretoria, South Africa. Amplifications were
performed using a DNA thermal cycler (model-Bio-Rad C1000 Touch™ Thermal Cycler). All PCR
products were resolved by agarose gel electrophoresis and the rest were stored at 4 ◦C.
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4.9. Detection of Extended Spectrum Beta-Lactamase-Encoding Genes in CRE

The CRE isolates were further screened for the presence of the major ESBL genes (blaCTX-M,
blaOXA, blaSHV and blaTEM). Details of oligonucleotide primer sequences and PCR conditions are
listed in Table 4. PCR reactions were prepared in standard 25 µL (comprising of 12.5 µL 2 × DreamTaq
Green Master Mix, 0.25 µL of each oligonucleotides primer, 11 µL RNase-DNase free water and
1 µL DNA template). A no DNA template (nuclease-free water) reaction tube served as a negative
control. All the PCR reagents were New England Biolabs (Ipswitch, MA, USA supplied by Inqaba,
Pretoria, South Africa) products supplied by Inqaba Biotechnical Industry Ltd., Pretoria, South Africa.
Amplifications were performed using a DNA thermal cycler (model: Bio-Rad C1000 Touch™ Thermal
Cycler). All PCR products were resolved by agarose gel electrophoresis and the rest were stored at 4 ◦C.

4.10. Agarose Gel Electrophoresis and Visualization

A 2% (w/v) agarose gel containing 0.1 µg/mL Ethidium bromide was used to separate all PCR
products by electrophoresis. A 1 Kb or 100 bp DNA molecular weight marker (Fermentas, Foster City,
CA, USA) was included in each gel. A horizontal Pharmacia Biotech equipment system (Model Hoefer
HE 99X, Amersham Pharmacia Biotech, Stockholm, Sweden) was used to perform the electrophoresis,
each cycle ran for 1 h at 80V. Visualization and image capturing was performed using a ChemiDoc
Imaging System (Bio-Rad ChemiDocTM MP Imaging System, Hercules, CA, USA).

4.11. Statistical Analysis

The data generated in this study was entered into an Excel spreadsheet. Descriptive analysis
was conducted using SAS, 2010 (v 9.4, SAS Institute, Cary, NC, USA). The proportions of positive for
E. coli O177 serotype, antimicrobial resistance and virulence genes across the farms were determined.
The analysed data were used to draw tables and bar graphs.

5. Conclusions

To the best of our knowledge, this is the first study reporting the occurrence of CR- and
ESBL-producing Enterobacteriaceae in South African beef cattle. The results contained herein revealed
high MDR phenotypes among CR- and ESBL-producing Enterobacteriaceae. Furthermore, the most
frequently detected species were E. coli and K. pneumoniae. Notably, high detection of carbapenemase
and/or ESBL resistance determinants in CRE was alarming given the significant importance of
carbapenem antibiotics in public health. Therefore, stringent hygiene measures must be enforced to
mitigate the spread and transmission of CRE- and ESBL-producing pathogens in beef farms.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6382/9/11/820/s1,
Table S1: Multidrug resistance phenotypes and MAR index of CRE isolates.
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Hospital, 430031 Baia Mare, Romania

2 Doctoral School of Medicine and Pharmacy, “George Emil Palade” University of Medicine, Pharmacy,
Science and Technology, 540142 Targu Mures, Romania

3 Department of Microbiology, Central Clinical Laboratory, County Emergency Clinical Hospital,
540136 Targu Mures, Romania; edit.szekely@umfst.ro

4 Department of Microbiology, “George Emil Palade” University of Medicine, Pharmacy, Science and
Technology, 540142 Targu Mures, Romania

5 Department of Epidemiology, “George Emil Palade” University of Medicine, Pharmacy, Science and
Technology, 540142 Targu Mures, Romania; septimiu.voidazan@umfst.ro

6 Department of Clinical Biochemistry, Central Clinical Laboratory, County Emergency Clinical Hospital,
540136 Targu Mures, Romania; minodora.dobreanu@umfst.ro

7 Department of Laboratory Medicine, “George Emil Palade” University of Medicine, Pharmacy,
Science and Technology, 540142 Targu Mures, Romania

* Correspondence: anafoldes@gmail.com

Abstract: The global escalation of severe infections due to carbapenemase-producing Enterobac-
terales (CPE) isolates has prompted increased usage of parenteral colistin. Considering the reported
difficulties in assessing their susceptibility to colistin, the purpose of the study was to perform a
comparative evaluation of six phenotypic assays—the colistin broth disc elution (CBDE), Vitek 2
Compact (bioMérieux SA, Marcy l’Etoile, France), the Micronaut MIC-Strip Colistin (Merlin Diagnos-
tika GMBH, Bornheim-Hensel, Germany), the gradient diffusion strip Etest (bioMérieux SA, Marcy
l’Etoile, France), ChromID Colistin R Agar (COLR) (bioMérieux SA, Marcy l’Etoile, France), and the
Rapid Polymyxin NP Test (ELITechGroup, Signes, France)—versus the reference method of broth
microdilution (BMD). All false resistance results were further assessed using population analysis
profiling (PAP). Ninety-two nonrepetitive clinical CPE strains collected from two hospitals were
evaluated. The BMD confirmed 36 (39.13%) isolates susceptible to colistin. According to the BMD, the
Micronaut MIC-Strip Colistin, the CBDE, and the COLR medium exhibited category agreement (CA)
of 100%. In comparison with the BMD, the highest very major discrepancy (VMD) was noted for Etest
(n = 15), and the only false resistance results were recorded for the Rapid Polymyxin NP Test (n = 3).
Only the PAP method and the Rapid Polymyxin NP Test were able to detect heteroresistant isolates
(n = 2). Thus, there is an urgent need to further optimize the diagnosis strategies for colistin resistance.

Keywords: carbapenemase-producing Enterobacterales; colistin susceptibility testing; broth microdi-
lution; colistin broth disc elution; Vitek 2 compact; rapid polymyxin NP test; Etest; ChromID colistin
R agar; micronaut MIC-strip colistin; population analysis profiling

1. Introduction

The emergence and spread of diverse types of carbapenemase producers belonging
to the Enterobacterales order (CPE) has been increasingly reported worldwide in recent
years [1–4]. These pathogens are involved in different types of human infections, in both
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community and hospital settings, and frequently coexpress resistance to several classes of
antibiotics that are critical in therapy [1,4,5].

Klebsiella pneumoniae is the most common globally mentioned CPE isolate and is
mainly associated with nosocomial infections and has devastating effects on patient out-
comes [1,3,6,7].

The global fight against the threat of antimicrobial resistance is the best strategy
for preventing infections [8]. The potential impact of the current coronavirus disease
(COVID-19) pandemic on antimicrobial resistance has not yet been established but was
reported to possibly cause an escalation whose severity varies between geographic regions,
different hospitals, and even distinct units of the same medical institution [9–11].

The management of infections due to multidrug-resistant (MDR) and extensively
drug-resistant (XDR) CPE strains poses a significant challenge for health systems [7,12].
Colistin, tigecycline, aminoglycosides, and fosfomycin are considered second-line antimi-
crobials, which frequently express in vitro activity against some CPE isolates, but there are
concerns regarding their current efficacy, the development of potential toxicity, and the
rapid dissemination of resistance [4,7].

Colistin, also known as polymyxin E, is a cationic lipopeptide and bactericidal agent
discovered more than half a century ago [13–15], but its systemic administration has largely
been fallen out of favor over a substantial period of time, mainly because of its nephro- and
neurotoxicity [16]. It recently regained major worldwide clinical importance as a last resort
therapy for some severe infections due to MDR and XDR Gram-negative bacilli [17,18].

The complex mechanisms of action of colistin have not been entirely decoded [14,19].
The initial target is the lipopolysaccharide (LPS) of the outer membrane of Gram-negative
bacteria, displacing the divalent cations Ca2+ and Mg2+ and leading to enhanced membrane
permeability, loss of membrane integrity, and ultimately cell destruction [13,16,19]. Fur-
thermore, colistin suppresses the endotoxin effect by neutralizing the lipid A component
of the LPS and promotes bacterial cell injury through the development of reactive oxygen
species and by suppressing enzymes whose functions are indispensable in the bacterial
respiratory process [16,20].

Colistin sulfate and colistimethate sodium, which is a less toxic inactive prodrug, are
the two commercially available forms of colistin for oral or topical administration and for
the systemic route, respectively [13,16,19]. The optimal doses of colistimethate sodium
are still a matter of debate [7,17], especially for critically ill patients receiving sustained
low-efficiency dialysis and those with acute kidney injury [17].

Recent hospital outbreaks due to colistin-resistant CPE strains have occurred world-
wide [15,21–26]. Acquired resistance to colistin is based mainly on diverse chromoso-
mal mutations [14,19,27], but the extensive use of colistin both in human and veterinary
health sectors has promoted the emergence and development of the plasmid-encoded
mobile colistin resistance (mcr) genes starting from mcr-1 up to mcr-10, with multiple
variants [14–16,28,29].

Assessing colistin resistance continues to remain a challenge for microbiology labo-
ratories [14,30,31]. Both the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) and the Clinical and Laboratory Standards Institute (CLSI) recommend the broth
microdilution (BMD) as the reference method for susceptibility testing [32]. This standard
technique is laborious, susceptible to errors, difficult to implement into routine practice,
and presents limitations in detecting colistin heteroresistance; therefore, an alternative
method with satisfactory performance is needed for routine testing [14,30]. Generally, the
heteroresistance phenomenon has been described as the emergence of minor subpopula-
tions with higher degrees of antimicrobial drug resistance within the dominant population
of the same culture [33]. Population analysis profiling (PAP) is the gold standard method
for the evaluation of heteroresistance to an antibiotic [33,34], but this technique is labor-
and time-intensive [35], standard guidelines are lacking [33,36], and it requires a high
consumption of materials. However, a limited number of studies have investigated the
presence of colistin heteroresistance in CPE isolates.
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In this context, the aim of this study was to perform a comparative evaluation of
six phenotypic methods versus BMD, and all major discrepancies (MDs) (false resistance
results) compared to the BMD were further assessed using the PAP method in order to
obtain an improved algorithm for reliable and convenient determination of colistin-resistant
CPE isolates in daily activity.

2. Results
2.1. Variety of Carbapenemases

The combination disc test was used for phenotypic confirmation of the following
carbapenem-hydrolyzing enzymes: K. pneumoniae carbapenemase (KPC) (n = 41), oxacillinase-
48-like (OXA-48-like) (n = 32), and metallo-β-lactamase (MBL) (n = 19). Of the 22 strains
previously tested by polymerase chain reaction (PCR), 12 harbored blaOXA-48-like, 6 blaKPC,
and 4 blaNDM (New Delhi metallo-β-lactamase), in agreement with the combination disc
test results.

2.2. Colistin Testing Results versus BMD

The BMD was used to confirm the colistin susceptibility of 36 (39.13%) strains and 56
(60.86%) isolates resistant to this antimicrobial agent. Distributions of colistin minimum
inhibitory concentrations (MICs) obtained with the BMD ranged from 0.0625 to 64 mg/L
(Table 1).

Table 1. Distributions of colistin MICs determined by BMD for all isolates.

Colistin Reference MIC (mg/L)
Species Carbapenemase Type

0.0625 0.125 0.25 0.5 1 2 4 8 16 32 ≥64
KPC (n = 41) 0 3 4 1 0 0 2 12 6 10 3
OXA-48-like (n = 29) 0 4 5 1 0 0 0 2 5 11 1Klebsiella pneumoniae
MBL (n = 8) 0 0 5 0 0 0 0 0 1 2 0

Citrobacter freundii MBL (n = 6) 0 3 1 1 1 0 0 0 0 0 0
Enterobacter cloacae
complex MBL (n = 4) 2 0 1 0 0 0 0 0 0 1 0

OXA-48-like (n = 3) 1 1 1 0 0 0 0 0 0 0 0
Escherichia coli MBL (n = 1) 0 1 0 0 0 0 0 0 0 0 0
Total n = 92 3 12 17 3 1 0 2 14 12 24 4

Legend. MICs: minimum inhibitory concentrations; BMD: reference broth microdilution; KPC: Klebsiella pneumo-
niae carbapenemase; OXA-48-like: oxacillinase-48-like; MBL: metallo-β-lactamase. The red line corresponds to the
EUCAST breakpoints (≤2 mg/L indicates susceptibility).

The 36 strains with MIC ≤ 0.5 mg/L by Vitek 2 Compact strongly correlated with
the BMD results, whereas all isolates with MIC values between 1 and 2 mg/L by Vitek 2
Compact generated false susceptible results (n = 8) (Figure 1a).

A perfect linear correlation at the angle of 45◦ was achieved between the MIC of
colistin determined by BMD and by colistin broth disc elution (CBDE) (Figure 1b).

The colistin MIC results obtained with the Micronaut MIC-Strip were strongly corre-
lated with the reference MIC (Figure 1c), whereas a weak correlation was noted for strains
determined to have an MIC ≥ 2 mg/L by the Etest method (Figure 1d). Distinct colonies
within the ellipse of growth inhibition around the Etest strips were not observed, except in
the case of the reference Enterobacter cloacae ATCC 13047.

The highest number of false negative results (n = 15) was documented for the Etest
method, followed by Vitek 2 Compact (n = 8) (Table 2), and exclusively for K. pneumoniae
isolates (Table 3).
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Figure 1. Scattergrams of correlation between reference broth microdilution (BMD) and Vitek 2 
Compact (a), colistin broth disc elution (CBDE) (b), Micronaut MIC-Strip (c), and Etest (d) for all 
isolates. Minimum inhibitory concentrations (MICs) identical with those obtained by BMD and the 
essential agreement (EA) (MICs within ± 1 doubling dilution compared to the BMD) are mentioned 
as strain numbers within boxes and in shaded gray cells, respectively. The red lines represent the 
EUCAST breakpoints (≤2 mg/L indicates susceptibility). 

Figure 1. Scattergrams of correlation between reference broth microdilution (BMD) and Vitek 2
Compact (a), colistin broth disc elution (CBDE) (b), Micronaut MIC-Strip (c), and Etest (d) for all
isolates. Minimum inhibitory concentrations (MICs) identical with those obtained by BMD and the
essential agreement (EA) (MICs within ± 1 doubling dilution compared to the BMD) are mentioned
as strain numbers within boxes and in shaded gray cells, respectively. The red lines represent the
EUCAST breakpoints (≤2 mg/L indicates susceptibility).
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Table 2. Performance features of Vitek 2 Compact, Micronaut MIC-Strip, Etest, COLR medium, Rapid
Polymyxin NP Test, and CBDE of all isolates according to the BMD.

Parameter Vitek 2
Compact

Micronaut
MIC-Strip

Etest,
MHE

COLR
Medium

Rapid
Polymyxin

NP Test
CBDE

True positive (n) 48 56 41 55 56 56
False positive (n) 0 0 0 0 3 0
False negative (n) 8 0 15 0 0 0
True negative (n) 36 36 36 27 33 36

Total (n) 92 92 92 82 92 92
Sensitivity (%) 85.71 100 73.21 100 100 100
Specificity (%) 100 100 100 100 91.67 100

PPV (%) 100 100 100 100 94.92 100
NPV (%) 81.82 100 70.59 100 100 100
EA (%) 91.30 92.39 50 NA NA NA
CA (%) 91.30 100 83.69 100 96.73 100

VMD (%) 14.28 0 26.78 0 0 0
MD (%) 0 0 0 0 8.33 0

Legend. BMD: reference broth microdilution; MIC: minimum inhibitory concentration; MHE: Mueller Hinton E
agar; COLR: ChromID Colistin R agar; CBDE: colistin broth disc elution; PPV: positive predictive value; NPV:
negative predictive value; EA: essential agreement; CA: category agreement; VMD: very major discrepancy; MD:
major discrepancy; NA: not applicable.

Table 3. The VMDs and MDs identified in all isolates in comparison with the BMD.

Strain Carbapenemase
Type

Vitek 2
Compact

(MIC mg/L)

Micronaut
MIC-Strip

(MIC mg/L)

Etest, MHE
(MIC mg/L)

COLR
Medium

Rapid
Polymyxin

NP Test

CBDE
(MIC mg/L)

BMD
(MIC mg/L)

Enterobacter
cloacae complex (n = 1) A MBL ≤0.5 0.25 0.25 Negative Positive 1 ≤1 0.25

Klebsiella pneumoniae (n = 1) B KPC ≤0.5 0.5 0.25 Negative Positive ≤1 0.25
K. pneumoniae (n = 1) C KPC ≤0.5 0.25 0.25 Negative Positive ≤1 0.5
K. pneumoniae (n = 1) D OXA-48-like 1 16 2 Positive Positive ≥4 8
K. pneumoniae (n = 1) E KPC 2 4 2 Positive Positive ≥4 8
K. pneumoniae (n = 1) F KPC ≥16 8 2 Positive Positive ≥4 16
K. pneumoniae (n = 1) G KPC ≥8 16 2 Positive Positive ≥4 8
K. pneumoniae (n = 1) H KPC 4 4 0.5 Positive Positive ≥4 4
K. pneumoniae (n = 1) I KPC 4 8 1 Positive Positive ≥4 8
K, pneumoniae (n = 1) J KPC 2 8 2 Positive Positive ≥4 16
K. pneumoniae (n = 1) K KPC 2 4 1 Positive Positive ≥4 4

K. pneumoniae (n = 2) L, M KPC 2 8 1 Positive Positive ≥4 8
K. pneumoniae (n = 1) N KPC 4 8 1 Positive Positive ≥4 8
K. pneumoniae (n = 1) O KPC 2 8 2 Positive Positive ≥4 8
K. pneumoniae (n = 1) P KPC 2 8 1 Positive Positive ≥4 8
K. pneumoniae (n = 1) Q KPC ≥8 4 2 Positive Positive ≥4 8
K. pneumoniae (n = 1) R KPC 8 8 2 Positive Positive ≥4 8

Legend. VMDs: very major discrepancies (marked in red); MDs: major discrepancies (marked in blue); BMD:
reference broth microdilution; MBL: metallo-β-lactamase; KPC: K. pneumoniae carbapenemase; OXA-48-like:
oxacillinase-48-like; MIC: minimum inhibitory concentration; MHE: Mueller Hinton E agar; COLR: ChromID
Colistin R agar; CBDE: colistin broth disc elution. 1 Color change detected at 3 h of incubation but without the
same turbidity in comparison to the positive control.

No false positive or false negative results were recorded for any of the 82 strains of
Escherichia coli and K. pneumoniae tested with ChromID Colistin R Agar (COLR). According
to the manufacturer, only E. coli, K. pneumoniae, and Salmonella spp. are listed as target
microorganisms for qualitative testing. However, one strain of colistin-resistant E. cloacae
complex determined to have an MIC value of 32 mg/L by BMD developed on this medium,
forming blue-green colonies. A positive pattern was also noted for the reference strain
E. cloacae ATCC 13047.

Three false positive results were observed with the Rapid Polymyxin NP Test for one
E. cloacae complex MBL strain A and two K. pneumoniae KPC isolates B and C (Table 3). All
positive results, including these strains, were obvious following 2 h of incubation, with the
exception of E. cloacae isolate A, where the color change from orange to yellow was clearly
noted at 3 h but without the same turbidity in comparison with the positive control well.
The test was replicated with the same results.
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2.3. Performance of Commercial Methods in Relation to the BMD

The highest essential agreement (EA) was documented for the Micronaut MIC-Strip
(85/92, 92.39%, 95% CI 73.21–95.43%), followed by Vitek 2 Compact (84/92, 91.30%, 95% CI
74.81–96.35%), and Etest (46/92, 50%, 95% CI 36.64–66.83%) (Table 2). A category agreement
(CA) of >90% was obtained for all methods except the Etest (77/92, 83.69%, 95% CI 66.04–
94.86%) (Table 2). Total agreement was noted in the case of the Micronaut MIC-Strip, CBDE,
and COLR medium.

Very major discrepancies (VMDs) were strictly limited to Etest (15/56, 26.78%, 95% CI
14.04–44.18%) and Vitek 2 Compact (8/56, 14.28%, 95% CI 7.18–28.24%). Only Rapid
Polymyxin NP Test induced MDs (3/36, 8.33%, 95% CI 1.74–24.35) (Table 2). The compar-
ative testing results obtained for all strains in which VMDs and MDs were recorded are
summarized in Table 3.

The sensitivity, specificity, positive predictive value (PPV), and negative predictive
value (NPV) determined for all methods are presented in Table 2.

2.4. Colistin Testing Results versus PAP

E. cloacae complex strain A and K. pneumoniae isolates B and C presented subpopula-
tions with a frequency at 108 CFU/mL ranging from 4.0 × 10−7 to 6.6 × 10−4 (Table 4 and
Figure 2). E. cloacae strain A was interpreted with homogeneous response in the susceptible
range with the inhibitory colistin concentration in the PAP assay of 1 mg/L in comparison
with the original MIC of 0.25 mg/L by BMD (a fourfold difference) (Tables 3 and 4). The
two heteroresistant K. pneumoniae isolates B and C had minor resistant subpopulations, and
the colistin concentration, which suppressed the entire growth in the PAP technique, was
at least 16-fold higher than the native MICs of 0.25 and 0.5 mg/L, respectively, obtained
by BMD (Tables 3 and 4). The heteroresistant phenotype of the two mutants belonging
to K. pneumoniae isolates B and C remained stable after one week of serial passages on
colistin-free agar (MIC > 64 mg/L) (Table 4).

Table 4. Clinical aspects and the PAP results of the three isolates with false positive results obtained
with the Rapid Polymyxin NP Test.

Strain
Previous
Colistin
Therapy

Highest Colistin
Concentration
of Growth in
PAP (mg/L)

Inhibitory
Colistin

Concentration
in PAP (mg/L)

Frequency at
Highest Colistin

Concentration
of Growth

MIC by BMD of
Colonies before
7 Days Passages

(mg/L)

MIC by BMD of
Colonies after

7 Days Passages
(mg/L)

Strain
Classification

by PAP

E. cloacae
complex A No 0.5 1 6.6 × 10−4 0.25 0.25 hO-S

K. pneumoniae B No 16 ≥32 4.0 × 10−7 >64 >64 hR
K. pneumoniae C Yes 1 4 8 8.0 × 10−7 >64 >64 hR

Legend. PAP: population analysis profiling; MICs: minimum inhibitory concentrations; BMD: reference broth
microdilution; hO-S: homogeneous response susceptible; hR: heteroresistant response. 1 Previous parenteral
colistin treatment for 2 weeks.

All three strains were isolated from respiratory tract specimens of patients hospitalized
in the intensive care unit (ICU) of the same medical institution. They had been treated with
colistin according to reported susceptibility results with unfavorable outcomes (Table 4).

2.5. Reproducibility

The expected MIC targets set by EUCAST for BMD were established using reference
strains E. coli ATCC 25922 and E. coli NCTC 13846 for all quantitative methods. The COLR
medium, the Rapid Polymyxin NP Test, and the CBDE also showed reproducible results
when they were repeatedly assessed with the reference strains. All the qualitative and
quantitative methods, including the PAP assay, displayed reproducible results after testing
with E. cloacae ATCC 13047.
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3. Discussion

Our analysis investigated the performance of six phenotypic methods compared to the
reference procedure BMD, and all false positive results were further evaluated using the
PAP method in order to assess their appropriateness for susceptibility testing of CPE clinical
isolates. To the best of our knowledge, this is the first study to evaluate this combination of
tests on CPE strains.

In the clinical arena, colistin is a toxic agent reserved for severe infections due to
MDR Gram-negative bacilli [7], and erroneous laboratory results and delays in reporting
should be avoided [37]. Finding alternative, accurate, and more practical methods for
colistin testing as an alternative to the laborious gold standard BMD method remains a
challenge [17,30,37] so long as there are limited laboratories with extensive experience to
perform the BMD assay [38].

According to the CLSI, the CBDE and agar dilution MIC methods are also acceptable
for colistin susceptibility testing [39]. The CBDE procedure is a simple and affordable
method that was obsolete but has recently regained relevance [37,39], and it shows notable
concordance with the BMD for Enterobacterales strains, except when E. coli isolates harbor
mcr-1 genes [37,40].

In our investigation, the adopted interpretation of the CBDE results was compliant
with the EUCAST breakpoints to allow easier comparison with the BMD. Simner et al.
suggested that Enterobacterales isolates with a colistin MIC ≥ 2 µg/mL by the CBDE
should be validated by BMD, and positive strains should subsequently be genotypically
tested for mcr genes [40]. None of our isolates exhibited an MIC of exactly 2 mg/L, which
is the cutoff value of EUCAST breakpoints. In our analysis, the sensitivity, specificity,
and CA were 100% without VMDs or MDs for the CBDE method. These aspects are in
agreement with early observations, with the exception of some VMDs reported especially
for mcr-1-positive E. coli strains [40,41].

From a practical perspective, regarding the CBDE method, Humphries et al. mentioned
concerns about their limited experience with only one type of cation-adjusted Mueller Hin-
ton broth (CAMHB) (Remel, Lenexa, KS) in pre-aliquoted borosilicate tubes [41]. However,
our research showed agreement with the reference method using a different medium (Bec-
ton Dickinson) in polypropylene tubes, even though the possibility of colistin adhering to
plastic surfaces was mentioned in another study [40].
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Previously reported data mentioned inadequate colistin performance testing results
obtained with the Vitek 2 Compact according to the standard criteria: CA ≥ 90%, EA ≥ 90%,
VMD ≤ 3%, and MD ≤ 3% [42–45]. Our results obtained with Vitek 2 Compact confirmed
this, but with acceptable EA and CA of 91.30%, and MD of 0%. In contrast to some of the
abovementioned publications that reported VMDs for Vitek 2 Compact between 26.3% [42]
and 36% [44], our VMD was lower (14.28%), and all eight false negative results were
noted exclusively in K. pneumoniae strains. Additionally, our collection included only
four available isolates of E. cloacae complex, a problematic pathogen that was recognized
to induce false susceptible results on Vitek 2 Compact and BD Phoenix semiautomated
systems [45,46]. None of these isolates had MIC values close to the EUCAST breakpoints.

Colistin susceptibility was correctly identified by Vitek 2 Compact in all 36 of our
isolates with MIC ≤ 0.5 mg/L. Eight resistant strains with MIC between 4 and 16 mg/L
according to BMD were not correctly detected by this instrument, which indicated MICs
between 1 and 2 mg/L. In many microbiology laboratories, Vitek 2 Compact represents
an important instrument of rapid susceptibility testing [14,30], but with recognized dis-
advantages regarding underestimation of colistin-resistant Enterobacterales pathogens
and impossibility of detection of colistin heteroresistance [45,47]. However, our study
reveals that Vitek 2 Compact is a reliable instrument for diagnosing colistin resistance,
with no false positive results recorded. Similar observations were previously reported by
Pfennigwerth et al. [45].

All our colistin-resistant strains with MIC values close to the EUCAST breakpoints,
for which false negative results were obtained by Vitek 2 Compact (n = 8), were accurately
assessed using the Micronaut MIC-Strip, the COLR medium, and the Rapid Polymyxin NP
Test. Etest failed to detect colistin resistance in any of these cases. The more these particular
strains are included in a study, the higher the number of errors, which will contribute to
modifying the antimicrobial susceptibility test evaluation results [48].

In our analysis, the Micronaut MIC-Strip was the only reliable MIC technique that
fulfilled all requirements with CA and EA > 90%, and no VMD or MD. Furthermore,
for this commercial method, Matuschek et al. demonstrated similar scores for EA and
CA, acceptable MD, and no VMD on a limited collection of strains (n = 32) of E. coli and
K. pneumoniae [48].

The COLR medium has been particularly designed for detection of some colistin-
resistant Enterobacterales species both as a screening method for the detection of colistin-
resistant strains directly from biological samples and a qualitative method used directly
on bacterial cultures [49]. It contains chromogenic substrates allowing rapid color-based
pre-identification of colonies [49]. In our investigation, COLR agar presented excellent
performance with both a sensitivity and specificity of 100%, a complete CA with the BMD,
and no VMD or MD recorded for E. coli and K. pneumoniae. Most of the studies assessed
the performance of COLR agar using the screening technique [49,50]. However, in a recent
report, Bala et al. demonstrated a CA of 94.3% between COLR agar used in the qualitative
method and BMD on a collection of 87 characterized Enterobacterales strains [51]. They also
remarked that this new chromogenic medium could be a reliable and practical alternative
for the taxa recommended by the manufacturer [51].

In our research, the Rapid Polymyxin NP Test was shown to be a simple and rapid
assay, with an adequate CA of 96.73%, a sensitivity of 100%, specificity of 91.67%, PPV
of 94.92%, and NPV of 100%. The original in-house method, introduced by Nordmann
et al. more than 5 years ago, demonstrated a sensitivity and specificity of 99.3% and 95.4%,
respectively, when a large group of 200 Enterobacterales strains with different mechanisms
of colistin resistance, including one isolate of K. pneumoniae previously characterized with
colistin heteroresistance, was evaluated [52]. Additionally, in agreement with our findings,
a recent study on the commercial test reported a sensitivity, specificity, PPV, and NPV of
100%, 95.9%, 98.3%, and 100%, respectively, on 339 Enterobacterales isolates, including an
important proportion of particular strains with colistin MIC close to the cutoff breakpoint
values [53].
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The Rapid Polymyxin NP Test demonstrated the ability to detect colistin heteroresis-
tance, as well as mcr-1 and mcr-2 producers [14,46,54]. On a collection of 70 mcr-1/mcr-2
producers belonging to the Enterobacterales order with distinct origins, Poirel et al. em-
phasized that the MICs obtained by the BMD were between 4 and 64 mg/L, and this
commercial method showed excellent sensitivity and specificity [54].

Interestingly, our MD of 8.33% for the Rapid Polymyxin NP Test was noted in three
strains, A, B, and C, with MIC ≤ 0.5 mg/L according to the BMD and applying the
reference PAP assay confirmed that two K. pneumoniae isolates B and C were colistin-
heteroresistant. It has been specified that traditional testing techniques, including the
BMD, are not able to identify colistin heteroresistance, which can generate erroneous
categorization, and in severe infections these essential findings can explain possible colistin
treatment failures [30,34,35]. Moreover, these resistant subpopulations were assumed to
contribute through chemical communication, transferring antibiotic resistance to protect
more susceptible members [33]. Recently, Band et al., in a multicenter project conducted in
the United States, demonstrated that heteroresistance to colistin among 408 CPE strains has
largely remained underestimated [35].

In contrast, compared strictly to the BMD, Kon et al. indicated MD, VMD, sensitivity,
and specificity of 1.8%, 21.1%, 78.9%, and 98.2%, respectively, for the Rapid Polymyxin
NP Test, as well as many inconclusive color changes [55]. In our research, no VMD
was observed, and the results of all repeated tests using different size inoculum were
reproducible, conducted within the manufacturer’s recommended range and applying the
same photometric device DensiCHEK, as is the case with the aforementioned authors [55].
However, Jayol et al. demonstrated, on a large collection of 223 Enterobacterales isolates
(including 38 mcr-like producers and 19 heteroresistant isolates), excellent performance for
this commercial kit with MD, VMD, sensitivity, and specificity of 5.1%, 1.9%, 98.1%, and
94.9%, respectively [56].

Our findings revealed some minor difficulties in the interpretation of results obtained
with the Rapid Polymyxin NP Test only in the case of E. cloacae isolate A, but the PAP
method illustrated a homogeneous response with a minor subpopulation (6.6 × 10−4) that
responded to colistin concentrations below the breakpoints. The two heteroresistant K.
pneumoniae isolates B and C showed a stable phenotype of resistance in the passaging
study (MIC > 64 mg/L). Although a previous colistin treatment promoted the emergence
of resistance to this antimicrobial agent in K. pneumoniae isolates recovered from patients
hospitalized in the ICU [57], our study revealed that only the patient with K. pneumoniae
isolate C had been previously exposed to prolonged therapy to colistin.

In line with several other authors, our Etest results illustrated unacceptably low
values of EA and CA of 50% and 83.69%, respectively, and our EA and CA were lower in
comparison with others [44,45,48]. The unreliable detection of colistin resistance using the
Etest has already been indicated [14,30,32,37,40] and is explained by deficient distribution
of the large molecule of colistin into agar media [37,40]. The VMDs outlined for Etest varied
between 12% for Enterobacterales strains [44] and 41.5% for K. pneumoniae isolates [58].
Our VMD of 26.78% (15 false negative results) for this method was registered exclusively
in K. pneumoniae strains. However, the main benefit of using Etest remains, which is the
possibility to discover colistin-heteroresistant subpopulations, but this aspect is dependent
on the type of Mueller Hinton medium used [47]. In the present study, heteroresistant
isolates could not be identified using the Etest method.

The current research emphasizes the presence of colistin-heteroresistant subpopu-
lations in K. pneumoniae KPC isolates B and C, which were erroneously categorized as
colistin-susceptible by the BMD and all applied commercial methods with the exception of
the Rapid Polymyxin NP Test.

In this context, clinical microbiology laboratories should select, validate, and imple-
ment diverse, accurate, and even combined methods into routine practice [30,38], especially
in the case of challenging isolates with an MIC close to the breakpoints, or those with
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colistin heteroresistance. Moreover, the results of the test performance are influenced by
the accessibility and the complex types of isolates included in studies [38,45,59].

Our promising results should be seen in the light of some limitations. This research was
strictly limited to phenotypic methods, and the subjacent molecular mechanisms of colistin
resistance were not explored despite the fact that it has been highlighted that these methods
should be performed concomitantly with phenotypic tests for improved characterization of
individual strains [30]. Additionally, colistin heteroresistance has not yet been associated
with mcr genes [30,60,61]. Although it is fundamental to perform all tests using the same
inoculum, this requirement could not be respected in our investigation because of the
logistical constraints associated with the vast variety of methods that were performed
by a single skilled person. Even when several tests were performed simultaneously, the
inoculum was always used within 15 min of preparation. Furthermore, the purpose of our
study was not focused strictly on the comparative evaluation of these phenotypic methods
but rather an attempt to define an improved algorithm that can be successfully utilized in
the routine diagnosis of colistin resistance.

Future Challenges and Perspective

Future studies should provide unequivocal answers to challenges related to colistin
susceptibility testing assays and to define an optimal, but more practical, testing strategy.
Continuous assessments are essential to confirm the performance of the COLR medium as
a qualitative technique and that of the CBDE, which is a recent method approved by the
CLSI Guidelines. Furthermore, research should be oriented toward establishing the real
significance of colistin heteroresistance and the impact of this phenomenon on phenotypic
assays together with its possible involvement in the failure of therapies based on colistin.
Definition of a harmonized consensus regarding heteroresistance and a standardized
method for detection of this phenomenon is of high importance.

4. Materials and Methods
4.1. Bacterial Strains

A group of 92 nonduplicate clinical CPE isolates, including K. pneumoniae (n = 78),
Citrobacter freundii (n = 6), E. cloacae complex (n = 4), and E. coli (n = 4), were tested. The
strains were collected from the Dr. Constantin Opriş County Emergency Hospital Baia
Mare, Romania (n = 60), from January 2017 to April 2021, and from Targu Mures County
Emergency Clinical Hospital, Romania (n = 32), from January 2017 to April 2019. The
two medical institutions are general acute care public hospitals with 920 and 1089 beds,
respectively. The second is a teaching hospital.

Respiratory tract (n = 37), urine (n = 34), wounds (n = 13), blood (n = 7), and intravenous
catheter tip (n = 1) were the sources of isolates. The strains were identified to species level
based on conventional methods, Vitek 2 Compact (bioMérieux SA, Marcy l’Etoile, France) or
API 20E strip (bioMérieux SA, Marcy l’Etoile, France). At both laboratories, routine testing
for colistin susceptibility was performed using Vitek 2 Compact. Strains were selected based
on variable levels of MICs as determined by Vitek 2 Compact and interpreted according
to the EUCAST breakpoints [62–67]. On this instrument, 44 colistin-susceptible strains
presented colistin MICs as follows: ≤0.5 mg/L (n = 36), 1 mg/L (n = 1), and 2 mg/L (n = 7).
The remaining 48 isolates were colistin-resistant, with MICs between 4 and ≥16 mg/L. All
isolates were stored at −70 ◦C and subcultured twice on solid medium before testing.

4.2. Data Collection

In the case where identification of strains showed discrepancies between the Rapid
Polymyxin NP Test and BMD results, the patients’ electronic medical records were interro-
gated for colistin treatments administered before and after specimen collection, the wards
of hospitalization, and clinical outcomes.
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4.3. Identification of CPE Strains

Screening and phenotypic confirmation of carbapenem-hydrolyzing enzymes were
accomplished for all strains using the modified carbapenem inactivation method
(mCIM) [68,69] and the combination disc test (KPC, MBL, OXA- 48 Confirm kit, Rosco
Diagnostica, Taastrup, Denmark), respectively. Of the total of 92 isolates included in our
investigation, 22 strains were characterized by a multiplex PCR assay for the presence of
carbapenemase-encoding genes (blaKPC, blaNDM, and blaOXA-48-like), as described in two
other studies [70,71], according to the method used by Szekely et al. [72].

4.4. Detection of Colistin Resistance

Each CPE isolate was tested using commercial methods according to the manufacturers’
instructions and by CBDE versus BMD. In case of false positive results, strains were further
examined in detail by application of the PAP method for assessing possible coexistence of
residual colistin-heteroresistant subpopulations at baseline.

4.4.1. Colistin MIC Determination

The BMD and the CBDE were carried out simultaneously starting from the same
inoculum. The density of direct normal saline bacterial suspension was standardized to
0.5 McFarland using a calibrated photometric device (DensiCHEK, bioMérieux SA).

The reference BMD was accomplished with cation-adjusted BBL Mueller Hinton II
Broth (CAMHB, reference 212322, Becton Dickinson, Sparks MD, USA) and colistin sulfate
salt powder (reference C4461, Sigma-Aldrich, St. Louis, MO, USA) in 96-well, nontreated,
U-bottom, sterile polystyrene plates (reference 734-2782, VWR International, Radnor, PA
USA) in accordance with the international guidelines [32,73]. Sterile distilled water was
used both as solvent and diluent for preparing stock solutions of colistin [39]. Five batch
panels prepared in-house with 100 µL per well using serial twofold dilutions corresponding
to a concentration range of 0.125 to 128 mg/L were stored at −70 ◦C before use. All isolates
were tested in duplicate, and all wells contained a targeted final concentration of roughly
5 × 105 CFU/mL microorganisms. A purity plate was prepared as a growth control for
each tested isolate. The results were interpreted visually using a mirror after incubation at
35 ± 2 ◦C for 16–20 h in ambient air.

The CBDE was performed with 4 dilution tubes per isolate and 10 mL cation-adjusted
BBL Mueller Hinton II Broth (reference 212322, Becton Dickinson) per polypropylene tube
and colistin sulfate discs (10 µg, Thermo Fisher Scientific, Basingstoke, UK) in order to
obtain final colistin concentrations of 0 (growth control), 1, 2, and 4 mg/L, respectively, as
described previously [39]. The MICs were read by unaided eye after incubation at 33 to
35 ◦C for 16–20 h in aerobic atmosphere.

Susceptibility testing with Vitek 2 Compact (BioMérieux, Durham, NC) cards AST
XN05 and AST N222 allowed the reporting of colistin MICs of ≤0.5 to ≥16 mg/L and
was performed for most of the isolates in separate experiments. The susceptibility testing
results were available within 18 h.

The Micronaut MIC-Strip Colistin (Merlin Diagnostika GmbH, Borhheim-Hensel,
Germany), the gradient diffusion strip Etest (BioMérieux SA, Marcy l’Etoile, France) on
Mueller Hinton E agar (MHE) (BioMérieux SA, Marcy l’Etoile, France), and ChromID
Colistin R agar (COLR) assays (BioMérieux SA, Marcy l’Etoile, France) were conducted in
parallel using the same bacterial suspension in another experimental session.

The design of the Micronaut MIC-Strip allowed testing one isolate per strip, with
each strip consisting of 12 plastic wells forming a standard testing panel with dehydrated
colistin. Then, 50 µL of each standardized bacterial suspension was homogenized in
11.5 mL CAMHB (Merlin Diagnostika GmbH, Borhheim-Hensel, Germany), followed
by inoculation of each well with 100 µL of this prepared suspension. After incubation
for 18–22 h at 35–37 ◦C, Micronaut-MIC strip evaluation was performed visually using
a mirror.
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Additionally, each standardized bacterial inoculum was swabbed onto MHE, and after
a maximum of 15 min of drying of the agar surface, an Etest colistin strip was aseptically
applied. After incubation at 36 ◦C for 16–20 h, the MIC results obtained by Etest were read
by naked eye and a magnifying glass in reflected light.

The colistin MICs ranged ≤0.0625 to ≥64 mg/L for the Micronaut MIC-Strip and from
≤0.016 to ≥256 mg/L for Etest.

The reference PAP protocol was adapted from Liao et al. and Bergen et al. [60,74].
The preparation of agar plates respected the guidelines for MIC evaluation by the agar
dilution method [73], and the prepared plates were refrigerated and used within 4 days of
preparation. Isolates were evaluated starting from the standardized inoculum of 0.5 McFar-
land (approximately 108 CFU/mL) prepared from overnight culture. Serial 10-fold saline
dilutions ranging from 108 to 102 CFU/mL were subsequently performed, and 50 µL from
each dilution was spread onto solid Mueller Hinton agar (MHA) Thermo Fisher Scientific,
Basingstoke, UK) plates supplemented with 0, 0.5, 1, 2, 4, 8, and 16 µg/mL colistin sulfate
(reference C4461, Sigma-Aldrich, St. Louis, MO, USA). The inoculation started with a
growth control MHA plate containing a similar volume of sterile water instead of colistin,
continued from plates with the lowest colistin concentration to plates with the highest drug
concentration and, finally, a second growth control plate was used. CFUs on each plate
were counted following 48 h of incubation at 36 ◦C. For each strain, the stability of the
phenotype was determined as follows: a single colony selected from the plates with the
highest colistin concentrations was passaged onto colistin-free agar for 7 consecutive days,
followed by the reassessment of the MICs by BMD [33,75].

4.4.2. Qualitative Phenotypic Assays

A streak plate procedure using 10 µL from each 0.5 McFarland bacterial suspension
diluted 1:100 in sterile normal saline to a final concentration of 1 × 106 CFU/mL was
applied onto COLR medium. After overnight incubation under aerobic conditions, pink-
red and blue-green colonies were suggestive of colistin-resistant E. coli and K. pneumoniae,
respectively.

A standardized inoculum of 3.0–3.5 McFarland (109 CFU/mL) for each strain prepared
with a calibrated photometric device was homogenized with the Rapid Polymyxin NP
Test medium (ELITechGroup, Signes, France). As a result of glucose metabolism, the
phenolsulfonphthalein used as a pH indicator changed color from orange to yellow after
2–3 h of incubation, and indicative of a resistant strain in the presence of a defined colistin
concentration of 2 mg/L. The interpretations were performed visually.

4.5. Interpretative Criteria

For all MIC determinations, the isolates were considered susceptible to colistin when
the MIC ≤ 2 mg/L, consistent with the EUCAST breakpoints, including the CBDE [62–67].

All MIC values obtained by Etest were rounded up to the next twofold dilution step
for comparative analysis.

A homogeneous response to colistin was designated when the highest inhibitory
concentration according to the PAP assay was ≤4-fold of the native MIC obtained by BMD,
while a difference more than 8-fold higher indicated heteroresistance to this antimicrobial
agent [33].

4.6. Quality Controls

Tests using the Micronaut MIC-Strip, the Etest, the COLR medium, the Polymyxin NP
Test, and the CBDE were performed at least 3 times with both a colistin-sensitive reference
strain E. coli ATCC 25922 (0.25–2 mg/L, target value 0.5–1 mg/L) and a colistin-resistant
strain E. coli NCTC 13846 (mcr-1-positive) (2–8 mg/L, target value 4 mg/L).

For Vitek 2 Compact, E. coli ATCC 25922 was used in quality control assurance on
each new lot of cards, but E. coli NCTC 13846 was tested only on two lots of cards.
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Quality control tests with E. coli ATCC 25922 were carried out for every new lot of API
20E strips.

In the case of the BMD, the two abovementioned reference strains were tested at
least 20 times. The BMD quality control scheme was validated by concurrent testing of
all these strains on every new lot of panels prepared in-house and on each working day.
Additionally, the colony counts on inoculum were performed with E. coli ATCC 25922 [73].

All seven aforementioned methods were supplementary tested at least once with the
positive heteroresistant strain E. cloacae ATCC 13047 (MIC of 256 mg/L).

For the mCIM and the combination disc test, K. pneumoniae ATCC BAA-1705 and
E. coli ATCC 25922 were used to demonstrate positive and negative reactions, respec-
tively. Colistin discs were examined with Pseudomonas aeruginosa ATCC 27853 and E. coli
ATCC 25922.

In the case of PAP method, E. coli NCTC 13846 and E. cloacae ATCC 13047 were used
as positive controls, while E. coli ATCC 25922 was the negative control.

A reproducible result was interpreted to be within ±1 dilution for MICs or achieving
the same effect for the qualitative tests using the abovementioned reference strains.

4.7. Analysis of the Results

The results acquired with the commercial methods and the CBDE were compared
with the reference BMD. In the case of discrepant results for each method, including the
BMD, isolates were retested two or three times and the higher MIC value, or the results
that appeared most often were accepted. The occurrence of skipped wells was noted only
in limited situations, and those pathogens were retested in compliance with the CLSI
Guidelines [73].

For the MIC determination methods, the essential agreement (EA = MICs within ±1
doubling dilution from the BMD MICs), the category agreement (CA = the same interpreta-
tion category with the BMD), the very major discrepancy (VMD) (false susceptible result),
and the major discrepancy (MD) (false resistance result) were evaluated in accordance with
the ISO 20776-2 standard [76]. A reliable technique was confirmed when the following
criteria were met: CA ≥ 90%, EA ≥ 90%, VMD ≤ 3%, and MD ≤ 3% [76].

Each isolate tested with the PAP method was evaluated using several replicates both
on the same working day and in independent experiments, and the most frequent result
was recorded. The limit of detection in the PAP assay was one colony per plate (equivalent
to 20 CFU/mL) [74]. The PAP was calculated for each strain by dividing the number of
colonies obtained on the plates with the highest colistin concentration by the colony counts
derived from the growth control plates [75].

4.8. Statistical Analysis

Sensitivity, specificity, PPV, and NPV were calculated for each method using the
contingency tables. Microsoft Excel and the GraphPad InStat Demo State Software, version
3.06, San Diego, California, USA, were used for calculations.

4.9. Ethical Approval

Ethical approval for this study was obtained from the ethics committees of the Dr.
Constantin Opriş County Emergency Hospital Baia Mare, Romania (reference number
14598/04.06.2019); Târgu Mureş County Emergency Clinical Hospital (reference number Ad.
14925/27.05.2019); and George Emil Palade University of Medicine, Pharmacy, Science, and
Technology of Târgu Mureş, Romania (reference numbers 405/11.10.2019, 1024/13.07.2020,
and 1217/18.12.2020).

5. Conclusions

The Rapid Polymyxin NP Test is easy to perform and offers rapid results and excellent
performance compared to both the BMD and the PAP assay, including in the detection of
colistin heteroresistance. The possibility of silent clonal expansion of such heteroresistant
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mutants in the hospital environment is of great concern, as long as the BMD and the
other commercial methods used fail to detect isolates with this particular phenomenon of
resistance. There is an urgent need to optimize diagnosis strategies because the reference
phenotypic method PAP used for heteroresistance detection cannot feasibly be integrated
into routine practice.

Strictly according to the BMD, the Micronaut MIC-Strip, the CBDE, and COLR medium
exhibit the best performances in detecting colistin resistance. This report highlights the
difficulties of Vitek 2 Compact in detecting isolates with MIC values close to the EUCAST
breakpoints. Consequently, in situations when the reference BMD and the PAP technique
cannot be performed simultaneously as confirmation, we propose an improved approach
of combining all susceptible results obtained with Vitek 2 Compact, the CBDE, the COLR
medium, and the Micronaut MIC-Strip with the Rapid Polymyxin NP Test. The perfor-
mance of Etest gradient strips is unsatisfactory due to an unacceptable number of false
negative results.
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Abstract: Increasing antimicrobial resistance of Gram-negative rods is an important diagnostic,
clinical and epidemiological problem of modern medicine. Therefore, it is important to detect multi-
drug resistant strains as early on as possible. This study aimed to evaluate Eazyplex® SuperBug
CRE assay usefulness for beta-lactamase gene detection among Gram-negative rods, directly from
urine samples and positive blood cultures. The Eazyplex® SuperBug CRE assay is based on a loop-
mediated isothermal amplification of genetic material and allows for the detection of a selection
of genes encoding carbapenemases, KPC, NDM, VIM, OXA-48, OXA-181 and extended-spectrum
beta-lactamases from the CTX-M-1 and CTX-M-9 groups. A total of 120 clinical specimens were
included in the study. The test gave valid results for 58 (96.7%) urine samples and 57 (95.0%) positive
blood cultures. ESBL and/or carbapenemase enzymes genes were detected in 56 (93.3%) urine
and 55 (91.7%) blood samples, respectively. The Eazyplex® SuperBug CRE assay can be used for a
rapid detection of the genes encoding the most important resistance mechanisms to beta-lactams in
Gram-negative rods also without the necessity of bacterial culture.

Keywords: carbapenemases; Eazyplex® SuperBug CRE assay; extended-spectrum beta-lactamases;
gram-negative rods; LAMP method

1. Introduction

Bacteria of Enterobacterales, especially multi-drug resistant isolates, are one of the
most important causes of nosocomial infections. Their significance as a global threat can
be explained in several ways; an easy acquisition of antibiotic resistance genes and the
capability of these strains to survive in the hospital environment and antimicrobial pres-
sure/bacterial evolution as an answer to common application of a broad-spectrum antibiotic
therapy. The problem of multi-drug resistance of Gram-negative rods is mostly associated
with the horizontal gene transfer and possible synthesis of several beta-lactamases from the
same or different groups of enzymes (e.g., ESBLs-extended spectrum beta-lactamases, car-
bapenemases). It mainly includes enzymes with a wide range of activity (cephalosporinases
or carbapenemases) whose incidences have risen enormously in the last two decades [1–3].
These enzymes have evolved significantly since their discovery and several variants of
each enzyme can be currently identified within one enzyme family.

Numerous phenotypic and genotypic methods used in microbiological laboratories
allow for the detection of ESBLs and carbapenemase-producing strains. Phenotypic meth-
ods always require the culture of the strain, which extends the time needed to obtain a
result. On the other hand, these methods are simple to perform and relatively inexpensive,
but usually do not allow the identification of a specific enzyme type or variant [4]. An
introduction of molecular biology-based methods for routine microbiological diagnostics
allows for a simultaneous detection of different antimicrobial resistance genes, also within
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one strain. Additionally, it enables the identification of a specific enzyme within the bacteria
group or family and also directly from a clinical sample or a specimen pre-culture [1,2].

The evaluated Eazyplex® SuperBug CRE assay is based on the Loop-mediated isother-
mal amplification (LAMP) technique and can be used for the detection of ESBL enzyme
genes from CTX-M-1 and CTX-M-9 groups, as well as VIM- (1–37), NDM- (1–7), KPC and
OXA-48-like (-48, -162, -204, -244) carbapenemase gene variants.

The aim of this study was to evaluate the usefulness of eazyplex® SuperBug CRE
assay for the detection of the genes encoding for the most important beta-lactamases
among Gram-negative rods, directly from urine samples and positive blood cultures. The
results of the evaluated assay were also compared with the results of conventional methods
applied (phenotypic tests for beta-lactamases detection), the results of the standard PCR,
and evaluated as an alternative tool for rapid and reliable antimicrobial resistance detection
in a large, multidisciplinary university hospital.

2. Results

Of 60 urine samples tested, 40 K. pneumoniae strains, 13 strains of Escherichia coli, three
of K. oxytoca, three Enterobacter cloacae and one Klebsiella variicola strain were recovered.
All the strains were isolated in monoculture at a titer of ≥104 CFU/mL. The eazyplex®

SuperBug CRE assay performed for 58 (96.7%) samples gave valid results. In 51 sam-
ples ESBLs genes were detected exclusively, and an additional five samples-ESBLs and
carbapenemases genes were present simultaneously (Table 1).

Table 1. Beta-lactamases genes detected in Eazyplex® SuperBug CRE assay and PCR performed
directly on urine samples (n = 60) and the enzymes activity detected with the application of a
particular phenotypic method.

Species Recovered
from the Samples

Beta-Lactamases Genes
Detected by Eazyplex®

No. of
Isolates

Time of Particular Genes
Detection by Eazyplex® (min:s)

Double Disc
Synergy Test Result

Carba NP
Test Result

K. pneumoniae
(n = 40)

CTX-M-1 32 4:30–10:15 (+) N/A
CTX-M-1, CTX-M-9 2 5:30–8:30 (+) N/A

CTX-M-1, NDM 3 5:15–15:15 (+) (+)
Negative result 2 - UI N/A

Invalid test 1 - (+) N/A

E. coli
(n = 13)

CTX-M-1 9 6:30–11:45 (+) N/A
CTX-M-9 3 7:00–8:45 (+) N/A

CTX-M1, VIM 1 5:30, 9:15 (+) (+)

E. cloacae
(n = 3)

CTX-M-1 2 6:45–7:00 (+) N/A
CTX-M-1, VIM 1 6:00, 8:15 (+) (+)

K. oxytoca
(n = 3)

CTX-M-1 1 9:45 (+) N/A
CTX-M-9 1 7:00 (+) N/A

Invalid test 1 - (+) N/A

K. variicola
(n = 1) CTX-M1 1 7:30 (+) N/A

UI—uninterpretable-lack of any growth inhibition zone in the applied double disc synergy test (criteria described
in the text); (+)—positive results in the applied method, N/A—not applicable.

The detection time ranged from 4:30 min to 11:45 min for the ESBL enzyme genes, and
from 8:15 min to 15:15 min for the carbapenemases genes.

For 58 strains derived from urine samples, double-disc synergy test results revealed a
characteristic enlargement of the growth inhibition zones between the discs from the side
of the beta-lactamase containing disc, which confirmed the presence of ESBLs. For two
K. pneumoniae strains the results were not interpretable due to the lack of any inhibition
zone around the discs applied for ESBLs detection. For five carbapenem-resistant strains
with positive results via the Carba NP test and EDTA-supplemented disc method, positive
results were obtained in the Eazyplex® SuperBug CRE assay. With the application of stan-
dard PCR for the chosen 44 (73.3%) strains (40 K. pneumoniae, 3 K. oxytoca and 1 K. variicola),
blaCTX-M genes presence was confirmed amongst 39 K. pneumoniae strains (including neg-

274



Antibiotics 2022, 11, 138

ative and non-valid results of Eazyplex® SuperBug CRE assay), while blaTEM and blaSHV
were detected amongst 34 and 26 isolates, respectively (Table 2).

Table 2. Comparison of the results obtained using Eazyplex® SuperBug CRE assay and standard
PCR for the chosen urine-derived strains (n = 44).

Species Recovered from the Samples Eazyplex® SuperBug CRE Assay No. of Isolates Standard PCR No. of Isolates

K. pneumoniae
(n = 40)

CTX-M-1
CTX-M-1, CTX-M-9
CXT-M1, CTX-M-9

CTX-M-1, NDM
Negative result
Negative result

Invalid test

32
1
1
3
1
1
1

CTX-M, TEM, SHV
CTX-M, TEM

CTX-M
CTX-M, TEM, SHV

CTX-M, TEM
CTX-M, NDM

CTX-M, TEM, SHV
TEM

CTX-M, TEM, SHV

23
6
3
1
1
3
1
1
1

K. oxytoca
(n = 3)

CTX-M-1
CTX-M-9

Invalid test

1
1
1

CTX-M
CTX-M

CTX-M, TEM

1
1
1

K. variicola (n = 1) CTX-M-1 1 CTX-M 1

For the K. variicola strain, the consent results were obtained with the application of the
Eazyplex® SuperBug CRE assay and standard PCR. The results for two K. oxytoca strains
were concordant for the evaluated assay and standard PCR, while one non-valid Eazyplex®

SuperBug CRE assay result accompanied with the presence of blaCTX-M and blaTEM genes
in a standard PCR. Comparing the results obtained with the evaluated test based on LAMP
method and standard PCR methods, a categorical agreement was obtained for 40 out of 44
ESBL-positive strains and for all three carbapenemase-producing isolates. Comparing the
results obtained with the evaluated test and phenotypic methods, a categorical compliance
was obtained for 56 out of 60 ESBL-positive strains and for all five carbapenemase producing
isolates derived from urine samples.

Of 60 positive blood cultures tested, 46 K. pneumoniae strains, three strains of each:
K. oxytoca, E. cloacae and E. coli, two strains of S. marcescens and Citrobacter freundii, and one
Proteus mirabilis strain were derived. Fifty eight samples (96.7%) gave the strains isolated in
monoculture, while from two samples, K. pneumoniae and Enterococcus faecalis, strains were
grown simultaneously. For 59 strains derived from positive blood cultures, ESBLs presence
was confirmed with the application of a double disc synergy test.

The Eazyplex® SuperBug CRE assay gave valid results for fifty seven (95.0%) samples
of pre-cultured blood; In 50 samples only ESBL enzyme genes were detected exclusively,
and an additional four samples-ESBLs and carbapenemases genes were present simultane-
ously (Table 3).

The detection time for ESBL genes ranged from 4:30 min to 10:15 min, while for
carbapenemases genes times ranged from 4:45 min to 11:45 min. Comparing the results
obtained for 50 (83.3%) of the chosen blood-derived strains (45 K. pneumoniae, 3 K. oxytoca
and 2 S. marcescens) by the application of the evaluated test and standard PCR, a categorical
agreement was obtained for 48 out of 50 ESBL-positive strains and for all the carbapenemase-
producing strains. Comparing the results obtained by the assay based on the LAMP
technique and standard PCR results, a categorical compliance was obtained for 54 out of
60 ESBL-positive strains and for all 5 carbapenemase producing isolates (Table 4).

The presence of blaCTX-M genes in 44 K. pneumoniae strains, blaTEM in 31 and blaSHV
in 25 was confirmed by standard PCR (including negative and non-valid results of the
Eazyplex® SuperBug CRE assay) (Table 4).

One K. pneumoniae strain (negative in the evaluated assay) revealed the blaTEM gene,
while for the samples with invalid results in the Eazyplex® SuperBug the CRE assay-
blaCTX-M gene was confirmed with the application of a standard PCR. The results obtained
by the evaluated assay and standard PCR methods were also consistent for three K. oxytoca
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strains. For one S. marcescens strain, the results obtained with the Eazyplex® SuperBug CRE
assay were consistent with the standard PCR method, while for the second S. marcescens
strain (negative in Eazyplex® SuperBug CRE assay) blaCTX-M and blaTEM genes were de-
tected. For E. coli and P. mirabilis strains that were negative in Eazyplex® SuperBug CRE
assay, ESBLs production was confirmed by the double disc synergy test.

Table 3. Beta-lactamases genes detected with Eazyplex® SuperBug CRE assay and standard PCR
while performed on positive blood cultures (n = 60) and the enzymes activity detected with the
application of a particular phenotypic method.

Species Recovered
from the Samples

Beta-Lactamases Genes
Detected by Eazyplex® No. of Isolates

Time of Particular
Genes Detection by
Eazyplex® (min:s)

Double Disc
Synergy Test Result

Carba NP
Test Result

K. pneumoniae
(n = 46)

CTX-M-1 39 4:30–10:15 (+) N/A
CTX-M-1, CTX-M-9,

NDM 1 4:45–5:15 (+) (+)

CTX-M-1, NDM 3 4:45–11:45 (+) (+)
KPC 1 9:15 UI (+)

Negative result 1 - (+) N/A
Invalid test 1 - (+) N/A

E. cloacae (n = 3) CTX-M-1 3 6:15–7:30 (+) N/A

E. coli (n = 3)
CTX-M-1 1 7 (+) N/A
CTX-M-9 1 8:15 (+) N/A

Invalid test 1 - (+) N/A

K. oxytoca (n = 3) CTX-M-1 3 6–7:15 (+) N/A

S. marcescens
(n = 2)

CXT-M-1 1 6:30 (+) N/A
Negative result 1 - (+) N/A

C. freundii (n = 2) CTX-M-1 2 6–7 (+) N/A

P. mirabilis (n = 1) Invalid test 1 - (+) N/A

UI—uninterpretable-lack of any growth inhibition zone in the applied double disc synergy test (criteria described
in the text); (+)—positive results in the applied method, N/A—not applicable.

Table 4. Comparison of the results obtained using Eazyplex® SuperBug CRE assay and standard
PCR for the chosen positive blood cultures-derived strains (n = 50).

Species Recovered from the Samples Eazyplex® SuperBug CRE Assay No. of Isolates Standard PCR No. of Isolates

K. pneumoniae
(n = 45)

CTX-M-1
CTX-M-1, CTX-M-9, NDM

CTX-M-1, NDM
Negative result

Invalid test

39
1
3
1
1

CTX-M, TEM, SHV
CTX-M

CTX-M, TEM
CTX-M, SHV

CTX-M, NDM
CTX-M, NDM

CTX-M, TEM, SHV, NDM
TEM

CTX-M

22
8
7
2
1
2
1
1
1

K. oxytoca
(n = 3) CTX-M-1 3 CTX-M 3

S. marcescens
(n = 2)

CXT-M-1
Negative result

1
1

CTX-M
CTX-M, TEM

1
1

Five strains, isolated from positive blood cultures, suspected of producing carbapene-
mases in the Carba NP test, were also positive with the application of the Eazyplex® Super-
Bug CRE assay. Among four K. pneumoniae strains, production of metallo-beta-lactamases
was confirmed by means of EDTA-supplemented discs, and the NDM-1 carbapenemase
genes by standard PCR. For one K. pneumoniae strain, the synthesis of KPC was confirmed
by the test with boronic acid. In one K. pneumoniae strain producing KPC-type carbapene-
mases, no growth inhibition zones were observed around the discs when the phenotypic
methods for ESBL detection were applied. Neither the presence of the genes encoding
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ESBL from the CTX-M1 and CTX-M9 group was confirmed in the Eazyplex® SuperBug
CRE assay, nor were blaCTX-M, blaTEM or blaSHV genes detected by standard PCR.

3. Discussion

In recent years, the frequency of multi-drug-resistant bacterial strains isolation has
increased significantly [5–7]. This is mainly due to bacterial spread in hospital environment
and unreasonable antibiotic therapy. Antimicrobial pressure on bacterial strains causes the
emergence of new mechanisms of antibiotic resistance. Therefore, it is crucial to obtain
reliable results of the presence of antimicrobial resistance in the shortest time possible.

It is commonly known that the application of a test which simultaneously detects ESBL
and carbapenemase enzymes, or their genes, significantly shortens the time of standard
microbiological diagnostics. In addition, results of the phenotypic test performed for
carbapenemase-producing strains are often ambiguous or difficult to interpret. For example,
in the results of a double-disc synergy test the enlargement of the growth inhibition zones,
characteristic for ESBL-positive strains, sometimes does not have a typical shape or does
not appear at all. Thus, it requires an application of further methods which sometimes
significantly extends the time to give a final result.

The Eazyplex® SuperBug CRE assay is based on isothermal amplification of a genetic
material and detects the genes for the following enzymes: KPC, NDM, VIM, OXA-48,
CTX-M-1, CTX-M-9 and OXA-181. In the available literature, the first studies on Eazyplex®

SuperBug CRE assay application appeared in 2015 [1,8]. The mentioned studies were per-
formed on 94 and 450 carbapenemase positive Gram-negative rods strains, respectively. The
results of the mentioned research indicated a high sensitivity and specificity of Eazyplex®

SuperBug CRE assay in the detection of resistance mechanisms genes in Gram-negative
rods [1,2,8]. The study published by Hinić et al. [9], also in 2015, described the use of the
Eazyplex test for the detection of genes of ESBL-positive Gram-negative rods directly in
50 urine samples. In 30 (60.0%) of them the presence of ESBL was confirmed. Thus, the
overall sensitivity of the method reached from 95.2% to 100% with a specificity of 97.9%.

In the present study, ESBL and/or carbapenemase enzymes were detected in more
than 93% of urine samples. The median detection time of ESBL enzyme genes from urine
samples was 7 min 45 s, while it was 9:45 min for carbapenemases genes. For two urine
samples with negative results in the Eazyplex® SuperBug CRE assay, the blaTEM gene
presence was confirmed by a standard PCR. It is noteworthy that this gene was not de-
tected by the evaluated assay. In the second strain, three different genes encoding ESBL
enzymes were detected by the applied confirmatory standard PCR. The false-negative
result of the Eazyplex® SuperBug CRE assay for the second strain might have resulted
from the low number of gene copies below the assay detection limit. However, the man-
ufacturer assures us that the evaluated test can efficiently detect a small number of gene
copies (100% sensitivity).

Recently, Fiori et al. [10] evaluated the usefulness of Eazyplex® SuperBug CRE assay
for ESBL and/or carbapenemases genes detection directly in positive blood cultures. The
mentioned authors detected the presence of CTX-M and/or KPC and/or VIM-like enzymes
genes in 151 of the pre-cultured blood samples among 321 episodes of bloodstream infec-
tions. The results obtained by this method allowed for the reduction of time to effective
antibiotic therapy introduction in patients with E. coli or K. pneumoniae bacteraemia. The
cited authors also highlight the proposed algorithm for combination of a mass spectrometry
identification, directly from a blood sample, and the detection of a resistance mechanism
with Eazyplex® SuperBug CRE assay, which significantly reduces diagnostic procedures
and the time required to get the final results.

In our study, the median detection time of ESBL enzyme genes from the positive blood
cultures was 6 min and for carbapenemases genes it was 7 min 30 s when compared to
an overnight incubation of the phenotypic test for a particular antimicrobial resistance
mechanism detection. Also, results from Rödel et al. [11] indicate a possible reduction of
time and the rationalization of antibiotic therapy in the case of patients with sepsis using
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the Eazyplex test. However, the mentioned authors used an Eazyplex® MRSA test to detect
mecA and mecC genes among Staphylococcus aureus and Staphylococcus epidermidis strains.

In turn, Bach et al. [12] assessed the usefulness of the LAMP method-based assay in the
identification of selected bacterial species and genes encoding ESBL enzymes from the CTX-
M1 and CTX-M9 groups from positive blood cultures. The study included 449 positive
blood cultures. In the aforementioned research, with the application of the Eazyplex®

BloodScreen GN assay, 100% sensitivity and specificity were obtained for K. oxytoca and E.
coli strains, while 95.7% sensitivity and 100% specificity was obtained for K. pneumoniae
isolates infections. When assessing the detection of genes encoding CTX-M enzymes, they
also obtained 100% sensitivity and specificity.

Slightly over 4% of the tests performed in the present work were not valid. This can
be explained by several reasons: sample overload, specimen composition, consistency, the
presence of some inhibitory substances in urine or blood samples (patients from whom
the samples were collected from often take a number of drugs), the presence of more
than one strain in a single sample, the presence of several genes encoding for several
resistance mechanisms simultaneously, or particular genes mutations. It may lead to the
necessity of repeating the whole procedure, which additionally increases the cost and time
of the investigation or leads to the underestimation and oversight of resistance mechanism
presence if not consequently repeated.

It is worthy of note that the current the number of recognized beta-lactamases is
estimated at around 200 or more. In the double disc synergy tests, it is not possible to
identify a specific ESBL family, or whether the strain produces one or more ESBL-like
enzymes. In a standard PCR method, it is possible to detect many different ESBL enzymes
genes, but this requires a more complex approach, usually a longer time, and often several
PCR reactions (or a multiplex approach) to detect specific genes, which also affects the costs.
Moreover, whether a strain produces more than one type of ESBLs is of epidemiological
significance only and does not clinically affect the antibiotic therapy approach. Hence,
the available commercial tests (including the Eazyplex® SuperBug CRE assay) are usually
designed to detect the most common antibiotic resistance mechanisms among isolated
strains, the selected genes encoding for ESBL and/or carbapenemases.

When comparing the methods used in the study, it should be noted that the phenotypic
methods (the double disc synergy test and the Carba NP test) are simple to perform,
relatively inexpensive (approximately $2 and $1.5 for one strain, respectively), but require
earlier culture (which is related to time delay-16–20 h) and do not allow for the identification
of a specific ESBL enzyme or carbapenemase type. On the other hand, the standard PCR
method for several genes is more expensive (about $10), requires specialized equipment
and laboratories as well as carrying out a multiplexed or multiple separate reactions with
different primers (which is associated with a time delay of several hours). The LAMP
method, on the other hand, is quite expensive (around $50) but also very fast (less than
20 min). In addition, this method allows for the identification of a specific enzyme type,
which is very important in epidemiological studies.

In the present study a great advantage of the Eazyplex® SuperBug CRE assay to obtain
a result directly from a clinical sample was confirmed. A short duration of the test and a
small sample volume needed to perform are also very important. However, the test has
some limitations. It detects only ESBL enzymes from the CTX-M-1 and M-9 groups. On
the other hand, CTX-M enzymes are the most common ESBL enzymes in K. pneumoniae,
and the strains with this resistance mechanism are isolated with the highest frequency,
not only in Poland, but also worldwide [13–17]. Moreover, the evaluated assay does not
detect all beta-lactamases genes, like ampC-like enzymes. However, the dissemination
of ampC-positive Klebsiella spp. isolates, at least in our department, does not exceed 1%
(data not shown) and thus it was not the issue of the present work. The study also did not
compare all the tested strains using the Eazyplex® SuperBug CRE assay and standard PCR,
which is a limitation of the study, but it was not possible in this research protocol and was
not the key goal of the study.
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It is worthy of note that the Eazyplex® SuperBug CRE assay detects only some chosen
enzymes genes also among carbapenemases. Interestingly, the strains of Gram-negative
rods, derived from the patients in our hospital, that express beta-lactams resistance mainly
synthesize class B carbapenemases, mostly the NDM- or VIM-type. Detection of the genes
for both mentioned carbapenemases is available in the evaluated assay. Of note, not all
types of carbapenemases have been detected among the strains of Gram-negative rods in
our hospital so far. Since the first detection of a carbapenemase producing strain in our
laboratory, only one KPC-positive and one OXA-48 positive strain have been identified (data
not shown). It confirms that the strains expressing this particular resistance mechanism are
very rare in our department. Nevertheless, the study was limited to the assessment of the
usefulness of the Eazyplex® SuperBug CRE assay only for strains of the Enterobacterales
order. On the other hand, the possibility of detecting selected genes in the above assay
applies mainly to Enterobacterales rods, and to a lesser extent to bacteria belonging to
Pseudomonas spp.

The Eazyplex® SuperBug CRE assay is a relatively expensive tool for its use in a routine
diagnostic directly for clinical specimens. This approach would significantly increase
the cost of a standard microbiological investigation. However, its application might be
reasonably taken into account in the diagnostic of some particular cases of infections, such
as earlier colonization of the patients with ESBL- or carbapenemase-producing strains,
confirmed contact with the infected person, or the presence of the local epidemic outbreak.
It seems that in such situations the benefits of using an expensive test are favourable for
obtaining the result in a shorter time. Moreover, the possibility of introducing a pre-emptive
treatment, while also taking into account the phenotype of the strain, seems to be a very
reasonable approach.

4. Materials and Methods

The study included 120 clinical specimens: 60 urine samples and 60 positive blood
cultures, in which Gram-negative strains producing beta-lactamases with a broad range of
activity: ESBLs and/or carbapenemases were identified. Clinical specimens for the present
research were mostly selected based on local epidemiological data. Urine samples are the
most common type of clinical material sent for testing from hospital patients, while blood
is the main material in the microbiological diagnosis of systemic infections. Each sample
included into the study was collected from a specific patient. All the samples included into
the study were obtained through a routine diagnostic and clinical microbiology laboratory
practice. The identification of the strains was performed by mass spectrometry using the
MALDI Biotyper system (Bruker, Karlsruhe, Germany). In the analyzed study period,
K. pneumoniae strains were the most frequently isolated species from infections in patients
in our hospital. Antimicrobial susceptibility testing was determined on a BD Phoenix™
M50 instrument (Becton-Dickinson, Franklin Lakes, NJ, USA) using NMIC-402 panels,
performed according to the manufacturer’s instructions. The expression of ESBL-type
enzymes was assessed simultaneously by the double disc synergy test [18], while car-
bapenemases activity was assessed by the Carba NP test [19]. Phenotypic tests with the
application of boronic acid and EDTA-supplemented discs, as specific carbapenemases in-
hibitors, were also applied, as recommended by EUCAST documents. For all of the original
samples stored from which Gram-negative beta-lactamase-producing rods were cultured,
the Eazyplex® SuperBug CRE assay (Amplex Diagnostics, Gieβen, Germany) was per-
formed on a Genie II device (OptiGene, Gieβen, Germany) according to the manufacturer’s
instructions [20] (see also Supplementary Material).

Additionally, the chosen 44 strains (all Klebsiella spp.) isolated from urine samples and
the 50 derived from pre-cultured blood (48 Klebsiella spp. and 2 Serratia marcescens isolates)
were cultured on LB Broth (Biocorp, Issoire, France) to confirm the selected genes presence
at the further steps. DNA was extracted from the strains recovered from them (applying an
Extractme DNA Bacteria Kit, Blirt, Gdańsk, pomeranian, Poland) and the following genes
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were detected by standard PCR: blaCTX-M, blaTEM, blaSHV, blaVIM and blaNDM-1 in separate
reactions, according to the methodology of the previous studies [2,21,22].

5. Conclusions

The Eazyplex® SuperBug CRE assay can be a useful tool for a rapid and reliable
identification of resistance mechanism genes in Gram-negative rods, and also directly from
urine and pre-cultured blood samples.

Supplementary Materials: The following are available online at https://repod.icm.edu.pl/dataverse/
umk-medical-sciences as https://repod.icm.edu.pl/dataset.xhtml?persistentId=doi:10.18150/W6
IXRP (accessed on 14 January 2002) Genie®II (OptiGene) User Manual (Instrument Software Ver-
sion v2.22 (rc1).
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Abstract: Carbapenem-resistant Enterobacterales are a growing problem in healthcare systems
worldwide. While whole-genome sequencing (WGS) has become a powerful tool for analyzing
transmission and possible outbreaks, it remains laborious, and the limitations in diagnostic workflows
are not well studied. The aim of this study was to compare the performance of WGS and real-time
multiplex PCR (RT-qPCR) for diagnosing carbapenem-resistant Enterobacterales. In this study, we
analyzed 92 phenotypically carbapenem-resistant Enterobacterales, sent to the University Hospital
Heidelberg in 2019, by the carbapenem inactivation method (CIM) and compared WGS and RT-
qPCR as genotypic carbapenemase detection methods. In total, 80.4% of the collected isolates were
identified as carbapenemase producers. For six isolates, discordant results were recorded for WGS,
PCR and CIM, as the carbapenemase genes were initially not detected by WGS. A reanalysis using
raw reads, rather than assembly, highlighted a coverage issue with failure to detect carbapenemases
located in contigs with a coverage lower than 10×, which were then discarded. Our study shows
that multiplex RT-qPCR and CIM can be a simple alternative to WGS for basic surveillance of
carbapenemase-producing Enterobacterales. Using WGS in clinical workflow has some limitations,
especially regarding coverage and sensitivity. We demonstrate that antimicrobial resistance gene
detection should be performed on the raw reads or non-curated draft genome to increase sensitivity.

Keywords: antimicrobial resistance; carbapenem inactivation method; carbapenem-resistant Enter-
obacterales; real-time multiplex PCR; whole-genome sequencing

1. Introduction

Enterobacterales, including bacterial species such as Citrobacter freundii, Escherichia
coli, Klebsiella pneumoniae and the Enterobacter cloacae complex, belong to the most common
human pathogens and are able to cause a variety of infections [1,2].

In particular, infections with multidrug resistant Enterobacterales lead to high mortal-
ity since there are limited treatment options [3]. Carbapenemases are of great concern, as
they are able to inactivate the last-resort drug carbapenems in addition to other beta-lactam
antibiotics [3,4]. They are mostly plasmid encoded, which facilitates an easy transmission
and dissemination through horizontal gene transfer [5]. Worldwide, the most common
carbapenemases in Enterobacterales are KPC, NDM, VIM, IMP and OXA-48-like carbapen-
emases [2,6]. Another less frequent route of carbapenem resistance acquisition is via
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overexpression of the outer membrane efflux pumps or porin loss combined with the
expression of extended-spectrum beta-lactamases or AmpC resistance genes [7,8].

Phenotypic screening for carbapenem resistance by Carba-NP test [9], the modified
Hodge test [10] or the disc diffusion assay [11] is common in microbiology diagnostics, yet
for epidemiological surveillance, high-resolution typing is useful and essential. A few real-
time PCR (RT-qPCR)-based assays have been developed to detect carbapenem-resistance
genes in Gram-negative bacteria [12–14]. However, these methods are technically limited
to a certain number of targets. By contrast, whole-genome sequencing (WGS) provides
more comprehensive information and thus has become a powerful tool for surveillance and
outbreak investigation [15]. Although there are several studies comparing the performance
of phenotypic and commercially available tests for carbapenemase detection [16–18], com-
parative studies on WGS and RT-qPCR remain scarce. Currently, the application of WGS
in the clinical microbiological setting is limited to molecular typing. However, there is
still an untapped potential for integrating WGS-based technologies into microbiological
diagnostics. Although preparation and turnover time remains a major disadvantage for
WGS, the performance and accuracy of WGS compared to those of faster nucleic acid
amplification-based and simple phenotypic methods should be investigated.

Our study aimed to retrospectively evaluate the performance of WGS compared to
that of RT-qPCR and phenotypic carbapenem-resistant Enterobacterales, identified by
antimicrobial susceptibility testing and the carbapenem inactivation method (CIM).

2. Results

A total of 92 phenotypic carbapenem-resistant Enterobacterales were collected in 2019.
Carbapenem-hydrolyzing activity could be detected in 74 isolates (80.4%) by CIM. These
results were validated by WGS and RT-qPCR. For six isolates, different results occurred
between the three methods, as carbapenemases were initially detected by CIM and PCR
but not by WGS (Tables 1 and 2). By reanalyzing the raw sequencing data and removing
the coverage threshold blaNDM-1, blaKPC-2 (2x), blaVIM-1 (2x) and blaOXA-48 were identified
(Table A1). For 18 isolates, all three methods revealed no carbapenemase.

Table 1. Comparison of phenotypic and genotypic carbapenemase detection in Enterobacterales by
CIM, RT-qPCR and WGS.

CIM

Positive Negative

RT-qPCR positive
negative

74
0

0
18

WGS positive
negative

70(74) 1

4(0) 1
0

18
1 After reanalyzing the raw sequencing data.

Table 2. Comparison of genotypic carbapenemase detection in Enterobacterales by WGS and RT-qPCR.

WGS

Positive Negative

RT-qPCR positive
negative

68(74) 1

0
6(0) 1

18
1 After reanalyzing the raw sequencing data.

The predominant species of the carbapenemase producers was E. cloacae (n = 30)
followed by K. pneumoniae (n = 17) and E. coli (n = 15). C. freundii (n = 7), Klebsiella oxytoca
(n = 3) and Serratia marcescens (n = 2) appeared less frequently (Figure 1). OXA-48 (40.5%)
was the most prevalent carbapenemase and was detected in all species in this collection.
VIM-1 (21.6%) was the second most common enzyme in our study, followed by KPC-2
(12.2%) and NDM-5 (9.5%). Other carbapenemase variants, such as NDM-1, OXA-244, KPC-
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3 and OXA-232, were less abundant (<3.0%), and isolates harboring two carbapenemases
(8.1%) occurred sporadically (Figure 1, Table A1).

Figure 1. Carbapenemases detected in Enterobacterales by WGS (n = 74), showing phenotypic resistance to carbapenem
antibiotics. E. cloacae (n=30), K. pneumoniae (n = 17), E. coli (n = 15), C. freundii (n = 7), K. oxytoca (n = 3) and S. marcescens (n = 2).

3. Discussion

Rapid spreading of carbapenemase-producing Enterobacterales as well as outbreaks
of different multidrug resistant bacteria is reported worldwide in clinical settings. For
infection control and prevention of further dissemination, monitoring is necessary. Thus,
we analyzed 92 phenotypically carbapenem-resistant Enterobacterales by CIM to confirm
carbapenem-hydrolyzing activity. We then compared WGS and RT-qPCR to validate
performance in detecting carbapenemase genes.

In total, 74 isolates were found to be carbapenemase producers (Figure 1). In six
cases, discordant results occurred between WGS and the other two methods, since the
carbapenemase was initially not detected by sequencing (Tables 1 and 2 and Table A1).
For analyzing WGS data, quality control is crucial, including coverage of the assembly,
quality of de novo assembly and detection of potential DNA contamination. The read
coverage is of particular importance, as it influences the sensitivity of sequencing [19]. In
the initial assembly, we set up a limit of 25× coverage for the full genome, and contigs
with a coverage <10× or smaller than 1000 bp were removed because they are potential
contaminants or misassemblies. However, our study showed that true signals might be
lost during the cleaning of the assembly, since the quality control parameters N50 and the
coverage were in the desired range (Table A1). Low-copy number plasmids or plasmid
loss during DNA extraction might have led to a low abundance of carbapenemase genes,
and, thus, the antimicrobial resistance genes were not detected. While the establishment
of such thresholds is crucial for genomic comparison and annotation of a draft genome,
our data suggest that antimicrobial resistance gene detection should be performed on the
non-curated draft genome to increase sensitivity.

Our findings on carbapenemase variants are in line with the data of the German
national reference laboratory (NRL) in the years 2017–2019. In particular, blaOXA-48 was
detected in all years, followed by blaVIM-1, blaKPC-2, blaNDM-1, blaKPC-3, blaOXA-181 and
blaNDM-5 [20–22], which are detectable with our assay. However, depending on the geo-
graphic region, less frequent carbapenemase types, such as GES, GIM and IMI, can occur
in Enterobacterales [20–22]. These genes are not included in our assay and, therefore, can
lead to false-negative results. In 2019, these carbapenemases were not detected by WGS
(Figure 1, Table A1). However, if the epidemiology changes, the PCR should be adapted to
the new resistance situation.

The RT-qPCR provides a fast and inexpensive alternative for diagnostic labs without
NGS facilities, although the PCR-based assay is limited to known targets. Compared to the
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RT-qPCR, WGS is an unbiased method that provides more information, such as genetic
relationships and the full resistome. Besides the presence or absence of known resistance
genes, novel resistance genes can be identified in phenotypic resistant isolates by WGS [23].
However, the analysis is more complex, and, therefore, bioinformatics expertise is needed.

4. Materials and Methods
4.1. Bacterial Isolates

Clinical samples and rectal swabs were screened for carbapenem-resistant Enterobac-
terales at the Department of Infectious Diseases, Medical Microbiology, University Hospital
Heidelberg in 2019. During routine diagnostics, 92 Enterobacterales showing phenotypic
resistance to meropenem and imipenem were collected. Non-duplicate strains were ob-
tained from 79 patients. Multiple isolates (n = 13) from the same patient were included
in the study due to different bacterial species as determined by MALDI TOF MS (Bruker
Daltonics GmbH & Co. KG, Bremen, Germany). The antibiotic susceptibility was tested by
the VITEK-2 system (bioMérieux Deutschland GmbH, Nürtingen, Germany) and evaluated
according to the valid EUCAST guidelines in the respective year (v 9.0). The isolates were
stored at −20 ◦C until usage.

4.2. Carbapenem Inactivation Method

CIM was performed, as described elsewhere [24], to examine whether the carbapenem-
resistant isolates, identified by antimicrobial susceptibility testing, are able to hydrolyze
carbapenem antibiotics.

4.3. DNA Extraction

The isolates were regrown on BD™ Columbia Agar with 5% Sheep Blood (Becton
Dickinson GmbH, Heidelberg, Germany) at 37 ◦C. DNA for WGS and RT-qPCR was
extracted using the DNeasy Blood and Tissue Kit (Qiagen GmbH, Hilden, Germany)
according to the manufacturer’s protocol.

4.4. Multiplex Real-Time PCR

The assay based on hydrolysis probes consists of two multiplex PCRs for the detection
of blaNDM, blaKPC, blaVIM and blaIMP, and blaOXA-23-like, blaOXA-40/24-like, blaOXA-58-like and
blaOXA-48-like, respectively. Amplification and detection were performed on the BD MAX™
system, using the protocol for the PCR-only mode, as described elsewhere [25].

4.5. Whole-Genome Sequencing

WGS was performed on the MIseq instrument (2 × 300 bp), using the Nextera DNA
Flex Library Prep Kit (Illumina) for preparing sequencing libraries. Quality control of
the raw sequences, assembly and curation (contigs >1000bp and >10× coverage) were
performed as described elsewhere [26]. The databases ResFinder 3.0, ARG-ANNOT
and CARD-NCBI-BARRGD using ABRIcate (https://git.lumc.nl/bvhhornung/antibiotic-
resistancepipeline/tree/master/tools/abricate, accessed on 10 June 2020) were used to
determine the resistance genes as previously described [27].

5. Conclusions

Whole-genome sequencing is a powerful tool with high molecular resolution, giving
information about bacterial species, plasmid replicon types and the whole resistance pat-
tern, which is needed for surveillance of transmission and outbreak investigation. Real-time
PCR is faster but provides less information and cannot detect new carbapenemases that are
not included in the panel, which is a general drawback of PCR-based assays. Nevertheless,
the additional use of PCR and/or CIM for carbapenemase detection in Enterobacterales
was beneficial in our study to ensure high sensitivity, as some carbapenemases would have
remained undetected by WGS due to coverage issues.
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Appendix A

Table A1. Phenotypic carbapenem-resistant Enterobacterales collected in 2019, analyzed by CIM, RT-qPCR and WGS.
Quality control parameters for WGS: coverage and N50.

Sample ID Species CIM RT-qPCR WGS WGS Reanalyzed Coverage N50

KE9539 E. coli positive blaKPC blaKPC-2 48 535,993
KE9246 E. coli positive blaKPC blaKPC-2 53 135,761
KE9526 E. cloacae positive blaKPC blaKPC-2 52 363,822
KE9478 E. cloacae positive blaKPC blaKPC-2 96 363,822

BK31926 E. coli positive blaKPC blaKPC-2 29 120,862
KE9621 K. pneumoniae positive blaKPC blaKPC-3 35 386,401
KE9498 C. freundii positive blaKPC blaKPC-2 31 200,582
KE9038 K. oxytoca positive blaKPC blaKPC-2 50 285,607
KE9326 K. oxytoca positive blaKPC negative blaKPC-2 42 109,274

KE9511 C. freundii positive blaKPC, blaVIM
blaKPC-2,
blaVIM-1

30 198,406

KE9378 C. freundii positive blaKPC, blaVIM blaKPC-2 blaKPC-2, blaVIM-1 39 201,178
KE9132 E. cloacae positive blaKPC blaKPC-2 49 363,822
KE9520 K. pneumoniae positive blaNDM blaNDM-5 53 186,575
KE9434 K. pneumoniae positive blaNDM blaNDM-5 34 292,061

KE9521 E. coli positive blaNDM,
blaOXA-48-like

blaNDM-5,
blaOXA-181

61 106,471

KE9395 E. coli positive blaNDM blaNDM-5 54 94,083
KE9433 E. coli positive blaNDM blaNDM-5 36 214,212

KE9636 K. pneumoniae positive blaNDM,
blaOXA-48-like

blaNDM-1,
blaOXA-48

27 383,090

KE9616 C. freundii positive blaNDM blaNDM-5 50 186,958
KE9522 E. coli positive blaNDM blaNDM-5 103 269,697

KE9593 K. pneumoniae positive blaNDM,
blaOXA-48-like

blaNDM-5,
blaOXA-181

38 296,725

D3014 C. freundii positive blaNDM blaNDM-5 36 186,959
KE9449 K. pneumoniae positive blaNDM negative blaNDM-1 25 220,843
KE9500 K. pneumoniae positive blaNDM blaNDM-1 33 536,321
KE9382 E. cloacae positive blaOXA-48-like blaOXA-48 27 374,725
KE9492 K. pneumoniae positive blaOXA-48-like blaOXA-232 30 242,997
KE9629 E. coli positive blaOXA-48-like blaOXA-244 33 238,467
KE9025 E. cloacae positive blaOXA-48-like blaOXA-48 49 272,750
KE9469 E. cloacae positive blaOXA-48-like blaOXA-48 76 374,315
KE9472 E. cloacae positive blaOXA-48-like blaOXA-48 98 382,653
KE9424 K. pneumoniae positive blaOXA-48-like blaOXA-48 36 184,292
KE9499 E. cloacae positive blaOXA-48-like blaOXA-48 66 486,681
KE9400 K. pneumoniae positive blaOXA-48-like blaOXA-48 45 208,351
KE9468 E. cloacae positive blaOXA-48-like blaOXA-48 80 383,026
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Table A1. Cont.

Sample ID Species CIM RT-qPCR WGS WGS Reanalyzed Coverage N50

KE9638 E. coli positive blaOXA-48-like blaOXA-244 37 156,925

KE9493 E. cloacae positive blaOXA-48-like,
blaKPC

blaOXA-48
blaKPC-2,
blaOXA-48

44 530,933

KE9456 K. oxytoca positive blaOXA-48-like blaOXA-48 28 223,596
KE9443 K. pneumoniae positive blaOXA-48-like blaOXA-48 27 225,118
KE9354 E. cloacae positive blaOXA-48-like blaOXA-48 66 486,663

BK32270 E. coli positive blaOXA-48-like blaOXA-48 35 117,967
KE9626 E. coli positive blaOXA-48-like blaOXA-48 53 196,578
KE9208 S. marcescens positive blaOXA-48-like blaOXA-48 58 2,797,497
D2902 E. cloacae positive blaOXA-48-like blaOXA-48 64 302,960

KE9541 K. pneumoniae positive blaOXA-48-like blaOXA-48 47 427,613
KE9554 C. freundii positive blaOXA-48-like blaOXA-48 39 165,554
KE9338 E. cloacae positive blaOXA-48-like blaOXA-48 47 374,725
KE9355 E. cloacae positive blaOXA-48-like blaOXA-48 109 486,681
KE9328 K. pneumoniae positive blaOXA-48-like blaOXA-48 43 274,145
KE9510 E. cloacae positive blaOXA-48-like blaOXA-48 31 491,022
D3070 E. cloacae positive blaOXA-48-like blaOXA-48 44 372,768

KE9428 E. cloacae positive blaOXA-48-like blaOXA-48 36 486,663
KE9527 E. cloacae positive blaOXA-48-like negative blaOXA-48 27 339,153
D3018 K. pneumoniae positive blaOXA-48-like blaOXA-48 25 473,650
D3082 E. cloacae positive blaOXA-48-like blaOXA-48 62 486,663

KE9637 K. pneumoniae positive blaOXA-48-like blaOXA-48 36 876,600
D3081 E. cloacae positive blaOXA-48-like blaOXA-48 85 383,026

EX1012 K. pneumoniae positive blaOXA-48-like blaOXA-48 39 223,327
D3078 E. cloacae positive blaOXA-48-like blaOXA-48 54 486,828

KE9366 E. coli positive blaVIM blaVIM-1 38 215,473
KE9563 E. cloacae positive blaVIM blaVIM-1 35 377,920
KE9409 E. cloacae positive blaVIM blaVIM-1 46 486,118
KE9414 E. cloacae positive blaVIM blaVIM-1 38 161,463
KE9365 K. pneumoniae positive blaVIM blaVIM-1 32 232,474
KE9538 S. marcescens positive blaVIM blaVIM-1 40 1,130,420
KE9585 E. cloacae positive blaVIM blaVIM-1 25 287,090
KE9559 C. freundii positive blaVIM blaVIM-1 41 163,976
KE9549 E. coli positive blaVIM blaVIM-1 47 279,067
KE9548 E. cloacae positive blaVIM blaVIM-1 46 230,814
KE9579 E. coli positive blaVIM blaVIM-1 39 112,495
KE9474 E. cloacae positive blaVIM blaVIM-1 38 290,132
KE9462 E. cloacae positive blaVIM blaVIM-1 33 502,528
KE9560 E. cloacae positive blaVIM blaVIM-1 40 290,117
KE9575 E. cloacae positive blaVIM blaVIM-1 38 389,538
KE9536 E. coli positive blaVIM negative blaVIM-1 44 377,920
D2923 E. cloacae negative negative negative 58 203,439

KE9347 E. cloacae negative negative negative 79 439,426
KE9591 E. cloacae negative negative negative 47 279,225
KE9576 E. coli negative negative negative 27 228,481
KE9599 E. coli negative negative negative 37 281,932
KE9623 E. coli negative negative negative 50 93,960
KE9633 K. aerogenes negative negative negative 40 495,847
KE9068 C. freundii negative negative negative 46 176,242
KE8986 E. cloacae negative negative negative 47 230,847
KE9344 E. cloacae negative negative negative 48 235,301
KE9475 E. cloacae negative negative negative 40 208,042
KE9083 E. coli negative negative negative 57 208,544
KE9425 K. aerogenes negative negative negative 48 902,223
KE9614 K. aerogenes negative negative negative 62 429,809
D3017 K. pneumoniae negative negative negative 27 232,937

KE9095 K. pneumoniae negative negative negative 66 237,389
KE9171 K. pneumoniae negative negative negative 54 481,561
KE9039 S. marcescens negative negative negative 40 1,228,444
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