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Copyright © 2014 Hindawi Publishing Corporation. All rights reserved.

This is a special issue published in “BioMed Research International.” All articles are open access articles distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.



Contents

Carbapenemases in Gram-Negative Bacteria: Laboratory Detection and Clinical Significance,
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Carbapenems are potent 𝛽-lactam antibiotics used to treat
serious infections in hospital settings. In comparison to peni-
cillins, cephalosporins, or 𝛽-lactam/𝛽-lactamase inhibitor,
they have broad antimicrobial spectrum that includes
Gram-positive (e.g., imipenem, doripenem) and Gram-
negative bacteria (e.g., meropenem, ertapenem). Imipenem
and meropenem have better activity against P. aeruginosa,
while imipenem and doripenem have better activity than
meropenem against Acinetobacter baumannii. Doripenem
has the lowest MIC against P. aeruginosa and A. baumannii
in comparison to imipenem and meropenem, and it is least
susceptible to hydrolysis by carbapenemases.

To act on PBPs, carbapenems have to enter the wall of
Gram-negative bacteria through outer membrane proteins
(porins). Binding to different PBPs, they inhibit the synthesis
of cell wall finally leading to the death of bacterium [1].

Carbapenem resistance in Gram-negative bacteria can be
the consequence of the production of a 𝛽-lactamase, expres-
sion of efflux pumps, porin loss, and alterations in PBPs. Since
𝛽-lactams, including carbapenem-like compounds, are natu-
ral products of several environmental bacteria and fungi, it is
supposed that other bacteria started to produce their intrinsic
𝛽-lactamase to give them selective advantage for survival.
Thus, several genes encoding different carbapenemases can
be found in environmental bacteria like Bacillus anthracis,
Serratia fonticola, Pseudomonas cepacia, or Acinetobacter
spp. as part of their chromosome [1, 2]. Further step in

this evolution of resistance was the escape of carbapenemase
encoding genes to mobile genetic elements (plasmids, trans-
posons) providing possibility of successful horizontal spread
of resistance genes even between different genera [3].

Since this discovery, carbapenemases became a global
problem. According to the Ambler classification (based on
structural similarities), they belong to the classes A, B, and
D [1]. Class A carbapenemases contain serine at their active
site and are capable of hydrolyzing all 𝛽-lactams, including
aztreonam. In this group of carbapenemases, Sme (Sme-1 to
Sme-3), IMI (IMI-1 to IMI-3), NmcA, and SFC-1 enzymes
are mostly chromosomally encoded, while KPC (KPC-2 to
KPC-13) and GES (GES-1 to GES-20) are plasmid encoded.
Dominant carbapenemase from this group is KPC, identified
in 1996 in North Caroline, USA, now causing many regional
outbreaks, with endemicity in northeastern part of the USA,
Israel, China, Porto Rico, Colombia, and Greece, and becom-
ing more and more prevalent throughout Europe [4]. Beside
K. pneumoniae, represented by a predominant clone (ST258),
it has been found in other Enterobacteriaceae, as well as
in P. aeruginosa and A. baumannii-calcoaceticus complexes.
It is sometimes difficult to be recognized since MICs to
carbapenems are in many cases lower than the breakpoints
[2, 5]. Class B carbapenemases are also known as metallo-
𝛽-lactamase (MBL) since they contain metal ion(s) in their
active site. Beside those chromosomally located in envi-
ronmental bacteria (Bacillus cereus-BCI, BCII, Aeromonas
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spp.-CphA, and S. maltophilia-L1), acquired MBL encoding
genes are often located in gene cassettes within integron,
being part of a plasmid or chromosome. Firstly described
acquired MBLs were in Japan in 1991, so called IMP-enzymes
(there are now more than 30 derivatives), and are still
dominant MBLs in Asian continent causing mainly sporadic
outbreaks [6]. VIM-enzymes (there are now more than 30
derivatives) were firstly described in P. aeruginosa but later
emerged in Enterobacteriaceae as well and fastly spread over
whole Europe, causing outbreaks in many Mediterranean
countries (like Greece, Italy, and Turkey). VIM metallo-𝛽-
lactamase is now the most prevalent carbapenemase spread-
ing globally and, although largely connected to P. aeruginosa,
is now reported more often from Enterobacteriaceae from
Mediterranean countries, particularly Greece and Turkey,
with the description of many panresistant strains [6, 7].
Anotherworrisomemetalloenzyme arose from India in 2008,
namely, New-Delhi MBL (NDM-1; until now more than
ten variants are described) and spread fastly over Indian
subcontinent in the following few years. NDM-enzymes are
mostly not only associatedwith nonclonally related isolates of
K. pneumoniae and E. coli but also described in P. aeruginosa
andA. baumannii [8]. Beside proven facts that those enzymes
exist in isolates spreading in environment and are carried
in general population by enteric flora, the magnitude of
the problem potentiates the huge population reservoir from
Indian subcontinent and Middle Asia that moves across the
world spreading further the resistance genes [9–11]. Another
new source of those enzymes could be the Balkan region
[12, 13]. Oxacillinases from molecular class D demonstrating
carbapenemase activity are often found in Acinetobacter spp.
They are divided into themost globally spreadOXA-23 group,
found also in environmental isolate of Acinetobacter spp.
suggesting the possible natural and not nosocomial source of
these genes, OXA-24 group, not so widespread as OXA-23,
mostly described in Europe and USA, and OXA-58 group,
described in several outbreaks all over the world [14]. The
problem became more global with the discovery of OXA-
48 in Enterobacteriaceae, particularly in K. pneumoniae and
to lesser extent in E. coli, spreading all around the world
but specifically in countries close to the Mediterranean Sea
[14–16].

Carbapenemase producing Gram-negative bacteria can
cause a wide spectrum of infections including bacteraemia,
nosocomial pneumonia, wound infections, endocarditis, and
urinary tract infections.Those infections are often associated
with treatment failures, long hospital stay, and high mortality
rates; for example, attributable mortality for carbapenem
resistant P. aeruginosa infections ranged between 51.2% and
95% [17, 18].

Ideally, methods for determining carbapenemase should
have a short turn-around time to ensure timely implemen-
tation of control measures. This could be challenged by dif-
ficulties in detecting carbapenemase producers, since MICs
to carbapenems could be elevated but within susceptible
range or even low, as described in Enterobacteriaceae and A.
baumannii [19].

However, relevant methodology with specific laboratory
test has not yet been standardized. Modified Hodge test is

the only test recommended by CLSI for the phenotypic
detection of carbapenemase producers but often lacks sen-
sitivity and specificity. There are also several inhibitor based
tests using different inhibitors (EDTA and phenanthroline
as inhibitors of MBLs, phenylboronic acid as inhibitor of
KPC) in combination with carbapenem (e.g., meropenem)
or cephalosporin (e.g., ceftazidime) in different format-disk
diffusion or broth dilution or 𝐸-test [19].

There is no specific inhibitor that could be used in
detection of class D carbapenemases, but there are reports on
using temocillin disk (or combined with avibactam) for this
purpose [20].

Carba NP test is a simple biochemical test based on
hydrolysis of imipenem detectable by a change of colour
of indicator due to decrease of pH. It is applicable in
most microbiological laboratories, although the reference
standard in detection of carbapenemase production is spec-
trophotometric measurement of carbapenem hydrolysis in
the presence or absence of inhibitor, but it is still reserved
for reference laboratories [19]. Recently, the use of mass spec-
trometry (MALDI-TOFF) based on analysis of degradation
of carbapenem molecule enabled rapid detection of KPC
carbapenemase (in 45 minutes) or MBL (in 150 minutes)
[20, 21]. Finally, simplex or multiplex PCR, real-time PCR,
or hybridization tests could significantly improve detection
of carbapenemase genes in clinical laboratory bypassing the
sensitivity and specificity problems with phenotypic tests.
However, molecular methods require expensive equipment
and trained laboratory staff.

There are still debates in optimizing possible treatment
approach in infections caused by carbapenemase producing
strain. It is strongly suggested that combination therapy,
including colistin, tigecycline, aminoglycosides, aztreonam,
and carbapenems in different combination schemes, is still
superior to monotherapy and that carbapenem-containing
regimens were superior to others when appropriate dose is
applied [17].

Controlling transmission of resistant microorganisms
in healthcare setting, which includes carbapenem resistant
Enterobacteriaceae (CRE), has several steps. It is important
to recognize these bacteria as epidemiologically significant, to
know the prevalence in specific region, to be able to identify
infected and colonized patients, and to implement measures
for stopping the transmission of CRE [22].

There is a bundle of measures which are usually imple-
mented. These include proper hand hygiene, contact isola-
tion, education, strict use of devices, cohorting of patients and
staff, laboratory notification, antimicrobial stewardship, and
different screening strategies. The best results are achieved
only when all measures are simultaneously implemented
[23]. Screening of patients at risk is crucial for control of
CRE spreading. Screening can be restricted to contacts or
to patients that were previously hospitalized in CRE positive
institutions. Samples which are usually taken are rectal swabs,
stool, or urine. Environmental samples are not useful except
for control of disinfection and cleaning. Microbiological
laboratory must have guidelines for CRE detection and
procedures for rapid notification of CRE positive results.
Guidelines from CDC and HICPAC (Healthcare Infection
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Control Practices Advisory Committee) suggest searching
in laboratory data for unrecognized CRE. If positive CRE
are found, it is advised to do the point prevalence study on
specific departments. After that, it is suggested to perform
active surveillance till negative results are obtained. It is
necessary to monitor resistance to carbapenems in acute
healthcare settings and in long-term care facilities [24].

In conclusion, facing the global crisis in antibiotic
resistance, presented by rapid dissemination of carbapene-
mase producing Gram-negative bacteria, many issues remain
controversial, especially detection methods and treatment
options. However, active surveillance, hand hygiene, contact
precautions, and appropriate antibiotic usage are part of
effective approach in reducing incidence of colonization and
infections caused by these life treating microorganisms.

Branka Bedenić
Vanda Plečko
Sanda Sardelić

Selma Uzunović
Karmen Godič Torkar
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The emergence and global spread of carbapenemase-producing Enterobacteriaceae and Acinetobacter baumannii are of great
concern to health services worldwide. These 𝛽-lactamases hydrolyse almost all 𝛽-lactams, are plasmid-encoded, and are easily
transferable among bacterial species. They are mostly of the KPC, VIM, IMP, NDM, and OXA-48 types. Their current extensive
spread worldwide in Enterobacteriaceae is an important source of concern. Infections caused by these bacteria have limited
treatment options and have been associated with high mortality rates. Carbapenemase producers are mainly identified among
Klebsiella pneumoniae, Escherichia coli, and A. baumannii and still mostly in hospital settings and rarely in the community. The
Mediterranean region is of interest due to a great diversity and populationmixing.The prevalence of carbapenemases is particularly
high, with this area constituting one of the most important reservoirs. The types of carbapenemase vary among countries, partially
depending on the population exchange relationship between the regions and the possible reservoirs of each carbapenemase. This
review described the epidemiology of carbapenemases produced by enterobacteria and A. baumannii in this part of the world
highlighting the worrisome situation and the need to screen and detect these enzymes to prevent and control their dissemination.

1. Introduction

Carbapenems are 𝛽-lactam group of drugs that are often
used as antibiotics of last resort for treating infection due
to multidrug-resistant Gram-negative bacilli. They are also
stable even in response to extended-spectrum (ESBL) and
AmpC 𝛽-lactamases. However, this scenario has changed
with the emergence in the last few years of carbapenem
resistant bacteria both in nonfermenters (Acinetobacter bau-
mannii and Pseudomonas aeruginosa) and in fermenters
(Enterobacteriaceae) Gram-negative bacilli [1].

Resistance to carbapenems is mediated mostly by two
main mechanisms: (i) production of a 𝛽-lactamase (dere-
pressed cephalosporinase or ESBL) with nonsignificant

carbapenemase activity combined with decreased perme-
ability due to porin loss or alteration; (ii) production of a
carbapenem-hydrolyzing 𝛽-lactamase [2].

Carbapenemases have now become a major concern
worldwide [3, 4]. They are an increasing concern for global
healthcare due to their association with resistance to 𝛽-
lactam antibiotics and to other classes of antibiotics such
as aminoglycosides, fluoroquinolones, and cotrimoxazole
[5]. Thus they reduce the possibility of treating infections
due to multidrug-resistant strains [6]. The first description
of carbapenemase-producing enterobacteria (NmcA) was
in 1993 [7]. Since then, large varieties of carbapenemases
have been identified belonging to three molecular classes:
the Ambler class A, B, and D 𝛽-lactamases [8]. They have
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emerged and diffused in different parts of the world, includ-
ing Mediterranean countries, in recent years [2–6, 9]. These
enzymes are carried either on chromosome or acquired via
plasmids [10].

The aim of this review is to describe the epidemiology of
the main carbapenemases circulating in the Mediterranean
countries, a region of theworldwith a great diversity andpop-
ulation mixing. This region includes 11 European countries
(Albania, Bosnia, and Herzegovina, Croatia, Spain, France,
Greece, Italia, Malta, Montenegro, Monaco and Slovenia),
5 Asian countries (Cyprus, Israel, Lebanon, Syria, Turkey)
and 5 African countries (Algeria, Egypt, Libya, Morocco,
Tunisia).

2. Class A Carbapenemases

2.1. Enterobacteriaceae. A variety of class A carbapene-
mases have been described: some are chromosome encoded
(NmcA, Sme, IMI-1, SFC-1) and others are plasmid encoded
(KPC, IMI-2, GES derivatives such as GES-1, GES-2, GES-4,
and GES-5) but all effectively hydrolyze carbapenems and are
partially inhibited by clavulanic acid [8].

KPCs (acronym for K. pneumoniae carbapenemase) are
the most frequently encountered enzymes in this group [2].
Since the first report of this enzyme in 1996 isolated from a
clinical Klebsiella pneumonia strain in North Carolina, USA
[11], the KPC producers had spread around the world and are
becoming a major clinical and public health concern [12].

Several KPC clones are disseminating harboring different
multilocus sequence type, 𝛽-lactamase content, and plas-
mids. However the 𝑏𝑙𝑎KPC genes are flanked by the same
transposon Tn4401 located on conjugative plasmids and
are horizontally transferred [13]. This gives to this enzyme
an extraordinary spreading capacity [14]. They have been
detected more often in Klebsiella spp. [2] but have also been
reported in other Enterobacteriaceae [15]. Thirteen variants
of KPC are known so far; KPC-2 and KPC-3 are the most
frequent worldwide variants [16]. The mortality rate due to
infection with a KPC producer ranged from 25% to 69%
[2, 17].

The first outbreak of KPC-producing K. pneumoniae
outside the United States was described in Israel in 2006 [18].
This strain belonged to the pandemic clone ST258, suggesting
an importation from the USA [19]. Moreover, a large range
of enterobacteria producing these variants was described
in Israel [20–26]. Since then, many studies have reported
outbreaks of KPC producers in enterobacterial isolates in
many Mediterranean countries (Figure 1), in which most
cases have been reported so far in Greece, where the situation
can be described as endemic [27, 28].Moreover a recent study
showed a wide dissemination of KPC-producing strains to
many healthcare institutions in Italy [2, 29]. KPC producers
became the most prevalent carbapenemase found in this
country [30]. Spain and France have recently described a
rapid increase of cases [31, 32]. Single or sporadic hospital
outbreaks caused by KPCs isolated from various species were
reported [32–34]. KPC-2 is clearly the most prevalent variant
in Europe [12, 35]. In most of the cases reported from France,

the patients had been transferred from a country where KPC
enzymes are endemic (e.g., Israel, Greece, USA, or Italy) [34].
Croatia is another Mediterranean country affected [36].

To date, there is no description of class A carbapenemases
fromNorthAfrican countries. However, KPCproducers have
already been isolated in an E. coli strain inAlgeria (N. Djahmi
et al., unpublished data).

2.2. Acinetobacter baumannii. Among the class A carbapen-
emases, KPCs and GES-type have been described in A.
baumannii [37]. KPC-2, KPC-3, KPC-4, and KPC-10 variants
were identified in 10 A. baumannii clinical isolates collected
in 2009 from 17 hospitals in Puerto Rico [38].

In Mediterranean countries, only GES-type carbapene-
mase was reported. A GES-14-producing A. baumannii clini-
cal strainwas isolated in France.This strainwas demonstrated
to confer resistance to all 𝛽-lactams, including carbapenems
[39]. Very recently, an emergence of GES-11 was reported
from Turkey [40]. Some strains coexpressed both OXA-
23 and GES-11. They belonged to ST2, being part of the
worldwide distributed clone II group.

3. Class B Carbapenemases

3.1. Enterobacteriaceae. Class B metallo-𝛽-lactamases
(MBLs) are mostly of the Verona integron-encoded metallo-
𝛽-lactamase (VIM) and IMP types and, more recently, of
the New Delhi metallo-𝛽-lactamases-1 (NDM-1) type [8, 41].
MBLs can hydrolyze all 𝛽-lactams except monobactam (e.g.,
aztreonam) [41]. Their activity is inhibited by EDTA but not
by clavulanic acid [41].

IMP-1 was the first MBL reported in Serratia marcescens
from Japan in 1991 [42]. Since then, MBLs have been
observed worldwide [8, 41]. The most commonly found class
B carbapenemases are of the VIM type [43], which has been
identified in all continents [44]. The death rates associated
with MBL producers are high (18% to 67%) [2, 45].

Italy was the first Mediterranean country to report
acquired metallo-𝛽-lactamases, with sporadic isolates of
VIM-4-producing K. pneumoniae and Enterobacter cloacae
[8, 46]. Since then, single or sporadic hospital outbreaks
caused by VIM-1 like enzymes were described from vari-
ous regions in this country [47, 48]. However, such VIM-
producing Enterobacteriaceae have not undergone wide
dissemination, unlike that observed in Greece during the
same period [49]. Endemicity of VIM- and IMP-producing
Klebsiella pneumoniae strains has now been noted in Greece
[8, 41]. Additionally, outbreaks and single reports of VIM- or
IMP-type producers have been reported in several countries
of Mediterranean area, such as France [50, 51], Spain [33],
Morocco [52], Egypt [53, 54], Algeria [55], and Tunisia [56].

Most recently reported, NDM-1 enzyme is spreading
rapidly worldwide [44] notably Central and South America
that represented the last zone without description of this
enzyme [57, 58]. NDM-1 was initially identified in E. coli
and K. pneumoniae in a patient returning to Sweden from
India in 2008 [59]. Most of the outbreaks indicated a link
with the Indian subcontinent, in some cases with the Balkan
countries [60], and the Middle East [61]. Five minor variants
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Figure 1: Geographic distribution of KPC enzymes in Mediterranean countries. White, no case reported; yellow, single KPC-producing
isolates; green, some outbreaks of KPC-producing isolates; orange, several outbreaks of KPC-producing isolates; red, endemicity of KPC-
producing isolates.

of NDM-1 (NDM-2 to NDM-6) have been now identified
in enterobacteria and very recently, a novel variant NDM-
7 was detected in E. coli in France [62]. Contrarily to other
carbapenemase genes, 𝑏𝑙𝑎NDM-1 is not associated with a single
clone.ThusNDM-1 has been identifiedmostly in nonclonally
related E. coli and K. pneumoniae and to a lesser extent
in other enterobacterial species [63]. These enzymes are
encoded on highly transmissible plasmids that spread rapidly
between bacteria, rather than relying on clonal proliferation.
The strains harboring NDM are broadly resistant to many
other drug classes in addition to 𝛽-lactams and carry a
diversity of other resistance mechanisms, which leaves few
treatment options (tigecycline or colistin) [63, 64]. NDM-1
producers have been reported in the environment and in the
community [2, 63].They have been identified in Enterobacte-
riaceae species around the world [59] highlighting the ability
of this gene to disseminate in bacteria [65]. Moreover NDM-
1 has been identified in E. coli ST131, a well-known source of
community infections [66, 67].

Single or sporadic hospital outbreaks caused by NDM-1
producing enterobacterial strains were reported from many
countries in Mediterranean area (Figure 2): France [68, 69],
Italy [70], Lebanon [71], Morocco [52, 72], Spain [33, 73–
75], Tunisia [76], and Turkey [77, 78]. Very recently, NDM-5
was identified in E. coli in Algeria (Sassi et al., unpublished
data). There are no published data yet from Libya, but a
very recent study has reported identification of NDM-1 in
K. pneumoniae frompatient transferred fromLibya toTunisia

[76], indicating the emergence of this enzyme resistance in
Mediterranean countries. Finally an emergence of NDM-
producing K. pneumoniae was recently reported in Greece
[79].

3.2. Acinetobacter baumannii. To date, four groups of MBLs
have been identified in A. baumannii: IMP-like, VIM-like,
SIM-like, and recently the NDMs [80].

The first MBL identified in A. baumannii strains was
IPM-2 reported in 2000 from Italy [81]. Since then, IMP-
like, VIM-like, and SIM-like have been sporadically reported
in some parts of the world [82], including Mediterranean
countries, especially in Greece and Italy [81–85]. Concerning
NDM producers, A. baumannii bacteria harboring these
enzymes were increasingly observed around the world [86]
notably in Mediterranean countries. They were detected in
North Africa: Algeria [87, 88] and Libya (isolated from a
patient transferred from Libya to Denmark) [89]; in Europa:
France [87, 90, 91] and Slovenia [86]; and in Turkey [92].
The isolation of an NDM-1-producing A. baumannii in a
Czech patient repatriated in 2011 from Egypt was described
[93]. In France, the emergence of imported cases of NDM-
1-producing A. baumannii was linked with Algeria [87, 90].
The strains belonged to ST85, the main clone isolated in
Mediterranean countries [90, 91]. Finally, another clone
NDM variant, NDM-2, was found in A. baumannii isolates
in Egypt [94] and Israel [95].
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Figure 2: Geographic distribution of NDM type producers in Mediterranean countries. White, no case reported; yellow, sporadic NDM-
producing isolates; green, emerging outbreak of NDM-producing isolates; orange, single hospital outbreaks of NDM-producing isolates.

4. Class D Carbapenemases

4.1. Enterobacteriaceae. Class D 𝛽-lactamases, also named
OXAs for oxacillinases include 232 enzymes with few vari-
ants, possessing the same carbapenemase activity [96]. Ini-
tiallyOXA𝛽-lactamaseswere reported fromP. aeruginosabut
until now, these carbapenemases have been detected in many
other Gram-negative bacteria, including Enterobacteriaceae
[16].

OXA-48 represents the main enzyme isolated around
the world. This enzyme hydrolyses penicillins but has a
weak activity against carbapenems or extended-spectrum
cephalosporins (third generation cephalosporin, aztreonam)
[2]. However, its frequent association with ESBL (notably
CTX-M-15 enzyme) increases the level of resistance to car-
bapenem. Its activity is not inhibited by EDTA or clavulanic
acid [2], tazobactam, and sulbactam, whereas its activity
may be inhibited by NaCl in vitro [96, 97]. Its high level of
resistance to temocillin is interesting to detect this enzyme
[98, 99]. Apointmutant analog ofOXA-48, namely,OXA-181,
with similar carbapenemase activity, has been identified in
enterobacterial strains from India [100, 101] and frompatients
with a link to the Indian subcontinent [100, 102]. Further
analysis of theOXA-48-producing isolates demonstrated that
this enzyme was not exclusively linked with a single clone,
and the 𝑏𝑙𝑎OXA-48 gene was associated with either trans-
poson Tn1999 or transposon Tn1999.2 within transferable
nontypable plasmids of 70 or 150 kb [103]. The death rates
associated with OXA-producers are unknown.

OXA-48 was initially identified in K. pneumoniae isolate
from Turkey in 2001 [104]. Since then, OXA-48 producing

strains have been extensively reported as sources of noso-
comial outbreaks in many parts of the world notably in
Mediterranean countries [105–110] (Figure 3): Croatia [111],
Egypt [54], France [109], Greece [112], Israel [113, 114], Italy
[53], Lebanon [71, 115, 116], Libya [117], Slovenia [118], Spain
[33, 119], Tunisia [120], and Turkey [106]. Moreover, this
enzyme disseminated in various Enterobacteriaceae species
[2, 96]. To date OXA-48 represents the most common
carbapenemase type circulating in this part of the world
notably in Spain [33] and France [109]. The Middle East
and North Africa are considered as reservoirs of OXA-
48 producers [121]. In the last few years, a nosocomial
dissemination of OXA-48-producing Enterobacteriaceae has
been reported in different hospitals in Morocco [122]. This
problem was exacerbated by the occurrence of this enzyme
in community [123] and in environment [124] suggesting that
OXA-48 is endemic in this country [122]. More recently, the
identification of the 𝑏𝑙𝑎OXA-48 gene in aK. pneumoniae isolate
has been reported in Algeria (N. Djahmi, personal data).

4.2. Acinetobacter baumannii. The class D carbapenemases
(oxacillinases) are by far the most prevalent carbapenemases
in A. baumannii [125, 126]. They can be grouped into
six subclasses: intrinsic chromosomal OXA-51-like, among
which there are over 70 variants and the acquired OXA-23-
like, OXA-24/40-like, OXA-58-like, OXA-143-like, andOXA-
235-like 𝛽-lactamases [97, 127].

The first case of OXA-type enzyme was reported from
a clinical A. baumannii isolate detected in Scotland in
1985. It was initially named ARI-1 (Acinetobacter resistant
to imipenem) [128] and renamed OXA-23 after sequencing



BioMed Research International 5

500km
300mi

Slovenia

France

Italy

Spain

Algeria

Morocco

Libya

Croatia
Tunisia

Greece

Egypt
Turkey

Lebanon

Israel

© Daniel Dalet

Figure 3: Geographic distribution of OXA-48 type producers in Mediterranean countries. White, no case reported; yellow, single OXA-48-
producing isolates; orange, several outbreaks of OXA-48-producing isolates; red, nationwide distribution of OXA-48-producing isolates.

[129]. A. radioresistens was identified as the progenitor of the
𝑏𝑙𝑎OXA23-like gene [130].

Nosocomial outbreaks or sporadic cases caused by
carbapenem-resistant A. baumannii producing these OXA-
enzymes have been reported worldwide [80, 131–133]. A.
baumannii epidemic strains were assigned to international
clonal lineages I or II [134], with recent studies reporting
the spread of genetically related epidemic clone of OXA-
23-producing A. baumannii and belonging to IC-II within
the Mediterranean region [135–137]. The 𝑏𝑙𝑎OXA-23 gene was
either located on the chromosome or on plasmids and was
associated with four different genetic structures, with the
most frequent being transposons Tn2006 [134].

The emergence and spread of several outbreak or sporadic
A. baumannii strains producing OXA-23-like enzymes have
been reported around the world [134]. During a long period,
the 𝑏𝑙𝑎OXA-58 carbapenemase gene has been predominated
among carbapenem-resistant A. baumannii isolates in vari-
ous Mediterranean countries [85]. Since 2009, a replacement
of 𝑏𝑙𝑎OXA-58 gene with 𝑏𝑙𝑎OXA-23 gene has been reported and
it became the most prevalent carbapenemase-encoding gene
circulating in the Mediterranean region: Algeria [88, 136],
Croatia [111], Egypt [138], France [139], Greece [140], Italy
[135, 141], Israel [132], Spain [137, 142], Tunisia [143], and
Turkey [83, 144]. The replacement of OXA-58 by OXA-23
might be explained by the selective advantage associated with
the higher carbapenemase activity ofOXA-23 [37, 142] and/or
acquisition of carbapenem resistance through horizontal
gene transfer [37].

Concerning other OXA-producers, outbreaks of OXA-
72-producing A. baumannii were described in Croatia [145]
and OXA-69 or OXA-97 in Tunisia [146, 147].

5. Conclusion

In recent years the emergence of carbapenem-resistant
Gram-negative bacilli inMediterranean region is an alarming
problem. This part of the world is the cradle of western
civilization representing nearly 475 million inhabitants (6.3%
of world population). It is the location of a large population
mixing explaining the importance of the dissemination of
carbapenemase producers. This situation imposes a series
of measures as soon as possible. These need the over-the-
counter sale of indistinctly antibiotics, improving basic and
extended knowledge on hygiene, the reinforcement of infec-
tion control measures, and the early and accurate detection,
with restriction of the usage of carbapenems, to control the
spread of these multidrug resistant organisms.
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[75] J. Oteo, D. Domingo-Garćıa, S. Fernández-Romero et al.,
“Abdominal abscess due to NDM-1-producing Klebsiella pneu-
moniae in Spain,” Journal of Medical Microbiology, vol. 61, pp.
864–867, 2012.
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[77] L. Poirel, M. Özdamar, A. A. Ocampo-Sosa, S. Türkoglu, U. G.
Ozer, and P.Nordmann, “NDM-1-producingKlebsiella pneumo-
niae now in Turkey,” Antimicrobial Agents and Chemotherapy,
vol. 56, no. 5, pp. 2784–2785, 2012.
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[107] L. Poirel, A. Ros, A. Carrër et al., “Cross-border transmission
of OXA-48-producing Enterobacter cloacae from Morocco to
France,” Journal of Antimicrobial Chemotherapy, vol. 66, no. 5,
pp. 1181–1182, 2011.

[108] G. Cuzon, J. Ouanich, R. Gondret, T. Naas, and P. Nord-
mann, “Outbreak of OXA-48-positive carbapenem-resistant
Klebsiella pneumoniae isolates in France,” Antimicrobial Agents
and Chemotherapy, vol. 55, no. 5, pp. 2420–2423, 2011.

[109] A. Potron, L. Poirel, E. Rondinaud, and P. Nordmann, “Inter-
continental spread ofOXA-48 beta-lactamase-producingEnter-
obacteriaceae over a 11-year period, 2001 to 2011,” Eurosurveil-
lance, vol. 18, no. 31, 2013.

[110] A. Benouda, O. Touzani, M.-T. Khairallah, G. F. Araj, and G.
M.Matar, “First detection of oxacillinase-mediated resistance to
carbapenems in Klebsiella pneumoniae from Morocco,” Annals
of Tropical Medicine and Parasitology, vol. 104, no. 4, pp. 327–
330, 2010.
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The emergence of one of the most recently described carbapenemases, namely, the New Delhi metallo-lactamase (NDM-1),
constitutes a critical and growingly important medical issue. This resistance trait compromises the efficacy of almost all lactams
(except aztreonam), including the last resort carbapenems.Therapeutical optionsmay remain limitedmostly to colistin, tigecycline,
and fosfomycin. The main known reservoir of NDM producers is the Indian subcontinent whereas a secondary reservoir seems
to have established the Balkans regions and the Middle East. Although the spread of 𝑏𝑙𝑎NDM-like genes (several variants) is
derived mostly by conjugative plasmids in Enterobacteriaceae, this carbapenemase has also been identified in P. aeruginosa and
Acinetobacter spp.Acinetobacter sp.may play a pivotal role for spreading 𝑏𝑙𝑎NDM genes for its natural reservoir to Enterobacteriaceae.
Rapid diagnostic techniques (Carba NP test) and screening of carriers are the cornerstone to try to contain this outbreak which
threatens the efficacy of the modern medicine.

1. Introduction

During the last decade the emergence of carbapenemase-
producing strains among Enterobacteriaceae, Pseudomonas
spp., and Acinetobacter baumannii is remarkable. A variety
of carbapenemases have been reported such as the Ambler
class A KPC-type (mostly identified in Enterobacteriaceae
and Pseudomonas aeruginosa) and GES-type (mostly in A.
baumannii), the Ambler class B metallo-𝛽-lactamases (MBL)
of VIM-, IMP-, GIM-, and NDM-types, and the Ambler class
D carbapenemases of the OXA-48 type in Enterobacteriaceae
and of OXA-23, OXA-24/-40, OXA-58, and OXA-143 types
in Acinetobacter spp. The emergence of the most recently
described carbapenemase, namely, the New Delhi metallo-
𝛽-lactamase (NDM-1), constitutes a critical medical issue.
Indeed, this enzyme compromises the efficacy of almost
all 𝛽-lactams (except aztreonam), including the last resort
carbapenems. Although most of the NDM-producing strains
identified are Enterobacteriaceae, this carbapenemase has
also been reported from Acinetobacter spp. and more rarely
from P. aeruginosa, both species causing severe nosocomial

infections, including urinary tract infections, peritonitis, sep-
ticemia, and pulmonary infections.The Indian subcontinent,
the Balkans regions, and theMiddle East are considered to be
the main reservoirs of NDM producers. Since therapeutical
options are limited to very few antibiotics such as col-
istin, tigecycline, and fosfomycin, hospital- and community-
acquired infections caused by NDM-1 producers are difficult
to eradicate. Isolation of infected patients and carriers and
rapid diagnostic techniques are the key factors that contribute
to contain this outbreak that threatens the efficacy of the
modern medicine.

2. Clinical Impact of the Antibiotic
Resistance Patterns of NDM Producers for
the Treatment

Currently, one of the most clinically significant carbapene-
mase is the recently described NDM-1 (New Delhi metallo-
𝛽-lactamase). This carbapenemase belongs to the class B of
Ambler 𝛽-lactamases classification that includes the metallo-
𝛽-lactamases (MBLs). NDM-1 shares very little identity with
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Figure 1: Antibiogram of a NDM-1-producing K. pneumoniae isolate. The 𝑏𝑙𝑎NDM-1 gene was located onto a IncHIIB plasmid of ca.
∼200 kb in that strain that also harbored two additional 𝛽-lactamase genes (𝑏𝑙𝑎CTX-M-15, 𝑏𝑙𝑎SHV-12, 𝑏𝑙𝑎OXA-1) and an aminoglycoside methylase
(armA) responsible for high-level resistance to all aminoglycosides. PTZ, piperacillin + tazobactam; PIP, piperacillin; TIC, ticarcillin; AMX,
amoxicillin; ETP, ertapenem; TCC, ticarcillin + clavulanic acid; CAZ, ceftazidime; CF, cefalotin; FOX, cefoxitin; IMP, imipenem; AMC,
amoxicillin + clavulanic acid; CTX, cefotaxime; CMX, cefuroxime; MEM, meropenem; ATM, aztreonam; FEP, cefepime; FT, nitrofurantoin;
NOR, norfloxacin; OFX, ofloxacin; CIP, ciprofloxacin; FOS, fosfomycin; TGC, tigecycline; TE, tetracycline; CS, colistin; SSS, sulfonamide;
SXT, sulfamethoxazole + trimethoprim; C, chloramphenicol; NET, netilmicin; GM, gentamicin; AN, amikacin; TM, tobramycin; RA,
rifampicin.

other MBLs, the most similar being VIM-1/VIM-2 with only
32.4% amino acid identity. Compared to VIM-2, NDM-1
displays tighter binding tomost cephalosporins, in particular
to cefuroxime (𝐾mNDM-1 = 8 𝜇M, 𝐾mVIM-2 = 22 𝜇M),
cefotaxime (𝐾mNDM-1 = 10 𝜇M, 𝐾mVIM-2 = 32 𝜇M),
cephalothin (𝐾mNDM-1 = 10 𝜇M, 𝐾mVIM-2 = 44 𝜇M), and
penicillins (𝐾mNDM-1 = 16 𝜇M, 𝐾mVIM-2 = 49 𝜇M). Like all
other MBLs, NDM-1 efficiently hydrolyses a broad range
of 𝛽-lactams including penicillins, cephalosporins, and
carbapenems, just sparing monobactams such as aztreonam.
NDM-1 does not bind to carbapenems as tightly as IMP-1 or
VIM-2 does, and the turnover rate of carbapenem hydrolysis
is similar to that of VIM-2 (𝑘cat/𝐾m are 0.21, 1.2, and
0.99 s−1 ⋅ 𝜇M−1 for NDM-1, IMP-1, and VIM-2, resp.). Similar
to the other MBLs, the active site of NDM-1 contains two
metal ion binding sites: the His and Cys sites. Accordingly, a
3D-structure modelling of the NDM-1 enzyme showed that
two zinc ions were present at both the His and Cys sites with
a distance of 4.20 Å [1]. Indeed, the hydrolysis activity of
MBLs depends on the interaction of the 𝛽-lactam molecule
with Zn2+ ion(s) in their active site. Consequently, their
activity is inhibited by chelators of divalent cations, such as
EDTA. Accordingly, the efficacy of EDTA (Ca-EDTA) has
been evaluated in a mouse model of sepsis caused by an
NDM-1-producing Escherichia coli. It has been shown that
a combination therapy using imipenem/cilastatin sodium
(IPM/CS) and Ca-EDTA reduced the bacterial inoculum,
as compared to IPM/CS alone suggesting the possibility to
use Ca-EDTA in clinical therapeutics [2]. Comparison of
IMP-1, VIM-2, and NDM-1 by an in silico approach revealed
that NDM-1 might have greater drug profile and catalytic
efficiency than IMP-1 and VIM-2 due to a larger pocket
opening and a lower distance between the Zn-I ion and
𝛽-lactam oxygen of the carbapenem [3].

It is noteworthy that a quite systematic association
with other antibiotic resistance determinants is observed
in almost all NDM producers (Enterobacteriaceae, Acine-
tobacter, and Pseudomonas). Those associated resistance
determinants are AmpC cephalosporinases, clavulanic acid
inhibited expanded-spectrum 𝛽-lactamases (ESBLs), other
types of carbapenemases (OXA-48-, VIM-, and KPC-types),
and resistance to aminoglycosides (16S RNA methylases), to
quinolones (Qnr), to macrolides (esterases), to rifampicin
(rifampicin-modifying enzymes), to chloramphenicol, and to
sulfamethoxazole [4–9]. Consequently, most of the NDM-1
producers remain susceptible only to two bactericidal antibi-
otics (colistin and fosfomycin) and a single bacteriostatic
antibiotic (tigecycline) [10, 11] (Figure 1). In vitro synergy
combination assays performed with NDM-1 producers with
those three antibiotic molecules showed a synergistic activity
of colistin and fosfomycin, of colistin and tigecycline in rare
cases, whereas most of the antibiotic associations remain
neutral for most of the tested isolates [12]. Since NDM-1 does
not hydrolyze aztreonam, a combination therapy including
aztreonamand avibactam (also namedNXL-104), a novel ser-
ine𝛽-lactamase inhibitor inhibiting themost frequent broad-
spectrum hydrolyzing-𝛽-lactamases hydrolyzing aztreonam
has been suggested as a possible strategy against NDM-1-
producing Enterobacteriaceae.This therapeutic option seems
to be a very efficient combination therapy in vitro [13, 14].

3. Infections Caused by NDM Producers

Since NDM producers were mainly described in Enter-
obacteriaceae, infections caused by NDM producers include
urinary tract infections, peritonitis, septicemia, pulmonary
infections, soft tissue infections, and device-associated infec-
tions. As observed for other multidrug-resistant bacteria,
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it is highly probable that colonization of the gut flora
might precede the infection by NDM producers and orofecal
transmission in the community might occur mostly through
hand contamination, food, and water. Among the NDM-
1-producing Enterobacteriaceae, Klebsiella pneumoniae and
E. coli are the most often described species. Both hospital-
and community-acquired infections have been reported.
However, this carbapenemase is also frequently described
in other enterobacterial species including Klebsiella oxytoca,
Enterobacter cloacae, Citrobacter freundii, Proteus mirabilis,
Salmonella spp., and Providencia spp. Although most of
NDM-producing bacteria are Enterobacteriaceae, this car-
bapenemase was also reported from Acinetobacter spp. [15–
32] and in rare cases Pseudomonas aeruginosa [33, 34].

Since, no specific virulence factor is known to be asso-
ciated with 𝑏𝑙𝑎NDM-1-carrying plasmids [6, 35–39], there
is no evidence that NDM-producing bacteria are more
virulent than other strains [40–42]. However, some rare
isolates of NDM-1-producing virulent enteric bacteria such
as Salmonella [43–45] and Vibrio cholerae [46, 47] have been
described.

4. Epidemiology of NDM-Producing Bacteria

NDM-1 was first identified in 2008 in aK. pneumoniae isolate
recovered from a Swedish patient who has been previously
hospitalized in New Delhi, India [48]. Since then, NDM
carbapenemases are the focus of worldwide attention due to
the rapid dissemination of the corresponding gene among
Enterobacteriaceae and Acinetobacter spp. mainly (Figure 2).
Rapidly, a link between NDM-producing Enterobacteriaceae
and the Indian subcontinent has been pointed out [49–51],
and prevalence rates of NDM-producing Enterobacteriaceae
were found to range from 5 to 18.5% in Indian and Pakistan
hospitals [52–55]. In addition, the 𝑏𝑙𝑎NDM-1 gene was detected
not only in patient samples, but also in drinking water and
seepage samples in NewDelhi [47].The occurrence of NDM-
1-producing bacteria in environmental samples in New Delhi
is significant for people living in the city who often rely
onto public water and poor sanitation facilities. A secondary
reservoir of NDM-1 producers was then highlighted through
several studies reporting patients colonized or infected with
NDM-1 producers originating from the Balkan states [50, 56–
61]. Recent reports also suggested that the Middle East might
be an additional reservoir of NDM producers [62–67]. This
dissemination of NDM producers in the Middle East could
mostly be linked to the population exchange between the
Middle East and the Indian subcontinent. However, NDM-1
producing bacteria have now been reported worldwide with
a rapid dissemination from the two previously described
reservoirs, namely, the Indian subcontinent and the Balkan
countries.

As observedwith the dissemination ofNDM-1-producing
Enterobacteriaceae, NDM-producing Acinetobacter has also
been recovered from environmental samples in China [31].
Currently, the majority of NDM-producing Acinetobacter
spp. are reported from China [18, 19, 25, 29–32] and Middle
East [17, 20–24, 26].

5. Genetic Features of the 𝑏𝑙𝑎NDM Genes

In Enterobacteriaceae, the 𝑏𝑙𝑎NDM-1 gene is located mostly
onto conjugative plasmids belonging to several incompat-
ibility groups [6, 7, 25, 35, 37, 38, 63, 68]. However,
investigation of a worldwide collectionof NDM-1-producing
enterobacterial isolates showed that the current spread of
the 𝑏𝑙𝑎NDM-1 gene is not related to the spread of specific
clones, specific plasmids, or single genetic structure [7]. In
Acinetobacter spp. the 𝑏𝑙𝑎NDM-type genes are found to be
either plasmid- or chromosome-located, and in the rare
NDM-1-producing P. aeruginosa, the 𝑏𝑙𝑎NDM-1 gene was
found to be chromosomally located [33, 34]. Investigations on
the immediate genetic environment of 𝑏𝑙𝑎NDM genes revealed
the presence of a conserved structure that always associated
the complete or truncated insertion sequence ISAba125 at
the 5-end and the 𝑏𝑙𝑒MBL gene (encoding resistance to the
anticancer drug bleomycin) at the 3-end of the 𝑏𝑙𝑎NDM genes
[69] (Figure 3). In addition, in several studies focusing on
NDM-producing A. baumannii, the 𝑏𝑙𝑎NDM gene was located
between two copies of the ISAba125 element, forming a
composite transposon named Tn125 [15–17, 20, 24, 26, 70, 71]
(Figure 3). Systematic identification of a truncated form of
this composite transposon in Enterobacteriaceae, while it
was described in its entire form in A. baumannii, strongly
suggesting that Acinetobacter spp. has been a reservoir of
those 𝑏𝑙𝑎NDM genes before targeting enterobacterial species.
Those findings highlight that even though A. baumannii is
usually recognized as a final acceptor for resistance genes, it
may acquire several resistance determinants and then transfer
them to Enterobacteriaceae and Pseudomonas spp.

6. NDM Variants

Since the first description of NDM-1, eight variants of this
enzyme have been published (NDM-1 to -8) (Figure 4) and
ten have been assigned (http://www.lahey.org). The first
variant NDM-2 is a point mutation variant having a C to
G substitution at position 82 resulting in an amino acid
substitution of a proline to an alanine residue at position
28 (Pro → Ala) (Figure 4) [26]. Considering that this point
mutation was located at the last amino acid of the peptide
leader of the enzyme, MIC values of 𝛽-lactams including car-
bapenems showed no significant difference between NDM-1
andNDM-2 producers. NDM-2 has been identified in several
A. baumannii strains [20–22, 26] but not yet in Enterobac-
teriaceae. The NDM-3 variant was described from an E. coli
isolate and differs fromNDM-1 by a single nucleotide change
conferring a peptide sequence change at position 95 (Asp
→ Asn) that does not modify the hydrolytic activities of
the enzyme (Figure 4) [11]. The NDM-4 variant differs from
NDM-1 by a single amino acid substitution at position 154
(Met → Leu) (Figure 4). Kinetic data showed that this amino
acid substitution is responsible for an increased hydrolytic
activity ofNDM-4 compared toNDM-1 toward cefalotin, cef-
tazidime, cefotaxime, imipenem, and meropenem, whereas
cefepimewas less hydrolyzed [72].TheNDM-5 variant shares
the substitution at positions 154 (Met → Leu) with NDM-4,
conferring enhanced hydrolytic activity against carbapenems
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Figure 2: Geographical distribution of NDM producers.
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Figure 3: Schematic representation of 𝑏𝑙𝑎NDM-associated genetic structures identified among Gram-negative clinical isolates. (a) Structure
found in A. baumannii, where the 𝑏𝑙𝑎NDM gene is part of the composite transposon Tn125. (b) Structures found in Enterobacteriaceae and
P. aeruginosa where ISAba125 is presented as full or truncated element with 𝑏𝑙𝑒MBL gene (bleomycin resistance encoding gene) also being
present as full or truncated gene. Genes and their corresponding transcription orientations are represented by horizontal arrows. oriIS of
ISCR21 is indicated by a circle. The 𝑏𝑙𝑎NDM promoter is indicated (P). IS, insertion sequence; gene names are abbreviated according to their
corresponding proteins: 𝑏𝑙𝑒MBL, bleomycin resistance gene; Δiso for truncated phosphoribosylanthranilate isomerase; Δpac for truncated
phospholipid acetyltransferase.
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and harbors a second amino acid substitution at position
88 (Val → Leu) (Figure 4) [73]. The NDM-6 variant differs
from NDM-1 by a single amino acid substitution at position
233 (Ala → Val) leading to no obvious modification in the
hydrolytic activity of the enzyme (Figure 4) [74]. The NDM-
7 variant was concomitantly described from an E. coli isolate
recovered from a French patient who had travelled to Burma
[75] and an E. coli isolate recovered from a Yemeni patient
previously hospitalized at the Frankfurt University Hospital
in Germany [76]. The 𝑏𝑙𝑎NDM-7 gene differs from 𝑏𝑙𝑎NDM-1 by
two amino-acid substitutions at positions 388 (G→A) and
460 (A→C) corresponding to amino acid substitutions at
position 130 (Asp → Asn) and 154 (Met → Leu), respectively
(Figure 4). The amino acid substitution at position 154 (Met
→ Leu) increases the hydrolysis activity of the enzyme [75,
76]. The amino acid sequence of the last published NDM
variant, namely, NDM-8, has substitutions at positions 130
(Asp → Gly) and 154 (Met → Leu) compared with NDM-1
(Figure 4) [77]. This NDM variant possesses the amino acid
substitution at position 154 (Met → Leu), but its critical
impact on 𝛽-lactams hydrolysis has not been detailed.

7. Identification of NDM Producers

Detection of carbapenemase producers, including NDM
producers, in clinical specimens is based currently on a
preliminary analysis of susceptibility testing results. The US

guidelines (CLSI) (updated in 2013) retained as breakpoints
for Enterobacteriaceae susceptibility (𝑆) ≤ 1 and resistance
(𝑅) > 4mg/L for imipenem and meropenem and 𝑆 ≤ 0.5
and 𝑅 > 2mg/L for ertapenem. The European guidelines
(EUCAST) (updated in 2013) are slightly different and pro-
pose breakpoints for imipenem and meropenem as follows:
susceptible (𝑆) ≤ 2 and resistant (𝑅) > 8mg/L and for
ertapenem 𝑆 ≤ 0.5 and 𝑅 > 1mg/L. Although some
discrepancies might exist for several isolates depending on
the reference used to interpret the antibiogram,MIC values of
ertapenem are often higher than those of other carbapenems
with NDM producers. Consequently, ertapenem would be
the best molecule for suspecting most of the carbapene-
mase producers, including NDM producers, and constitutes
good screening criteria. Notably, this greater sensitivity of
ertapenem compared to the other carbapenems is coun-
terbalanced by its lower specificity. Of note, susceptibility
to carbapenems is observed for some NDM producers and
additional tests for carbapenemase detection are needed to
detect them accurately.

7.1. Detection of a Carbapenemase Activity. One of the com-
monly used techniques is the modified Hodge test (MHT),
which has been used for years. Unfortunately, the MHT has
been proved to lack sensitivity (50%) for detecting NDM-
1 producers. Of note, ZnSO

4
(100 𝜇g/mL) supplementation

in the culture medium significantly increases the sensitivity



6 BioMed Research International

to 85.7% [78]. However, this test has a low specificity with
Enterobacter spp. often overexpressing their chromosomal
cephalosporinase [79]. In addition, results of the MHT are
obtained at least 72 h after the bacterial identification.

UV spectrophotometry analysis of carbapenem hydrol-
ysis has been developed to detect carbapenem hydrolysis.
This method is based on the detection of the decrease
of imipenem absorbance with crude extracts of bacterial
enzymes. Crude extracts can be obtained from an overnight
culture of the tested strain after mechanical lysis. This UV
spectrophotometry-based technique is cheap and has a 100%
sensitivity and a 98.5% specificity for detecting carbapen-
emase activity [80]. However, it is time-consuming and
requires trained microbiologists and expensive equipment.

Analysis of carbapenem hydrolysis by using the MALDI-
TOF technology has been shown to be a useful technique to
detect carbapenemase production in a few hours. This tech-
nique was based on detection of a carbapenem (imipenem,
meropenem, or ertapenem) spectrum and of its main deriva-
tives resulting from carbapenemhydrolysis. After 3 to 4 hours
of incubation of the tested isolate with a carbapenem, the
bacteria were pelleted by centrifugation and the supernatant
containing the carbapenem and its metabolites was tested
by MALDI-TOF mass spectrophotometry. Disappearance
of the peak corresponding to the native carbapenem and
appearance of peak(s) corresponding to the metabolite(s)
resulting on the carbapenemhydrolysis sign a carbapenemase
activity [81–85]. This test has excellent sensitivity and speci-
ficity. However, it again requires trained microbiologists and
expensive equipment.

Themost promising technique is the rapid Carba NP test.
It is based on the detection of the hydrolysis of imipenem
by a color change of a pH indicator (Figure 5). This test
is 100% sensitive and 100% specific for the detection of
any type of carbapemenase produced by Enterobacteriaceae
including NDM producers [86–88]. The Carba NP test has
been also validated for the detection of most carbapenemase-
producing Pseudomonas spp., including all NDM producers
[89]. A second version of the Carba NP test (the Carba NP
test II) has been developed to rapidly differentiate between
the diverse carbapenemase types found in Enterobacteriaceae
and P. aeruginosa. This Carba NP test II combines the
inhibition properties of EDTA with the high efficiency of the
Carba NP test for identification of any type ofMBL producer,
including all NDM producers [90]. Recently, the Carba NP
test has been evaluated to detect carbapenemase-producing
Enterobacteriaceae (𝑛 = 193) directly from spiked blood
cultures. The proposed strategy allows detection of all NDM
producers (𝑛 = 33) in less than 5 hours, with sensitivity and
specificity of 100%, respectively [91]. This test has excellent
sensitivity and specificity. However, it requires homemade
reagents that are not yet commercially available.

7.2. Phenotypic Detection of Metallo-𝛽-Lactamase (MBL) Pro-
ducing Isolates. Detection methods based on the inhibitory
properties of several divalent ions chelators (e.g., EDTA
and dipicolinic acid) may identify MBL producers. A disk-
diffusion test based on the detection of a synergy between a
carbapenem-containing disk (imipenem ormeropenem) and

a disk containing an MBL inhibitor (EDTA or mercaptopro-
pionic acid or dipicolinic acid) has been proposed [92].

A combined disk technique using a carbapenem disk
and the same carbapenem disk supplemented with EDTA
(10 𝜇L of a 0.1M solution at pH 8) has been also proposed
[93]. Using this test, a 5mm increase of the inhibition
diameter around the disk containing imipenem plus EDTA
compared to imipenem alone likely indicates the production
of a MBL. However, those two phenotypic methods are time-
consuming and false-negative results often arise, in particular
when low level of resistance is observed [93].

Among those phenotypic methods, the Etest MBL strip, a
two-sided strip containing gradients of imipenem alone on
one side and imipenem supplemented with EDTA on the
other side, is also commonly used for the detection of MBL
producers. Using this test, at least three doubling dilutions of
theMIC in the presence of EDTA are considered as a positive
result [94].However, severalNDM-producing isolates exhibit
lowMIC of carbapenems, leading to not interpretable results
using the Etest MBL strip.

7.3. Molecular Detection of NDM Producers. All the previ-
ous techniques can detect the carbapenemase production
and, in some cases more precisely, production of an MBL,
but none of them is able to specifically identify an NDM
enzyme or its corresponding gene. Therefore a number of
genotypic approaches have been reported, based on PCR
techniques, including real-time PCR methods able to detect
𝑏𝑙𝑎NDM-positive isolates directly from clinical samples [95,
96]. Those methods, however, have the disadvantage to
be unable to identify any novel carbapenemase gene and
are quite expensive. Commercial DNA microarray methods
are marketed and increase the convenience of those tests
[97]. Although they cannot overcome general limitations
of genotypic techniques those DNA microarrays are able
to identify the presence of carbapenemase and the main
extended-spectrum 𝛽-lactamase and acquired cephalospori-
nases genes. Accordingly, this technique is more adapted for
an epidemiological purpose in order to control an outbreak.
Finally, molecular amplification of the 𝑏𝑙𝑎NDM gene followed
by sequencing is needed to identify the exact nature of the
NDM variant.

8. Detection of Infected and
Colonized Patients

Since the prevention of dissemination of carbapenemase
producers partially relies on an early and accurate detection
of carriers, recommendations for the screening of colonized
patients have been introduced in several countries. Com-
monly, “at-risk” patients, meaning those being colonized
with carbapenemase producers, are patients transferred from
a foreign hospital and those hospitalized in intensive-care
units, in transplantation units, and immunocompromised
patients.

Since the intestinal flora is the main reservoir of Enter-
obacteriaceae, rectal swabs and stools are the most suitable
clinical samples for performing this screening. These spec-
imens may be plated on screening medium, either directly
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or after an enrichment step in broth containing imipenem
0.5–1𝜇g/mL or ertapenem 0.5 𝜇g/mL [98, 99]. In outbreak
situations, this enrichment step might increase the sensitivity
of the screening and consequently reduce the number of
potential false-negative results by increasing the inoculum
of the targeted strain. On the opposite, its disadvantage is
the induced delay (12–24 h) needed to confirm or reject
carbapenemase detection. Although the efficiency of this
enrichment step has not been evaluated for NDM producers,
it has already been shown to improve the detection of KPC
producers.

Regardless of the enrichment step, the specimens have to
be plated on selectivemedia. For that purpose, several screen-
ingmedia have been evaluated and compared to the screening
of carriers of NDMproducers. One of the first testedmedium
was the ChromID ESBL culture medium (bioMérieux) con-
taining cefpodoxime used as a selector and which is routinely
used to screen ESBL producers. Since NDM enzymes have
a broad-spectrum activity, they hydrolyze not only car-
bapenems but also expanded-spectrum cephalosporins very
efficiently. Therefore, detection of NDM-producing isolates
using ChromID ESBL (aimed do detect ESBL producers)
is possible but with a low specificity since the selective
agent is a cephalosporin and not a specific carbapenemase
substrate (e.g., a carbapenem). Several media supplemented

with a carbapenemhave been developed andmarketed for the
screening of carbapenemase producers. The first screening
medium targeting KPC producers was the CHROMagar
KPCmedium that containsmeropenem (CHROMagar, Paris,
France) [100]. Using thismedium, carbapenem-resistant bac-
teria are well detected when they exhibit relatively high-level
resistance to carbapenems. Its main disadvantage remains in
its lack of sensitivity, since it does not detect carbapenemase
producers with low-level carbapenem resistance. Indeed,
although NDM producers have often high level resistance
to carbapenems, several isolates that exhibited MICs com-
prised between 0.5 and 1 𝜇g/mL, making their detection
difficult on screening media containing high concentration
of carbapenems [78, 93, 101]. Colorex KPC (E&O labora-
tories, Bonnybridge, UK), another screening medium for
carbapenemase producers, also contains meropenem. Since
the content of this medium is reported to be identical to
that of CHROMagar KPC, only NDM producers with high-
level resistance to carbapenems may be detected, leading to
an accurate detection of 57% to 64% of NDM-producing
Enterobacteriaceae using this medium [55, 102]. A third
commercially available screening medium also contains a
carbapenem (CRE Brilliance, Thermo Fisher Scientific, UK).
Depending on the study, sensitivities for detection of patients
colonized with NDM producers were reported to be 63%
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to 85% using this medium [102, 103]. Another screening
medium also containing a carbapenem is the ChromID
CARBA (bioMérieux, La Balmes-les-Grottes, France). This
commercially available medium has been reported to be
more sensitive (87.5% to 94%) than the others for the
detection of NDM-producing Enterobacteriaceae [55, 102,
103]. Finally, a homemade screening medium containing
ertapenem, cloxacillin, and zinc, namely, the SUPERCARBA
medium, has an excellent sensitivity and specificity for
the detection of carbapenemase producers, including NDM
producers. The zinc supplementation and the low ertapenem
concentration allow the efficient detection of all NDM pro-
ducers regardless of their level of resistance to carbapenems
[101, 104]. Consequently, using the SUPERCARBA medium
and performing the Carba NP test on isolated colonies might
be proposed as the recommended strategy for screening of
carbapenemase producers [105].

In order to avoid the additional 24 h to 48 h before
the carriage status of the patient can be established using
those screening media an in-house quantitative real-time
PCR assay using the TaqMan chemistry has been developed
to detect the NDM-encoding genes directly from spiked
stool samples. The bacterial extraction from stool samples
was performed manually or adapted to a fully automated
extraction system. This assay was found to be 100% specific
and sensitive with detection limits reproducible below 1 ×
101 CFU/100mg of feces [95]. However, this technology
remains expensive and is thus considered to be a valuable tool
in the follow-up of an outbreak and cohorting of colonized
patients.

9. Conclusion

The rapid diffusion of NDM producers is of particular
concern since this now corresponds to a worldwide-located
outbreak. Additional knowledge in relation to the driven
forces behind the spread of those multidrug-resistant isolates
is now required, in order to better understand the dynamics
of the NDM producers.

Among the most important features of NDM producers,
one may retain that those NDM producers are not only
nosocomial enterobacterial pathogens, but also community-
acquired Enterobacteriaceae or other Gram-negative species,
such as A. baumannii. Such diffusion pattern of multidrug
resistance is unique for NDM producers and not observed
currently for none of the producers of other types of car-
bapenemases (OXA-48, KPC, IMP. . .).

The reservoir of those NDM producers is mainly located
in Southeast Asia where the rate of carriers is estimated to
be ca. 20%. However, it is difficult to predict the number of
tourists in India, Pakistan, and Bangladesh (more than 10
million in 2012) that will bring back those NDM producers
at a carrier stage in stools. The size of that reservoir may
explain the rapidity of the dissemination of NDM producers
worldwide. Accordingly, NDM producers are now on the top
list of carbapenemase producers in European countries such
as the UK and even in France.

Due to the population demography of the NDM reser-
voirs coupled with the difficulties to implement hygiene

measures or an efficient antibiotic stewardship program in
those countries, the outbreak will not stop spontaneously.
On the opposite, we will see an acceleration of the NDM
producers spread worldwide. Hopefully the rate of NDM
producers will not reach those currently observed for ESBL
producers (20–80% worldwide).The spread of ESBL produc-
ers is an important driving force for usage of carbapenems
that will enhance selection of carbapenemase producers. The
only significant action we may actually take currently in
Western countries which are not endemic for carbapenemase
producers is to sustain the wide usage of rapid detection
techniques now available and the extended screening of
potential carriers at least in hospitals.

It is likely that novel antibiotic molecules such as the
combination of aztreonam and avibactam may be launched
in a near future and may bring some therapeutical open-
ings. However there is an urgent need to finance novel
research programs for discovering novel anti-Gram negatives
molecules and to implement worldwide-located surveillance
network of multidrug antibiotic resistance with sentinel labs.
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[12] B. Berçot, L. Poirel, L. Dortet, and P. Nordmann, “In vitro
evaluation of antibiotic synergy for NDM-1-producing Enter-
obacteriaceae,” Journal of Antimicrobial Chemotherapy, vol. 66,
no. 10, pp. 2295–2297, 2011.

[13] D. M. Livermore, S. Mushtaq, M. Warner et al., “Activities of
NXL104 combinations with ceftazidime and aztreonam against
carbapenemase-producing Enterobacteriaceae,” Antimicrobial
Agents and Chemotherapy, vol. 55, no. 1, pp. 390–394, 2011.

[14] S. Shakil, E. I. Azhar, S. Tabrez et al., “New Delhi metallo-𝛽-
lactamase (NDM-1): an update,” Journal of Chemotherapy, vol.
23, no. 5, pp. 263–265, 2011.

[15] P. Bogaerts, R. Rezende de Castro, S. Roisin et al., “Emergence
of NDM-1-producing Acinetobacter baumannii in Belgium,”
Journal of Antimicrobial Chemotherapy, vol. 67, no. 6, pp. 1552–
1553, 2012.

[16] R. A. Bonnin, T. Naas, L. Poirel, and P. Nordmann, “Phe-
notypic, biochemical, and molecular techniques for detection
of metallo-𝛽-lactamase NDM in Acinetobacter baumannii,”
Journal of Clinical Microbiology, vol. 50, no. 4, pp. 1419–1421,
2012.

[17] A. Boulanger, T. Naas, N. Fortineau, S. Figueiredo, and P.
Nordmann, “NDM-1-producing Acinetobacter baumannii from
Algeria,”Antimicrobial Agents and Chemotherapy, vol. 56, no. 4,
pp. 2214–2215, 2012.

[18] Y. Chen, Y. Cui, F. Pu et al., “Draft genome sequence of an
Acinetobacter genomic species 3 strain harboring a 𝑏𝑙𝑎NDM-1
gene,” Journal of Bacteriology, vol. 194, no. 1, pp. 204–205, 2012.

[19] Y. Chen, Z. Zhou, Y. Jiang, and Y. Yu, “Emergence of NDM-
1-producing Acinetobacter baumannii in China,” Journal of
Antimicrobial Chemotherapy, vol. 66, no. 6, pp. 1255–1259, 2011.

[20] P. Espinal, G. Fugazza, Y. López et al., “Dissemination of an
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Modified Hodge Test (MHT) has been suggested as screening tests for carbapenemases, but concerns regarding its difficult
interpretation and common false-positive results obtained in the presence of other 𝛽-lactamases have been noted.This study aimed
to quantify the enhanced growth formed by the indicator strain and thus evaluate the performance of a quantitative interpretation
of MHT for KPC screening. MHT was performed in 50 KPC-producing isolates and 334 non-carbapenemase-producing isolates,
using ertapenem (ETP) and meropenem (MEM) as substrates. The size of enhanced growth of indicator strain was measured for
each isolate tested and for the positive control used, and a ratio was calculated. Our results revealed 17 different ETP and MEM
ratios, with distinct sensitivity (SN) and specificity (SP). Higher SN combined to higher SP was achieved when ETP and MEM
ratios were 0.45, with a SN value of 96% for both substrates and SP values of 99.4% and 100% for ETP and MEM, respectively. The
quantification with both substrates increased SP of the test for KPC detection. Considering that MHT is the unique phenotypic test
that is referred to by CLSI, a more accurate approach for its interpretation could be applied to make it a more useful tool.

1. Introduction

The global spread of Klebsiella pneumoniae carbapenemases
(KPC) in Enterobacteriaceae in the last decade poses as a
serious public health threat, since it leads to variable levels of
carbapenem resistance and few therapeutic options remain
available for treating such infections [1, 2]. Moreover, KPC
codifying genes are harbored in genetically mobile elements
allowing their rapid spread among gram-negative rods [3].

Molecular methods are the gold standard to detect the
KPC genes; however, although no longer recommended nei-
ther byCLSI nor by EUCAST, screening testmay be necessary
to discriminate which isolates with reduced susceptibility to
carbapenems are more likely to produce KPC, particularly
in low-income settings. Many screening tests for Ambler

Class A carbapenemases have been presented in recent years,
including the Modified Hodge Test (MHT) and tests based
on boronic acid (BA) [4–6], as well as the combined use
of 𝛽-lactamase inhibitors, including BA, EDTA, dipicolinic
acid, and cloxacillin in order to differentiate Class A from
other carbapenemases, such as metallo-𝛽-lactamases and
AmpC 𝛽-lactamases [7, 8]. Although MHT often presents
high sensitivity (>90%) [4, 5, 9], its interpretation is usually
difficult and also subjective [10, 11]. Moreover, many studies
have demonstrated positive results in MHT in the presence
of other 𝛽-lactamases, such as ESBL and AmpC coupled
with porin loss [5, 10, 12, 13]. Although some new and
more practical phenotypic methods have been proposed for
carbapenemase detection [14, 15], MHT is inexpensive and
accessible for virtually all clinical laboratories.
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Since MHT positivity depends on the enzymatic activity,
it should be expected that the enhanced growth intensity
would be bigger with stronger hydrolytic activity of the
enzyme. In this study, we evaluate the sensitivity (SN) and
specificity (SP) of a quantitative interpretation of MHT for
KPC detection.

2. Materials and Methods

2.1. Bacterial Isolates. A panel of distinct genera of Enter-
obacteriaceae resistant or with reduced susceptibility to
ertapenem (ETP) and/or meropenem (MEM) by disc-
diffusion test (zone of inhibition ≤ 21mm) was included in
the study [16]. A total of 50 KPC-producing and 334 non-
carbapenemase-producing clinical isolates were recovered
from 13 Brazilian hospitals from 2009 to 2011. All of them
were previously identified by conventional techniques and
by use of VITEK2 (bioMeriéux, France). CarbapenemsMICs
were performed according to CLSI [17] and the distribution
of both MIC

50
and MIC

90
groups is shown in Table 1.

Carbapenemases were first investigated by multiplex real-
time PCR for detection of 𝑏𝑙𝑎KPC, 𝑏𝑙𝑎VIM, 𝑏𝑙𝑎GES, 𝑏𝑙𝑎NDM,
𝑏𝑙𝑎OXA-48, and 𝑏𝑙𝑎IMP genes [18]. Of the carbapenemases
evaluated by PCR, only the KPC enzymewas detected among
the isolates. All isolates were double-checked for the presence
of 𝑏𝑙𝑎KPC by a different set of primers in a simplex PCR
[19]. The positive control strains used in this study included
a KPC-producing K. pneumoniae ATCC BAA-1705, a VIM-
producing P. aeruginosa, a GES-producing K. pneumoniae,
a NDM-producing K. pneumoniae, a OXA-48-producing K.
pneumoniae, and a IMP-producing P. aeruginosa.

2.2. MHT Performance and Quantification. The MHT was
performed for all isolates as recommended by CLSI [17].
In order to investigate the performance of both substrates,
ETP and MEM disks were placed on the agar plate seeded
with E. coli ATCC 25922 (indicator strain). The isolates were
inoculated in a straight line out from the edge of the disk to
the edge of the plate. The plates were incubated at 35 ± 2∘C
during 20 hours. The KPC-producing K. pneumoniae ATCC
BAA 1705 was used as positive control in all experiments.
For both substrates, the size of enhanced growth of indicator
strain was measured in millimeters (mm) with a ruler, for
each isolate tested and for the positive control used in
each experiment separately, as demonstrated in Figure 1.
For data analysis, a ratio was calculated according to the
formula below, and then an ETP enhanced growth ratio and a
MEM enhanced growth ratio were established for all isolates
evaluated:

𝑅 = (size of enhanced growth obtained

from isolate tested (mm))

× (size of the enhanced growth obtained

from positive control strain (mm))−1.

(1)

The use of a ratio instead of using only the measurement
of the enhanced growth generated by each isolate was

Figure 1: Quantification of Modified Hodge Test (MHT). The
enhanced growth ratio of ETP and MEM subtracts were obtained
from the measure (mm) of the enhanced growth of E. coli ATCC
25922 for both the isolate and the KPC-producing positive control
(K. pneumoniae ATCC BAA 1705) and a ratio was calculated. In
this example, B is the positive control and the enhanced growth
measured for ETP was 10mm. The enhanced growth measured for
isolates A and C was 5 and 2mm, respectively, resulting in ETP
enhanced ratios of 0.5 and 0.2, respectively.

chosen in order to minimize the variations inherent to the
method, since it minimizes possible distinct growths that a
same isolate could produce in a distinct day test and also
discounts variations due to different agar media or disk
suppliers, for example. The readings were done through the
back of the plate in a dark background. To ensure the test
reproducibility and the intra- and interobserver integrity, 30
isolates (15 KPC-producers and 15 KPC-nonproducers) were
randomly selected to be tested again and the interpretation
was performed by two independent investigators who were
blinded for the carbapenemase results.

2.3. Statistical Analysis. The SN, SP, and receiver operating
characteristic (ROC) curves and their respective 95% CI for
ETP and MEM ratios were calculated using SPSS version
18.0. SN and SP were calculated using PCR as gold standard.
The positive predicted values (PPV) and negative predictive
values (NPV) of the test using both substrates were calculated
according to estimated population prevalence of 𝑏𝑙𝑎KPC-2.
Agreement between intraobserver of two distinct investi-
gators and interobserver readings was assessed by Bland-
Altmann analysis, assuming the first reading as standard.
Statistical significance was considered when the 𝑃 value was
<0.05.

3. Results

All isolates were submitted to MHT quantification and
revealed 17 different ETP and MEM ratios by the ROC
curves. The SN and SP of conventional reading of MHT
(any enhanced growth, represented by lower ratios), with
both ETP and MEM as substrates, were 100% and 28.4%.
Depending on the enhanced growth ratio used for positive
or negative MHT result, the SN and SP of ETP for KPC
detection ranged from 58% to 100% and from 28.4% to 99.7%,
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Table 2: Sensitivity (SN) and specificity (SP) of distinct values of
ertapenem (ETP) enhanced growth ratios.

ETP ratios SN (%) SP (%)
0.045 100.0 28.4
0.095 100.0 29.3
0.106 100.0 63.5
0.118 100.0 64.1
0.134 100.0 65.6
0.171 100.0 67.1
0.211 96.0 90.7
0.254 96.0 91.3
0.293 96.0 92.5
0.317 96.0 97.0
0.367 96.0 97.3
0.450 96.0 99.4
0.583 94.0 99.7
0.683 92.0 99.7
0.750 82.0 99.7
0.850 70.0 99.7
0.950 58.0 99.7

Table 3: Sensitivity (SN) and specificity (SP) of distinct values of
meropenem (MEM) enhanced growth ratios.

MEM ratios SN (%) SP (%)
0.045 100.0 28.4
0.095 100.0 29.3
0.113 100.0 79.0
0.134 100.0 79.9
0.162 100.0 81.7
0.191 100.0 82.3
0.225 98.0 94.6
0.268 98.0 95.2
0.293 98.0 95.8
0.350 96.0 98.5
0.450 96.0 100.0
0.550 94.0 100.0
0.560 90.0 100.0
0.750 86.0 100.0
0.838 66.0 100.0
0.888 62.0 100.0
0.950 54.0 100.0

respectively (Table 2), and from 54% to 100% and 28.4%
to 100% for MEM, respectively (Table 3). As both ETP and
MEM ratios increase, the SP also increases. In contrast, as
both increase, the SN decreases.

The highest combined SN and SP values obtained for
both substrates were a ratio = 0.45 (Tables 2 and 3). If ratios
<0.45 were assigned as a positive MHT, two KPC-producing
isolates would be considered negative for both substrates:
an E. cloacae (ETP ratio = 0.2 and MEM ratio = 0.3) and

a S. marcescens (ETP and MEM ratio = 0.2). Among non-
carbapenemase-producing isolates, two E. cloacae showed a
ratio ≥ 0.45 only when ETP was used as substrate, with ratios
of 0.5 and 1.0. For these two isolates, ESBL production was
performed by phenotypic tests using combination-disk assay
with clavulanic acid as inhibitors, as well as by PCR for the
presence of 𝑏𝑙𝑎CTX-M [17, 20].The presence of AmpCwas also
investigated, as described by Giske et al. [8]. Both isolates
presented positive results with cloxacillin assay, indicating
the presence of an AmpC, and the first one also showed the
presence of a CTX-M.

The PPV and NPV for quantitative MHT are shown
in Table 4. The area under the curve (AUC) calculated
for ER was 0.990 (95% confidence interval [CI] 0.977–
1.0) (Figure 2(a)) and for MR 0.997 (95% [CI] 0.992–1.0)
(Figure 2(b)). The Bland-Altmann analysis indicated that
there was intra- and interobserver agreement in the readings.
The comparisons included intraobserver agreement of ER for
two different investigators (𝑃 = 0.081 and 𝑃 = 0.073), in-
traobserver agreement of MR also for both investigators (𝑃 =
0.962 and 𝑃 = 0.078), and interobserver agreement for
both substrates (𝑃 = 0.894 and 𝑃 = 0.136). Most reading
disagreements were ≤1mm.

4. Discussion

KPC dissemination among Enterobacteriaceae isolates in
recent years has challenged clinical laboratories to provide a
rapid, inexpensive, and accurate result of which isolate with
reduced susceptibility to carbapenems would more likely
produce these enzymes. AlthoughMHT fulfilled the first two
characteristics, it is an inaccurate test, since false-positive
resultsmay be found in isolates producing other𝛽-lactamases
with some marginal carbapenemase activity, such as AmpC
and ESBLs [5, 10].

The results of the present study indicate that both SN and
SP vary according to the size of the enhanced growth of the
indicator strain. For both substrates analyzed, ETP andMEM,
our results clearly demonstrated that higher ratios originated
higher SP values, whereas lower ratios originated higher SN.
Therefore, as previously hypothesized, ETP and MEM ratios
are directly proportional to SP and inversely proportional
to SN in carbapenemase detection. It is interesting to note
that, using the conventional qualitative MHT interpretation,
the SN was 100% for both substrates; however, unacceptable
low SP values (28.4%) were obtained. In our study, the SN of
ETP andMEMratios≥0.45 (96%)was only slightly decreased
in comparison with the SN (100%) of the conventional
qualitative MHT reading, and it was similar to the SN values
of MHT reported in other studies (>90%) [17, 21, 22]. The
PPV and NPV found for both substrates indicated that the
quantitative MHT is a useful and reliable test to be used in
settings with low and high prevalence of KPC-2-producing
bacteria. Regarding overall accuracy, MEM tended to have a
better performance compared to ETP, with an AUC of 0.997
compared to 0.990 for the last. These results were driven
by the better SP values when using MEM as substrate. The



BioMed Research International 5

Table 4: Positive predictive values (PPV) and negative predictive values (NPV) of the quantitative Modified Hodge Test, according to
estimated population prevalence of blaKPC-2.

Population prevalence
of blaKPC-2

MEM ERT
PPV

(95% CI)
NPV

(95% CI)
PPV

(95% CI)
NPV

(95% CI)

10% 97.3%
(87.8–99.4%)

99.6%
(98.5–99.9%)

94.7%
(83.8–98.4%)

99.6%
(98.5–99.9%)

20% 98.8%
(94.2–99.8%)

99.0%
(96.7–99.7%)

97.6%
(92.1–99.3%)

99.0%
(96.7–99.7%)

30% 99.3%
(96.5–99.9%)

98.3%
(94.5–99.5%)

98.6%
(95.2–99.6%)

98.3%
(94.5–99.5%)

50% 99.7%
(98.0–99.9%)

96.1%
(88.0–98.8%)

99.4%
(97.9–99.8%)

96.1%
(88.0–98.3%)

70% 99.9%
(99.3–100%)

91.4%
(75.9–97.3%)

99.7%
(99.1–99.9%)

91.4%
(75.9–97.3%)

MEM: meropenem; ERT: ertapenem.
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Figure 2: Ertapenem enhanced growth ratio (ER) ROC curve (a) and meropenem enhanced growth ratio (MR) ROC curve (b). AUC = area
under the curve; CI = confidence interval.

agreement analysis of intra- and interobserver indicated that
the readings are reproducible and that the ratios generated on
different days are reliable.

A limitation of our study was that only KPC carbapen-
emase was assessed, and these findings may not be applied
to other carbapenemases types. Considering that MHT is
not specific for KPC detection, it could be expected that
the SN and SP would vary in a similar way with other car-
bapenemases, although further studies are needed to confirm
this hypothesis. Quantification of MHT primarily aims to
differentiate the presence of carbapenemase production from
other enzymeswithminimal carbapenemase activity. It is also
known that the 0.45 cut-off must not be taken as definitive
and its accuracy should be further investigated.

5. Conclusions

Our study showed that distinct sizes of enhanced growth of
the indicator strain in MHT determine different SN and SP
for the detection of carbapenemase-producing isolates. The
quantification ofMHTwith either ETP orMEM as substrates
increases SP of the test for the detection of carbapenemase
activity in Enterobacteriaceae with minimal impairment in
the SN, when compared with the conventional reading of
the MHT. Although other phenotypic tests are currently
available, the quantification of MHT may be an alternative
screening test, particularly for clinical laboratories from low-
income regions. The quantification of MHT must be further
investigated with other non-KPC-type carbapenemases.
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The spread of carbapenemase-producing Enterobacteriaceae is a global problem; however, no exact data on the epidemiology of
carbapenemase in theBaltic countries and St. Petersburg area is available.We aimed to evaluate the epidemiology of carbapenemase-
producing Escherichia coli and Klebsiella pneumoniae in the Baltic States and St. Petersburg, Russia, and to compare the different
methods for carbapenemase detection. From January to May 2012, all K. pneumoniae (𝑛 = 1983) and E. coli (𝑛 = 7774) clinical
isolates from 20 institutions in Estonia, Latvia, Lithuania, and St. Petersburg, Russia were screened for carbapenem susceptibility.
The IMP, VIM, GIM, NDM, KPC, and OXA-48 genes were detected using real-time PCR and the ability to hydrolyze ertapenem
was determined using MALDI-TOF MS. Seventy-seven strains were found to be carbapenem nonsusceptible. From these, 15 K.
pneumoniae strains hydrolyzed ertapenem and carried the 𝑏𝑙𝑎NDM gene. All of these strains carried integron 1 and most carried
integron 3 as well as genes of the CTX-M-1 group. No carbapenemase-producing E. coli or K. pneumoniae strains were found
in Estonia, Latvia, or Lithuania; however, NDM-positive K. pneumoniae was present in the hospital in St. Petersburg, Russia. A
MALDI-TOF MS-based assay is a suitable and cost-effective method for the initial confirmation of carbapenemase production.

1. Introduction

Antibiotic resistance remains a major global public health
problem that leads to increasing healthcare costs, extra
length of hospital stay, and treatment failures [1]. The recent
European Antimicrobial Resistance Surveillance Network
(EARS-Net) report indicates that although the occurrence of
antibiotic resistance in gram-positive pathogens appears to

be stabilizing or even decreasing in some countries Europe-
wide increase in antimicrobial resistance in gram-negative
pathogens, such asEscherichia coli andKlebsiella pneumoniae,
is occurring [1].

An emerging problem is the spread and increasing preva-
lence of carbapenemase-producing gram-negative bacteria.
For example, outbreaks of Klebsiella pneumoniae carbapen-
emase (KPC)-positive K. pneumoniae occurred in the USA
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in 2001 and subsequently spread throughout the world; New
Delhi metallo-𝛽-lactamase (NDM-1)-positiveK. pneumoniae
was imported from India and spread to the United Kingdom
in 2010 [2]. As high as a 50% prevalence of metallo-𝛽-lacta-
mases were reported in K. pneumoniae blood isolates in
Greece [3].

In a recent European study, most participants declared
sporadic cases or outbreaks of carbapenemase-producing
Enterobacteriaceae [4]. Although carbapenem nonsuscepti-
ble E. coli and K. pneumoniae cases have also been reported
in the Baltic states, no exact epidemiological data are avail-
able, and these cases were not confirmed using molecular
methods.

The detection of carbapenemases in clinicalmicrobiology
labs is challenging [5] because phenotypic tests are time con-
suming and difficult to interpret and the molecular methods
are not available in routine diagnostic labs in our region.
Additionally, the increasing number of new carbapenemases
makes molecular tests unsuitable for the initial detection
of carbapenemase production. Recently a MALDI-TOF MS
(matrix-assisted laser desorption ionization-time of flight
mass spectrometry) assay has been described as a potentially
useful tool for the detection of𝛽-lactamase activity [6, 7].This
technique is based on the detection of 𝛽-lactams degradation
products. However, this method has not yet been introduced
in routine diagnostics or validated in different geographical
regions.

The aim of our study was to evaluate the epidemiology of
carbapenemases in the Baltic countries and St. Petersburg
area by applying different mass-spectrometry andmolecular-
based detection methods.

2. Materials and Methods

2.1. Collection of Strains. A total of 20 institutions from the
followingBaltic countries and St. Petersburg area participated
in our study: Estonia (𝑛 = 5), Lithuania (𝑛 = 3), Latvia
(𝑛 = 4), and the Saint-Petersburg region in Russia (𝑛 = 8).
From January 1 to May 31, 2012, all isolated E. coli and
K. pneumoniae nonduplicated strains were screened for
carbapenem nonsusceptibility according to European Com-
mittee of Antimicrobial Susceptibility Testing (EUCAST 2.0;
applied in Baltic states) or Clinical and Laboratory Standard
Institute (CLSI 2011; applied in Russia) standards in the par-
ticipating labs. Carbapenem nonsusceptibility to ertapenem
and/or meropenem was detected using disc-diffusion or
broth dilution methods. Strains from all clinically relevant
materials that were routinely sent to these microbiology labs
were included. Environmental and surveillance samples were
not included in our study. In total, 9757 strains were isolated
and screened for carbapenem nonsusceptibility and included
E. coli from hospitalized patients (𝑛 = 4799) and outpatients
(𝑛 = 2975) and K. pneumoniae from hospitalized patients
(𝑛 = 1631) and outpatients (𝑛 = 352). All screening positive
strains were sent to and further investigated in the Estonian
central lab.

2.2. Strains Data. Institution (numbers of beds, admissions,
and patient days), strain-related (sampling date, origin of

isolation/material, and resistance pattern detected in the
local labs), and patient-related data (patient age, outpatient
or hospitalized patient, and department type) were also
collected for the carbapenem nonsusceptible strains.

2.3. Phenotypic Description of Strains. Species identification
of these strains was confirmed in the central lab using
MALDI-TOF MS (Maldi Biotyper, Bruker Daltonics GmbH,
Germany). Carbapenem nonsusceptibility was confirmed
using the agar-gradient method with ertapenem, mero-
penem, and imipenem strips (Liofilchem, Italy) on Muller-
Hinton agar (Oxoid Limited, UK) according to the manu-
facturer’s recommendations andwas interpreted according to
EUCAST standards (http://www.eucast.org/).

2.4. Mass-Spectrometry-Based Confirmation of Carbapene-
mase Production. Carbapenem nonsusceptible strains were
analyzed using a mass-spectrometry-based semi quantitative
resistance assay method that was described previously by
Burckhardt and Sparbier [8, 9] and modified according to
Dr. Katrin Sparbier’s recommendations (personal communi-
cation).

Bacterial strains were grown for 18 to 24 h on 5% sheep
blood agar plates (Microlabor, Estonia) at 36∘C.The cells were
then resuspended in thirtymicroliters of 0.45%NaCl solution
with or without 1 g/litre ertapenem (MSD, USA) in 1.5-mL
Eppendorf tubes and the amount of bacteria filled a 1-𝜇L-
inoculation loop (corresponding to 3–6 × 108 cells, 1mL of a
McFarland 1-2).The suspension was incubated for 2 h at 37∘C
under agitation and then centrifuged for 2min at 13.000 rpm
at 20∘C. One microliter of the cleared supernatant was added
to each target spot and dried at room temperature, and
1 𝜇L of matrix (HCCA [𝛼-cyano-4-hydroxycinnamic acid],
high-pressure liquid chromatography [HPLC] grade; Fluka,
Germany) was added to each target spot.

MALDI-TOF MS analysis was performed using a
Microflex LT instrument (Bruker Daltonics GmbH, Ger-
many) and 96-spot, polished-steel targets. The specifically
modified protocol was used (0 to 1 000Da, 12 to 17% laser
intensity). For one spectrum, approximately 200 to 300 shots
were summed and the HCCA peak at 379Da was used for
calibration. The mass spectrum between 438 and 530Da was
analyzed using 3.0 software flexAnalysis (Bruker Daltonics
GmbH, Germany). Carbapenem nonsusceptible strains were
analyzed in six reaction sets and each set contained positive
(carbapenemase-producing strain) and negative controls
(strain incapable of carbapenemase production), and during
each reaction set, the characteristic mass spectrum of pure
ertapenem was measured.

An automated evaluation algorithm for the MALDI-
TOF MS-based functional 𝛽-lactamase assay (MSBL assay)
was implemented using Bruker Daltonics software prototype
(which is underdevelopment and not yet commercially avail-
able) that was employed in cooperation with Sparbier et al.
[10]. This software automatically calculates the logarithm of
the sum ratio of the intensity of all peaks that corresponded
to the hydrolyzed form and the sum of the intensities of
all peaks that corresponded to the non-hydrolyzed form of
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the antibiotic (logRQ). The results were displayed in a box
plot diagram [10]. This automated evaluation was used as a
control method for the visual analysis of the spectra.

2.5. Molecular Characterization of Strains. Total bacteria
DNA from the clinical samples was extracted using the
QIAamp DNA Mini Kit (Qiagen, Germany). Plasmid DNA
was extracted using the NucleoSpin Plasmid Quick Pure kit
(Macherey-Nagel, France).

Genes encoding IMP, VIM, GIM, NDM, OXA-48, and
KPC-group carbapenemases were detected using a multiplex
real-time PCR reaction that was based on the protocols
published previously by Mendes et al. [11], Poirel et al. [12],
Samuelsen et al. [13], and Chen et al. [14]. Amplification was
performed in a 20-𝜇Lmixture that contained 10𝜇L of a Power
SYBR Green PCRMaster Mix (Applied Biosystems, UK) and
six pairs of primers (concentration rate is 10𝜇M) in 3 different
PCRs (Table 1(a)) using Applied Biosystems StepOnePlus
Real-Time PCR system (Life Technologies, USA). The PCR
conditions were as follows: 1 cycle at 50∘C for 2min, initial
denaturation at 94∘C for 5min; 35 cycles of 94∘C for 20 s, 53∘C
for 45 s for the blaIMP, blaVIM, and blaGIM genes, or 60∘C for
45 s for the blaOXA-48, blaNDM, and blaKPC genes, and 72∘C for
30 s; and amelt curve step at 95∘C for 15 s, 60∘C for 1min, and
95∘C for 15 s.

The presence of different blaCTX-M subgroups was deter-
mined using a multiplex real-time PCR protocol [15] that
displayed the group designation (CTX-M-1/-2/-9 and 8/25) of
the blaCTX-M-positive isolates. The method used one primer
pair that was specific for all four groups. Four TaqMan probes
were included in the reactions and bound to PCR products
according to the CTX-M subgroup.

To detect integrons, real-time PCRwas performed as pre-
viously described [16] with a reaction mixture of 25 𝜇L that
contained 5𝜇L ofDNA template, 12.5 𝜇L of TaqMan universal
master mix (Applied Biosystem, USA), 6mMMgCl

2
, 0.4 𝜇M

of each primer (int1-(LC1-LC5), int2-(LC2-LC3), and int3-
(LC1-LC2)), and 0.2 𝜇M of each probe (int1, int2, and int3;
Table 1(b)). The programme was as follows: 10 min initial
step at 95∘C, followed by 45 cycles at 95∘C for 30 sec and
60∘C for 1min, and it was performed using a 7500 real-time
PCR detection system (Applied-Biosystem, USA) and optical
grade, 96-well plates. Assayswere performed in triplicate, and
a negative control was included on each plate.

2.6.Quality Control Strains. In the carbapenemases detection
studies (MALDI-TOF based assay and real-time PCR) the
following control strains were used: Swedish Institute for
Communicable Disease Control (Sweden) carbapenemases
detection control set including IMP-positive Pseudomonas
aeruginosa Ps540, VIM-positiveK. pneumoniaeCCUG58547,
GIM-positive P. aeruginosa, NDM-1-positive K. pneumo-
niae K275, OXA-48-positive K. pneumoniae Oxa241, KPC-
positive K. pneumoniae K271, and MBL-positive Klebsiella
pneumoniae KSKS2823 and EuSCAPE (European survey
on carbapenemase-producing Enterobacteriaceae) project
quality control set (provided by NEQAS) including KPC-
positive K. pneumoniae 1940, KPC-2-positive K. pneumoniae
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Figure 1: Percentages of carbapenem nonsusceptible Klebsiella
pneumoniae strains in particular hospitals (dots) and the country
averages (lines). LT: Lithuania, LV: Latvia, RU: Russia, St. Petersburg,
and EE: Estonia.

1944, KPC-3-positive K. pneumoniae 1942, OXA-48-positive
K. pneumoniae 1943, VIM-1-positive K. pneumoniae 1945,
NDM-1-positiveK. pneumoniae strains 1946 and 1948, IMP-1-
positiveK. pneumoniae 1947, and NDM-1-positive Enterobac-
ter aerogenes 1941.

In CTX-M detection studies we used E. coli CCUG55971
(CTX-M-1 group), E. coli CCUG55972 (CTX-M-2), E. coli
CCUG55970 (CTX-M-9), and E. aerogenes isolate Rio3
(CTX-M-8/25) as positive controls. These strains were pro-
vided from Swedish Institute for Communicable Disease
Control.

For integron detections the following strains were used
as positive templates: E. coli/pBad::int1; E. coli/pGEMTeasy::
int2; and E. coli/pBad::int3 provided from the Department of
Bacteriology of University of Limoges (France).

For negative controls wild-type E. coli andK. pneumoniae
clinical strains were used.

3. Results

According to initial screening and identification confirma-
tion, 80 isolates appeared to be nonsusceptible to carbape-
nem. After minimal inhibitory concentration (MIC) confir-
mation using the agar-gradient method, 77 strains had MIC
values above the epidemiological cut-off according to the
EUCAST standard for any tested carbapenem (nonwild type
strains), including 73 K. pneumoniae and 4 E. coli strains.
The prevalence of the carbapenem nonsusceptible strains in
the institutions of the participating countries is shown in
Figure 1.

3.1. Carbapenemase ProductionConfirmation byMALDI-TOF
MS. Of the 77 phenotypically carbapenem nonsusceptible
strains, 15 were able to hydrolyze ertapenem, as detected by
the MSBL assay.The spectra of all carbapenemase-producing
strains showed the hydrolyzed decarboxylated product of
ertapenem (450.5Da), which corresponded to high-strength
carbapenemase (Figure 2). The visual- and software-based
evaluations of the results gave the same results. An example of
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Table 1: (a) Primers for the detection of carbapenemase-encoding genes. (b) Primers and probes used for multiplex real-time PCR detection
of classes 1, 2, and 3 integrons.

(a)

Reaction number Primers Oligonucleotide sequence (5-3) Volume for reaction

PCR
Mix 1

IMP (forward) GAATAGRRTGGCTTAAYTCTC 2.5 𝜇L
IMP (reverse) CCAAACYACTASGTTATC 2.5 𝜇L
VIM (forward) GTTTGGTCGCATATCGCAAC 0.25 𝜇L
VIM (reverse) AATGCGCAGCACCAGGATAG 0.25 𝜇L
GIM (forward) TCAATTAGCTCTTGGGCTGAC 0.25 𝜇L
GIM (reverse) CGGAACGACCATTTGAATGG 0.25 𝜇L

PCR
Mix 2

NDM (forward) CAATATTATGCACCCGGTCG 0.5 𝜇L
NDM (reverse) ATCATGCTGGCCTTGGGGAA 0.5 𝜇L

OXA 48 (forward) GCGTGGTTAAGGATGAACAC 0.5 𝜇L
OXA 48 (reverse) CATCAAGTTCAACCCAACCG 0.5 𝜇L

PCR
Mix 3

KPC (forward) GGCAGTCGGAGACAAAACC 0.5 𝜇L
KPC (reverse) CCCTCGAGCGCGAGTCTA 0.5 𝜇L

(b)

Primers/probes Oligonucleotide sequence (5-3) Location
intI1-LC1 GCCTTGATGTTACCCGAGAG intI1
intI1-LC5 GATCGGTCGAATGCGTGT
intI2-LC2 TGCTTTTCCCACCCTTACC intI2
intI2-LC3 GACGGCTACCCTCTGTTATCTC
intI3-LC1 GCCACCACTTGTTTGAGGA intI3
intI3-LC2 GGATGTCTGTGCCTGCTTG
intI1-probe ATTCCTGGCCGTGGTTCTGGGTTTT intI1
intI2-probe TGGATACTCGCAAACAAGTTATTTTTACGCTG intI2
intI3-probe CGCCACTCATTCGCCACCCA intI3

the ertapenem hydrolyzation spectra visualised with software
prototype is presented in Figure 3.

3.2. Molecular Detection of Carbapenemase-Encoding Genes.
When analysing these 77 carbapenem nonsusceptible isolates
for carbapenemase-encoding genes, we found 15 isolates
that were positive for the blaNDM gene. All of the other 62
isolateswere negative for the blaIMP, blaVIM, blaGIM, blaOXA-48,
blaNDM, or blaKPC genes. The 15 isolates with the NDM gene
were also found to hydrolyze ertapenem by the MSBL assay.

3.3. Characterization of Strains. All carbapenemase produc-
ers were identified as K. pneumoniae and were isolated from
one St. Petersburg (Russia) hospital (Table 2). Most of these
strains were isolated from intensive care patients and were
isolated from different clinical materials. All of these strains
carried integron 1, and most carried integron 3 and the CTX-
M-1 group of genes. All strains were resistant to all of the
tested carbapenems, fluoroquinolones, and aminoglycosides.
When comparing the minimal inhibitory concentration
ranges of the carbapenemase producers and nonproducers,
we found that the producers had imipenem MICs ≥8 𝜇g/mL
and nonproducers had MICs ≤4 𝜇g/mL. For the other car-
bapenems the ranges overlapped.

4. Discussion

This was the first study to investigate carbapenem resistance
in the Baltic countries and St. Petersburg area that included
patients and sample types from the multiple largest medical
institutions in Estonia, Latvia, Lithuania, and St. Petersburg
and to apply molecular methods for characterization of
strains. We found high variation in carbapenem nonsus-
ceptibility (MICs above the epidemiological cut-off values)
between different institutions within particular countries
(highest in Russia: from 0% to 30%). However, variations
between the country averages were not so remarkable.
Although we found carbapenem nonsusceptible strains in
the Baltic states (Estonia, Latvia, and Lithuania), as was
described in previous EARS-Net reports, none of these were
actually carbapenemase producers.Therefore, after screening
nearly 10000 E. coli and K. pneumoniae strains, we conclu-
de that carbapenemases are not yet a problem in Baltic
countries. In these carbapenem nonsusceptible strains, some
other mechanisms, for example, production of CTX-M as
well as acquired cephalosporinases along with porin loss or
changes in efflux, are suspected. In these cases, carbapenem
resistance was usually low (relatively low MICs) and thus
infections could be treatedwith higher doses of carbapenems.
These strains appear to exhibit low spreading potential.
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Figure 2: MALDI-TOF MS spectrum showing ertapenem and its
degradation products. Spectrum related to (a) positive control
(Klebsiella pneumoniae metallo-𝛽-lactamase positive): hydrolyzed
decarboxylated product of ertapenem (450.5Da); (b) incubated
ertapenem solution: hydrolyzed decarboxylated product of
ertapenem (450.5Da), ertapenem molecule (476.5Da), and
ertapenem sodium adduct (498.5Da); (c) pure ertapenem solution:
hydrolyzed decarboxylated product of ertapenem (450.5Da),
ertapenem molecule (476.5Da), ertapenem sodium adduct
(498.5Da), and ertapenem disodium adduct (520.5Da); (d) New
Delhi Metallo-𝛽-lactamase-positive strain (Klebsiella pneumoniae):
hydrolyzed decarboxylated product of ertapenem (450.5Da);
(e) negative control (noncarbapenemase-producing Klebsiella
pneumoniae): hydrolyzed decarboxylated product of ertapenem
(450.5Da), ertapenemmolecule (476.5Da), and ertapenem sodium
adduct (498.5Da).

On the contrary, carbapenemase producers are associated
with therapy failures, outbreaks, and increased mortality
[17]. However, our study revealed high prevalence of NDM-
type carbapenemase-producing K. pneumoniae from one
St. Petersburg hospital. Infection control and antimicrobial
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Figure 3: Evaluation of the MALDI-TOFMS spectra of 16 different
Klebsiella pneumoniae strains using the new software prototype.
Differences in the hydrolysis rates of the different strains can easily
be detected: green area: no hydrolysis; yellow area: intermediate
hydrolysis; red area: hydrolysis.

resistance surveillance institutions of neighboring Baltic
States should be alerted when spreading of this strain occurs.

In our study, we also evaluated different methods, such
as MALDI-TOF, MICs of different carbapenems, and real-
time PCR, for the detection of carbapenemases in E. coli and
K. pneumoniae isolates. In this set of strains, we found good
correlation between functional assay, such as the MALDI-
TOF assay and molecular detections of specific carbapene-
mase genes. Thus, from a sensitivity and specificity point of
view, we found these methods to be equal. However, all of
these methods have some advantages and disadvantages, as
discussed below. The limitation of our study for evaluating
the different methods was the epidemiological situation in
the studied region, where only one type (NDM) of carbapen-
emase was present.

Whereas the molecular methods and the usage of car-
bapenems and the combinations of carbapenems and car-
bapenemase inhibitors have been available for years for
carbapenemase detection, the MALDI-TOF assay is a novel
method that is not fully standardized and has not been
tested for different strains sets and epidemiological sit-
uations. However, carbapenem resistance detection using
MALDI-TOF MS has many advantages when compared
to synergy/inhibition-based phenotypic methods or PCR.
First, depending on the type of carbapenemase, the results
can be available as soon as 2-3 h after the start of incuba-
tion. This is especially useful in an outbreak situation when
the carbapenemase has already been identified. The princi-
ple of degradation-product monitoring is universal for the
detection of other enzymatic resistance mechanisms, such
as extended spectrum 𝛽-lactamases (ESBL). Second, this
method is comparatively easy to perform [8]. Third, the
cost per determination is relatively low and is less than one
EUR per reaction [8]. The only problem may be the cost
of the equipment. However, MALDI-TOF MS has become
increasingly used in routine diagnostic labs over recent years
for the identification of pathogens.
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Table 2: Comparison of carbapenem nonwild type Klebsiella pneumoniae strains with and without carbapenemase production.

Carbapenemase
producers
(𝑛 = 15)

Carbapenemase
nonproducers

(𝑛 = 58)

Country

Russia 15 7
Estonia 0 37
Latvia 0 8

Lithuania 0 6

Department

Intensive care 14 8
Surgical 0 16
Medical 1 31

Outpatients 0 3

Material

Blood 1 1
Pus/wound 2 11

Urine 5 39
Lower respiratory 7 6
Upper respiratory 0 1

Genes detected (number of
positive strains)

NDM 15 0
IMP, VIM, GIM, KPC or OXA48 0 0

CTX-M-1 group 13 50
CTX-M-2 group 0 2
CTX-M-8 or 9 0 0
Integron 1 15 52
Integron 2 0 1
Integron 3 111 251

MIC values, mg/L
(range/median)

Ertapenem ≥322 0.125–≥32/62

Meropenem 4–≥32/123 0.032–4/0.53

Imipenem 8–≥32/324 0.094–4/0.54

Resistance (numbers:
𝑅 + 𝐼/tested strains)

Ciprofloxacin 15/15 49/51
Gentamycin 15/155 34/495

1
𝑃 = 0.04; 2,3,4𝑃 = 0.001; 5𝑃 = 0.01.

Unfortunately, a semiquantitative assay does not allow
for specification of the enzyme. Currently, a software tool
supporting an automated evaluation is under development
which will be able to calculate the hydrolysis capacity (Bruker
DaltonicsGmbH,Germany) [18]. Aprototype of this software
was also used in our study to compare it with the manual
method, and it was easy to use and gave reliable results with
our strain set.

PCR is the fastest way to determine which family of
𝛽-lactamase is present. However, PCR techniques are not
used in the majority of routine laboratories because of high
costs, absence of real-time equipment, and qualified per-
sonnel. In addition, this method can detect only previously
described enzymes. Mutations in a carbapenemase-encoding
gene could lead to negative results.

We found that of the carbapenem nonsusceptible strains,
most carbapenemase producers and nonproducers carried
the CTX-M 1 group of ESBL genes and class 1 integrons.
Although the class 3 integron was also found in carbapene-
mase nonproducers, it was more common in NDM-positive
K. pneumoniae strains. In previous studies, a high prevalence

of class 1 integrons in K. pneumoniae and its relation with
NDM genes have been reported [19–21]. However, rela-
tions between carbapenem nonsusceptibility (carbapene-
mase related or nonrelated) and the presence of class 3
integrons have not yet been described and require further
investigation.

In conclusion, carbapenemase-producing E. coli or K.
pneumoniae were not found in Baltic countries, but NDM-
positive K. pneumoniae was present in St. Petersburg. In
our current epidemiological and economic situation, the
MALDI-TOF assay seems to be suitable and cost-effective
method for the initial confirmation of carbapenemase pro-
duction.
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The burden of antimicrobial resistance (AMR) is rapidly growing across antibiotic classes, with increased detection of isolates
resistant to carbapenems. Data on the prevalence of carbapenem resistance in developing countries is limited; therefore, in this
study, we determined the prevalence of carbapenemase genes among multidrug resistant gram negative bacteria (MDR-GNB)
isolated from clinical specimens in a tertiary hospital in Mwanza, Tanzania. A total of 227 MDR-GNB isolates were analyzed for
carbapenem resistance genes. For each isolate, five different PCR assays were performed, allowing for the detection of the major
carbapenemase genes, including those encoding the VIM-, IMP-, and NDM-type metallo-beta-lactamases, the class A KPC-type
carbapenemases, and the class D OXA-48 enzyme. Of 227 isolates, 80 (35%) were positive for one or more carbapenemase gene.
IMP-types were the most predominant gene followed by VIM, in 49 (21.59%) and 28 (12%) isolates, respectively. Carbapenemase
genes were most detected in K. pneumoniae 24 (11%), followed by P. aeruginosa 23 (10%), and E. coli with 19 isolates (8%). We have
demonstrated for the first time a high prevalence of MDR-GNB clinical isolates having carbapenem resistance genes in Tanzania.
We recommend routine testing for carbapenem resistance among the MDR-GNB particularly in systemic infections.

1. Introduction

Carbapenem antibiotics have been used as the last resort sal-
vage treatment for infections caused bymultidrug resistance-
gram negative bacteria (MDR-GNB) [1], that is, gram nega-
tive bacteria resistant to at least three of the following antimi-
crobials: ampicillin, augmentin, ceftazidime, ciprofloxacin,
gentamicin, and/or trimethoprim-sulfamethoxazole (SXT)
[2]. Thus, resistance to carbapenems becomes a real threat to
the survival of patients with infections caused byMDR-GNB,
and the overall mortality in such infections has been reported
to be up to 50% [3, 4].

Resistance to carbapenems among the MDR-GNB is
mostly due to the production of carbapenemases, which

are 𝛽-lactamases with capacity to hydrolyze not only the
carbapenems themselves but also all the other beta lactam
agents [5]. Some of these carbapenemases include veron inte-
gronmetallo-beta-lactamases, imipenemase,Klebsiella pneu-
moniae carbapenemases, oxacillinase-48, and New Delhi
metallo-beta-lactamase 1 which are encoded by what is
termed carbapenem resistance determining genes (CRDG):
𝑏𝑙𝑎VIM, 𝑏𝑙𝑎IMP, 𝑏𝑙𝑎KPC, 𝑏𝑙𝑎OXA-48, and 𝑏𝑙𝑎NDM, respectively [6].

Recently, increasing resistance to carbapenems in health
care associated infections has been reported worldwide [1, 7].
Studies in New York City found 39% of patients with fecal
colonization of KPC producing K. pneumoniae [3]. In Africa,
data on the prevalence and distribution of carbapenem
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Table 1: Primer sets for amplification of carbapenem resistance determine genes (16).

Gene Primer sequence (5 → 3) TM (∘C) Amplicons size (bp)

bla-VIM
Forward: GATGGTGTTTGGTCGCATA
Reverse: CGAATGCGCAGCACCAG

54.5
57.6 390

bla-KPC
Forward: CATTCAAGGGCTTTCTTGCTGC
Reverse: ACGACGGCATAGTCATTTGC

60.3
57.3 498

bla-NDM
Forward: GGTTTGGCGATCTGGTTTTC
Reverse: CGGAATGGCTCATCACGATC

57.3
59.4 521

bla-IMP-1
Forward: TTGACACTCCATTTACAG

Reverse: GATTGAGAATTAAGCCACTCT
49.1
54.0 232

bla-IMP-2
Forward: TTGACACTCCATTTACGG

Reverse: GATCGAGAATTAAGCCACCCT
51.4
57.9 232

bla-IMP-3
TTGACACTCCATTTACTG

GATCGAGAATTAAGCCACTCT
49.1
55.9 232

bla-OXA-48
Forward: GCTTGATCGCCCTCGATT

Reverse: GATTTGCTCCGTGGCCGAAA
56.0
59.4 238

TM: melting temperature of the primer.

resistance among the MDR-GNB is still limited. Few studies
have been found to report on this problem; a surveillance
study done in Kenya reported the recovery of seven NDM-
1-positive Klebsiella pneumoniae isolates mostly from urine
samples [8]. While in two other studies the prevalence of
metallo-beta-lactamase among Pseudomonas aeruginosa was
reported to be 14% in Kenya [9] and 67% in Northern Africa
[10]. Other studies in South Africa reported the existence of
carbapenemase producers among ESBL isolates [4, 11].

In this study, we determined a wide range of carba-
penem resistance determining genes (𝑏𝑙𝑎VIM, 𝑏𝑙𝑎IMP, 𝑏𝑙𝑎KPC,
𝑏𝑙𝑎OXA-48, and 𝑏𝑙𝑎NDM) among different MDR-GNB isolates
from patient specimens in Bugando Medical Centre—a
tertiary hospital in Mwanza, Tanzania. All bacterial species
which were resistant to three or more classes of antibiotics
were regarded as MDR-GNB and included in the study.

2. Materials and Methods

2.1. Study Design and Population. This was a cross-sectional
laboratory based study involving 234 multidrug resistant
gram negative isolates collected between 2007 and 2012
from clinical specimens in a tertiary hospital, Northwestern,
Tanzania. These isolates were from pus (112), urine (56),
blood (55), aspirate (3), and sputum (1). The primary culture,
identification using biochemical tests, and disk diffusion
susceptibility testing of these isolates were done at Bugando
Medical Centre following previously published techniques
[12, 13]. All the isolates had been confirmed to be resistant to
ampicillin, and 177 (78%) were ESBL producers as confirmed
by double disk synergy test [13] andwere frozen in brain heart
infusion (BHI) broth with 20% glycerol at minus 80∘C at the
Microbiology Laboratory of Bugando Medical Centre.

2.2. Subculturing and Disk Diffusion Susceptibility Testing.
Isolates were subcultured on blood agar (BA) and then resub-
jected to further susceptibility testing on Muller-Hinton
agar to ampicillin 25 𝜇g, amoxicillin/clavulanic acid 20/10 𝜇g,
ceftazidime 30 𝜇g, ciprofloxacin 5 𝜇g, gentamicin 10 𝜇g,

trimethoprim-sulfamethoxazole (TMP/SMX) 1.25/23.75 𝜇g,
ertapenem 10 𝜇g, and meropenem 10 𝜇g (Oxoid, UK). All
susceptibility results were interpreted based on the CLSI 2010
guidelines [14].

2.3. PCR Amplification for Carbapenemase Genes. All the
molecular/PCR tests (DNA extraction, amplification, and
gel electrophoresis were conducted at MBN Clinical Labo-
ratories, Kampala, Uganda. The presence of carbapenemase
encoding genes was determined using primers targeting
𝑏𝑙𝑎VIM, 𝑏𝑙𝑎IMP, 𝑏𝑙𝑎KPC, 𝑏𝑙𝑎OXA-48, and 𝑏𝑙𝑎NDM [15], obtained
from Eurofin MWG Operon, Germany, as shown in Table 1.
Cells were lysed using boiling method to obtain both
genomic and plasmid DNA as described previously [16]. For
amplification, 5 𝜇L of template DNA (50 ng/𝜇L) was added
to a 45 𝜇L mixture containing 200𝜇M of dNTP mixtures
(Roche, Switzerland), 0.4𝜇M of each primer, 2.5U Taq
polymerase (Invitrogen, Germany), and appropriate buffer
(0.2 𝜇M MgCl

2
, 2.5 𝜇M KCL, 0.5 𝜇L 10% Tween 20, 1 𝜇L of

Gelatin, and 3.8 𝜇L of pure water).
The amplification was done using GTQ-CYCLER 96

thermocycler machine (Hain Life science GmbH, Nehren,
Germany). For 𝑏𝑙𝑎VIM, 𝑏𝑙𝑎KPC, 𝑏𝑙𝑎NDM, and 𝑏𝑙𝑎OXA-48, the pro-
gramme was denaturation at 94∘C for 45 seconds, annealing
at 52∘C for 1 minute, and elongation at 72∘C for a minute.
For 𝑏𝑙𝑎IMP the same programme was used except that the
annealing temperature was adjusted to 45∘C for 60 seconds.
The cycles were repeated 40 times and all primer sets had a
final extension of 72∘C for 10 minutes.

Five micro liters of PCR products were analyzed by elec-
trophoresis in 1.0% agarose stained with ethidium bromide
to detect the specific amplified product by comparing with
100 base-pairs standard DNA ladder (Promega, German).
Quality control was performed with each run using DSMZ
9377 Klebsiella pneumoniae as the negative control for all
genes. Positive control strains from the Institute of Micro-
biology, Giessen, Germany, were Klebsiella pneumonia Nr.8
for NDM-1,Klebsiella pneumoniae 714 for OXA-48,Klebsiella
pneumoniae 211 (T) for KPC, and P. aeruginosa from clinical
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Table 2: Clinical isolate by specimens studied.

Bacteria spp. Specimen Total
Aspirate Blood Pus swab Sputum Urine

K. pneumoniae 1 23 28 0 24 76
E. coli 1 8 31 1 15 56
P. aeruginosa 1 16 22 0 2 41
C. freundii 0 1 8 0 6 15
A. baumannii 0 2 8 0 0 10
P. vulgaris 0 0 7 0 0 7
E. cloacae 0 3 0 0 2 5
M. morganii 0 0 2 0 1 3
P. mirabilis 0 0 1 0 1 2
S. marcescens 0 2 4 0 3 9
Salmonella typhi 0 0 0 0 1 1
Salmonella spp. 0 0 1 0 1 2
Total 3 55 112 1 56 227

Table 3: Resistance pattern of bacteria species used in the study.

Isolate AMP AMC CRO CAZ CN CP SXT ERT MEM
A. baumannii (10) 100.0% 100.0% 90.0% 90.0% 80.0% 40.0% 90.0% 40.0% 10.0%
C. freundii (15) 100.0% 100.0% 60.0% 80.0% 80.0% 26.7% 86.7% 13.3% 0.0%
E. coli (56) 100.0% 100.0% 84.0% 82.1% 73.2% 44.6% 96.4% 19.6% 8.9%
Enterobacter (5) 100.0% 100.0% 20.0% 40.0% 60.0% 20.0% 100.0% 20.0% 0.0%
K. oxytoca (8) 100.0% 100.0% 100.0% 100.0% 100.0% 62.5% 100.0% 12.5% 0.0%
K. pneumoniae (68) 100.0% 98.5% 84.0% 79.4% 83.8% 33.8% 97.1% 16.2% 1.5%
M. morganii (3) 100.0% 100.0% 33.3% 33.3% 33.3% 0.0% 100.0% 0.0% 0.0%
P. aeruginosa (41) 100.0% 97.5% 73.2% 53.7% 31.7% 17.1% 92.7% 56.1% 19.5%
P. mirabilis (2) 100.0% 100.0% 100.0% 100.0% 50.0% 100.0% 100.0% 50.0% 0.0%
P. vulgaris (7) 100.0% 85.7% 57.1% 42.9% 57.1% 14.3% 85.7% 14.3% 0.0%
S. marcescens (9) 100.0% 100.0% 66.7% 66.7% 66.7% 44.4% 100.0% 0.0% 0.0%
Salmonella spp. (3) 100.0% 100.0% 100.0% 100.0% 100.0% 0.0% 100.0% 0.0% 0.0%
Total 100.0% 98.7% 78.0% 74.0% 65.6% 33.5% 95.2% 24.2% 6.6%
AMP, AMC, CAZ, CRO, CN, CIP, SXT, ERT, andMEM stand for ampicillin, amoxicillin/clavulanic acid, ceftazidime, gentamicin, ciprofloxacin, trimethoprim-
sulfamethoxazole, ertapenem, and meropenem, respectively.

routine samples for IMP in Giessen. For the VIM gene, the
control strain was obtained from RESET research collabora-
tion [17].

2.4. Ethical Issues. The study was approved by the school of
biomedical sciences research and ethics committee of Mak-
erere University College of Health Sciences. Material transfer
agreement for transportation of 234 isolates from Mwanza,
Tanzania, to Kampala, Uganda, was obtained from the direc-
tor of research and publication Catholic University of Health
and Allied Sciences, Bugando.

3. Results

3.1. Clinical Bacterial Isolates Studied. The study excluded 9
isolates which failed to grow on subculture. Of the remaining
227 isolates which successfully grew, 76 (33.5%) were K.
pneumoniae as the most predominant species followed by
E. coli 56 (24.7%) and P. aeruginosa 41 (18.1%) (Table 2).

The study used isolates which were resistant to at least three
different classes of antibiotics; most of them were resistance
to ampicillin 100%, augmentin, and ceftazidime (Table 3). For
this study, strains displaying breakpoints for either resistance
or intermediate levels for ertapenem and meropenem were
considered as reduced susceptible. Of the 227 MDR-GNB, 55
(24%) had reduced susceptibility to ertapenem while only 15
(7%) had reduced susceptibility to meropenem.

3.2. Prevalence of Carbapenemase Genes. Based on the PCR
assays, 80 (35.24%) of 227 MDR-GNB isolates were positive
for one or more of the carbapenemase genes. Of the 55
isolates with reduced susceptibility to ertapenem, 33 (60%)
tested positive for carbapenemase genes (𝑃 value < 0.001)
while 11 (73%) of the 15 isolates with reduced susceptibility to
meropenem were positive for carbapenemase genes (𝑃 value
= 0.001).

Overall, IMP-types were the most predominant car-
bapenemase genes detected in 49 (21.6%), followed by VIM
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Table 4: Distribution of carbapenemase genes among different organisms studied.

Bacterial spp. Carbapenemase genes
IMP types VIM OXA 48 KPC NDM Carbapenemase positive

A. baumannii (10) 3 0 0 0 0 3
C. freundii (15) 2 1 1 0 0 4
E. coli (56) 19 4 3 4 2 32
E. cloacae (5) 0 0 0 0 0 0
K. oxytoca (8) 3 0 1 0 1 5
K. pneumoniae (68) 9 11 4 3 2 29
M. morganii (3) 0 0 0 0 1 1
P. aeruginosa (41) 12 9 2 1 1 25
P. mirabilis (2) 0 0 0 0 0 0
P. vulgaris (7) 0 0 0 0 0 0
S. marcescens (9) 0 2 0 0 0 2
Salmonella spp. (3) 1 1 0 0 0 2

49 28 11 8 7 103

Table 5: Antimicrobial susceptibility profile of isolates with multiple carbapenem resistance genes.

Isolate CAZ CRO AMC AMP CN CIP ERT MEM SXT Carbapenemase genes
1 K. pneumoniae R R R R R S R S R KPC, IMP, VIM
2 E. coli R R R R S R R R R KPC, IMP
3 K. pneumoniae R R R R R S S S R OXA 48 and VIM
4 P. aeruginosa R R R R S S R S R IMP C and VIM
5 E. coli R R R R R R S S R KPC and IMP
6 K. pneumoniae R R R R R R S S R IMP and VIM
7 K. pneumoniae R R R R R S S S R IMP and VIM
8 E. coli R R R R R R S S R IMP and VIM
9 E. coli R R R R R R S S R OXA 48, IMP
10 E. coli R R R R R S R S R OXA 48 and NDM
11 E. coli R R R R S S S S R VIM and NDM
12 K. pneumoniae R R R R R R R S R OXA 48 and VIM
13 E. coli R R R R R R R R R IMP and VIM
14 C. freundii R R R R R S S S R OXA 48, IMP and VIM
15 K. oxytoca R R R R R S R S R OXA 48 and NDM

28 (12.3%), OXA-48 11 (4.9%), KPC 8 (3.5%), and NDM 7
(3.1%) (Table 4). These genes were either solitarily detected
in one bacterial isolate or with more than one gene in one
bacterial isolate. Of 80 bacterial isolates with carbapenemase
genes, 15 (6.6%) harbored more than one carbapenemase
gene (Table 5).

3.3. Distribution of Carbapenemase Genes among Multidrug
Resistant Gram Negative Bacterial Isolates. The genes were
heterogeneously distributed among the different species of
multidrug resistant gram negative bacteria with some bac-
teria species having more than one carbapenemase genes
as shown in Table 5. E. coli was the most prevalent species
with carbapenemase genes 32 (14%), followed by Klebsiella
pneumoniae 24 (10.57%), P. aeruginosa 10.13%, Klebsiella
oxytoca 1.76%, Acinetobacter baumannii 1.3%, Citrobacter
freundii 0.88%, Serratia marcescens 0.88%, and Salmonella

spp. 0.44% (Table 4). Of the clinical specimens studied,
carbapenemase genes were more prevalent in urine cultures
22 (39.29%) of 56 specimens followed by blood culture 20
(36.36%) of 55 specimen and pus swab with 37 (33.04%) of
112 specimen studied.

4. Discussion

We detected a high prevalence (35.24%) of carbapenemase
genes among multidrug resistant gram negative bacterial
species. The majority of the studied isolates were ESBL
producer; thus, our results are similar to those obtained by
Coetzee and Brink in South Africa [11]. This is a rather
worrying finding in the poor populations in the horn of
Africa; however, this data is comparable to study done
in India which found a similar prevalence, particularly of
MBL (NDM 1, VIM types, and IMP types) among family
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Enterobacteriaceae. In their study the prevalence of MBL
was between 31% and 55% among multidrug resistant family
Enterobacteriaceae [18]. This prevalence is in concordance
with another study obtained in India which reported the
prevalence of carbapenemase genes among gram negative
bacterial isolates to be 43% [19, 20]. On the other hand, this
magnitude is a bit higher than data reported from USA and
Kenya [9, 21]; this could be explained by the fact that those
studies investigated fewer genes than in the current study.

In the current study, we also detected 22 bacterial species
with phenotypically reduced susceptibility to carbapenem
drugs but its resistance mechanisms were not detected by any
of the screened carbapenemase primers used in this study.
This might be due to the limited number of genes targeted in
our study as well as to other mechanisms of resistance such
as porin loss/mutations [22, 23].

As previously published, OXA-48 gene for carbapenem
resistance has been found in ESBL producers especially those
harboring CTX-M [24]. This was also proved in this study as
most of OXA-48 gene was detected on CTX-M producing K.
pneumoniae and E. coli [25, 26].

In comparison with other carbapenem-resistant genes
𝑏𝑙𝑎VIM poses the broadest range of substrate hydrolysis and
can eventually degrade all 𝛽-lactam except monobactams
[27]. In the present study, these genes were mostly detected
in K. pneumoniae, E. coli, and P. aeruginosa. This data
corresponds to the findings of a study done in Korea where
VIM was reported as the most predominant carbapenemase
genes in class Bmetallo-beta-lactamase among gramnegative
clinical isolates. It also corresponds to the worldwide findings
where VIM is reported as the commonest MBL to be found
[28].

We have also detected a low prevalence (𝑛 = 7/3.08%)
of NDM gene among multidrug-resistant gram negative
bacteria.This prevalence ismuch lower than the one reported
in India by Kumarasamy et al. among convenience sample
of family Enterobacteriaceaein which they obtained a preva-
lence of 31% to 55% [18]. Plasmids carrying carbapenemase
genes like NDM-1 are diverse and can harbor a high number
of additional resistance genes (e.g., ESBL-alleles) as well as
other carbapenemase genes like Oxacillinase-48 types, VIM
types, and so forth, as the source of multidrug resistance in
one single bacteria [18, 29]. Of 80 bacterial species detected
of having carbapenemase genes, 15 had multiple genes
coding for carbapenem resistance especially in E. coli and
P. aeruginosa. The presence of multiple resistance genes in
one strain provides selection advantage of these strains [26].
This phenomenon has not been commonly detected in a
large number of studies probably due to the number of genes
studied since most of the studies research on one or two
genes.

The study did not investigate the clonality of the isolates
and the sequence of the genes and also did not use primers
to target all known carbapenemases genes. Thus, there is
a probability that some carbapenemase-producing isolates
could not be adequately characterized. Despite these limita-
tions, the study has provided the distribution of the common
carbapenemase genes and the magnitude of the problem.

5. Conclusion and Recommendation

We have, for the first time, demonstrated a high prevalence
of carbapenem-resistance conferring genes amongmultidrug
resistant gram negative bacteria in Tanzania. Most of the
isolates harboring carbapenemase genes originated from
blood culture specimens and pus. We recommend routine
testing for carbapenem resistance among the MDR-GNB in
our hospital and other health facilities in developing coun-
tries where there is high prevalent MDR GNB. In addition,
other antibiotics such as colistin and tigecycline should be
tested to provide alterative treatment to these isolates. More
studies should be done to determine evolution andmolecular
epidemiology of these isolates.
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This study was designed to investigate the prevalence of metallo-𝛽-lactamases (MBL) and extended-spectrum 𝛽-lactamases (ESBL)
in P. aeruginosa isolates collected from two different hospitals in Cairo, Egypt. Antibiotic susceptibility testing and phenotypic
screening for ESBLs and MBLs were performed on 122 P. aeruginosa isolates collected in the period from January 2011 to March
2012.MICswere determined. ESBLs andMBLs geneswere sought by PCR.The resistant rate to imipenemwas 39.34%.The resistance
rates for P. aeruginosa to cefuroxime, cefoperazone, ceftazidime, aztreonam, and piperacillin/tazobactamwere 87.7%, 80.3%, 60.6%,
45.1%, and 25.4%, respectively. Out of 122 P. aeruginosa, 27% and 7.4%wereMBL and ESBL, respectively.The prevalence of blaVIM-2,
blaOXA-10-, blaVEB-1, blaNDM-, and blaIMP-1-like genes were found in 58.3%, 41.7%, 10.4%, 4.2%, and 2.1%, respectively. GIM-, SPM-,
SIM-, and OXA-2-like genes were not detected in this study. OXA-10-like gene was concomitant with VIM-2 and/or VEB. Twelve
isolates harbored both OXA-10 and VIM-2; two isolates carried both OXA-10 and VEB. Only one strain contained OXA-10, VIM-
2, and VEB. In conclusion, blaVIM-2- and blaOXA-10-like genes were the most prevalent genes in P. aeruginosa in Egypt. To our
knowledge, this is the first report of blaVIM-2, blaIMP-1, blaNDM, and blaOXA-10 in P. aeruginosa in Egypt.

1. Introduction

Pseudomonas aeruginosa is widely known as an opportunistic
organism, frequently involved in infections of immune-
suppressed patients, and also causes outbreaks of hospital-
acquired infections [1] that cause infections with a high mor-
tality rate [2]. This latter is, in part, attributable to the organ-
ism’s intrinsically high resistance to many antimicrobials
and the development of increased, particularly multidrug,
resistance in healthcare settings [3], both of which complicate
antipseudomonal chemotherapy.The carbapenemshave been

the drug of choice for the treatment of infections caused by
penicillin or cephalosporin resistant Gram-negative bacilli
[4]. However, carbapenem resistance has been observed
frequently in nonfermenting bacilli Pseudomonas aeruginosa
and Acinetobacter spp. Resistance to carbapenem is due to
decreased outer membrane permeability, increased efflux
systems, alteration of penicillin-binding proteins, and car-
bapenem hydrolyzing enzymes-carbapenemase. In the last
decade, several classes A, B, and D 𝛽-lactamases have been
detected in P. aeruginosa [5]. The carbapenemases found are
mostly metallo-𝛽-lactamases (MBL), including IMP, VIM,
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SPM, SIM, GIM, AIM, DIM, or NDM enzymes, but serine
carbapenemases have also been recorded, including KPC and
GES variants [6].

The OXA-ESBLs are mutants of OXA-2 and -10, belong-
ing to class D, whereas the other ESBL belongs to class A.
VEB and PER types were found to be the most common
(or least rare) ESBL in P. aeruginosa in several countries,
contrasting to the dominance of CTX-M, SHV, and TEM
ESBL in Enterobacteriaceae [7]. Detection of MBL and ESBL
producing Gram-negative bacilli especially P. aeruginosa is
crucial for optimal treatment of patients particularly critically
ill and hospitalized patients and to control the spread of
resistance. The aim of the present study was phenotypic and
genotypic screening for MBL and ESBL producing strains
among P. aeruginosa isolated from clinical specimens of
cancer patients recovered from two hospitals in Cairo, Egypt.

2. Materials and Methods

2.1. Bacterial Strains. Hundred twenty-two nonduplicate
nonconsecutive P. aeruginosa isolates were obtained from
clinical specimens submitted for bacteriological testing from
hospitalized in-patients admitted to Kasr El Aini Hospital
and National Cancer Institute, Cairo University, Egypt, in
the period from January 2011 to March 2012. Kasr El Aini
School ofMedicine andNational Cancer Institute are tertiary
hospitals belonging to Cairo University, Egypt.The study was
approved by Ethics Committee of Cairo University and an
informed consent was obtained from all patients receiving
treatment and participating in the study. With regard to the
specimen site, P. aeruginosa were isolated from wound swabs
(𝑛 = 44), blood (𝑛 = 29), urine (𝑛 = 22), sputum (𝑛 = 11),
cerebrospinal fluid (CSF) (𝑛 = 2), genital sites (𝑛 = 2),
catheter tip (𝑛 = 2), central venous catheter (𝑛 = 4), ear swab
(𝑛 = 2), pleural tissue specimen (𝑛 = 2), corneal graft (𝑛 = 1),
and breast abscess (𝑛 = 1).

2.2. Bacterial Identification. Identification of P. aeruginosa
was done on the basis of Gram staining, colonymorphologies
on MacConkey’s agar, motility, pigment production, oxidase
reaction, growth at 42∘C, and the biochemical tests included
in the API 20NE identification kit (Biomerieux, Marcy
l’Étoile, France).TheVitek 2 system (Vitek 2 software, version
R02.03; Advanced Expert System [AES] software, version
R02.00N (bioMerieux, Marcy l’Étoile, France) was used with
the ID-GNB card for identification of Gram-negative bacilli.
The identified strains were stored in glycerol broth cultures at
−70∘C.

2.3. Antimicrobial Susceptibility Testing. Susceptibility of the
isolates to the following antibacterial agents was tested
by the Kirby-Bauer disc diffusion method [8] using disks
(Oxoid ltd., Basin Stoke, Hants, England) on Mueller
Hinton agar and interpreted as recommended by Clin-
ical and Laboratory Standards Institute (CLSI) guide-
lines [9]: amikacin (AK, 30 𝜇g), aztreonam (ATM, 30 𝜇g),
cefepime (FEP, 30 𝜇g), cefoperazone (CFP, 30 𝜇g), cefo-
taxime (CTX, 30 𝜇g), ceftazidime (CAZ, 30 𝜇g), ceftriaxone

(CRO, 30 𝜇g), cefuroxime (CXM, 30 𝜇g), ciprofloxacin (CIP,
5 𝜇g), imipenem (IPM, 10 𝜇g), meropenem (MEM, 10 𝜇g),
piperacillin/tazobactam (TPZ, 100/10 𝜇g), polymyxin B (PB,
300 units), and tobramycin (TOB, 10 𝜇g).

2.4. MIC Determination for MBL-Producing P. aeruginosa .
TheMICs of 9 antibiotics (cefepime, piperacillin/tazobactam,
ceftazidime/clavulanic acid, ceftazidime, ciprofloxacin,
amikacin, gentamicin, imipenem, and cefotaxime) were
determined to 33 P. aeruginosa isolates that phenotypically
produce MBL using Etest (AB Biodisk, Solna, Sweden) as
described by the manufacturer. Results were interpreted
using CLSI criteria for susceptibility testing [9]. P. aeruginosa
ATCC 27853 was used as the reference strain.

2.5. Phenotypic Detection of ESBL. Combined double disc
synergy test was performedwith discs containing ceftazidime
(30 𝜇g) alone and in the presence of clavulanate (10𝜇g). In
order to inhibit cephalosporinase overproduction, double
disc synergy tests were also carried out with the addition of
400 𝜇g of boronic acid [10]. Increase in ceftazidime inhibition
zone of≥5mm in the presence of clavulanic acid as compared
with when tested alone was considered to be ESBL producer.

2.6. Phenotypic Detection of MBL. A 4 𝜇L of 0.5M EDTA
(Sigma Chemicals, St. Louis, MO) was poured on imipenem
and ceftazidime disks to obtain a desired concentration of
750𝜇g per disk.The EDTA impregnated antibiotic disks were
dried immediately in an incubator and stored at −20∘C in
air-tight vials without desiccant until used. 0.5 McFarland
equivalent overnight broth culture of test strain was inocu-
lated on a plate of Mueller Hinton agar. One 10 𝜇g imipenem
and one 30 𝜇g ceftazidime disks were placed on the agar plate.
One each of EDTA impregnated imipenem and ceftazidime
disks were also placed on same agar plate. The plate was
incubated at 37∘C for 16 to 18 h. An increase in the zone size
of ≥7mm around the imipenem-EDTA disk or ceftazidime-
EDTA compared to imipenem or ceftazidime disks without
EDTA was recorded as MBL producing strain [11].

2.7. Preparation of DNA Template for PCR. DNA templates
were prepared according to the previous described method
[12]. A 300 𝜇L of overnight culture of the test isolates in
tryptone soy broth (Difco,Detroit,MI,USA)was centrifuged.
The bacterial pellet was resuspended to the initial volume
with HPLC grade water. The DNA template was prepared
by boiling of suspension of bacterial pellet for 10min and
directly used in the PCR assay.

2.8. Detection of ESBL and MBL Genes. Genes for ESBLs
(OXA-10-like gene, OXA-2-like gene, and VEB) and MBLs
(VIM-1, VIM-2, IMP-1, IMP-2, SIM, GIM, SPM, and NDM)
were sought by PCR for all isolates using the primers listed
in Table 1 according to the previous protocols [7, 13–16].
Negative and positive controls were involved in all PCR
experiments. Five𝜇Lof reactionmix containing PCRproduct
was analysed by electrophoresis in 0.8% (w/v) agarose (Fer-
mentas, Lithuania).
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Table 1: Primers used for detection of MBL, OXA 10, and VEB.

Primers Sequence Reference Expected PCR product

𝑏𝑙𝑎IMP-1
TGAGCAAGTTATCTGTATTC
TTAGTTGCTTGGTTTTGATG [14] 740 bp

𝑏𝑙𝑎IMP-2
GGCAGTCGCCCTAAAACAAA
TAGTTACTTGGCTGTGATGG [14] 737 bp

𝑏𝑙𝑎VIM-1
TTATGGAGCAGCAACGATGT
CAAAAGTCCCGCTCCAACGA [14] 920 bp

𝑏𝑙𝑎VIM-2
AAAGTTATGCCGCACTCACC
TGCAACTTCATGTTATGCCG [14] 865 bp

𝑏𝑙𝑎NDM
CACCTCATGTTTGAATTCGCC
CTCTGTCACATCGAAATCGC [16] 984 bp

𝑏𝑙𝑎OXA-10
TATCGCGTGTCTTTCGAGTA
TTAGCCACCAATGATGCCC [7] 760 bp

𝑏𝑙𝑎VEB-1
CGACTTCCATTTCCCGATGC
GGACTCTGCAACAAATACGC [7] 642 bp

𝑏𝑙𝑎OXA-2
GCCAAAGGCACGATAGTTGT
GCGTCCGAGTTGACTGCCGG [13] 700 bp

𝑏𝑙𝑎GIM
TCGACACACCTT GGT CTG AA
AACTTCCAACTT TGCCATGC [15] 477 bp

𝑏𝑙𝑎SPM
AAAATCTGGGTACGCAAA CG
ACATTATCCGCTGGAACAGG [15] 271 bp

𝑏𝑙𝑎SIM
TAC AAG GGATTCGGCATCG
TAATGG CCTGT CCCATG TG [15] 570 bp

Table 2: Resistance rates for clinical P. aeruginosa isolates.

Antibiotic
Number (%) of resistant isolates

Total isolates
(𝑛 = 122)

Imipenem susceptible
(𝑛 = 66)

Imipenem intermediate
(𝑛 = 8)

Imipenem resistant
(𝑛 = 48)

𝛽-lactams
Cefuroxime 107 (87.7%) 51 (77.2%) 8 (100%) 48 (100%)
Cefoperazone 98 (80.3%) 43 (65.2%) 8 (100%) 47 (97.9%)
Ceftazidime 74 (60.6%) 23 (34.8%) 8 (100%) 43 (89.5%)
Meropenem 56 (45.9%) 3 (4.5%) 7 (87.5%) 46 (95.8%)
Aztreonam 55 (45.1%) 28 (42.4%) 3 (37.5%) 24 (50%)
Imipenem 48 (39.3%) 66 (100%) 8 (100%) 48 (100%)
Piperacillin/tazobactam 31 (25.4%) 4 (6.1%) 7 (87.5%) 20 (41.6%)

Non 𝛽-lactams
Gentamicin 61 (50%) 13 (19.7%) 5 (62.5%) 43 (89.5%)
Ciprofloxacin 53 (43.4%) 17 (25.8%) 5 (62.5%) 31 (64.5%)
Amikacin 40 (32.8%) 9 (13.6%) 7 (87.5%) 24 (50%)
Polymyxin B 3 (2.4%) 0 (0.0%) 1 (12.5%) 2 (4.2%)

3. Results

The antimicrobial susceptibility testing was done by disc
diffusion method to 122 clinical isolates of P. aeruginosa
that were collected from Kasr El Aini Hospital and National
Cancer Institute, Cairo University, Egypt, in the period from
January 2011 to March 2012.

The resistant rates of antibiotics are shown in Table 2.
Forty-eight (39.34%) out of 122 P. aeruginosa isolates were
resistant to imipenem. Eight (6.5%) out of 122 isolates of

P. aeruginosa showed intermediate resistance to imipenem.
Fifty-six (46%) out of 122 P. aeruginosa isolates were resistant
to meropenem. Only two isolates (1.64%) out of 122 showed
intermediate resistance to meropenem. The resistant rates
for 𝛽-lactam antibiotics including cefuroxime, cefoperazone,
ceftazidime, aztreonam, and piperacillin/tazobactam were
87.7%, 80.3%, 60.6%, 45.1%, and 25.4%, respectively. The
resistant rates for non-𝛽-lactam antibiotics including gen-
tamicin, ciprofloxacin, and amikacin were 50%, 43.4%, and
32.8%, respectively. Only 3 (2.5%) out of 122 P. aeruginosa
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isolates were resistant to polymyxin B. The antimicrobial
resistance rates were higher for imipenem-resistant than
imipenem-susceptible P. aeruginosa isolates (Table 2). Non-
𝛽-lactams showed higher activity against imipenem-resistant
P. aeruginosa than 𝛽-lactams.

Use of combined disk method (imipenem, ceftazidime/
imipenem, and ceftazidime + EDTA) for phenotypic pro-
duction of MBL allowed the detection of 33 of 122 (27%) P.
aeruginosa isolates.

Combined double disc synergy test was applied to detect
ESBL in 122 P. aeruginosa isolates using ceftazidime alone
or with clavulanic acid. Of these, only 9 (7.4%) isolates
were positive for production of ESBL. All ESBL-producing P.
aeruginosawere found to be resistant to ceftazidime. Five out
of 33 MBL-producing isolates were found to produce ESBL
and MBL simultaneously.

The results of MICs for MBL-producing P. aeruginosa
isolates appeared in Table 3 which showed that the strains
have high resistance toward imipenem, cefotaxime, gentam-
icin, and ciprofloxacin as their MIC was above the break
points recommended by CLSI. The effect of clavulanic acid
on the susceptibility was found as some isolates showed a
decrease in MIC more than 3 doubling dilutions, and that
indicates the presence of ESBL. On the other hand, according
to the breakpoints recommended by CLSI, more than half
of the isolates were sensitive toward piperacillin/tazobactam,
ceftazidime, and cefepime and ceftazidime/clavulanic acid.

PCR experiments revealed amplification of 865 bp frag-
ment corresponding to 𝑏𝑙𝑎VIM-2-like gene in 28 of 48 (58.3%)
imipenem-resistant isolates and a 760 bp fragment corre-
sponding to 𝑏𝑙𝑎OXA-10-like gene in 20 (41.5%) of imipenem-
resistant isolates and a 642 bp fragment corresponding to
𝑏𝑙𝑎VEB gene in 5 (10.4%) of isolates; two isolates (4.2%)
showed a fragment of 984 bp corresponding to 𝑏𝑙𝑎NDM
gene and only one isolate (2.1%) showed a fragment of a
740 bp corresponding to 𝑏𝑙𝑎IMP-1. In this work MBL 𝑏𝑙𝑎VIM-1,
𝑏𝑙𝑎IMP-2, 𝑏𝑙𝑎GIM, 𝑏𝑙𝑎SIM, and 𝑏𝑙𝑎SPM allele were not detected;
also OXA-2 like gene was not detected in this study.

OXA-10-like gene was concomitant with VIM-2 and/or
VEB. Twelve isolates harbored both OXA-10 and VIM-2;
however two isolates carried both OXA-10 and VEB. Only
one MBL-producing strain contained OXA-10, VIM-2, and
VEB (Table 4).

4. Discussion

Carbapenems are among the best choices for the treatment
of infections caused by multidrug resistant Gram-negative
rods. In recent years, Egypt has been considered among
the countries that reported high rates of antimicrobial resis-
tance [17]. In the present study, there were high levels of
resistance to all commercially available antimicrobial agents
among P. aeruginosa isolated from Kasr El Aini Hospital and
National Cancer Institute, Cairo University, Egypt; the rate
of 39.3% imipenem-resistant isolates, this rate of carbapenem
resistance reflects a threat limiting the treatment options in
our hospitals. This can be explained in part by the increase
in consumption of antimicrobial agents in the last decade
leading to a selective pressure of antibiotics on P. aeruginosa

and consequently the bacteria modify the resistant mecha-
nisms. A similar high rate of resistance has been reported
in many developing countries worldwide [18]. In Egypt,
Ashour and El-Sharif [19] concluded that Acinetobacter and
Pseudomonas species exhibited the highest resistance levels to
imipenem (37.03%) among other Gram-negative organisms
[19]. Also Mahmoud et al. [17] showed that among P.
aeruginosa strains 33.3% were resistant to imipenem [17].

In the Middle East the occurrence of imipenem resistant
P. aeruginosa is alarmingly recognized. In Saudi Arabia, the
resistance rate of P. aeruginosa to imipenem was increased to
38.57% in 2011 [20]. Among 33 European countries partici-
pating in the EuropeanAntimicrobial Resistance Surveillance
System in 2007, six countries reported carbapenem resistance
rates of >25% among P. aeruginosa isolates; the highest rate
was reported from Greece (51%) [21].

The clinically importantMBL families are located in hori-
zontally transferrable gene cassettes and can be spread among
Gram-negative bacteria. Although we have not studied this
horizontal transfer in the current study, it has been well
demonstrated by several previous reports from other groups.
Different families of these enzymes have been reported
from several geographical regions so far. The most com-
monly reported families are IMP (for active on imipenem,
first isolated in Japan), VIM (for Verona Integron-encoded
metallo-𝛽-lactamase, first isolated in Italy), GIM (forGerman
Imipenemase), SPM (for Sao Paulometallo-𝛽-lactamase, first
isolated in Brazil), and SIM (for Seoul Imipenemase, first
isolated in Korea). IMP- and VIM-producing Pseudomonas
strains have been reported worldwide, in different geograph-
ical areas [22]. In the current study 27% of 122 total P.
aeruginosa isolates were positive for the production of MBL
based on the results of phenotypic screening for MBL. This
was lower than the prevalence of MBL producers in Egyptian
studywhichwas 32.3% [23]. However our finding agreedwith
an Indian study inwhich 28.57%ofP. aeruginosawas found to
produce MBL [24]. In the present study, VIM-2 was the most
frequently detectable gene among the different MBL genes
investigated; the percent of 58.3% among imipenem-resistant
P. aeruginosa was detected.

This finding was supported by results of previous studies
demonstrating VIM-2 as themost dominantMBL implicated
in imipenem resistant P. aeruginosa and confers the greatest
clinical threat [25]. Worldwide, VIM-2 is the dominant MBL
gene associated with nosocomial outbreaks due to MBL-
producing P. aeruginosa [26]. In our study, out of 33 (27%)
MBL producers, 26 (78.8%) were positive for genes detected
by PCR and 15 (31.3%) out of 48 imipenem resistant isolates
were positive for genes investigated by PCR and in the same
time were negative MBL producers. This indicated that there
are other resistance mechanisms to carbapenem such as class
A carbapenemases including KPC and GES variants and
MBLs were not the solemechanism of carbapenem resistance
in the present study. The imipenem resistant strain with
no phenotypic or genotypic sign of MBL production may
possess other enzyme mediating carbapenem resistance such
as AmpC beta lactamase and/or other mechanisms such as
membrane permeability and efflux mechanisms.
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Table 3: MICs of antibiotics for MBL-producing P. aeruginosa isolates.

Isolates number
MICs (𝜇g/mL)

PM PTc TZ TZL CI AK GM IP CT
≥32 ≥128/4 ≥128/2 ≥32 ≥4 ≥64 ≥4 ≥16 ≥32

1 ≥256 16 ≥256 ≥256 2 12 3 ≥32 ≥256
2 12 64 8 3 ≥32 16 ≥256 ≥32 ≥256
3 8 64 64 24 ≥32 ≥256 12 ≥32 ≥256
4 4 3 6 2 ≥32 ≥256 ≥256 ≥32 32
5 4 3 6 1.5 ≥32 ≥256 ≥256 ≥32 32
6 64 ≥256 ≥256 ≥256 ≥32 ≥256 ≥256 ≥32 ≥256
7 24 ≥256 ≥256 192 ≥32 ≥256 12 ≥32 ≥256
8 6 96 96 24 0.094 4 2 ≥32 ≥256
9 ≥256 3 ≥256 ≥256 ≥32 32 12 ≥32 ≥256
10 ≥256 2 4 1.5 ≥32 2 2 ≥32 16
11 ≥256 ≥256 ≥256 ≥256 ≥32 ≥256 32 ≥32 ≥256
12 6 24 8 16 ≥32 ≥256 1.5 ≥32 ≥256
13 ≥256 ≥256 ≥256 ≥256 ≥32 ≥256 ≥256 ≥32 ≥256
14 ≥256 24 ≥256 ≥256 1 6 2 ≥32 ≥256
15 16 24 16 4 ≥32 12 ≥256 ≥32 ≥256
16 ≥256 ≥256 48 8 ≥32 96 ≥256 ≥32 ≥256
17 6 12 12 2 ≥32 6 ≥256 ≥32 ≥256
18 ≥256 4 ≥256 ≥256 ≥32 96 32 ≥32 ≥256
19 64 ≥256 ≥256 96 0.094 96 32 ≥32 ≥256
20 8 32 12 2 ≥32 16 ≥256 ≥32 ≥256
21 16 16 24 4 ≥32 48 ≥256 ≥32 ≥256
22 256 ≥256 ≥256 ≥256 ≥32 128 32 ≥32 ≥256
23 ≥256 ≥256 ≥56 256 ≥32 ≥256 32 ≥32 ≥256
24 8 12 ≥256 4 0.064 8 ≥256 ≥32 ≥256
25 ≥256 ≥256 ≥256 128 ≥32 48 32 ≥32 ≥256
26 ≥256 ≥256 ≥256 ≥256 ≥32 ≥256 ≥256 ≥32 ≥256
27 16 ≥256 ≥256 32 0.064 8 32 ≥32 ≥256
28 64 ≥256 ≥256 ≥256 0.064 32 32 ≥32 ≥256
29 2 4 12 2 0.125 4 2 ≥32 ≥256
30 2 4 8 1.5 0.125 4 2 ≥32 ≥256
31 8 128 6 24 0.094 6 2 ≥32 ≥256
32 12 32 2 8 0.064 6 2 ≥32 ≥256
33 6 ≥256 8 3 ≥32 128 2 ≥32 ≥256
PM: cefepime, PTc: piperacillin/tazobactam, TZL: ceftazidime/clavulanic acid, TZ: Ceftazidime, CI: ciprofloxacin, AK: Amikacin, GM: Gentamicin, IP:
Imipenem, CT: Cefotaxime.

Class A ESBLs are typically identified in P. aeruginosa iso-
lates showing resistance to extended-spectrumcephalosporin
(ESCs) [27]. Classical ESBLs have evolved from restricted-
spectrum class A TEM and SHV 𝛽-lactamases although a
variety of non-TEM and non-SHV class A ESBLs have been
described such as CTX-M, PER, VEB, GES, and BEL [5]
and class D ESBLs derived from narrow-spectrum OXA 𝛽-
lactamases are also well known [28]. Structural genes VEB,
OXA, and PER types are the most common ESBLs reported
in P. aeruginosa [7].

In the present study, production of ESBL was detected in
only (7.4%) out of 122 P. aeruginosa isolates. This was much
lower than what was found in a study done by Gharib et al.

in 2009 in Egypt in which 24.5% were ESBL producers [29].
In the present study high prevalence of 𝑏𝑙𝑎OXA-10 was detected
in imipenem resistant P. aeruginosa isolates; twenty of 48
(41.7%) isolates resistant to imipenem were OXA-10 positive
followed by VEB-1 which was detected in 5 (10.4%). In a
recent study in Iran, most prevalent ESBL genes included
OXA-10 (70%) and PER-1 (50%) followed by VEB-1 (31.3%)
[30]. This study agreed with our study in the prevalence of
OXA-10 inESBL-producingP. aeruginosa.HoweverVEB type
ESBLs were the predominant ESBL reported in P. aeruginosa
in a number of studies where ESBLs were commonly seen [7,
31]. Phenotypicmethods for detection of ESBL are not reliable
in P. aeruginosa strains and PCR is advisable since only 9
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Table 4: Differential relation between genes investigated and phenotypic methods for MBL and ESBL producing P. aeruginosa.

Genes investigated VIM-2
(𝑛 = 28)

OXA-10
(𝑛 = 20)

VEB
(𝑛 = 5)

NDM
(𝑛 = 2)

IMP-1
(𝑛 = 1)

MBL (𝑛 = 33)
Pos. 21 14 4 0 1
Neg. 7 6 1 2 0

ESBL (𝑛 = 9)
Pos. 4 4 1 2 0
Neg. 24 16 4 0 1

VIM-2
Pos. 28 12 2 0 1
Neg. 0 8 3 2 0

OXA-10
Pos. 12 20 2 1 0
Neg. 16 0 3 1 1

VEB
Pos. 2 2 5 0 0
Neg. 26 18 0 2 1

NDM
Pos. 0 1 0 2 0
Neg. 28 19 5 0 1

IMP-1
Pos. 1 0 0 0 1
Neg. 27 20 5 2 0

isolates were ESBL producers upon phenotypic screening
while 20 isolates were positive OXA-10 and 5 were VEB
positive using PCR for their detection.

KPC rarely was detected in P. aeruginosa; however the
number of reports of KPC-producingP. aeruginosa is increas-
ing [32]. In this study, we did not test KPC. KPC and another
rarely carbapenemases may be found in ESBL-producing
strains because most of them had reduced susceptibility to
imipenem (MIC 2–8mg/L).

In the current study 97.5% of the total P. aeruginosa
isolates were sensitive to polymyxin B. This supports the
evidence that polymyxin B has increasingly become the
last viable therapeutic option for multidrug resistant (MDR)
Pseudomonas infections.This result agreed with a study done
by Tawfik el al. in 2012 which they found that all isolates were
sensitive to polymyxin [33].

In conclusion, the rates of MBL-producing P. aeruginosa
and ESBL-producing P. aeruginosa isolates from Kasr El Aini
Hospital and National Cancer Institute, Cairo University, in
Egypt were notable and, unfortunately, only a limited number
of antimicrobial drugs are active. Therefore, MBL and ESBL
screening should be implemented for routine laboratory
studies in routine practice. VIM-2 is the most prevalent
MBL producing P. aeruginosa in Egypt. OXA-10 is the most
prevalent ESBL producing P. aeruginosa in Egypt. MBL is
much more prevalent than ESBL as mechanism of resistance
in P. aeruginosa. Molecular techniques are more reliable than
phenotypic screening in detecting ESBL production in P.
aeruginosa strains. Further studies are needed to specify the

most important genes of resistance among P. aeruginosa in
Egypt.
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