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Abstract: Carbapenemase-producing Enterobacteriaceae (CPE) have been heavily linked to hospital
acquired infections (HAI) thereby leading to futility of antibiotics in treating infections and this have
complicated public health problems. There is little knowledge about carbapenemase-producing
Klebsiella spp. (CPK) in South Africa. This study aimed at determining the occurrence of CPK in
different samples collected from selected environmental niches (hospitals, wastewater treatment
plants, rivers, farms) in three district municipalities located in the Eastern Cape Province, South Africa.
Molecular identification and characterization of the presumptive isolates were determined using
polymerase chain reaction (PCR) and isolates that exhibited phenotypic carbapenem resistance were
further screened for the possibility of harbouring antimicrobial resistance genes. One hundred (43%)
of the 234 confirmed Klebsiella spp. isolates harboured carbapenem-resistance genes; 10 isolates
harboured blaOXA-48-like; 17 harboured blaKPC; and 73 isolates harboured blaNDM-1. The emergence of
blaKPC, blaOXA-48-like, and blaNDM-1 carbapenem-resistance genes in Klebsiella species associated with
environmental sources is of great concern to public health.

Keywords: carbapenem-resistance genes; blaKPC; blaOXA-48-like; blaNDM-1; K. pneumoniae

1. Introduction

Antimicrobials have been considered to be on the losing side in the therapeutic battle against
pathogenic microorganisms, nevertheless, carbapenems (regarded as the drugs of last resort)
are the preference for severe infections caused by antimicrobial resistant bacterial strains [1].
Carbapenem-resistance Enterobacteriaceae (CRE), including Klebsiella pneumoniae, generally possess
mucoid which is one of the most important known nosogens that causes urinary tract infections,
wound infections and septicaemia in immuno-compromised patients. Reports have shown that CRE
infections are also associated with patients that have been exposed to high use of antimicrobial agents
or have engaged in transplantation of organ/stem cell, mechanical ventilation, and possibly extended
stay in hospitals [2]. CRE can cause treatment failure thereby constituting a significant public health
concern [3,4].

The resistance against antibiotics represents an important problem because the phenomenon
involves different bacterial species which include Pseudomonas aeruginosa [5] and Escherichia coli [6].
Antimicrobial resistance genes (ARGs) can be transferred to other bacterial species and thereafter
can lead to the production of various enzymes (such as beta-lactamases) that inactivate antimicrobial
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activities; the types of enzymes are myriad in carbapenemase-producing carbapenem-resistance
Enterobacteriaceae (CP-CRE), and include clavulanic-acid-inhibited β-lactamases (Class A:
Klebsiella pneumoniae carbapenemase, KPC; non-metallocarbapenemase, NMC; imipenemase, IMI;
Serratia marcescens enzyme, SME; and Guiana extended-spectrum, GES), metallo-β-lactamases (Class B:
Verona integron-encoded metallo-β-lactamase, VIM; New Delhi metallo-β-lactamase-1, NDM-1;
German imipenemase, GIM; and Sao Paulo metallo-β-lactamase-1, SPM-1) and extended-spectrum
oxacillinases (Class D: oxacillinase OXA-48-like) [7–9]. However, members of Enterobacteriaceae group
also produce class C enzymes (chromosomal or acquired) and extended spectrum beta-lactamases
(ESBLs) that can confer antimicrobial resistance (AR) against carbapenems when combined with
mutations in chromosomal porin that avert accumulation of β-lactam agents in the bacteria [10,11].
Additionally, microbial resistance against carbapenem has become a global concern, and studies on the
detection of carbapenemase-producing Klebsiella spp. (CPK) isolates in clinical settings are increasingly
being reported [12,13]. Several studies including Waseem et al. [14] have reported CPK and ARGs
in non-clinical environments, Proia et al. [15] (2018); Khan et al. [16] in wastewater treatment plants
(WWTPs), Uyaguari et al. [17], in agricultural samples and Stange et al. [18] in rivers and lakes. However,
none of these studies investigated at the same time the occurrence of relevant carbapenem-resistance
genes (CRGs) in isolates recovered from environmental samples. Hence, our current study was aimed
at determining the occurrence of Klebsiella spp., the antimicrobial susceptibility patterns and the
presence of three relevant CRGs such as blaKPC, blaNDM-1, and blaOXA-48.

2. Materials and Methods

2.1. Description of Study Areas and Sample Collection

The sampling sites comprise of hospitals, WWTPs, surface waters (rivers, dams, canals), and farms
within villages and towns in Amathole District Municipality (DM), Sarah Baartman DM, and Chris
Hani DM, in the Eastern Cape Province (ECP), South Africa. Four WWTPs, three hospitals and
two farms were used as sampling sites for this study. Different samples (243 in total) comprising
surface water (47), WWTPs final effluents (29), hospital effluents (27), irrigation water (45), soil (60),
and vegetables (35) were aseptically collected once-off between the months of January 2018 and
September 2018. Water samples were collected in duplicate using sterile 1-L glass bottles and
transported in an ice box to the laboratory for microbiological analyses. Vegetable samples including
spinach, broccoli, and cabbage were randomly collected from selected farms in the study areas. Figure 1
is a map showing the study areas within the DM in the ECP, South Africa.
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2.2. Sample Preparation and Processing

2.2.1. Processing of Vegetable Sample

For the processing of vegetable samples, the method of Du Plessis et al. [19] was adopted. Briefly,
10 g of each vegetable sample was placed in 90 mL of sterile Trypticasein Soy Broth (TSB) in a Stomacher
Bag and was macerated with Mixer machine, and 90 mL of the broth was incubated at 37 ◦C for 18–24 h
in sterilized bottles. Thereafter, a loopful of TSB was streaked on the surface of MacConkey agar plates,
incubated for 24 h at 37 ◦C. From which, four single colonies from the overnight culture were streaked
on nutrient agar (NA) plates, incubated for 24 h at 37 ◦C. Afterwards, glycerol stock was prepared
from the NA plates in nutrient broth (NB).

2.2.2. Processing of Soil Sample

The method of Da Silva et al. [20] was also adopted for biological analysis of the soil samples.
Sixty agricultural soil samples were randomly collected from selected farms in the study areas. A total
of 10 g of each soil sample was suspended in 90 mL of sterile TSB and incubated at 37 ◦C for 18–24 h.
Thereafter, a loopful of TSB was streaked on MacConkey agar plates and were incubated for 24 h at
37 ◦C. Purification process was carried out on NA plates as described above.

2.2.3. Processing of Water Samples

To isolate the enteric bacteria from the water samples, the membrane filter technique [21] was
used. From each water sample, 100 mL of the water samples was filtered through a sterile membrane
filter of 0.45-µm pore size. Thereafter, the membrane filters were aseptically picked, placed onto the
surface of MacConkey agar plate, and incubated at 37 ◦C for 18–24 h. Four colonies were picked for
isolation. After incubation, presumptive Klebsiella spp. isolates were streaked onto NA plates and
incubated at 37 ◦C for 24 h. Thereafter, 25% glycerol stock was prepared from the cultured broths and
preserved at −80 ◦C for further analyses.

2.3. DNA Extraction

Bacterial DNA was extracted by performing the boiling method as described by Jackson et al. [22].
Briefly, 4 mL of NB was prepared and presumptive isolates were resuscitated and also extracted from
the broth cultures following the method as described in a previous study [23]. The DNA templates
were stored at −20 ◦C for further molecular analyses.

2.4. Molecular Identification of Presumptive Isolates

The presumptive isolates were confirmed by polymerase chain reaction techniques (PCR) and
PCR products were viewed using agarose gel electrophoresis (AGE). The list of primers used and
reaction protocols are listed in Table 1.

Table 1. Primer sequences of target species and their respective amplicon sizes and PCR cycling conditions.

Target Strain Target Gene Primer Sequence (5′→3′) Amplicon Size (bp) PCR Cycling Condition References

Klebsiella
genus gyrA

F: CGC GTA CTA TAC
GCC ATG AAC GTA
R: ACC GTT GAT CAC
TTC GGT CAGG

441

Initial denaturation of 5 min at
94 ◦C followed by 35 cycles,
denaturation at 94 ◦C for 30 s,
annealing at 55 ◦C for 45 s,
extension at 72 ◦C for 45 s and
final extension at 72 ◦C for 10 min.

Salloum et al.
[24]

Klebsiella
pneumonia magA

F: ATT TGA AGA GGT
TGC AAA CGAT
R: TTC ACT CTG AAG
TTT TCT TGT GTTC

130

Initial denaturation of 5 min at
94 ◦C followed by 35 cycles,
denaturation at 94 ◦C for 30 s,
annealing at 55 ◦C for 30 s,
extension at 72 ◦C for 40 s and
final extension at 72 ◦C for 10 min.

Salloum et al.
[24]
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Table 1. Cont.

Target Strain Target Gene Primer Sequence (5′→3′) Amplicon Size (bp) PCR Cycling Condition References

Klebsiella
oxytoca pehX

F: GAT ACG GAG TAT
GCC TTT ACG GTG
R: TAG CCT TTA TCA
AGC GGA TAC TGG

343

Initial denaturation of 5 min at
94 ◦C followed by 35 cycles,
denaturation at 94 ◦C for 30 s,
annealing at 55 ◦C for 30 s,
extension at 72 ◦C for 40 s and
final extension at 72 ◦C for 10 min.

Salloum et al.
[24]

2.5. Antimicrobial Susceptibility Test of the Confirmed Klebsiella Species

All confirmed K. pneumonia and K. oxytoca isolates were subjected to antimicrobial susceptibility
test against a panel of four carbapenems following Kirby–Bauer disk diffusion method and results
were interpreted according to the Clinical and Laboratory Standards Institute [22] guidelines. The list
of carbapenem antibiotics includes doripenem (10 µg), imipenem (10 µg), meropenem (10 µg),
and ertapenem (10 µg). Briefly, about 100–200 µL of the bacterial overnight broth was transferred
into 5 mL normal saline solution which was adjusted matching 0.5 McFarland standard. Thereafter,
100 µL was spread on Muller–Hinton agar plates with the use of sterile glass spreader, and plates were
impregnated with the aforementioned carbapenem antimicrobial discs, incubated aerobically at 37 ◦C
for 24 h. After which the diameters of zone of inhibition were measured and interpreted according to
the recommended criteria by the CLSI [25].

2.6. Molecular Characterization of the Relevant Carbapenem Resistance Genes

All strains of Klebsiella spp. that exhibited phenotypic resistance against the test carbapenems
were further screened for the relevant carbapenem-resistance genes using PCR technique and PCR
products were viewed using AGE. The list of primers that were used are listed in Table 2.

Table 2. List of primers for screening of carbapenem resistance genes [24].

Target Gene Primer Sequence (5′→3′) Amplicon Size (bp) PCR Cycling Condition

blaNDM-1

F: AAA ACG GCA AGA AAA
AGC AG
R: AAA ACG GCA AGA AAA
AGC AG

439

Initial denaturation of 5 min at
95 ◦C followed by 35 cycles,
denaturation at 95 ◦C for 1 min,
annealing at 52 ◦C for 1 min,
extension at 72 ◦C for 1 min and
final extension at 72 ◦C for 5 min.

blaKPC

F: AAA ACG GCA AGA AAA
AGC AG
R: AAA ACG GCA AGA AAA
AGC AG

340

Initial denaturation of 5 min at
95 ◦C followed by 35 cycles,
denaturation at 95 ◦C for 1 min,
annealing at 56 ◦C for 1 min,
extension at 72 ◦C for 1 min and
final extension at 72 ◦C for 5 min.

blaOXA-48-like

F: TTGG TGGC ATCG ATTA
TCGG
R: GAGC ACTT CTTT TGTG
ATGG C

597

Initial denaturation of 5 min at
95 ◦C followed by 35 cycles,
denaturation at 95 ◦C for 1 min,
annealing at 56 ◦C for 1 min,
extension at 72 ◦C for 1 min and
final extension at 72 ◦C for 5 min.

3. Results

3.1. Identification and Characterization of Presumptive Klebsiella Spp. Isolates

A total of 352 presumptive Klebsiella spp. isolates were obtained from all the samples analyzed.
About 83% (291/352) of the isolates were identified as Klebsiella spp. by PCR. The confirmed Klebsiella
spp. isolates were further characterized by PCR into different species using specific primers. Out of 291
Klebsiella spp., a total number of 234 (80%) isolates belonging to the two species identified (K. pneumonia
182, 63%; K. oxytoca 67, 23%) and unidentified species, 57 (20%). Figure 2 is a representation of
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the PCR products of the PCR-confirmed Klebsiella species while Figure 3 represents the agarose gel
electrophoresis of the PCR products of the two Klebsiella spp. (K. pneumonia and K. oxytoca). Table 3
highlights the number of confirmed Klebsiella spp. isolated from the different sample types in this study.
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Figure 3. PCR products of the amplification of pehX (K. oxytoca) and magA genes (Klebsiella pneumoniae).
Lane1: 100 bp molecular weight marker; Lanes 2–9: positive isolates. Band size: 343 bp (K. oxytoca);
130 bp (K. pneumonia).

Table 3. Number of confirmed Klebsiella spp. isolated from different sample types.

Sample Types
Number of Confirmed K. pneumonia (cfu/mL) Number of Confirmed K. oxytoca (cfu/mL)

Amathole
DM

Chris Hani
DM

Sarah Baartman
DM

Amathole
DM

Chris Hani
DM

Sarah Baartman
DM

Hospital effluent 21 22 - 11 3 -
WWTP final effluent 10 25 - 2 2 -

Surface water 6 26 - 19 8 1
Irrigation water 3 5 14 9 1 7

Farm soil 9 19 10 8 11 7
Vegetables 3 8 1 9 10 7

3.2. Antimicrobial Susceptibility Patterns of the Confirmed Klebsiella Species

All the isolates that were confirmed by PCR techniques were subjected to the carbapenems
antibiotics in vitro, meropenem had the highest percentage resistance (161, 69%). The decreasing
order of percentage resistance exhibited by the PCR-confirmed Klebsiella pneumoniae (182) against
the antibiotics tested is as follows; imipenem (93, 51%), ertapenem (64, 35%), doripenem (64, 35%),
meropenem (62, 34%) while the percentage resistance for K. oxytoca (67) follows the order; meropenem
(23, 35%), doripenem (20, 30%), ertapenem (9, 14%), and imipenem (8, 13%). Additionally, all those
isolates that showed intermediate were considered as resistant. The antimicrobial susceptibility
patterns of the Klebsiella spp. isolates recovered from the selected DMs in the Eastern Cape Province of
South Africa are shown in Figure 4.
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Figure 4. Antimicrobial susceptibility patterns of Klebsiella spp. isolates.

3.3. Molecular Characterization of the Relevant Carbapenem Resistance Genes

Out of 173 Klebsiella spp. that showed resistance against the test antibiotics, 100 (58%) isolates
were confirmed by PCR to harbour carbapenem-resistance genes and the result is shown in Table 4
while Table 5 represents the distribution of multiple carbapenem-resistance genes harboured by
the isolates. The PCR products of the amplification of blaNDM-1 and blaKPC genes are shown in
Figures 5 and 6, respectively.

Table 4. Distribution of carbapenem-resistance genes identified among carbapenemase-producing
Enterobacteriaceae.

Carbapenem-Resistance Genes Number of Isolates Percentage Occurrence (%)

blaNDM-1 73/173 42
blaKPC 17/173 10

blaOXA-48-like 10/173 6

Total 100 58%

Table 5. Distribution of multiple carbapenem-resistance genes identified among the isolates.

Patterns of Multiple
Resistance Genes

Number of Isolates
Total

K. pneumoniae (%) K. oxytoca (%) Unidentified
Species (%) Sample Types

blaNDM-1, blaKPC,
blaOXA-48-like

0 0 1 River water 1

blaNDM-1, blaKPC 2 2 8
Hospital effluent,
farm soil, WWTP,

river water
12

blaKPC, blaOXA-48-like 1 1 4 Farm soil 6

blaNDM-1, blaOXA-48-like 0 1 0 Vegetable 1



Antibiotics 2020, 9, 425 7 of 12

Antibiotics 2020, 9, x FOR PEER REVIEW 7 of 12 

Table 4. Distribution of carbapenem-resistance genes identified among carbapenemase-producing 
Enterobacteriaceae. 

Carbapenem-Resistance Genes Number of Isolates Percentage Occurrence (%) 
blaNDM-1 73/173 42 
blaKPC 17/173 10 

blaOXA-48-like 10/173 6 
Total 100 58% 

Table 5. Distribution of multiple carbapenem-resistance genes identified among the isolates. 

Patterns of Multiple 
Resistance Genes 

Number of Isolates 
Total K. pneumoniae 

(%) 
K. oxytoca 

(%) 
Unidentified 
Species (%) Sample Types 

blaNDM-1, blaKPC, blaOXA-48-like 0 0 1 River water 1 

blaNDM-1, blaKPC 2 2 8 
Hospital effluent, 
farm soil, WWTP, 

river water 
12 

blaKPC, blaOXA-48-like 1 1 4 Farm soil 6 
blaNDM-1, blaOXA-48-like 0 1 0 Vegetable 1 

 
Figure 5. PCR products of the amplification of blaNDM-1 gene. Lane1: 100 bp molecular weight marker; 
Lane 2: negative control; Lanes 3–14: positive isolates. 

 
Figure 6. PCR products of the amplification of blaKPC gene. Lane1: 100 bp molecular weight marker; 
Lane 2: negative control; Lanes 3–14: positive isolates. 

3.4. Percentage Occurrence of the Antimicrobial Resistance Genes in Klebsiella Species 

All the Klebsiella spp. isolates that were subjected to the carbapenems used were further screened 
for the presence of carbapenem-resistance genes, soil samples (26; 23%) from the various farms had 
the highest percentage occurrence of CRGs. Figure 7 shows the proportions of the confirmed Klebsiella 
species harbouring ARGs in the different environmental samples collected. Out of 23 hospital effluent 
isolates that harboured blaNDM-1 gene, 20 were recovered from Chris Hani DM while three of the 
isolates were recovered from Amathole DM with five of those isolates harbouring both blaNDM-1 and 
blaKPC genes. Results also showed all the CRE isolates from WWTP (11) were from Chris Hani DM and 
eight harboured blaNDM-1 gene, three harbored blaKPC gene and one isolate harboured both blaNDM-1 and 
blaKPC genes. Klebsiella isolates recovered from surface water (19) showed 12 isolates were recovered 
from Chris Hani with one isolate harbouring the three CRGs, two isolates harbouring blaNDM-1 and 
blaKPC genes, while seven isolates were recovered from Amathole. Sarah Baartman DM (14, 36%) had 
the highest overall percentage of CRE isolates from farm samples (i.e. irrigation water, soil and 
vegetable samples). 

Figure 5. PCR products of the amplification of blaNDM-1 gene. Lane1: 100 bp molecular weight marker;
Lane 2: negative control; Lanes 3–14: positive isolates.

Antibiotics 2020, 9, x FOR PEER REVIEW 7 of 12 

Table 4. Distribution of carbapenem-resistance genes identified among carbapenemase-producing 
Enterobacteriaceae. 

Carbapenem-Resistance Genes Number of Isolates Percentage Occurrence (%) 
blaNDM-1 73/173 42 
blaKPC 17/173 10 

blaOXA-48-like 10/173 6 
Total 100 58% 

Table 5. Distribution of multiple carbapenem-resistance genes identified among the isolates. 

Patterns of Multiple 
Resistance Genes 

Number of Isolates 
Total K. pneumoniae 

(%) 
K. oxytoca 

(%) 
Unidentified 
Species (%) Sample Types 

blaNDM-1, blaKPC, blaOXA-48-like 0 0 1 River water 1 

blaNDM-1, blaKPC 2 2 8 
Hospital effluent, 
farm soil, WWTP, 

river water 
12 

blaKPC, blaOXA-48-like 1 1 4 Farm soil 6 
blaNDM-1, blaOXA-48-like 0 1 0 Vegetable 1 

 
Figure 5. PCR products of the amplification of blaNDM-1 gene. Lane1: 100 bp molecular weight marker; 
Lane 2: negative control; Lanes 3–14: positive isolates. 

 
Figure 6. PCR products of the amplification of blaKPC gene. Lane1: 100 bp molecular weight marker; 
Lane 2: negative control; Lanes 3–14: positive isolates. 

3.4. Percentage Occurrence of the Antimicrobial Resistance Genes in Klebsiella Species 

All the Klebsiella spp. isolates that were subjected to the carbapenems used were further screened 
for the presence of carbapenem-resistance genes, soil samples (26; 23%) from the various farms had 
the highest percentage occurrence of CRGs. Figure 7 shows the proportions of the confirmed Klebsiella 
species harbouring ARGs in the different environmental samples collected. Out of 23 hospital effluent 
isolates that harboured blaNDM-1 gene, 20 were recovered from Chris Hani DM while three of the 
isolates were recovered from Amathole DM with five of those isolates harbouring both blaNDM-1 and 
blaKPC genes. Results also showed all the CRE isolates from WWTP (11) were from Chris Hani DM and 
eight harboured blaNDM-1 gene, three harbored blaKPC gene and one isolate harboured both blaNDM-1 and 
blaKPC genes. Klebsiella isolates recovered from surface water (19) showed 12 isolates were recovered 
from Chris Hani with one isolate harbouring the three CRGs, two isolates harbouring blaNDM-1 and 
blaKPC genes, while seven isolates were recovered from Amathole. Sarah Baartman DM (14, 36%) had 
the highest overall percentage of CRE isolates from farm samples (i.e. irrigation water, soil and 
vegetable samples). 

Figure 6. PCR products of the amplification of blaKPC gene. Lane1: 100 bp molecular weight marker;
Lane 2: negative control; Lanes 3–14: positive isolates.

3.4. Percentage Occurrence of the Antimicrobial Resistance Genes in Klebsiella Species

All the Klebsiella spp. isolates that were subjected to the carbapenems used were further screened
for the presence of carbapenem-resistance genes, soil samples (26; 23%) from the various farms had
the highest percentage occurrence of CRGs. Figure 7 shows the proportions of the confirmed Klebsiella
species harbouring ARGs in the different environmental samples collected. Out of 23 hospital effluent
isolates that harboured blaNDM-1 gene, 20 were recovered from Chris Hani DM while three of the isolates
were recovered from Amathole DM with five of those isolates harbouring both blaNDM-1 and blaKPC genes.
Results also showed all the CRE isolates from WWTP (11) were from Chris Hani DM and eight harboured
blaNDM-1 gene, three harbored blaKPC gene and one isolate harboured both blaNDM-1 and blaKPC genes.
Klebsiella isolates recovered from surface water (19) showed 12 isolates were recovered from Chris
Hani with one isolate harbouring the three CRGs, two isolates harbouring blaNDM-1 and blaKPC genes,
while seven isolates were recovered from Amathole. Sarah Baartman DM (14, 36%) had the highest
overall percentage of CRE isolates from farm samples (i.e., irrigation water, soil and vegetable samples).
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carbapenem-resistance genes in the different sample types; (a) hospital effluents (33%), soil (45%) and
vegetables (22%); (b) irrigation water (33%), soil (60%) and vegetables (7%); (c) hospital effluents (31%),
final effluents (26%), surface water (26%), irrigation water (11%), soil (4%) and vegetables (2%).
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4. Discussion

Different environmental samples collected from the selected sampling sites within the Eastern Cape
Province (ECP), South Africa were analyzed in order to detect and characterize the recovered Klebsiella
isolates and to screen the phenotypically resistant Klebsiella spp. for the relevant carbapenem-resistance
genes (CRGs). Among the total number (352) of presumptive Klebsiella spp. isolates, 291 (83%) were
confirmed positive by molecular techniques, a very high percentage occurrence which is in conflict with
the report of Rahman et al. [26], where only 14% were confirmed Klebsiella spp. from clinical isolates.
This can be as a result of the number of isolates recovered from different niches in our study and also
considering the moderately high prevalence of K. oxytoca among the confirmed species, more so, studies
by Jacob et al. [27] and Trivedi et al. [28] also reported the presence of K. oxytoca from environmental
isolates. In our present study, among the confirmed Klebsiella isolates, Klebsiella pneumonia (182, 63%)
had the higher number of isolates than K. oxytoca (67, 23%) and this is in accordance with a study by
Siri et al. [29] (2011). Other studies like Sharma et al. [30] and Samanta et al. [31] also reported the
occurrence of Klebsiella species in isolates from environmental samples.

The number of reservoirs for CRE is increasing, not only in hospitals, but also in the community,
among animals (e.g., livestock, companion animals, and wildlife) and in the environment. In this
study, Amathole and Sarah Baartman DMs were observed to have elevated percentage occurrence of
carbapenem-resistant Klebsiella spp. isolates recovered from farm soil samples. Generally, the presence
of CRKP obtained from the different sampling sites of the study area can be of serious health concern.
In this study, the highest percentage of resistance (69%) was against meropenem which is in contrary to
the study by Peneş et al. [32], who reported slightly lower resistance against meropenem and imipenem.
Another study by Ben Tanfous et al. [33] reports ertapenem showing high activity against Klebsiella spp.
and that report is in corroboration with our findings where the Klebsiella isolates showed the lowest
resistance against ertapenem (74%). Some other studies [34,35] reported Klebsiella pneumonia with high
percentage of resistance against doripenem and imipenem and these are also in accordance with our
present study with both antibiotics having resistance percentages of 89% and 86%, respectively.

Enterobacteriaceae members such as Enterobacter spp., Escherichia coli, and Klebsiella spp. have been
reported to be associated with exceedingly high levels of antimicrobial resistance (AR) and K. pneumonia
is among the group to have exhibited high resistance against carbapenems [36]. Among the various
members of CRE, CRKP have received the most attention because they have the greatest potential to
contribute to the overall problem of AR [37,38]. In a study conducted in Egypt, ElMahallawy et al. [39]
reported the detection of OXA-48-like positive CRE in clinical isolates, which emphasized the prevalence
of CRE in sub-Sahara Africa and this calls for more studies to be carried out in the region. In South
Africa, reports on the presence of ARGs (specifically carbapenemase-producing genes) in isolates from
different environmental niches are scarce, however, various studies on the high occurrence of ESBL
have been previously reported [40–42].

Some of the positive isolates were phenotypically susceptible to one or more of the selected
antibiotics but appeared to possess ARGs, suggesting the possibility of one silent gene. Our findings
are in agreement with the findings of Lamba and Ahammad [43] and another report of Ng et al. [44]
revealing high prevalence of clinically relevant ARGs in wastewaters. However, isolates that exhibited
phenotypic resistance but lacked ARGs and vice versa can be as a result of antimicrobial resistance
mediated by non-described or included genes and the limitations involved in the use of PCR to detect
these genes. Interestingly, ESBL-producing Enterobacteriaceae in vegetables, soil, and water of the
farm environment was reported in study by Said et al. [45], however there is a dearth of information
on the presence of CRE harbouring blaNDM, blaKPC, and blaOXA-48-like genes in isolates recovered from
wastewater, hospital sewage, lakes, and farm samples within the ECP, South Africa.

To the best of our knowledge, this present study is the first report investigating environmental
bacterial isolates of Enterobacteriaceae family harbouring significant CRGs such as blaNDM, blaKPC, and
blaOXA-48-like within major DMs in the ECP, South Africa. Our findings show that soil samples generally
had the most strains of Klebsiella spp. harbouring ARGs (89%) in comparison with other sample types
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from all DMs. This may be as a result of the link between hospitals, WWTPs and receiving surface water
used for agricultural purposes, a common practice in rural areas [46]. However, among the bacterial
isolates that exhibited multiple resistance against carbapenems, our results show a low percentage of
the isolates harbouring the blaOXA-48-like gene (6%) and our findings are in accordance with another
report by Mairi et al. [47]. Among the Klebsiella spp. isolates screened for the presence of ARGs, only
one K. pneumonia isolate recovered from river water in Chris Hani DM showed the presence of all three
CRGs (blaNDM, blaKPC, blaOXA-48-like) while 15 Klebsiella spp. isolates (from 8 hospital effluents, 3 farm
soils, 2 rivers, 1 final effluent, 1 vegetable) were positive for genes of two different CRGs (12 blaNDM
and blaKPC; 3 blaNDM and blaOXA-48-like). In our study, 17 isolates that exhibited multiple resistance
were recovered from Chris Hani DM while only three isolates from farm soil were recovered from
Sarah Baartman DM. This may be as a result of industrial activities in the different geographic areas
with Chris Hani DM having the highest number of hospitals and industries. Among the few recent
studies carried out on the prevalence of CRE, Hoang et al. [48] reported similar distributions of NDM
and KPC-producing Klebsiella spp. in hospital and aquatic isolates in Vietnam which supports our
present study. Bacterial isolates recovered from surface water and irrigation water had relatively high
percentages of ARGs unlike hospital effluent and WWTPs final effluents, which could be as a result of
the sample size in this study. Vegetable samples had the lowest percentage of isolates that harboured
ARGs in the selected DMs. Our findings showed Enterobacteriaceae group (particularly Klebsiella spp.)
perhaps already effectively resistant against carbapenems.

In conclusion, this study evidences the risk of prevalence of potential carbapenem resistant Klebsiella
spp. in the environments of the Eastern Cape Province. The detection of carbapenem-resistance
genes in pathogenic isolates of Klebsiella spp. recovered from hospital effluents, WWTPs, and river
samples indicates that it could be as a result of improper treatment of final effluent before discharge
into receiving aquatic environment. Furthermore, the occurrence of ARB in isolates recovered from
farm samples may be associated with the possibility of transmission of ARGs due to the use of manure
in farming and receiving watershed as a source of irrigation water and this is a concern to public health.
Our findings strongly point out the need for surveillance, control, and management of antimicrobial
agents use as well as calls for more studies in this area. Also, rapid and reliable detection of CP-CRE is
critical for preventing their further spread in these settings.
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32. Peneş, N.O.; Muntean, A.A.; Moisoiu, A.; Muntean, M.M.; Chirca, A.; Bogdan, M.A.; Popa, M.I. An overview
of resistance profiles ESKAPE pathogens from 2010–2015 in a tertiary respiratory center in Romania. Rom. J.
Morphol. Embryol. 2017, 58, 909–922.

33. Ben Tanfous, F.; Alonso, C.A.; Achour, W.; Ruiz-Ripa, L.; Torres, C.; Ben Hassen, A. First description of
KPC-2-producing Escherichia coli and ST15 OXA-48-positive Klebsiella pneumoniae in Tunisia. Microb. Drug
Resist. 2017, 23, 365–375. [CrossRef]

34. Abderrahim, A.; Djahmi, N.; Pujol, C.; Nedjai, S.; Bentakouk, M.C.; Kirane-Gacemi, D.; Dekhil, M.; Sotto, A.;
Lavigne, J.P.; Pantel, A. First case of NDM-1-producing Klebsiella pneumoniae in Annaba University hospital,
Algeria. Microb. Drug Resist. 2017, 23, 895–900. [CrossRef]

35. Al-Agamy, M.H.; Aljallal, A.; Radwan, H.H.; Shibl, A.M. Characterization of carbapenemases, ESBLs,
and plasmid-mediated quinolone determinants in carbapenem-insensitive Escherichia coli and Klebsiella
pneumoniae in Riyadh hospitals. J. Infect. Public Health 2018, 11, 64–68. [CrossRef]

36. Jansen, K.U.; Knirsch, C.; Anderson, A.S. The role of vaccines in preventing bacterial antimicrobial resistance.
Nat. Med. 2018, 24, 10. [CrossRef]

37. Henig, O.; Katz, D.E.; Marchaim, D. Multidrug-Resistant Gram-Negative Bacilli: Infection Prevention
Considerations. In Infection Prevention; Springer: Cham, Switzerland, 2018; pp. 127–143.

38. Arnett, H.; Scordo, K. Surveillance Screening to Reduce Carbapenem Resistance. J. Nurse Pract. 2019, 15,
434–437. [CrossRef]

39. ElMahallawy, H.; Zafer, M.M.; Al-Agamy, M.; Amin, M.A.; Mersal, M.M.; Booq, R.Y.; Alyamani, E.;
Radwan, S. Dissemination of ST101 blaOXA-48 producing Klebsiella pneumoniae at tertiary care setting. J.
Infect. Dev. Ctries 2018, 12, 422–428. [CrossRef]

40. Bell, J.M.; Turnidge, J.D.; Gales, A.C.; Pfaller, M.A.; Jones, R.N.; Sentry APAC Study Group. Prevalence
of extended spectrum β-lactamase (ESBL)-producing clinical isolates in the Asia-Pacific region and South
Africa: Regional results from SENTRY Antimicrobial Surveillance Program (1998–99). Diagn. Microbiol.
Infect. Dis. 2002, 42, 193–198. [CrossRef]

41. Usha, G.; Chunderika, M.; Prashini, M.; Willem, S.A.; Yusuf, E.S. Characterization of extended-spectrum
β-lactamases in Salmonella spp. at a tertiary hospital in Durban, South Africa. Diagn. Microbiol. Infect. Dis.
2008, 62, 86–91. [CrossRef]

42. Brink, A.; Coetzee, J.; Clay, C.; Corcoran, C.; Van Greune, J.; Deetlefs, J.D.; Nutt, L.; Feldman, C.; Richards, G.;
Nordmann, P.; et al. The spread of carbapenem-resistant Enterobacteriaceae in South Africa: Risk factors for
acquisition and prevention. S. Afr. Med. J. 2012, 102, 599–601. [CrossRef]

43. Lamba, M.; Ahammad, S.Z. Sewage treatment effluents in Delhi: A key contributor of β-lactam resistant
bacteria and genes to the environment. Chemosphere 2017, 188, 249–256. [CrossRef]

44. Ng, C.; Tay, M.; Tan, B.; Le, T.H.; Haller, L.; Chen, H.; Koh, T.H.; Barkham, T.; Thompson, J.R.; Gin, K.Y.H.
Characterization of metagenomes in urban aquatic compartments reveals high prevalence of clinically
relevant antibiotic resistance genes in wastewaters. Front. Microbiol. 2017, 8, 2200. [CrossRef]

45. Said, L.B.; Jouini, A.; Klibi, N.; Dziri, R.; Alonso, C.A.; Boudabous, A.; Slama, K.B.; Torres, C. Detection of
extended-spectrum beta-lactamase (ESBL)-producing Enterobacteriaceae in vegetables, soil and water of the
farm environment in Tunisia. Int. J. Food Microbiol. 2015, 203, 86–92. [CrossRef]

http://dx.doi.org/10.1007/s10620-018-5431-7
http://dx.doi.org/10.1101/610923
http://dx.doi.org/10.1007/s13213-018-1387-2
http://dx.doi.org/10.1089/mdr.2016.0090
http://dx.doi.org/10.1089/mdr.2016.0213
http://dx.doi.org/10.1016/j.jiph.2017.03.010
http://dx.doi.org/10.1038/nm.4465
http://dx.doi.org/10.1016/j.nurpra.2019.02.013
http://dx.doi.org/10.3855/jidc.9789
http://dx.doi.org/10.1016/S0732-8893(01)00353-4
http://dx.doi.org/10.1016/j.diagmicrobio.2008.04.014
http://dx.doi.org/10.7196/SAMJ.5789
http://dx.doi.org/10.1016/j.chemosphere.2017.08.133
http://dx.doi.org/10.3389/fmicb.2017.02200
http://dx.doi.org/10.1016/j.ijfoodmicro.2015.02.023


Antibiotics 2020, 9, 425 12 of 12

46. Naidoo, S.; Olaniran, A. Treated wastewater effluent as a source of microbial pollution of surface water
resources. Int. J. Environ. Res. Public Health 2014, 11, 249–270. [CrossRef]

47. Mairi, A.; Pantel, A.; Sotto, A.; Lavigne, J.P.; Touati, A. OXA-48-like carbapenemases producing
Enterobacteriaceae in different niches. Eur. J. Clin. Microbiol. Infect. Dis. 2018, 37, 587–604. [CrossRef]

48. Hoang, C.Q.; Nguyen, H.D.; Vu, H.Q.; Nguyen, A.T.; Pham, B.T.; Tran, T.L.; Nguyen, H.T.; Dao, Y.M.;
Nguyen, T.S.; Nguyen, D.A.; et al. Emergence of New Delhi Metallo-Beta-Lactamase (NDM) and Klebsiella
pneumoniae Carbapenemase (KPC) Production by Escherichia coli and Klebsiella pneumoniae in Southern
Vietnam and Appropriate Methods of Detection: A Cross-Sectional Study. Biomed. Res. Int. 2019. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/ijerph110100249
http://dx.doi.org/10.1007/s10096-017-3112-7
http://dx.doi.org/10.1155/2019/9757625
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Description of Study Areas and Sample Collection 
	Sample Preparation and Processing 
	Processing of Vegetable Sample 
	Processing of Soil Sample 
	Processing of Water Samples 

	DNA Extraction 
	Molecular Identification of Presumptive Isolates 
	Antimicrobial Susceptibility Test of the Confirmed Klebsiella Species 
	Molecular Characterization of the Relevant Carbapenem Resistance Genes 

	Results 
	Identification and Characterization of Presumptive Klebsiella Spp. Isolates 
	Antimicrobial Susceptibility Patterns of the Confirmed Klebsiella Species 
	Molecular Characterization of the Relevant Carbapenem Resistance Genes 
	Percentage Occurrence of the Antimicrobial Resistance Genes in Klebsiella Species 

	Discussion 
	References

