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Abstract

Purpose. The occurrence of carbapenem- and colistin-resistance among Gram-negative bacteria is increasing worldwide. The

aim of this study was to understand the distribution of carbapenem- and colistin-resistance in two areas in Tamil Nadu, India.

Methodology. The clinical isolates (n=89) used in this study were collected from two diagnostic centres in Tamil Nadu, India.

The bacterial isolates were screened for meropenem- and colistin-resistance. Further, resistance genes blaNDM-1, blaOXA-48-

like, blaIMP, blaVIM, blaKPC, mcr-1 and mcr-2 and integrons were studied. The synergistic effect of meropenem in combination

with colistin was assessed.

Results. A total of 89 bacterial isolates were studied which included Escherichia coli (n=43), Klebsiella pneumoniae (n=18),

Pseudomonas aeruginosa (n=10), Enterobacter cloacae (n=6), Acinetobacter baumannii (n=5), Klebsiella oxytoca (n=4), Proteus

mirabilis (n=2) and Salmonella paratyphi (n=1). MIC testing showed that 58/89 (65%) and 29/89 (32%) isolates were resistant

to meropenem and colistin, respectively, whereas 27/89 (30%) isolates were resistant to both antibiotics. Escherichia coli, K.

pneumoniae, K. oxytoca, Pseudomonas aeruginosa, and Enterobacter cloacae isolates were blaNDM-1-positive (n=20). Some

strains of Escherichia coli, K. pneumoniae and K. oxytoca were blaOXA-181-positive (n=4). Class 1, 2 and 3 integrons were found

in 24, 20 and 3 isolates, respectively. Nine NDM-1-positive Escherichia coli strains could transfer carbapenem resistance via

plasmids to susceptible Escherichia coli AB1157. Meropenem and colistin showed synergy in 10/20 (50%) isolates by 24 h

time-kill studies.

Conclusion. Our results highlight the distribution of carbapenem- and colistin-resistance in Gram-negative bacteria isolated

from the Tamil Nadu region in South India.

INTRODUCTION

Antibiotic resistance has become one of the increasing con-

cerns in Gram-negative bacteria because of the lack of avail-

able treatment options. The adverse outcome of developing

multidrug-resistant (MDR) bacterial infections can lead to up

to a two-fold increase in severity compared to the same infec-

tions caused by susceptible strains [1]. Carbapenems are

broad-spectrum antimicrobial agents that are very useful

against infections caused by MDR Enterobacteriaceae [2].

They are drugs of choice against infections caused by

extended-spectrum beta-lactamase (ESBL)-producing Gram-

negative bacteria [3]. From the healthcare epidemiological

point of view, developing resistance towards carbapenems

(imipenem, meropenem, doripenem and ertapenem) is of par-

ticular importance because carbapenems are last resort antibi-

otics [4]. The emergence of resistant bacteria against most

classes of commercially available antibiotics and the shortage

in discovery of new antibiotics that have activity against
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Gram-negative bacteria had led to the use of polymyxins as a
valuable therapeutic option [5]. Finding treatment options
against infections caused by carbapenem-resistant Gram-neg-
ative bacteria (CR-GNB) is one of the current challenges of
our time resulting from an uncontrolled and irrational use of
carbapenems [6]. Gram-negative bacteria have developed var-
ious resistance mechanisms such as the production of carba-
penemase enzymes including b-lactamases (NDM, IMP,
VIM, OXA, DIM, SIM) [7, 8]. The therapeutic armamentar-
ium against infections caused by CR-GNB has limited the
choice of antibiotics [9]. Colistin is a member of the poly-
myxin group polypeptide antibiotics with a significant activity
against Gram-negative bacteria and it targets lipopolysaccha-
ride in the outer membrane, although the exact mechanism of
bacterial killing is still unknown [10]. The paucity of new anti-
biotics for a decade has allowed clinicians to reconsider colis-
tin as an alternative therapeutic option against infections
caused by Gram-negative bacteria [11]. The unconstrained
use of colistin has caused the emergence of resistance in recent
times [12–15].

Recently, the plasmid-mediated colistin resistant gene mcr-1
was identified, and modification of lipid A by MCR-1 and
MCR-2 was reported [16–18]. There are different mechan-
isms involved in the spread of antibiotic resistance, such as
the acquisition of genetic elements like plasmids, integrons,
resistant islands and transposons [19]. Integrons (class I
integrons) are known to play a significant role in the dis-
semination of antibiotic resistance genes within and in
between bacterial species [20–22]. For these reasons,
combination therapy with different classes of antibiotics is
recommended to improve efficacy and also to prevent the
emergence of further resistance [23]. In this study, we inves-
tigated the mechanism of carbapenem and colistin resist-
ance in Gram-negative bacteria isolated from a clinical
setting in Tamil Nadu, India, evaluated the dissemination of
integrons, and assessed whether meropenem–colistin had a
synergistic effect on the clinical strains.

METHODS

Isolate collection and identification

The clinical isolates used in this study were collected from
two regions, Chennai and Tiruchirappalli (separated by
300 km) in Tamil Nadu, India. A total of 89 non-duplicate,
Gram-negative, clinical isolates were collected from two
diagnostic laboratories during August 2014 to March 2015.
The samples from which isolates were cultured included
urine, blood, pus, sputum, bronical aspirate, wound swab
and cerebrospinal fluid. The isolates were received in vials
from the clinical diagnostic centres and further processing
was carried out in the Antibiotic Resistance Laboratory at
VIT University, Vellore, India. The isolates were sub-cul-
tured onto MacConkey agar (Hi-Media) and stored at
�80

�
C for further analysis. Identification was done using

phenotypic methods and based on the colony morphology
and biochemical characteristics, and was confirmed by the
VITEK identification system (bioM�erieux).

Antibiotic susceptibility test

The MIC of meropenem was determined by agar dilution
method following the Clinical and Laboratory Standards
Institute (CLSI) guidelines. Briefly, Mueller–Hinton (MH)
agar was prepared and the final concentrations of merope-
nem ranging from 0.06 to 128mg l�1 were added to MH
agar (Hi-Media) in Petri plates, mixed well and allowed to
solidify. Then, bacterial inoculum grown overnight was
diluted in saline (10 µl in 4.99ml) and placed on the surface
of the agar (1 µl) within the marked grids placed under the
plates. The inoculum was allowed to dry and was then incu-
bated at 37

�
C for 20 h. The lowest concentration of mero-

penem with the absence of visible bacterial growth was
accepted as the MIC. The results were interpreted using the
CLSI guidelines [24].

The MIC of ertapenem was determined by the Epsilometer
test (E-test). Briefly, MH agar plates were prepared and bac-
terial inocula adjusted to 0.5 McFarland turbidity standards
were swabbed on the surface of the agar. Plates were dried
for 5min and Ertapenem Ezy MIC strips (Hi-Media) were
placed in the centre of the plate and incubated at 37

�
C for

20 h. E-test strips were labelled from 0.002 to 32mg l�1 and
the MIC was determined. The results were interpreted using
the CLSI guidelines.

For colistin, the MIC was determined using the micro-broth
dilution method [24. Briefly, cation-adjusted MH broth (Hi-
Media) was prepared and 100 µl was disbursed in a 96-well
microtitre plate. Colistin was added at final concentrations
ranging from 0.06 to 128mg l�1 in row 1 to 12 with row 12
being used as a growth control. Then, bacterial inocula of
5�105dilutions (CLSI guidelines) from overnight-grown cells
were added to the respective wells and incubated at 37

�
C for

20 h. The results were interpreted using the CLSI guidelines.

Identification of carbapenemase producer

The modified Hodge test (MHT) and the EDTA inhibition
tests were performed for the detection of carbapenemase
production as previously described [25]. The interpretation
was done according to CLSI guidelines.

For the EDTA inhibition test, a liquid culture was adjusted to a
turbidity of 0.5 McFarland standard and spread on the surface
of an MHA plate. Two 10 µg meropenem disks were placed
15mm apart, and 10 µl of 0.5M EDTA (Hi-Media) was added
to one of the disks (final EDTA concentration was 750 µg).
Plates were incubated at 37

�
C for 20 h, and metallo-beta-lacta-

mase (MBL) production was identified by any increase in zone
diameter of >5mm in the disk potentiated with EDTA. An
MBL producer was defined as an isolate displaying reduced
susceptibility to meropenem and tested positive in both the
MHT and EDTA inhibition test.

Synergy testing

Time-kill analysis was performed for the isolates that were
resistant to meropenem and colistin (27/89), and was based
on the previously described method [26]. Antibiotics were
used at final concentrations of 4mg l�1 for colistin and 8mg

Manohar et al., Journal of Medical Microbiology 2017;66:874–883

875



l�1 for meropenem with an aim to mimic the clinical serum
peak levels during standard treatments. Briefly, flasks
containing MH broth with meropenem and colistin (MER-
COL) were inoculated with a test organism of approxi-
mately 105 c.f.u. ml�1 and incubated at 37

�
C in a shaking

incubator. After the post-incubation period of 24 h, 100 µl
aliquots were removed from the flask and serial dilutions
were plated onto MH agar plates for determination of viable
counts. After incubation for 24 h, colonies were counted to
determine the synergistic effect of drugs in combination.
Synergy was defined as any �2 log10 decrease in colony
count after 24 h compared with the same drug alone and
remaining as synergy not detected (SND).

DNA extraction

DNA extraction was done by the boiling preparation
method. Briefly, overnight-grown bacteria were centrifuged
at 9 000� g for 10min, and to the harvested bacterial cells,
100 µl sterile distilled water was added and the cells were
heated at 95

�
C for 10–15min. The mixture was centrifuged

at 5000 r.p.m. for 2min and the supernatant was extracted
and used as a source of template.

Screening of antibiotic resistance gene
determinants

The presence of beta-lactamase genes blaNDM-1, blaOXA-48-like,
blaIMP, blaVIM and blaKPC were studied by multiplex PCR
using specific primers and reaction conditions as described by
Doyle et al. [27]. The integrase genes intI1, intI2 and intI3 and
its internal gene cassettes were amplified by multiplex PCR
using specific primers and reaction conditions described by
Kargar et al. [28]. For the amplification of class 1 integrons,
two primer sets were used: IntI1-F and IntI1-R for the intI1
gene, and 5¢-CS and 3¢-CS for the integron variable region as
described by Kargar et al. [28]. For class 2 integrons, primers
IntI2-F and IntI2-R were used for the intI2 gene, and primers
attI2-F and orfX-R for characterization of gene cassette arrays.
Integrase gene products were sequenced for further determina-
tion of the integron gene cassette.

Primers for the mcr-1 and mcr-2 genes were as described
earlier [14, 18]. For identification of clonality between the
bacterial species enterobacterial repetitive intergenic con-
sensus (ERIC)-PCR was performed using ERIC2 primers as
described by Versalovic et al. [29].

Plasmid profiling and gene transferability assay

Plasmid DNA was isolated for the resistant isolates harbour-
ing resistance genes using the HiPurA plasmid DNAminiprep
purification kit (Hi-Media) following the manufacturer’s pro-
tocol, and the lambda DNA/EcoRI+HindIII marker (Thermo-
Fisher Scientific) was used to identify the size of the plasmids.
A total of 24 isolates carrying resistance genes encoding
NDM-1 and OXA-48 were studied. In the case of intra-genus
transfer of antibiotic resistance, only NDM-1- and OXA-48-
encoded Escherichia coli isolates (11) were chosen and the
selected isolates were also found to be colistin-resistant with a
MIC of �32mg l�1. A plasmid-free, streptomycin-resistant
(F�, Strr) auxotrophic strain of Escherichia coli (AB1157),

showing sensitivity to all the antibiotics under study, was used
as a recipient, while all the NDM-1- and OXA-48-encoded
Escherichia coli served as the donors [30]. Donor and recipient
cultures were grown overnight (108 cellsml�1) and 5ml each
bacterial culture was mixed (1 : 1) in a Luria–Bertani (LB)
broth (Hi-Media) and was incubated without shaking for 16 h
at 37

�
C. The transconjugants were selected on LB agar plates

supplemented with streptomycin (100 µgml�1) in addition to
either meropenem (10 µgml�1) or colistin (10 µgml�1). In
order to study the transfer of multiple resistance markers,
combinations containing streptomycin with both meropenem
and colistin were used, so a total of 10 Escherichia coli isolates
resistant to both meropenem and colistin were studied. The
transformants grown on the antibiotic plates were screened
for resistance genes encoding NDM-1 and OXA-48 by PCR.

RESULTS

Identification of bacterial isolates

A total of 89 bacterial isolates identified as Gram-negative
were included in this study. The identified clinical isolates
included the following: 48% (n=43) Escherichia coli, 20%
(n=18) Klebsiella pneumoniae, 11% (n=10) Pseudomonas
aeruginosa, 7 % (n=6) Enterobacter cloacae, 7 % (n=5) Aci-
netobacter baumannii, 4% (n=4) Klebsiella oxytoca, 2%
(n=2) Proteus mirabilis and 1% (n=1) Salmonella paratyphi.
Of the 89 isolates, 81% were found to be Enterobacteriaceae
(Fig. 1).

Susceptibility to antibiotics

All the isolates received from clinical laboratories were
found to be multiple-drug-resistant by the disk diffusion
method at the clinical centres. Throughout this study,
results were interpreted using the CLSI guidelines. Agar
dilution MIC results showed that 58/89 (65%) isolates were
meropenem-resistant. The MIC50 and MIC90values for
meropenem agar dilution were 16 and 32 µgml�1, respec-
tively. Among the different isolates, the percentage of
Escherichia coli that were meropenem-resistant was 65%
(28/43), K. pneumoniae 67% (12/18), Pseudomonas aerugi-
nosa 60% (6/10) and K. oxytoca 100% (4/4). Meropenem
resistance was also observed in isolates such as Enterobacter
cloacae (3/6), A. baumannii (3/5), Proteus mirabilis (1/2)
and S. paratyphi (1/1).

In the case of colistin, MIC results showed that 29 of 89
(33%) isolates were resistant with MIC50 of 1 µgml�1 and
MIC90 of 16 µgml�1. Colistin resistance was observed in
isolates of Escherichia coli (61%, 11/43), K. pneumoniae
(33%, 6/18) and Pseudomonas aeruginosa (30%, 3/10). We
also observed colistin resistance in Enterobacter cloacae (3/
6), A. baumannii (2/5), K. oxytoca (2/4), Proteus mirabilis
(1/2) and S. paratyphi (1/1), but since these numbers are
small they do not reflect the real problem of resistance
among these organisms. From the MIC results, it was found
that 30% (27/89) of the isolates used in this study were
resistant to both meropenem and colistin (Fig. 1).
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Identification of carbapenemase producer

Using phenotypic tests, carbapenemase activity was detected
in 52/89 (58.4%) isolates by the MHT method and 50/89
(56.1%) isolates by the EDTA inhibition test. A comparison
of, disk diffusion and MIC results for meropenem showed
100% and 65% resistance, respectively (Table 1). Overall,
50 (56%) of the 89 tested clinical isolates were positive for
the production of MBLs including carbapenemases.

Screening of antibiotic resistance genes

The presence of resistance genes blaNDM-1, blaOXA-48-like,
blaIMP, blaVIM, blaKPC and mcr-1 and mcr-2 was tested for
all 89 isolates. PCR results showed that blaNDM-1 and
blaOXA-48-like were the most predominant genes in
carbapenem-resistant Gram-negative bacteria in our study.
In total, 24/89 isolates carried resistant genes blaNDM-1 and
blaOXA-48-like. Genes blaIMP, blaVIM and blaKPC were absent
in all the isolates tested. Among blaNDM-1 (20/89) carriers
were Escherichia coli (n=9), K. pneumoniae (n=4), Pseudo-
monas aeruginosa (n=3), K. oxytoca (n=3) and Enterobacter
cloacae (n=1). Four blaOXA-48 producers were Escherichia
coli (n=2), K. pneumoniae (n=1) and K. oxytoca (n=1).
Interestingly, four of the Escherichia coli isolates (EC8,
EC12, EC15 and EC33) were positive for blaNDM-1 and two
Escherichia coli isolates (EC14 and EC22) carried blaOXA-48-
like and were identified in plasmid DNA and studied further
to determine if these genes were transferable. ERIC-PCR
results showed that two of the carbapenem-resistant
Escherichia coli (EC8 and EC15) carrying blaNDM-1 and two
Escherichia coli (EC14 and EC22) carrying blaOXA-48-like had
the same ERIC profile. Two of the blaNDM-1Escherichia coli
could not be grouped. None of the meropenem-susceptible
isolates were positive for the tested carbapenem resistance

genes and also none of the isolates carried more than one
carbapenem resistance gene. Sequencing results showed that
isolates positive for the blaNDM gene also had blaNDM-1, and
those positive for the blaOXA-48-like gene also had blaOXA-181.
In the case of colistin resistance, neither mcr-1 and mcr-2
were amplified in any of the isolates. Of the blaNDM-1 car-
riers, two Escherichia coli isolates (EC8 and EC10) and one
blaOXA-181-positive K. pneumoniae isolate (KP4) were found
to be resistant to both meropenem and colistin.

Conjugation

Plasmid analysis revealed that the resistant isolates carried
one or more plasmids ranging from 10 to 100 kb (Table 2).
Conjugation studies were used to elucidate the intra-genus
gene transfer of plasmid-borne resistance. The resistance
was transferred to Escherichia coli AB1157. Out of nine
Escherichia coli isolates carrying NDM, only four (EC8,
EC12, EC15 and EC33) were found to transfer resistance
plasmids to susceptible Escherichia coli AB1157. However,
both Escherichia coli EC14 and EC22 -OXA carriers were
able to transfer their plasmid-borne gene to susceptible
Escherichia coli AB1157. The resistance was transferred at a
frequency of 4–6�10�5 for both the transformants. No
transformants were observed in the case of colistin. Addi-
tionally, multiple resistance transferability was studied using
meropenem and colistin. In this case, 1/10 Escherichia coli
isolate (with blaNDM-1) showed the simultaneous transfer of
both markers at a low frequency of 3�10�6.

Distribution of integrons in carbapenem- and
colistin-resistant isolates

Of the 89 clinical isolates studied, 24 (26.9%) were identi-
fied as positive for class 1 integrons, 20 (22.4%) for class 2
integrons and three (3.3 %) for class 3 integrons (Table 3).
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Sequencing results showed that the variable regions in class

1 integrons carried antibiotic-resistant genes and showed

that one isolate had blaNDM-1 in its gene cassette (Fig. 2a, b).

Interestingly, 2/6 of the donor Escherichia coli (EC8 and

EC10) involved in conjugation carried blaNDM-1 along with

class 1 integrons, and the same was also amplified in trans-

formants by PCR using specific primers, indicating the

development of competence and uptake of DNA, leading to

recombination and thus, transformation. Interestingly, in

the Escherichia coli EC8 isolate, blaNDM-1 was found inside

the class 1 integron (variable region) arrangement along

with blaOXA-30, which correlates with our earlier PCR stud-

ies, but the gene encoding OXA-30 was not amplified with

specific primers in this study. However, dual resistance was

found in Escherichia coli isolates producing plasmid-bound

blaNDM-1 and also involved in co-transformation of dual
resistance in the presence of class 1 integrons.

Synergy testing

For synergy testing, isolates were chosen based on the DNA
fingerprinting results obtained from ERIC-PCR. On observ-
ing ERIC results, five patterns of Escherichia coli, five pat-
terns of K. pneumoniae, three patterns of Pseudomonas
aeruginosa, two patterns of A. baumannii, two patterns of
K. oxytoca, and one pattern each for Enterobacter cloacae,
Proteus mirabilis and S. paratyphi were observed. A total of
20 isolates were included for the synergy testing; differences
in colony count of �2 log10 after 24 h exposure to the drugs
in combination and as single agents was considered as syn-
ergy. The time-kill analysis showed synergy for 10/20 (50%)
isolates after 24 h (Table 4). Among the 10 synergetic iso-
lates, 4/5 were Escherichia coli, 2/5 K. pneumoniae, and one
each of Pseudomonas aeruginosa, K. oxytoca, Enterobacter
cloacae and S. paratyphi. It was also noted that 4/10 syner-
getic isolates (two Escherichia coli, one K. pneumoniae and
one Pseudomonas aeruginosa) were NDM-1 producers and
1/10 (K. pneumoniae) was an OXA-181 producer.

DISCUSSION

Our present study demonstrated that 65% and 33% of the
Gram-negative bacteria under study were resistant to mero-
penem and colistin, respectively. The study simultaneously
analysed the potential role of the plasmid-borne resistance
in transferability and the type of integrons involved in the
resistance of clinical Gram-negative isolates from Tamil
Nadu, India. The molecular characteristics of integrons and
plasmids in carbapenem- (NDM- and OXA-producing) and
colistin-resistant Gram-negative clinical isolates were
described to emphasize the rapid spread of resistance within
clinical bacteria.

Many studies have demonstrated the wide spread of
NDM-1- and OXA-48-like-producing carbapenem-resistant
Gram-negative bacteria from India [31–33]. In addition,
our previous studies also reported the distribution of

Table 1. Carbapenem resistance in Gram-negative isolates according

to different phenotypic tests

Species

Number of carbapenem-resistant isolates from

phenotypic tests

Disk-

diffusion*

MIC† MHT‡ EDTA inhibition

test§

Escherichia coli 43 28 20 21

K. pneumoniae 18 12 12 10

Pseudomonas

aeruginosa

10 6 7 6

Enterobacter

cloacae

6 3 2 5

A. baumannii 5 3 4 4

K. oxytoca 4 4 4 4

Proteus mirabilis 2 1 2 0

S. paratyphi 1 1 1 0

*Disk-diffusion represents Kirby–Bauer test results obtained for

meropenem.

†MIC results of agar dilution method for meropenem.

‡MHT (modified Hodge test) data obtained using meropenem disk.

§EDTA inhibition test results obtained from meropenem-EDTA

(M-EDTA).

Table 2. Distribution of plasmids in Gram-negative bacteria used in this study

Plasmid size

(kb)*

Frequency of plasmid distribution according to organism† (%)

Escherichia

coli, n=43

K.

pneumoniae, n=18

Pseudomonas

aeruginosa, n=11

Enterobacter

cloacae, n=6

A.

baumannii, n=5

K.

oxytoca, n=4

1.0 3 (6.9) 0 1 (9.0) 0 0 0

3.0 1 (2.3) 1 (5.5) 0 0 1 (20.0) 0

5.0 0 0 0 1 (16.6) 0 0

10.0 9 (21) 3 (16.6) 1 (9.0) 0 0 0

20.0 2 (4.6) 1 (5.5) 2 (18.1) 0 0 0

50.0 3 (6.9) 0 0 0 1 (20.0) 1 (25.0)

100.0 5 (12) 2 (11.1) 1 (9.0) 1 (16.6) 0 1 (25.0)

*Plasmid sizes were identified using lambda DNA/EcoRI+HindIII marker.

†Plasmids were absent in S. paratyphi and Proteus mirabilis.
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blaNDM-1, blaOXA-48-like and blaIMP among carbapenem-
resistant clinical isolates and also the distribution of colistin
resistance among clinical isolates in Tamil Nadu [15, 34].
The rapid spread of carbapenem and colistin resistance

among Gram-negative bacteria has become a major threat
for the treatment of infectious diseases, not only in India,
but also in other parts of the world. This study also showed
the discrepancies among the results obtained by disk-

Table 3. List of clinical isolates harbouring integrons and resistance genes

+, Present; �, absent.

Sample no. Organism Class 1 integron Class 2 integron Class 3 integron Integron gene cassette region

Escherichia coli

1 EC4 + � � �

2 EC7 + � � +

3 EC8-NDM*† + � � +

4 EC10-NDM*† + � � +

5 EC16†* + � �

6 EC17* + � � +

7 EC19† + � � +

8 EC22-OXA* + + � �

9 EC23* + + � �

10 EC25* + + � +

11 EC29 + + � �

12 EC31 + + � �

13 EC32* � + � +

14 EC35* � + � �

15 EC37* � + � +

16 EC38 � + � +

17 EC41† � + � +

18 EC42 � � + �

K. pneumoniae

19 KP1† + � � +

20 KP5† + � � �

21 KP6† + � � �

22 KP7-NDM* + � � +

23 KP8* + � � +

24 KP9* + + � �

25 KP11 + + � �

26 KP13 + + � �

27 KP14† � + � +

28 KP15* � + � +

29 KP17* � + � �

30 KP18 � + � �

K. oxytoca

31 KO1*† + � � +

32 KO2 + � � �

33 KO3*† � + � +

34 KO4* � � + �

Enterobacter cloacae

35 EL1-NDM* + � � +

36 EL3 + � � �

37 EL4* � + � +

38 EL5 � + � +

39 EL6* � � + �

*Carbapenem-resistant.

†Colistin-resistant.
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diffusion, MIC, MHT and EDTA inhibition test for the
detection of carbapenem resistance. Therefore the survey
studies should not depend on a single identification strategy
for reporting carbapenem resistance until adequate meas-
ures are established.

In recent years, there have been increasing reports of carba-

penem and colistin resistance in Enterobacteriaceae harbour-

ing both carbapenem-resistance and colistin-resistance genes

in their plasmids [35]. Acquired resistance to colistin is

extremely worrying considering that colistin is used as a last-

resort antibiotic against carbapenem-resistant Gram-negative

bacteria, especially Enterobacteriaceae [35]. Recently, plas-

mid-mediated carbapenem- and colistin-resistance in a clini-

cal Escherichia coli isolate was reported in Switzerland [35,

36]. Enterobacter cloacae isolated from clinical samples were

found to be resistant to both carbapenem and colistin in Col-

orado [37]. Colistin resistance in K. pneumoniae causing bac-

teraemia was reported from Tamil Nadu, India [38], and the

presence of the colistin-resistance mcr-1 gene was identified

in Escherichia coli from the Indian subcontinent [39].

Recently, identification of a plasmid-mediated mcr-1 gene

conferring resistance to colistin in carbapenemase-producing
Escherichia coli and K. pneumoniae from animals and
patients in China and other parts of the world has been
reported [40]. A recent study also found that the carbape-
nem- and colistin-resististant to both carbaant Escherichia
coli producing plasmid-borne NDM-9 and MCR-1 was
recovered from chicken meat samples in China [41]. Our
present study showed the dissemination of carbapenem and
colistin resistance (30%) among Gram-negative clinical iso-
lates including 78% (21/27) in Enterobacteriaceae. The earlier
studies also showed the co-transformation of plasmid-bound
carbapenem and colistin resistance genes encoding NDM-9
and MCR-1 through conjugation [41]. In this study, we
found that plasmid-borne carbapenem resistance genes
blaNDM-1 and blaOXA-181 were transferred through intra-
genus gene transfer. The role of class 1 integrons in dissemi-
nating antibiotic resistance genes is well studied. A recent
study characterized the carbapenem resistance gene blaVIM-2

inside the class 1 integron arrangement and reported the new
integrons In1054 (intI1-aacA56-qacED1-sul1) and In1160
(intI1-aacA4-aacC1d-ISKpn4-gcuE-qacED1-sul1) in Pseudo-
monas aeruginosa [42]. Accordingly, our study characterized
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Fig. 2. (a) Schematic representation for PCR detection of class 1 and class 2 integron structures. [a(i)] Primers intI1F and intI2R were

used to detect IntI1 integrase and 5¢CS/3¢CS (conserved region) were used to amplify variable regions of class 1 integrons. [a(ii)] Pri-

mers intI2F and intI2R were used to detect intI2 integrase and attI-F and orfX-R were used to characterize class 2 integron gene cas-

sette arrays. (b) Variable regions (5¢CS-3¢CS) of class 1 integrons in isolates. [b(i)] Escherichia coli EC16 and K. pneumoniae KP1, [b(ii)]

Escherichia coli EC7 and [b(iii)] Escherichia coli EC8.
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the blaNDM-1 and blaOXA-30 beta-lactamase genes inside the
class 1 integron variable region (intI1-cmlA5-blaOXA-30-
blaNDM-1-dhfrA17-ANT-3¢ the best of our knowle-aadA5-
qacED1-sul1) and has been described in Escherichia coli for
the first time, to the best of our knowledge. GenBank acces-
sion numbers of the class 1 integron sequences are:
KX610373, KX660694, KX660695, KX660696 and KX685500.

As resistance plasmids are the major sources of antibiotic
resistance transmission, these transferable elements confer-
ring resistance to multiple antibiotics yield MDR bacteria.
It is also possible that other mechanisms like integrons
can co-transfer various plasmid-mediated resistance fac-
tors, accounting for the phenomenon of co-resistance as
observed in our study. Plasmid-mediated transformation
of resistance is of great concern and contributes to the
spread of antibiotic resistance throughout bacterial species.
Our study confirmed the plasmid-mediated transfer of
carbapenem and colistin resistance and also contributed to
the finding of blaNDM-1 inside class 1 integrons in plas-
mids. There are not many previous studies reporting the

association of carbapenem resistance genes and class 1
integrons in plasmids. Our finding is a relatively low
occurrence of class 1 integrons within carbapenem- and
colistin-resistant clinical isolates, but demonstrating the
transfer of this plasmid-mediated resistance is the import-
ant outcome of this study.

Combination therapy is preferred to overcome the multiple-
drug-resistant Gram-negative (MDR-GN) clinical patho-
gens. For carbapenem- and colistin-resistant isolates,
combination therapy was used to improve the microbio-
logical cure in critically-ill patients [43]. In earlier studies,
broth-based methods were found to be accurate for assess-
ing synergistic effects [44]. Colistin in combination with
carbapenem is found to have synergistic effect against K.
pneumoniae, Pseudomonas aeruginosa and A. baumannii
[45–47]. Our in vitro combination therapy (meropenem
+colistin) showed synergy in 50% of the tested isolates
which include blaNDM-1 and blaOXA-181 producers. Though
there are no accepted standard procedures to perform syn-
ergy testing in routine microbiological laboratories, the

Table 4. Characteristics of bacterial isolates investigated for synergy studies, including resistance determinants, MICs of meropenem and colistin

and MER-COL results from time-kill analysis

Bacterial isolate Meropenem MIC

(µg ml�1)

Colistin MIC

(µg ml�1)

Time-kill analysis

results‡

Synergistic concentration (MER

+COL) (µg ml�1)§

Escherichia coli

EC8* 64 32 S 4+4

EC16 32 8 S 8+2

EC17 16 16 S 4+2

EC21 32 8 SND

EC24 8 8 S 1+0.5

Klebsiella pneumoniae

KP4† 32 16 S 4+2

KP7* 64 >128 SND

KP2* 64 16 SND

KP3 >128 32 SND

KP12 16 8 S 4+0.5

Pseudomonas aeruginosa PA3* >128 16 SND

PA5 64 16 SND

PA8 16 32 S 2+4

Klebsiella oxytoca

KO1 16 8 S 2+1

KO3 32 16 SND

Acinetobacter baumannii

AB1 >128 32 SND

AB5 >128 32 SND

Enterobacter cloacae EL4 32 16 S 8+2

Proteus mirabilis PM1 16 >128 SND

Salmonella paratyphi SPT1 8 16 S 1+4

*NDM-1 producer.

†OXA-48 producer.

‡Time-kill analysis was performed for 20 isolates and the results represent the synergy after 24 h. S, synergy; SND, synergy not detected.

§Minimum inhibitory concentration at which synergy was obtained (meropenem+colistin).
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recent clinical data show the positive effect of combination
therapy to combat developing MDR pathogens.

Our study highlights the distribution of carbapenem- and
colistin-resistant Gram-negative clinical pathogens harbour-
ing plasmid-mediated resistance genes in Tamil Nadu,
India. Additionally, we also identified the class 1 integron
gene cassette regions harbouring antibiotic resistance genes.
Our study also shows that plasmid-associated carbapenem
resistance was transferable in some Escherichia coli strains
harbouring the blaNDM-1 gene determinant and was associ-
ated with class 1 integrons. Our study demonstrated that
carbapenem-resistant genes blaNDM-1 and blaOXA-181coded
for the most predominant enzymes in Gram-negative bac-
teria isolated from the Tamil Nadu region in India.

CONCLUSION

The distribution of antibiotic-resistant bacteria in clinical
settings is worrying. Clinical pathogens, especially bacteria
developing resistance to last-resort antibiotics such as carba-
penem and colistin, are rapidly increasing because of hori-
zontal gene transfer. Necessary steps are to be taken
immediately to combat this serious healthcare problem in
the hospital setting (nosocomial infections), and available
alternative treatment options should be employed to over-
come the problem. This study identifies that plasmids and
integrons do play an important role in mobilization of
resistance gene determinants. Plasmid-borne carbapenem
resistance genes, NDM-1 and OXA-181 in Escherichia coli
were found to be involved in horizontal gene transfer; hence
proper surveillance and detection of resistance genes are
essential to prevent their spread and diversification. We
know that even if the core genome is stable, the accessory
genome is more fluid and carbapenem resistance among
Gram-negative pathogens has become common, usually by
the acquisition of carbapenemase genes. Our study shows
that the combination of meropenem and colistin can exert a
synergistic effect against antibiotic-resistant Gram-negative
bacteria, and with further clinical studies we can observe its
improved therapeutic outcomes. Combination therapy has
proven to be effective in the treatment of many cancers,
viral infections and tuberculosis. To combat multiple-drug-
resistant Gram-negative bacterial infections, alternative
approaches are urgently needed as the ‘one drug-one target’
model has limited viability, so combination therapy is
indeed a novel way of tackling highly resistant bugs. In addi-
tion , combination therapy also has the potential to decrease
the likelihood of resistance development.

Funding information

This research work was funded by DST-SERB, Govt of India, New
Delhi, Ref. No. SERB/LS-930/2012.

Acknowledgements

The authors would like to thank VIT University for providing research
facilities.

Conflicts of interest

The authors declare that there are no conflicts of interest.

References

1. Cosgrove SE, Carmeli Y. The impact of antimicrobial resistance
on health and economic outcomes. Clin Infect Dis 2003;36:1433–
1437.

2. Xu Y, Gu B, Huang M, Liu H, Xu T et al. Epidemiology of carbapen-
em resistant Enterobacteriaceae (CRE) during 2000-2012 in Asia. J
Thorac Dis 2015;7:376–385.

3. Perez F, Van Duin D. Carbapenem-resistant Enterobacteriaceae: a
menace to our most vulnerable patients. Cleve Clin J Med 2013;80:
225–233.

4. Zhanel GG, Wiebe R, Dilay L, Thomson K, Rubinstein E et al. Com-
parative review of the carbapenems. Drugs 2007;67:1027–1052.

5. Falagas ME, Kasiakou SK, Saravolatz LD. Colistin: the revival of
polymyxins for the management of multidrug-resistant Gram-
negative bacterial infections. Clin Infect Dis 2005;40:1333–1341.

6. Laxminarayan R, Duse A, Wattal C, Zaidi AK, Wertheim HF et al.

Antibiotic resistance: the need for global solutions. Lancet Infect
Dis 2013;13:1057–1098.

7. Cantón R, Akóva M, Carmeli Y, Giske CG, Glupczynski Y et al.

Rapid evolution and spread of carbapenemases among Enterobac-

teriaceae in Europe. Clin Microbiol Infect 2012;18:413–431.

8. Livermore DM. Has the era of untreatable infections arrived?
J Antimicrob Chemoth 2009;64:i29–i36.

9. Capone A, Giannella M, Fortini D, Giordano A, Meledandri M et al.

High rate of colistin resistance among patients with carbapenem-
resistant Klebsiella pneumoniae infection accounts for an excess
of mortality. Clin Microbiol Infect 2013;19:E23–E30.

10. Yahav D, Farbman L, Leibovici L, Paul M. Colistin: new lessons on
an old antibiotic. Clin Microbiol Infect 2012;18:18–29.

11. Nation RL, Li J. Colistin in the 21st century. Curr Opin Infect Dis

2009;22:535–543.

12. Nordmann P, Cuzon G, Naas T. The real threat of Klebsiella pneu-

moniae carbapenemase-producing bacteria. Lancet Infect Dis

2009;9:228–236.

13. Li J, Rayner CR, Nation RL, Owen RJ, Spelman D et al. Hetero-
resistance to colistin in multidrug-resistant Acinetobacter bauman-

nii. Antimicrob Agents Chemother 2006;50:2946–2950.

14. Vila-Farres X, Garcia de La Maria C, López-Rojas R, Pachón J,

Giralt E et al. In vitro activity of several antimicrobial peptides
against colistin-susceptible and colistin-resistant Acinetobacter

baumannii. Clin Microbiol Infect 2012;18:383–387.

15. Ramesh N, Prasanth M, Ramkumar S, Suresh M, Tamhankar AJ

et al. Colistin susceptibility of Gram-negative clinical isolates from
Tamil Nadu, India. Asian Biomed 2016;10:35–39.

16. Liu YY, Wang Y, Walsh TR, Yi LX, Zhang R et al. Emergence of
plasmid-mediated colistin resistance mechanism MCR-1 in ani-
mals and human beings in China: a microbiological and molecular
biological study. Lancet Infect Dis 2016;16:161–168.

17. Du H, Chen L, Tang YW, Kreiswirth BN. Emergence of the mcr-1

colistin resistance gene in carbapenem-resistant Enterobacteri-

aceae. Lancet Infect Dis 2016;16:287–288.

18. Xavier BB, Lammens C, Ruhal R, Kumar-Singh S, Butaye P et al.

Identification of a novel plasmid-mediated colistin-resistance
gene, mcr-2, in Escherichia coli, Belgium, June 2016.
Eurosurveillance 2016;21:pii=30280.

19. Vila J, Martí S, S�anchez-C�espedes J. Porins, efflux pumps and
multidrug resistance in Acinetobacter baumannii. J Antimicrob

Chemother 2007;59:1210–1215.

20. Livermore DM, Warner M, Mushtaq S, Doumith M, Zhang J et al.

What remains against carbapenem-resistant Enterobacteriaceae?
Evaluation of chloramphenicol, ciprofloxacin, colistin, fosfomycin,
minocycline, nitrofurantoin, temocillin and tigecycline. Int J

Antimicrob Agents 2011;37:415–419.

21. Krauland MG, Marsh JW, Paterson DL, Harrison LH. Integron-
mediated multidrug resistance in a global collection of
nontyphoidal Salmonella enterica isolates. Emerg Infect Dis 2009;
15:388–396.

Manohar et al., Journal of Medical Microbiology 2017;66:874–883

882



22. Tajbakhsh E, Khamesipour F, Ranjbar R, Ugwu IC. Prevalence of
class 1 and 2 integrons in multi-drug resistant Escherichia coli

isolated from aquaculture water in Chaharmahal Va Bakhtiari
province, Iran. Ann Clin Microbiol Antimicrob 2015;14:37.

23. Nordmann P, Naas T, Poirel L. Global spread of carbapenemase-
producing Enterobacteriaceae. Emerg Infect Dis 2011;17:1791–
1798.

24. Clinical and Laboratory Standards Institute. Performance

Standards for Antimicrobial Susceptibility Testing; Twenty-Fifth

Informational Supplement, Approved standard M100-S25. Wayne,
PA: CLSI; 2015.

25. Nagdeo NV, Kaore NM, Thombare VR. Phenotypic methods for
detection of various b-lactamases in Gram-negative clinical iso-
lates: need of the hour. Chron Young Sci 2012;3:292.

26. Pankuch GA, Lin G, Seifert H, Appelbaum PC. Activity of mero-
penem with and without ciprofloxacin and colistin against Pseudo-
monas aeruginosa and Acinetobacter baumannii. Antimicrob Agents

Chemother 2008;52:333–336.

27. Doyle D, Peirano G, Lascols C, Lloyd T, Church DL et al. Labora-
tory detection of Enterobacteriaceae that produce carbapenem-
ases. J Clin Microbiol 2012;50:3877–3880.

28. Kargar M, Mohammadalipour Z, Doosti A, Lorzadeh S, Japoni-

Nejad A. High prevalence of class 1 to 3 integrons among multi-
drug-resistant diarrheagenic Escherichia coli in southwest of Iran.
Osong Public Health Res Perspect 2014;5:193–198.

29. Versalovic J, Schneider M, de Bruijn FJ, Lupski JR. Genomic fin-
gerprinting of bacteria using repetitive sequence-based polymer-
ase chain reaction. Methods Mol Cell Biol 1994;5:25–40.

30. Vaidya VK. Horizontal transfer of antimicrobial resistance by
extended-spectrum b lactamase-producing Enterobacteriaceae. J
Lab Physicians 2011;3:37.

31. Castanheira M, Deshpande LM, Mathai D, Bell JM, Jones RN et al.

Early dissemination of NDM-1- and OXA-181-producing Enterobac-

teriaceae in Indian hospitals: report from the SENTRY Antimicro-
bial Surveillance Program, 2006-2007. Antimicrob Agents

Chemother 2011;55:1274–1278.

32. Lascols C, Hackel M, Marshall SH, Hujer AM, Bouchillon S et al.

Increasing prevalence and dissemination of NDM-1 metallo-b-lac-
tamase in India: data from the SMART study (2009). J Antimicrob

Chemother 2011;66:1992–1997.

33. Srinivasan R, Ellappan K, Narasimha HB. Prevalence and charac-
terization of NDM-1 and OXA-48 carbapenemase gene harboring
Enterobacteriaceae in a tertiary care hospital, South India. African
J Bacteriol Res 2015;7:60–63.

34. Nachimuthu R, Subramani R, Maray S, Gothandam KM,

Sivamangala K et al. Characterization of carbapenem-resistant
Gram-negative bacteria from Tamil Nadu. J Chemother 2016;28:
371–374.

35. Poirel L, Kieffer N, Liassine N, Thanh D, Nordmann P. Plasmid-

mediated carbapenem and colistin resistance in a clinical isolate
of Escherichia coli. Lancet Infect Dis 2016;16:281.

36. Nordmann P, Lienhard R, Kieffer N, Clerc O, Poirel L. Plasmid-

mediated colistin-resistant Escherichia coli in bacteremia in Swit-
zerland. Clin Infect Dis 2016;62:1322–1323.

37. Norgan AP, Freese JM, Tuin PM, Cunningham SA, Jeraldo PR

et al. Carbapenem- and colistin-resistant Enterobacter cloacae

from Delta, Colorado, in 2015. Antimicrob Agents Chemother 2016;
60:3141–3144.

38. Pragasam AK, Shankar C, Veeraraghavan B, Biswas I, Nabarro

LE et al. Molecular mechanisms of colistin resistance in Klebsiella

pneumoniae causing bacteremia from India: a first report. Front
Microbiol 2016;7:2135.

39. Mohsin M, Raza S, Roschanski N, Guenther S, Ali A et al. Descrip-

tion of the first Escherichia coli clinical isolate harboring the colis-
tin resistance gene mcr-1 from the Indian subcontinent.
Antimicrob Agents Chemother 2016;61:e01945-16.

40. Du H, Chen L, Tang YW, Kreiswirth BN. Emergence of the mcr-1

colistin resistance gene in carbapenem-resistant Enterobacteri-

aceae. Lancet Infect Dis 2016;16:287–288.

41. Yao X, Doi Y, Zeng L, Lv L, Liu JH. Carbapenem-resistant and

colistin-resistant Escherichia coli co-producing NDM-9 and MCR-1.
Lancet Infect Dis 2016;16:288–289.

42. Rojo-Bezares B, Cavali�e L, Dubois D, Oswald E, Torres C et al.

Characterization of carbapenem resistance mechanisms and
integrons in Pseudomonas aeruginosa strains from blood samples
in a French hospital. J Med Microbiol 2016;65:311–319.

43. Morrill HJ, Pogue JM, Kaye KS, Laplante KL. Treatment options

for carbapenem-resistant Enterobacteriaceae infections. Open

Forum Infect Dis 2015;5:ofv050.

44. Betts JW, Phee LM, Woodford N, Wareham DW. Activity of colistin

in combination with tigecycline or rifampicin against multidrug-
resistant Stenotrophomonas maltophilia. Eur J Clin Microbiol Infect

Dis 2014;33:1565–1572.

45. Parchem NL, Bauer KA, Cook CH, Mangino JE, Jones CD et al.

Colistin combination therapy improves microbiologic cure in crit-
ically ill patients with multi-drug resistant Gram-negative pneu-
monia. Eur J Clin Microbiol Infect Dis 2016;35:1433–1439.

46. Paul M, Carmeli Y, Durante-Mangoni E, Mouton JW, Tacconelli E

et al. Combination therapy for carbapenem-resistant Gram-nega-

tive bacteria. J Antimicrob Chemother 2014:dku168.

47. Cheng A, Chuang YC, Sun HY, Sheng WH, Yang CJ et al. Excess

mortality associated with colistin-tigecycline compared with colis-
tin-carbapenem combination therapy for extensively drug-resist-
ant Acinetobacter baumannii bacteremia: a multicenter prospective
observational study. Crit Care Med 2015;43:1194–1204.

Manohar et al., Journal of Medical Microbiology 2017;66:874–883

883

Five reasons to publish your next article with a Microbiology Society journal

1. The Microbiology Society is a not-for-profit organization.

2. We offer fast and rigorous peer review – average time to first decision is 4–6 weeks.

3. Our journals have a global readership with subscriptions held in research institutions around
the world.

4. 80% of our authors rate our submission process as ‘excellent’ or ‘very good’.

5. Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.


