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A B S T R A C T

Objective: Colistin is the last line of therapy for infections caused by multidrug-resistant Gram-negative
bacteria. The objective of this study was to determine the phenotypic and genotypic characteristics of
colistin-resistant Klebsiella pneumoniae (K. pneumoniae) isolated from swine samples in Malaysia.
Methods: A total of 46 swine K. pneumoniae strains isolated from 2013–2015 in Malaysia were analysed for
the production of extended-spectrum β-lactamases and carbapenemase. The resistance traits and genetic
diversity of these strains were characterised by polymerase chain reaction, conjugation, plasmid analysis,
and pulsed-field gel electrophoresis.
Results: Nineteen of 46 strains were multidrug resistant while 13 were resistant to colistin. The majority
of colistin-resistant strains harboured blaTEM gene (92.3%), followed by blaSHV (69.23%), blaCTXM-1

(38.46%), and blaMCR-1 (23.08%). All three colistin-resistant strains had transferable plasmids and the
colistin resistance gene blaMCR-1. Genotyping by pulsed-field gel electrophoresis showed high genetic
diversity among the K. pneumoniae and that the colistin-resistant K. pneumoniae strains were
heterogenous.
Conclusion: It is believed that this is the first report of colistin-resistant K. pneumoniae among swine
strains associated with mcr-1 plasmid in Malaysia. Due to the emergence of β-lactam, carbapenem and
colistin resistance, the use of colistin in animal husbandry and agriculture should be avoided to prevent
treatment failure.
© 2019 International Society for Chemotherapy of Infection and Cancer. Published by Elsevier Ltd. All

rights reserved.
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1. Introduction

Klebsiella pneumoniae (K. pneumoniae) is a Gram-negative
bacterium that belongs to the Enterobacteriaceae family. It is a
common pathogen that is responsible for hospital-acquired and
community-acquired infections such as bacteraemia, pneumonia,
soft tissue infection, and urinary tract infections [1,2].

In 1983, the first extended-spectrum β-lactamase (ESBL)-
producing K. pneumoniae were reported in Germany. Since then,
the numbers of ESBL-producing K. pneumoniae have increased and
rapidly spread across the world causing a serious problem in
antibiotic management. Furthermore, ESBL-producing K. pneumo-
niae are also resistant to several groups of antibiotics, often
resulting in treatment failure [2].
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Carbapenems are used as last-resort antibiotics for severe
infections caused by ESBL-producing bacteria; cases of carbape-
nem resistance have been reported since 1996. Carbapenem
resistance has become a critical concern in the healthcare sector
due to increased mortality and limited therapeutic options. Under
this situation, colistin and tigecycline are the ‘last-line therapy’ for
these resistant organisms [2–4]. However, the excessive use of
colistin has resulted in increased colistin resistance in bacterial
pathogens reported worldwide [2]. The main cause of resistance to
polymyxins is lipopolysaccharide (LPS) modification and is
associated with two-component systems: phoPQ, pmrAB and the
regulator mgrB [5].

The plasmid-mediated colistin resistance due to mcr-1 resis-
tance gene was first reported by Liu et al. from food, animals and
patients in China [6]. This was followed by reports of animals and
humans from other countries such as Denmark, Thailand, Laos,
Algeria, Portugal, United Kingdom, France, and Germany [7–11].

Infections caused by colistin-resistant pathogens are a serious
issue because there are no available suitable antimicrobial options,
lished by Elsevier Ltd. All rights reserved.
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and they are associated with high mortality rates among infected
humans and animals [12]. Food-producing animals play an
important role in the transfer of antibacterial resistance among
animals and humans, and several studies have focused on this
possible transmission with regard to public health [6–8,11].

Therefore, the objective of this study was to determine the
genotypic and phenotypic characteristics of colistin-resistant K.
pneumoniae strains isolated from swine farms in Malaysia from
2013–2015. It also analysed the prevalence and transferability of
colistin-associated gene and antimicrobial resistance among K.
pneumoniae strains.

2. Materials and methods

2.1. Bacterial isolation and identification

Forty-six K. pneumoniae strains were isolated from 41 pigs in
seven different farms located in Penang (Farms A–E) and Selangor
(Farms F–G), Malaysia between 2013–2015 (Fig. 1). The strains
were isolated using a basic microbiological culture method and
identified as K. pneumoniae by the Vitek-MS system and polymer-
ase chain reaction (PCR) targeting mdh gene (http://bigsdb.web.
pasteur.fr/klebsiella/primers_used.html). The PCR products were
verified via DNA sequencing. The 46 confirmed strains were
isolated from swine rectum (n = 20), swine faeces (n = 6), swine
nasal cavities (n = 8), and swine oral cavities (n = 12). About 26% of
the strains were isolated from Farm F, followed by eight strains
Fig. 1. The map of Peninsular Malaysia showing the locations of the seven swine farm
Number of strains in each farm: Farm A (swine oral cavities, n = 3; swine rectum, n = 1); Fa
(swine rectum, n = 5); farm E (swine rectum, n = 4); Farm F (swine oral cavities, n = 5; sw
n = 1).
each from Farms B and C, five strains each from Farms D and G, and
four strains each from Farms A and E.

2.2. Antimicrobial susceptibility testing

The susceptibilities of K. pneumoniae strains to 16 antimicrobial
agents — including amikacin (30 mg), amoxicillin-clavulanate (20/
10 mg), nalidixic acid (30 mg), aztreonam (30 mg), ceftazidime
(30 mg), cefoperazone (30 mg), cefixime (5 mg), cefotaxime (30 mg),
ciprofloxacin (5 mg), colistin (10 mg), gentamycin (10 mg), ampicil-
lin (10 mg), tazobactam (10 mg), imipenem (10 mg), meropenem
(10 mg), and tetracycline (30 mg) (Oxoid) — were determined by
using standard disk diffusion method according to the Clinical and
Laboratory Standard Institute (CLSI) guidelines [13].

Extended-spectrum β-lactamase production was confirmed
using the disk diffusion method as described in the CLSI guidelines
[13]. Briefly, antibiotic disks containing cefotaxime (30 mg), cefta-
zidime (30mg), cefotaxime-clavulanate (30/10 mg) and ceftazidime-
clavulanate (30/10 mg) were placed 20 mm apart from the centre of
the Mueller-Hinton Agar plate that was inoculated with a cell
suspension of K. pneumoniae at 0.5 McFarland standard. An increase
of 5 mm in the diameter of the inhibition zone of cefotaxime or
ceftazidime, in combination with clavulanate when compared with
the diameter of cefotaxime or ceftazidime in the absence of
clavulanate, was considered as a positive sign for positive ESBL
production. Escherichia coli (E. coli) strain ATCC 25922 and K.
pneumoniae strain ATCC 700603 were used as quality controls.
s.
rm B (swine rectum, n = 2; swine faeces, n = 6); Farm C (swine rectum, n = 8); Farm D
ine nasal cavities, n = 7); and Farm G (swine oral cavities, n = 4; swine nasal cavities,
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Table 1
The minimal inhibitory concentrations (MIC) of 13 colistin-resistant strains.

Strains Minimal inhibitory concentration (MIC) (mg/mL)a

CTX
(30 mg)

CAZ
(30 mg)

MEM
(10 mg)

IPM
(10 mg)

CT
(10 mg)

KP2013Z27 64/R 256/R 1.5/S 0.06/S 8/R
KP2013Z28 256/R 128/R 0.5/S 0.47/S 16/R
KP2015Z01 32/R 32/R 4/R 0.32/S 16/R
KP2015Z02 128/R 32/R 2/I 0.12/S 8/R
KP2015Z04 32/R 128/R 8/R 2/I 16/R
KP2015Z05 64/R 32/R 4/R 0.32/S 32/R
KP2015Z07 256/R 64/R 2/I 0.32/S 16/R
KP2015Z09 32/R 128/R 16/R 0.47/S 32/R
KP2015Z10 64/R 128/R 6/R 4/R 8/R
KP2015Z11 64/R 64/R 8/R 0.16/S 16/R
KP2015Z14 128/R 32/R 16/R 0.23/S 8/R
KP2015Z15 32/R 64/R 4/I 0.06/S 8/R
KP2015Z17 32/R 128/R 6/R 0.16/S 16/R

CTX: cefotaxime (S � 1; I = 2; R � 4); CAZ: ceftazidime (S � 4; I = 8; R � 16); MEM:
meropenem (S � 1; I = 2; R � 4); IMP: imipenem (S � 1; I = 2; R � 4); CT: colistin
((S � 2; R � 4) [13].

a Minimal inhibitory concentration interpretive criteria (mg/mL).
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Modified Hodge Test was carried out to detect carbapenemase
production in K. pneumoniae strains according to the CLSI
guidelines [14]. The carbapenem-susceptible strain (E. coli ATCC
25922) was streaked as a lawn on MHA and dried for 3–5 min. The
meropenem disk (10 mg) was then placed in the centre of the plate,
and strains were streaked from the edge of the disk to the edge of
the plate in a straight line. After 16–24 h of incubation, a clover
leaf-type indentation at the intersection of the strains and E. coli
ATCC 25922 was considered as a positive carbapenem resistance. K.
pneumoniae strains ATCC BBA1705 and ATCC BBA1706 were used as
positive and negative quality controls, respectively.

The minimum inhibitory concentration (MICs) for meropenem,
imipenem, ceftazidime and cefotaxime (bioMerieux) was deter-
mined by Etest according to the CLSI guidelines, and broth
microdilution method was performed for colistin. E. coli ATCC
25922 was used as the quality control strain [13].

2.3. Detection of extended-spectrum β-lactamase, carbapenem and
colistin resistance genes

Polymerase chain reaction detection of β-lactamase genes
(blaSHV, blaTEM, blaOXA-1, blaCTXM-1, blaCTXM-2, blaCTXM-9) and blaOXA-
9), carbapenem genes (blaVIM, blaKPC, blaIMP, blaNDM and blaOXA-48)
and colistin resistance genes (blaMCR-1, blaMCR-2, blaMCR-3, blaMCR-4

and blaMCR-5) was performed as previously described [6,15–17].
The PCR products were sequenced to confirm their identity, and
the strains with the confirmed amplicon products were used as
positive controls for subsequent PCR analysis.

2.4. Conjugation assay and plasmid analysis

For estimation of plasmid sizes, plasmid DNA extracted from K.
pneumoniae strains, by using the alkaline lysis method [18], were
separated on a 0.8% agarose gel for 4.5 h at 100 V. A 1 kb DNA ladder
and lambda DNA/HindIII (Promega, Madison, USA) were used as
DNA markers. Detection of selected β-lactamase genes (blaSHV,
blaTEM, blaOXA-1 and blaCTXM-1) and colistin resistance gene (blaMCR-

1, blaMCR-2, blaMCR-3, blaMCR-4 and blaMCR-5) were performed using
extracted plasmid DNA via PCR [6,15–17]. The PCR products were
sequenced to confirm their identity.

Transfer of colistin resistance trait by conjugation was
performed in Luria-Bertani broth using E. coli DH5α, which is
resistant to nalidixic acid, as the recipient. Transconjugants were
selected on Luria-Bertani agar supplemented with a combination
of colistin (1 mg/L) and nalidixic acid (100 mg/mL) (Sigma Aldrich,
St. Louis, USA) as previously described by Anjum et al. [19].
Presence of plasmids in the transconjugants was confirmed by
agarose gel electrophoresis.

2.5. Genotyping by pulsed-field gel electrophoresis

Pulsed-field gel electrophoresis (PFGE) was carried out
according to a previously published study, with minor modifica-
tion [20]. In brief, an equal volume of standardised cell suspensions
(OD610 = 0.6) was mixed with 1% Seakem Gold agarose and allowed
to solidify. The cell lysis buffer (50 mM Tris, 50 mM EDTA (pH = 8),
1% Sacrosine, 1 mg/mL proteinase K (Promega, Madison, WI USA)
was used to lyse the cell-plug at 54 �C for 4 h. The lysed plug was
washed twice with sterile deionised water and six times with TE
buffer at room temperature. Then, a slice of the DNA plug was
digested with 10 U of XbaI (Promega, Madison, WI USA) at 37 �C for
at least 4 h. The restricted DNAs were separated by using a CHEF-
DR III with pulse times of 2.25–54.2 s at 200 V for 24 h, and gels
were viewed under ultraviolet light after staining with Gel-Red.
Analysis of the PFGE banding patterns was based on the
unweighted pair group method with arithmetic mean at 1.5
position tolerance using the BioNumerics 6.0 software (Applied
Maths, Ghent, Belgium).

3. Results

3.1. Bacterial isolation and identification

A total of 46 K. pneumoniae strains were previously isolated by
the basic microbiological culture method and identified by using
the Vitek-MS system. All the strains were confirmed as K.
pneumoniae based on the presence of the 477 bp DNA band of
the mdh gene by using PCR, and sequence analyses of the
amplicons confirmed them as K. pneumoniae (Gen bank accession
no; NC_016845).

3.2. Antibiograms

The antimicrobial resistance of the 46 K. pneumoniae strains to
16 different antibiotics are as follows: tetracycline (91.3%),
ampicillin (91.3%), cefoperazone (15.2%), cefotaxime (41.3%),
ceftazidime (41.3%), aztreonam (37.0%), gentamycin (37.0%),
cefixime (37.0%), amoxicillin-clavulanate (34.5%), imipenem
(32.6%), amikacin (30.4%), colistin (28.3%), tazobactam (28.3%),
ciprofloxacin (19.6%), nalidixic acid (15.2%), and meropenem
(8.69%). Nineteen (41.3%) strains were multidrug resistant
(MDR), as they showed resistance to more than three classes of
antibiotics. According to the disk diffusion test and Modified Hodge
Test, all these MDR strains were detected as ESBL producers but
none was a carbapenemase producer. Among these 19 MDR, 13
(28.3%) were resistant to colistin and β-lactam antibiotics. Eleven
out of 13 colistin-resistant strains (23.9%) showed resistance to at
least one carbapenem antibiotic. The MIC for colistin, meropenem,
imipenem, ceftazidime, and cefotaxime for the 13 colistin-
resistant strains are summarised in Table 1. The MIC results of
13 colistin-resistant strains showed that all were resistant to
cefotaxime and ceftazidime (MIC range, >256 mg/mL to >32 mg/
mL), imipenem and meropenem (MIC range, <0.06 mg/mL to
>16 mg/mL) and colistin (MIC range, >32 mg/mL to >8 mg/mL).

3.3. Detection of resistance genes

The blaTEM gene was present in 92.3% of 13 colistin-resistant
strains (12 of 13), followed by blaSHV (9 of 13) and blaCTXM-1 (5 of
13). Three colistin-resistant strains harboured blaMCR-1 (23.1%).
Two strains (KP2013Z28 and KP2015Z09) harboured blaTEM, blaSHV



Fig. 2. Plasmid profiles of the donor Klebsiella pneumoniae strains.
Lanes 4, 6, 8: KP2015Z02, KP201509, KP2013Z28 as donors, lane 3: E. coli DH5α as
recipient, lanes 5, 7, 9: TKP201502, TKP2015Z09, TKP2013Z28 as transconjugants
obtained. Lanes 1, 10: lambda DNA/ HindIII and lanes 2,11: 1 kb DNA ladder.

Fig. 3. Dendrogram for the pulsed-field gel electrophoresis of 13 colistin-resistant
Klebsiella pneumoniae strains.
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and blaMCR-1, while one strain (KP2015Z02) harboured blaMCR-1 and
blaSHV. No carbapenem-resistant gene was found among these
strains and no PCR amplicon was observed for primers targeting
blaCTXM-2, blaCTXM-9, blaOXA-1, blaOXA-9, blaKPC, blaNDM, blaVIM, blaIMP,
blaOXA-48, blaMCR-2, blaMCR-3, blaMCR-4, and blaMCR-5 genes. Sequence
analyses of the PCR amplicons of blaTEM, blaSHV, blaCTXM-1, and
blaMCR-1 indicated 97-99% identity to their respective sequences in
the NCBI database (Gen bank accession no; AAP43782, CAI30650,
X92506 and NG_051170).

3.4. Plasmid analysis and transfer of resistance determinants

Plasmid analysis showed that all 13 colistin-resistant K.
pneumoniae strains harboured plasmids, with sizes ranging
2500–20,000 bp. The PCR detection of selected β-lactamase and
colistin genes (blaSHV, blaTEM, blaOXA-1, blaCTXM-1, and blaMCR-1)
using extracted plasmid DNA as templates, showed that seven
strains harboured blaTEM in plasmids, four strains each harboured
blaSHV and blaCTXM-1, and three strains had blaMCR-1. Plasmid
analysis of three colistin-resistant strains that harboured blaMCR-1

indicated the presence of blaTEM, blaSHV and blaMCR-1 on the
plasmids of KP2013Z28 and KP2015Z09, while KP2015Z02 carried
only blaMCR-1 on the plasmid. DNA sequence analyses of these PCR
amplicons confirmed the identity of these genes.

Conjugation was carried out for the three colistin-resistant and
nalidixic acid-sensitive K. pneumoniae strains that harboured
plasmids and colistin resistance gene blaMCR-1 by using nalidixic
acid-resistant E. coli DH5α as the recipient. All these three strains
had colistin-resistant transconjugants. Plasmids analysis of the
transconjugants confirmed that plasmids with sizes of 2500, 3000,
6000, 8000 and 20,000 bp were transferred from the donors to the
recipient (Fig. 2).

3.5. Genetic diversity of colistin-resistant K. pneumoniae strains by
pulsed-field gel electrophoresis

Pulsed-field gel electrophoresis (PFGE) subtyped the XbaI-
digested genomic DNA of 46 swine K. pneumoniae strains into 38
distinct pulsed field profiles (pulsotypes). The genetic similarity of
the strains ranged 51.9–100% and the discriminatory power of
PFGE was 0.98 (Simpson’s Index of Diversity). The 13 colistin-
resistant K. pneumoniae strains were subtyped into 13 distinct
pulsotypes, indicating that these strains were very heterogenous
(Index of similarity: 54–91%) (Fig. 3).

The PFGE dendrogram of 13 colistin-resistant K. pneumoniae
showed three clusters and four unique pulsotypes at 70% similarity
cut-off (Fig. 3). Cluster A contained three strains, KP2015Z05 and
KP2015Z04, which were isolated in 2015 from Farm F, with 90.9%
similarity to each other, and they showed 71.3% similarity to
KP2013Z27 from Farm D, which was isolated in 2013. Cluster B
contained three strains isolated in 2015 from Farm G and Farm F
with a similarity of 73.2%. Cluster C also grouped three strains, from
Farm G and Farm F, which were collected in 2015 with 78.1%
similarity.

The 13 colistin-resistant K. pneumoniae strains showed high
genetic diversity and were heterogeneous. There was no associa-
tion among these strains from different sources, antibiograms and
resistance genes.

4. Discussion

Generally, colistin resistance in K. pneumoniae is mainly related
to modification of the lipopolysaccharide, which depends on: (i)
chromosomally-mediated genes associated with two-component
systems, phoPQ, pmrAB, and with the regulator mgrB; and (ii)
plasmid-mediated mcr-1 [5].
Since 2016, mcr-1 has been reported in many parts of the world
[2,11]. Following the first report of mcr-1 in K. pneumoniae and E.
coli from China [6], mcr-1.2, a variant of mcr-1, was reported in
multidrug-resistant K. pneumoniae from Italy [21]. In addition, mcr-
2 (76% identity with mcr-1) was also reported in Belgium [22]. In
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the current study, 19 out of 46 K. pneumoniae strains (41.3%) were
multidrug-resistant and ESBLs producers, while 13 of these 19
(28.3%) were also resistant to colistin and three strains harboured
mcr-1.

Since the 1960s, colistin has been used in livestock for
prophylactic and therapeutic use for treating infections caused
by Enterobacteriaceae. The colistin resistance mcr-1 gene has been
globally identified from a wide range of sources, including foods,
humans, animals, and the environment. However, high prevalence
of colistin resistance mcr-1 gene in animals compared with other
sources has been identified as the main source for spreading
colistin resistance [23].

K. pneumoniae is an opportunistic pathogen in humans and
animals that causes several infections, such as pneumonia, urinary
tract infections, septicaemia, and wound infections. K. pneumoniae
causes mastitis, lung infection and septicaemia in pigs and can be
fatal to piglets. K. pneumoniae is also highly resistant to multiple
antibiotics and harbour many resistance determinants such as β-
lactamases and carbapenemase [1,24]. Colistin-resistant K. pneu-
moniae strains have been reported in several regions, such as North
and South-America, Asia, Europe, and South Africa [2]. High
prevalence of colistin resistance rates was reported in clinical K.
pneumoniae strains in Greece at 10.5–20%, followed by Singapore
(6.3%), South Korea (6.8%), and Canada (2.9%) [2].

This is first report of colistin-resistant K. pneumoniae strains
harbouring mcr-1 in Malaysian pigs. About 28% of the K. pneumo-
niae strains were resistant to colistin, with MICs ranging from 8–
32 mg/mL, while 41.3% were categorised as multidrug resistant and
ESBL-producing based on the MICs of CAZ and CTX, which ranged
from 32–256 mg/mL. Among the 46 strains, 23.9% were resistant to
carbapenems. MICs for MEM and IMP ranged from 0.5–16 and
0.06–4 mg/mL, respectively. On the contrary, K. pneumoniae strains
isolated from animals and humans had shown a high prevalence of
ESBLs and carbapenemase production, as reported in another
study [25].

In the current study, blaTEM was the most common resistance
gene, as it was detected in 92% of the colistin-resistant K.
pneumoniae strains. However, one strain (KP2015Z02) did not
harbour blaTEM but had blaMCR-1 and blaSHV; blaSHV was detected in
69% of the strains, which was previously reported as a more
common resistance gene among Malaysian K. pneumoniae strains
[20]. The most prevalent ESBL gene worldwide is blaCTX-M-1 [26]
and was found in 38% of K. pneumoniae strains in the current study.
blaMCR-1 was detected in three colistin-resistant K. pneumoniae
strains, which was previously reported among K. pneumoniae
strains around the world such as China [6], Italy [21] and Belgium
[22]. Recently, a study in Portugal showed a very high rate of
prevalence of blaMCR-1 among K. pneumoniae strains from swine
farms [27]. blaCTXM-2, blaCTXM-9, blaOXA-1, blaOXA-9, blaKPC, blaNDM,
blaVIM, blaIMP, blaOXA-48, blaMCR-2, blaMCR-3, blaMCR-4 and blaMCR-5

genes were not detected in the current strains.
Plasmid analysis showed that all strains harboured plasmids,

and seven strains carried blaTEM in their plasmids, followed by four
strains with blaSHV, four strains with blaCTXM-1, and three strains
with blaMCR-1. From the conjugation experiments, the three
colistin-resistant strains were conjugative, which harboured
plasmids and blaMCR-1 as colistin resistance gene. Other studies
also reported the transmission of mcr gene between human and
animal sources [28,29]. The presence of ESBL genes and the mcr-1
gene on a unique plasmid has been reported in many strains of
animal origin [30].

Subtyping of colistin-resistant K. pneumoniae strains by PFGE
showed that these strains were highly diverse and heterogeneous.
This was in concordance with previous studies, which showed high
genetic diversity among K. pneumoniae strains from animals and
humans [20,31–32]. This finding was not surprising, as the strains
were from different pigs, farms and years.

5. Conclusions

In general, the use of polymyxin antibiotics in animal
husbandry and agricultural practices should be closely regulated
by authorities. The plasmid-mediated mcr-1, which can spread
among patients in hospitals, is the main concern among people in
communities, and between animals in farms and environment
[33]. This study is the first report of colistin-resistant K. pneumo-
niae among swine farms in Malaysia and showed a high prevalence
of MDR and production of ESBLs. The spread of these resistant
organisms might be a threat to public health. Therefore, the
authorities need to closely monitor the situation and regulate the
usage of colistin to prevent an antimicrobial resistance issue [27].
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