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Abstract

Background
Pseudomonas aeruginosa (P. aeruginosa) are Gram-negative bacilli that are ubiquitous in nature
particularly plentiful in soils and in aquatic milieu because they thrive well in humid or wet environments.
It has extensive metabolic versatility, ability to thrive well and colonize diverse ecological habitats such as
soil, rhizosphere, wastewaters that, enhances its potential threat to public health. Abattoirs, aquatic
ecosystem including generated wastewaters are latent sources of pathogenic bacteria, serve as reservoirs
and contribute to the spread of antibiotic resistant genes. Several studies have focused on clinical
environment while scarce data exist from non-clinical environments, which sometimes are hotspots of
antibiotic resistance. Thus, the present investigation aimed to identify antibiotic resistant gene of P.
aeruginosa from non-clinical sources in Mthatha, Eastern Cape and evaluate its public health
implications.

Results
Fifty-�ve (55) Pseudomonas species and other organisms recovered from e�uent and surface water
samples included P. aeruginosa (65.4%), P. �uorescens (27.3%), Burkholderia gladioli (5.5%) and
Burkholderia cepacia (1.8%). The P. aeruginosa isolates showed high resistance to aztreonam (86.1%),
ceftazidime (63.9%), piperacillin (58.3%) and cefepime (55.6%); with moderate resistance displayed to
imipenem (50%), piperacillin/tazobactam (47.2%), meropenem (41.7%) and levo�oxacin (30.6%). Twenty
out of thirty-six (36) P. aeruginosa displayed multidrug resistance pro�les and were classi�ed as
multidrug resistant (MDR) (55.6%). Most of the bacterial isolates exhibited a high Multiple Antibiotic
Resistance (MAR) Index of > 0.2 ranging from 0.08–0.69 with a mean MAR Index of 0.38. PCR analysis of
�fteen (15) P. aeruginosa isolates detected 14 (93.3%) harbored blaSHV, 6 (40%) harbored blaTEM with the
least occurring ESBL as blaCTX−M at 3 (20%).

Conclusions
Results of the current study indicating resistance of environmental P. aeruginosa isolates to front-line
clinically relevant antipseudomonal drugs is concerning and poses risk to the environment and receiving
water bodies. Given the public health relevance, the results of this study highlight the importance and
urgent need of monitoring multidrug-resistant pathogens in e�uent environments. These non-clinical
environments are potential reservoirs of resistance genes that would further serve as avenues for the
dissemination of multidrug resistant bacteria in the community.

Background
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Pseudomonas aeruginosa, an environmental bacterium can be found in various terrestrial and aquatic
habitats. P. aeruginosa is an opportunistic human pathogen competent for a wide array of infections
including respiratory tract, blood, and urinary tract and skin infections. It causes nosocomial infections
and is responsible for persistent infections in individuals with weakened defense walls and for the
chronic lung infections of patients with cystic �brosis. This competence for infections and ability for
antibiotic resistance has made the organism to be recognized as a threat to public health [1-2]. The
aquatic environment, terrestrial plants, animals and humans constitute a broad host range of P.
aeruginosa. It is widely dispersed in nature and particularly abundant in soils and water. This is due to
their narrow nutritional requirements, which enhances their distribution, proliferation and survival despite
adverse physical and chemical conditions [3]. Its extensive metabolic versatility enhances its ecological
success and potential threat to public health [4-5]. It has been designated as an emerging waterborne
pathogen of economic, health and ecological relevance. It colonizes moist environment and preferentially
lives in aquatic habitats such as rivers, wastewater and recreational waters [1, 4, 6].

Abattoir waste have the ability to contaminate both surface and groundwater with the introduction of
pathogens that can affect land and water qualities when appropriate management protocols are not
adhered to. Discharge from abattoir e�uent contaminates the environment, thus endangering human,
animal and aquatic ecosystem’s health thereby constituting a menace to human health and
environmental safety [7, 8]. The fact that, pathogens from abattoir and animal waste e�uents upon
reaching receiving water bodies become resistant to antibiotics once they cause infection is of grave
concern. This is because they are usually di�cult to treat and often cause morbidity and mortality
especially to the most vulnerable members of the community [9].

Antimicrobial resistance (AMR) is a public health crisis in both human and veterinary medicine. This has
been made worse with the emergence and spread of carbapenemase-producing Enterobacteriaceae (CPE)
displaying resistant genes, KPC-2 and NDM-1 [10, 11]. The drivers and burden of AMR are not restricted
by national territories, sector or discipline hence there is need for a coordinated and all-inclusive global
response to combat AMR [12]. Globally, due to the speedy emergence and spread of resistant bacteria
and associated antimicrobial resistant genes amongst human populations, animals and the environment,
there is an urgent need to achieve optimum state of health in these biomes as necessitated by the One
Health strategy through concerted effort of national, regional and global bodies. The strategy involves a
multi-sectoral approach of combating the crisis through the alliance of FAO, OIE and WHO [13-15]. The
apprehension with respect to antibiotic use is justi�ed because of the close relation between antibiotics
used in both human medicine and animal production, which has resulted in cross-species transmission
of ARB and ARG from the environment and animals to humans [16]. Little attention and regulation has
been put on antibiotic use in aquatic and abattoir environments. This subsequently affects environmental
and human health. The use of antibiotics for prophylaxis, therapy or as growth promoters in western
countries has reduced intensively because of the great advances in production of effective vaccines. On
the contrary, in developing countries the use of antibiotics in animal production is still on the rise. Recent
research �ndings revealed that occurrence of antimicrobial resistance in food-producing animals has
nearly tripled within the last twenty years [6, 17].
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Wastewater and wastewater treatment plants (WWTPs) serve to disseminate antibiotic resistant bacteria
into surface waters and other water bodies and are thus hotspots for HGT. Consequently, there is a latent
risk of colonization with antibiotic-resistant bacteria (ARB) upon contact with drinking water, surface
water and wastewater, and upon causing infections may result in treatment failure [18]. It has been
proved that the environment is a massive reservoir of resistant organisms and antibiotic resistant genes
(ARGs), which are mostly acquired through HGT via transferable genetic materials such as plasmids and
transposons and have been introduced to clinical strains. It has also been reported that the antibiotic
resistant gene, CTX-M and qnrA (linked to �uoroquinolone resistance) gene actually emanated from
environmental reservoir present in the environmental bacterium, Kluyvera and marine bacterium,
Shewanella respectively [19, 20]. Antibiotic usage in the agricultural sector have compounded the spread
of resistance in the human community due to environmental dissemination of transferable resistance
genes [20]. Several studies have investigated the prevalence and detection of ESBL- and MBL-producing
P. aeruginosa isolated from clinical samples, but there is scarcity of data on the occurrence in non-clinical
samples. The need to evaluate antibiotic resistant gene in water bodies wastewater inclusive is necessary
to assess their potential risk to human health. This study was designed for the molecular identi�cation of
antibiotic resistant gene of Pseudomonas aeruginosa from non-clinical sources in Mthatha, Eastern Cape
and its public health implications.

Results

Isolation And Antimicrobial Susceptibility Testing
During the study period, identi�cation of the �fty-�ve organisms isolated revealed that thirty-six (36) were
P. aeruginosa (65.4%), �fteen (15) were P. �uorescens (27.3%), three (3) were Burkholderia gladioli (5.5%)
and one (1) was Burkholderia cepacia (1.8%). P. �uorescens and B. gladioli isolates did not grow at 42 °C.
Result of antibiotic susceptibility testing of P. aeruginosa isolates showed a high resistance to aztreonam,
ceftazidime, piperacillin and cefepime (86.1%, 63.9%, 58.3% and 55.6% respectively). Moderate resistance
was displayed to imipenem, piperacillin/tazobactam, meropenem and levo�oxacin at 50%, 47.2%, 41.7%
and 30.6% respectively (Table 1). Twenty out of thirty-six (36) P. aeruginosa presented multidrug
resistance pro�les and were classi�ed as MDR (55.6%).
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Table 1
Antibiotic resistance pattern of P. aeruginosa isolates

Antibiotic No (%) resistant No (%) susceptible

Amikacin 6 (16.7) 30 (83.3)

Aztreonam 31 (86.1) 5 (13.9)

Ceftazidime 20 (55.6) 16 (44.4)

Cefepime 23 (63.9) 13 (36.1)

Cipro�oxacin 8 (22.2) 28 (77.8)

Doripenem 5 (13.9) 31 (86.1)

Gentamicin 6 (16.7) 30 (83.3)

Imipenem 18 (50) 18 (50)

Levo�oxacin 11 (30.6) 25 (69.4)

Meropenem 15 (41.7) 21 (58.3)

Piperacillin 21 (58.3) 15 (41.7)

Piperacillin/tazobactam 17 (47.2) 19 (52.8)

Tobramycin 3 (8.3) 33 (91.7)

Multiple Antibiotic Resistance (mar) Index
Most of the bacterial isolates showed a high MAR Index of > 0.2 ranging from 0.08–0.69 with a mean
MAR Index of 0.38. The mean MAR index of isolates from abattoir wastewater was 0.42 while that of
Mthatha dam equals 0.34 (Fig. 1)

Molecular detection of extended spectrum β-lactamase (ESBL) and metallo-β-lactamase (MBL) encoding
genes in P. aeruginosa

PCR screening of genes encoding ESBL and MBL revealed the ampli�cation of blaSHV, bla CTX−M and
blaTEM in some of the P. aeruginosa isolates, while all but one of the isolates harbored the MBL, blaVIM.
ESBL production was detected genotypically in �fteen (15) of them. Results of molecular detection of
ESBL genotypes in environmental strains of P. aeruginosa by singleplex rPCR are presented in Table 2.
Among the 15 P. aeruginosa isolates evaluated for the molecular analysis, a total of 14 (93.3%) harbored
the blaSHV ESBL, 6 (40%) harbored the blaTEM with the least occurring ESBL as blaCTX−M at 3 (20%). Only
one isolate (6.7%) harbored the blaVIM gene while no isolate was detected harboring the MBL, blaIMP.
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Table 2
Extended spectrum β-lactamase (ESBL) and MBL genotypes in P. aeruginosa

non-clinical isolates
Positive by PCR for ESBL genes Number ampli�ed (N = 15) Total (%)

A. Single ESBL gene

blaSHV only 14 93.3

blaTEM only 6 40.0

blaCTX−M only 3 20.0

blaVIM only 1 6.7

blaIMP only 0 0

B. Two or more ESBL genes

blaTEM + blaSHV 6 40

blaTEM + blaCTX−M 3 20

blaSHV + blaCTX−M 3 20

blaSHV +blaVIM 1 6.7

Discussion
P. aeruginosa strains isolated from hospital settings have been associated with hospital-acquired
infections particularly when the immune defence of the host is compromised such as in neutropenia,
severe burns or cystic �brosis [21, 22]. It has been linked to outbreaks especially in ICU and
onco/hematological units with reported overall incidence of carriage varying from 11.7–37.0% [23–25],
resulting in signi�cant morbidity and mortality rate close to 80% [26]. The impact of the origin and
evolution of antimicrobial resistance of P. aeruginosa from non-clinical settings on human health has not
received so much attention as has been with the clinical counterparts. The use of antimicrobial drugs in
both human medicine and animal production for growth-promoting purposes, metaphylaxis and
prophylaxis have escalated the emergence and spread of antimicrobial resistance resulting in aggravated
public health and environmental risks [27, 28]. Antibiotics are incompletely biodegradable and therefore,
residues are usually washed into aquatic ecosystems through wastewater, presenting an environmental
hazard, posing danger to human health [29]. The hazard of AMR posed to human health is particularly
concerning in low- to middle- income countries (LMICs) due to higher possibility of community-acquired
resistant infections, the high transmissible disease burden in the general populace, poor access to health
services and weak guidelines and implementation of antibiotic use in food production and healthcare
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[14]. It also leads to increased morbidity, prolonged hospitalization, increased healthcare costs, and exert
economic burden on family units and the society [30].

In this study, 65.4% of the isolates recovered were P. aeruginosa, 27.3% were P. �uorescens, while
Burkholderia gladioli and Burkholderia cepacia constituted 5.5% and 1.8% respectively from abattoir
wastewater and surface water (Mthatha dam) during the study period. In agreement with our studies,
Igbinosa et al., Ejikeugwu et al. and Tapela and Rahube, [6, 31, 32] have all reported the occurrence of P.
aeruginosa and other species from hospital drains, environmental, and wastewater networks from
various parts of the world. The occurrence of these microorganisms is a cause of concern given that they
are opportunistic human pathogens and can infect people whose immunity are compromised [33]. The
discharge of e�uents from abattoir directly into water bodies without prior treatment have triggered
serious health risks subsequent to its contamination by bacteria [9].

The highest prevalence rate of P. aeruginosa (65.4%) seen in the current study is comparable to previous
reports from Nigeria on water samples from �sh pond sites and cattle waste, where P. aeruginosa was
found to be the most prevalent with highest occurrence rate of 62.8% and 71.5% respectively, among
other species [34, 35]. This possibly could be due to the physiological versatility and limited nutritional
requirements that enables it to adapt in adverse conditions [36]. Likewise, in agreement with our �ndings,
a study carried out in Ma�keng in the North West Province of South Africa, isolated P. aeruginosa and
other Pseudomonas species from both drinking and surface waters [37]. However, contrary to our
�ndings, a study carried out in Alice, Eastern Cape, South Africa on wastewater samples found a lower
occurrence rate of 11.1% [38]. This disparity is most likely due to different treatment processes used in
water puri�cation, or it can be assumed that WWTP does not totally eliminate bacteria especially MDR
strains since these organisms are resilient to the treatment processes and eventually play a role in the
transmission and spread of antimicrobial resistance.

The pathogenicity of P. aeruginosa favours its resistance to potent antimicrobials thereby resulting in
therapeutic challenge and elongation of patients’ stay in the hospital settings [39]. Table 1 shows the
resistance pro�les of the isolates and reveals 63.9% and 55.6% resistance to second and third generation
cephalosporin respectively (ceftazidime and cefepime) and low resistance to aminoglycosides. The
observed resistance pattern in cephalosporins observed in the current study is at par with previous report
of Ejikeugwu et al. [31], but lower compared to that of Tapela and Rahube, and Elhariri et al. [32, 40] with
100% resistance rate. However, Benie et al. from Cote d’Ivoire [41] reported lower rates of resistance of
6.9% and 17% to ceftazidime and cefepime respectively. A cause for concern is the high resistance
displayed to the cephalosporins, which are frontline antipseudomonal drugs for treating P. aeruginosa
infections, increased resistance to this class of antibiotics will not be favorable and will result in limited
treatment options. The present study revealed that 16.7% isolates were resistant to the aminoglycoside,
amikacin and gentamicin. A similar low rate of resistance to amikacin (19%) but slightly higher rate to
gentamicin (28.5%) was reported by a study carried out in Egypt [40]. However, an elevated resistance rate
of 79% in gentamicin had been reported by a study carried out in Nigeria [31]. Amikacin, gentamicin and
tobramycin are �rst or second line empirical drugs of choice in the access group of antibiotics for treating
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common or severe clinical conditions [42]; particularly, inhaled tobramycin is used to eradicate early
infections in cystic �brosis while amikacin and gentamicin are also used in combination therapy with
other antibiotics to improve overall e�cacy [43].

Resistance to carbapenems including imipenem (50%) and meropenem (41.7%) was also observed in our
study. This is quite unexpected, given the fact that carbapenems represent one of the most effective and
among the best option for treating Gram-negative infections particularly MDR infections. Multifaceted
interactions of several mechanisms mediate resistance to the carbapenems and these may include loss
of outer membrane porins, e�ux overexpression and production of carbapenemases. Carbapenem-
resistant P. aeruginosa isolates are frequently associated with a higher mortality rate due to the enzyme
carbapenemase mediating the resistance and a higher likelihood of extensive spread of resistance
through mobile genetic elements [44]. Antimicrobial resistance affects both human and animal health.
The abuse of antimicrobials in human and veterinary medicine often leads to proliferation of ARB and
ARGs that can be transferred to human pathogenic bacteria. This transfer eventually nulli�es the e�cacy
of current and upcoming antibiotics, thereby leading to treatment failure for some life-threatening
diseases [45, 46]. The impact of AMR leading to antibiotic-resistant infections suggests that close to a
million people die annually and further projections of 10 million people could die globally by the year
2050 due to these infections [47].

Occurrence of 55.6% MDR P. aeruginosa seen in this study in a non-clinical setting is high and alarming.
Notwithstanding, higher percentages of P. aeruginosa has been reported in hospital wastewater treatment
plants (HWWTP) in other parts of the tropics, with an occurrence of 82% and 93.2% in Brazil and Nigeria
respectively [48, 49]. This is expected since hospital wastewater and WWTP are regarded as hotspot of
antibiotic resistance due to the discharge of antibiotics, disinfectants and materials containing MDR
pathogens [50, 51]. Similarly, studies of Olga et al. and Kateete et al. [52, 53] reported lower rates of
MDRPA of 32% and 38% respectively from aquatic environments and clinical and environmental samples

MAR indexing method is a simpli�ed rapid method of distinguishing organisms from different origins
either from high-risk sources of contamination where antibiotics are frequently used or low risk sources
[54] and as an indicator of the level of contamination potentially unsafe for humans [55]. A MAR index > 
0.2 indicates that isolates originate from high-risk sources of contamination [56] while MAR index > 0.4 is
an indication of faecal origin contamination [51]. Antibiotics are increasingly present in wastewater and
this contribute to the emergence and selection of AMR in the environment [57]. In the current study,
analysis of MAR index of the P. aeruginosa strains showed that all of them had a MAR index above 0.2
with Mean MAR index of 0.42 and 0.34 of abattoir wastewater and aquatic isolates respectively (Fig. 1). It
therefore validates the theory that these isolates originated from high risk contaminated sources with
frequent antibiotic use. This is particularly evident with the mean MAR index of 0.42 from the abattoir
wastewater. The �ndings re�ect the overuse of antibiotics in animal production and highlights the
sources of these pathogens, which eventually translocate into water bodies and pose health risks to
humans. Odjajare et al. [58] in Alice, Eastern Cape, South Africa, reported similar result with a mean MAR
index of 0.46. A MAR index of isolates with values higher than 0.2 has also been reported in �sh samples
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sold in informal markets in Zimbabwe [59] and River Nile in Egypt [57]. These isolates with MAR indices
greater than 0.2 indicate that they are from potentially health risk niche.

The release of MDR bacteria including ESBL and MBL producers into water bodies is a cause of concern.
These organisms could act as opportunist pathogens when they persist in the environment and serve as
resistance pool that could fast-track the evolution of antimicrobial resistance in a community [48]. ESBL
belonging to the Class A category have been identi�ed in P. aeruginosa conferring resistance to the
cephalosporins and this is speci�cally due to the production of β-lactamases. The main ESBL of clinical
signi�cance include blaCTX−M, blaSHV and blaTEM [40]. In the current study, blaSHV was the most prevalent
ESBL detected by PCR. This was detected in 14 isolates (93.3%). blaTEM was detected in 40% of our
isolates while the least detected ESBL was blaCTX−M at 20%. Our study is in agreement with the study of
Rezai et al. [60], who detected blaSHV as the most prevalent ESBL by PCR. Other authors from Malaysia
and India reported blaTEM to be the prevalent ESBL [61, 62], whereas some others from Brazil, Egypt,
Nigeria have reported blaCTX−M [40, 63–64]. Together, these statistics suggest successful dissemination
of the ESBL-encoding genes universally.

Conclusion
The result of this study indicating resistance of environmental P. aeruginosa isolates to front-line
clinically relevant antipseudomonal drugs is concerning and poses a risk to the environment and to the
receiving water body as these waste e�uents gets discharged freely into the environment. Given the
public health relevance, the results of this study reveal the importance and necessity of monitoring
multidrug-resistant pathogens in e�uent environments. This non-clinical environment could harbor P.
aeruginosa as a potential reservoir of resistance genes and could serve as a path for the dissemination of
multidrug resistant bacteria in a community. In addition, the high multiple antibiotic resistance index and
the occurrence of ESBL-producing P. aeruginosa represent a public health threat since the genetic
elements responsible for this resistance are present on mobile genetic elements (MGEs) that can be
transferred to other Gram-negative bacteria through horizontal gene transfer. This increases the
antimicrobial resistance rate and complicates the treatment if the infection is caused by these pathogens.
It also portends great risk to the vulnerable population whose immunity is compromised due to HIV/AIDS
when exposed to contaminated water supply.

Furthermore, the swift detection of various beta lactamases is imperative for improving therapy, halting
of the emergence and spread of resistant organisms and for epidemiological tracing of resistance
determinants. This will also enhance timely execution of strict infection control protocols as well as
clinical guidance regarding the potential risks for therapeutic failure. Precise prevalence data will be
necessary to appraise the success of control measures.

Methods
Study design and setting
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A prospective, cross sectional study conducted between the periods January to June 2019. The study site
was Umzikantu Red Meat Abattoir, Zimbane Mthatha, Mthatha River and Mthatha dam. Umzikantu Red
Meat Abattoir is a high throughput abattoir located in Zimbane location in Mthatha, Eastern Cape. It is the
only operational red meat abattoir serving Mthatha and its environs in the O.R Tambo District
Municipality. It is certi�ed and have the capacity to slaughter 50 units of animals on a daily basis. One
unit equals to one cow/ox or two calves or six sheep or four pigs. The abattoir is open to the public and
offers slaughter and cutting services at an affordable price. It also doubles as a wholesaler supplying
meat to butcheries, supermarkets and hospitals.

Mthatha Dam (31°33′2″S 28°44′24″E Coordinates) is an earth-�ll type dam on the Mthatha River, located
close to Mthatha Town, in the OR Tambo District Municipality of the Eastern Cape. This dam was
founded in 1977 to serve municipal and industrial purposes. The Department of Water and Sanitation
oversees the affairs of the dam. The catchment area of the dam is 886 km2 with surface area measuring
25.42 km2. It has a height of 38 m with the length measuring 620 m. The reservoir capacity of the dam is
253, 674, 000 m3.

Sample collection

Abattoir environment samples: Using standard methods, one hundred (100) mililitres of abattoir e�uents
were taken from two sampling points into sterile bottles appropriately labelled. All samples were stored in
cooler boxes for transportation to the Medical Microbiology laboratory at Walter Sisulu University
Mthatha, for further analyses, within 4 h of sample collection.

Aquatic environment samples: Water samples from the Mthatha dam were collected aseptically in sterile
100mL Duran Schott glass bottles from different sampling points by directly dipping the bottles about
20cm below the surface of the water. After collection, the samples were placed in iced cooler boxes,
transported to the laboratory and kept at about 4oC until analysed.

Bacteriological analysis

Membrane �ltration method was used for isolation and enumeration according to standard methods [65].
For all samples, three volumes of 100mL were �ltered through 0.45 𝜇m pore sized gridded membrane
�lter (Whatman Laboratory Division, Maidstone, England) using a water pump (model Sartorius 16824).
Filter was removed and aseptically placed on CHROMagarTM Pseudomonas (CHROMagarTM; Paris,
France) plates ensuring that no air bubbles were trapped. All media were prepared according to the
manufacturers’ instructions (CHROMagarTM; Paris, France). Each sample was analysed in triplicate.
E�uent samples from Abattoir were serially diluted and 1mL of the 5 fold serial dilutions was �ltered
through the 0.45 𝜇m pore sized gridded membrane �lter (Whatman Laboratory Division, Maidstone,
England) using a water pump (model Sartorius 16824) before being placed aseptically on to the
CHROMagarTM Pseudomonas (CHROMagarTM; Paris, France) agar plates. The plates were incubated
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aerobically at 370C for 24-48 hours. Blue colonies characteristics of Pseudomonas spp. were
enumerated.

Characterization of Pseudomonas aeruginosa

Blue colonies typical of Pseudomonas species on the chromogenic medium were subcultured on both
Cetrimide agar and CHROMagar to get pure colonies. Characteristics grape-like odour was a useful
marker of identi�cation. Phenotypic tests such as Gram stain, oxidase test and catalase test were
performed [66]. Species identi�cation was carried out using Gram-negative ID type 2 panels (Beckman
Coulter, Inc. USA) of MicroScan autoScan-4 automated system (Dade Behring Inc., Deer�eld, IL). Growth
at 420C [66] in an aerobic incubator was also used to con�rm the identity of the P. aeruginosa isolates.

Antimicrobial susceptibility testing

Antimicrobial susceptibility testing was performed by MicroScan autoScan-4 system using Microscan
dehydrated broth microdilution negative MIC Panel Type 44 (NM44) (Beckman Coulter, Inc. USA)
following the manufacturer’s guidelines [67]. The following antibiotics were tested in the panels:
amikacin, aztreonam, cefepime, ceftazidime, cipro�oxacin, doripenem, gentamicin, imipenem,
levo�oxacin, meropenem, piperacillin/tazobactam, piperacillin and tobramycin. MICs were interpreted
following CLSI guidelines [68]. ATCC Quality control organisms used were P. aeruginosa ATCC 27853 and
Escherichia coli ATCC 25922. Non-susceptibility included the combination of resistance and intermediate
resistance. MDR P. aeruginosa was de�ned as non-susceptibility to at least one agent in three or more
antimicrobial categories according to Magiorakos et al. [69].

Multiple antibiotic resistance (MAR) index: MAR was calculated and interpreted for the isolates as
described by Gufe et al. [59]. Brie�y, it is described as the ratio of the number of antibiotics to which
isolates were resistant (a) to the total number of antibiotics to which the isolates were exposed (b) i.e:
MARI = a/b. The MARI of individual P. aeruginosa from the two different sources was calculated. Bacteria
having MARI (>0.2) originate from high risk sources of contamination where several antibiotics have been
used, while, MARI value of ≤0.2 indicates strains from sources where antibiotics have seldom or never
been used.

Molecular con�rmation of strains by rPCR

DNA Extraction: DNA was extracted from overnight colonies of bacterial culture grown on Cetrimide agar.
This was re-suspended in Roche Magna Pure Bacteria Lysis Buffer, vortexed brie�y, heated at 95°C for 10
minutes and pelleted by centrifugation at 13000 g for 10 minutes. Four hundred microliters were used as
a specimen in the MagNa Pure Compact System (Roche Applied Science, Indianapolis), using MagNa
Pure Compact Nucleic Acid isolation kit 1 according to manufacturer’s instructions. Elution tubes
containing 200 µl puri�ed nucleic acids were stored at – 800C until further use. The LightCycler 2.0
instrument (Roche Applied Science, Germany) and Fast start LightCycler 480 Hybprobes Master kit
(Roche Diagnostics, USA) were used for polymerase reaction. Speci�c primers targeting the gene, species-
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speci�c gyrB were ampli�ed by singleplex rPCR using primers and probes designed by TIB Molbiol,
Germany. 16S rRNA analysis was also carried out to con�rm identity of the isolates.

Molecular ESBL and MBL detection by rPCR

Real-time PCR for blaCTX-M, blaSHV, blaTEM, blaIMP and blaVIM. Isolated P. aeruginosa colonies on Cetrimide
agar and CHROMagar Pseudomonas were selected for genomic DNA extraction. Template DNA was
extracted by MagNA Pure Compact (MPC) using MPC Nucleic Acid isolation kit according to
manufacturer’s instruction. Real time PCR was carried out in the LightCycler 2.0 instrument (Roche
Applied Science, Germany) using Fast start LightCycler 480 Hybprobes Master kit (Roche Diagnostics,
USA). Speci�c primers and probes (Table 3) targeting the genes CTX-M, SHV, TEM, IMP and VIM were
ampli�ed by singleplex rPCR. Primers were designed by TIB-Molbiol (Berlin, Germany). rPCR assay was
performed in a 32 carousels using 20 𝜇L capillaries with each capillary containing a total volume of 20
𝜇L; including 2𝜇L of LightCycler FastStart DNA Master Hybridization Probes (Roche Diagnostics), 2 𝜇L of
primers (0.5mM for each forward and reverse), 2 𝜇L of probe, 2.4 𝜇L of MgCl2, 2 𝜇L of extracted DNA,
and water to make up the volume of 20 𝜇L. The rPCR protocol are as shown in Table 4.

Table 3: Primer sequences for detection of blaCTX-M, blaSHV, blaTEM, blaIMP,blaVIM genes and gyrB
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Target
gene

Primers Primers sequences (5’-3’) Tm in
00C

References

blaCTX-M CTX-M forward
primer

ATGAGYACCAGTAARGTKATGGC 58.7 70

  CTX-M reverse
primer

ATCACKCGGRTCGCCIGGRAT 59.3  

  CTX-M Probe FAM-CCCGACAGCTGGGAGACGAAACGT-BBQ 70.2  

blaSHV SHV forward
primer

TCCCATGATGAGCACCTTTAAA 56.8 71

  SHV reverse
primer

TCCTGCTGGCGATAGTGGAT 58.6  

  SHV Probe FAM-TGCCGGTGACGAACAGCTGGAG-BBQ 68.3  

blaTEM TEM forward
primer

GCATCTTACGGATGGCATGA 56.6 71

  TEM reverse
primer

GTCCTCCGATCGTTGTCAGAA 57.7  

  TEM Probe FAM-CAGTGCTGCCATAACCATGAGTGA-BHQ1 62.2  

blaIMP IMP forward
primer

GGGCGGAATAGAGTGGCTTA 57.6 72

  IMP reverse
primer

GGCTTGAACCTTACCGTCTTTTT 59.3  

  IMP Probe FAM-
CGATCTATCCCCACGTATGCATCTGAATTAACA-
BHQ1

67.4  

blaVIM VIM forward
primer

TGCGCTTCGGTCCAGTAGA 59.0 72

  VIM reverse
primer

TGACGGGACGTATACAACCAGAT 58.5  

  VIM Probe FAM-CTTCTATCCTGGTGCTGCGCATTCG-
BHQ1

67.6  

gyrB gyrB forward
primer

CCT GAC CAT CCG TCG CCA CAA   73

  gyrB reverse
primer

CGC AGC AGG ATG CCG ACG CC    

  gyrB probe 6-FAM-CCG TGG TGG TAG ACC TGT TCC CAG
ACC-BHQ

6-FAM-CCG TGG TGG TAG ACC TGT TCC CAG
ACC-BBQ

  This study
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Table 4 Real-time PCR cycle protocol

Protocol Temperature Acquisition mode Time Ramp rate Cycle

Denaturation 950C None 5 minutes 4.4 1

Quanti�cation: annealing 950C None 30 seconds 4.4 45

Extension 600C Single 1 minute 4.4

  No third step  

Cooling 400C None 30 seconds 4.4 1

Absolute quanti�cation was carried out using the Light Cycler software 4.05. Data were obtained during
annealing period. Fluorescence was measured once every cycle immediately after the 60°C incubation
(extension step). Fluorescence curves were analyzed with the LightCycler software, version 4.05. Results
were expressed by determination of threshold cycle (Ct) value which signi�ed the cycle at which sample
�uorescence became remarkably different from baseline signal. Positive control strains used included
Klebsiella pneumoniae ATCC 51503 (blaCTX-M), Klebsiella pneumoniae ATCC 700603 (blaSHV), Escherichia
coli NCTC 13351 (blaTEM), P. aeruginosa NCTC 13437 (blaVIM) and Escherichia coli NCTC 13476 (blaIMP).
These were obtained from the National Institute of Communicable Diseases (NICD), Johannesburg, South
Africa.

Abbreviations
AMR: antimicrobial resistance; ARB:antibiotic-resistant bacteria; ARG:antibiotic-resistant gene;
CPE:carbapenemase-producing Enterobacteriaceae; ESBL:extended-spectrum-β-lactamase; FAO:Food and
Agriculture Organization; HGT:horizontal gene transfer; HWWTP:hospital wastewater treatment plant;
ICU:intensive care unit; MAR:multiple antibiotic resistance; MBL:metallo-β-lactamase; MDR:multidrug
resistance; OIE:World Organization for Animal Health; rPCR:real-time polymerase chain reaction;
WWTP:wastewater treatment plant.
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