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ABSTRACT 

Recently there has been a rapid increase in the incidence and prevalence of drug-resistant bacteria and 

antimicrobial resistance genes in the environment, largely attributed to selection pressure from the 

environmental presence of antimicrobials such as antibiotics, biocides, and heavy metals, as well as other 

physicochemical stressors. such as Poly aromatic hydrocarbons, pH, temperature, and reactive oxygen. 

However, the concentrations at which these antimicrobials could elicit resistance are poorly understood. 

Such lack of information could hamper the development of standards for the environmental surveillance 

of antmicrobials with potential adverse effects on human, animal and environmental health.  

In this study, Water samples were collected from all the points that impact the environment directly around 

the Darvill wastewater treatment plant, namely the treatment plant effluent discharge point, the upstream 

and downstream from the effluent discharge point. 

 Antibiotics, heavy metals, and biocides were identified and quantified from the water samples, and we 

ascertained the effect of environmental concentrations of some of these selected stressors on the antibiotic 

resistance in previously susceptible Escherichia coli.  

Heavy metals concentrations were determined using the United States Environmental Protection Agency 

(US EPA) method 200.7. Biocide and antibiotic residue concentrations were determined using validated 

ultra-high-performance liquid chromatography with tandem mass spectrometry-based methods. E. coli was 

identified and quantified using the Colilert-18TM system from IDEXX, while antimicrobial susceptibility 

was performed using the disc diffusion method according to the Clinical and Laboratory Standards Institute 

guidelines.  

The concentration of antibiotics observed ranged from sulfamethoxazole (286.180 µg/L) to penicillin (2.2 

µg/L); for metals, sodium (27.734 mg/L) to iron (0.001 mg/L); and for biocides, benzalkonium chloride 

(BAC) 12 (7.805 µg/L) to BenthEZ (0.035 µg/L). There was observed increase in the pollutant 

concentrations in the effluent and downstream samples compared to the upstream samples, suggesting that 

the WWTP might be a potential source of interest, indicating that these pollutants, were not completely 

removed at the WWTP.  

Thirty days' exposure of wholly susceptible E. coli ATCC 25922 strains, to environmental and sub-

inhibitory concentrations of oxytetracycline, amoxicillin, zinc, copper, BAC 12 and DADMAC 10 was 

conducted but could not trigger phenotypic resistance. Genotypic analysis of the WGS on the exposed 

isolates, found only the macrolide resistance mdf (A) gene (which was also present in the control) and the 

disinfectant resistance gene sitABCD. With further analysis for single nucleotide variants (SNV), 

mutations were detected for 19 genes compared to the control. Only one resistance gene was detected, 

robA, a member of the ArcC/XylS family, that regulates the ArcAB-TolC multi-drug efflux, that contributes 
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to multi-drug resistance. The other 18 genes we detected were tolerance conferring genes, acnB, cusA, 

degQ, epmA, hsmP, mlc, purH, queG, srlE, tsaB, yddh and yqhH genes, in all the exposed isolates. filA 

genes in only the oxytetracycline and BAC 12-exposed isolates, mutM gene in zinc exposed isolates, nudK 

gene in all the exposed isolates except the DADMAC 10 exposed isolates, ptsG gene in only the 

oxytetracycline-exposed isolates, and ompD in only DADMAC 12-exposed isolates. All the genes detected 

in the exposed isolates were also detected in the environmental isolates, except the robA gene. These genes 

detected encode for oxidative stress, DNA repair, membrane proteins efflux systems, growth and persister 

formations.  

 In addition, we observed that the 30-days exposed isolates developed increased tolerance to high (25 x 

MIC) concentrations of ampicillin by 30 to 50% when compared to unexposed control. BAC 12-exposed 

isolates had the highest tolerance increase. The increased tolerance seems to emanate from multi gene 

induced persister cells formations, as well as tolerance gene expressions. The MSW of the exposed isolates 

to ampicillin and amoxicillin, also slightly increased compared to the control indicating the amplification 

of persister cells during the 30-day exposure but the MSW remained same to oxytetracycline.  

This indicates that exposure to sub-inhibitory concentrations of antibiotics, heavy metals and biocide 

residues, as observed in the aquatic environment, cannot induce phenotypic resistance but can encode for 

genes responsible for the development of persistence and tolerance in bacteria, which seems to be the 

pathway towards eventual antimicrobial resistance in environmental bacteria. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

1.1 Introduction 

Recently there has been a rapid increase in the incidence and prevalence of drug-resistant bacteria and 

antimicrobial resistance genes (ARGs) in the environment, largely attributed to selection pressure from the 

presence of antimicrobials such as antibiotics, biocides and heavy metals as well as other stressors in the 

environment. However, the concentrations at which these antimicrobials could elicit resistance are poorly 

understood. Such lack of information could hamper the development of efficient guidelines for the 

environmental surveillance of antibiotics, with potentially severe effects on human, animal and environmental 

health (Berendonk et al., 2015; Gullberg et al., 2011; Nguyen et al., 2021; Pruden et al., 2018)  

Antibiotics are pharmaceuticals that form part of the Pharmaceuticals and Personal Care Products (PPCP) 

family in the environment. Lately, the effects of this group of products in the environment have gained greater 

attention due to their ubiquity and the growing resistance to these chemicals by previously susceptible 

microorganisms (Bengtsson-Palme and Larsson, 2015). Antibiotic resistance significantly contributes to the 

increased rate and cost of hospitalization and over 700,000 deaths yearly (Dadgostar, 2019; O’ Neil, 2014). 

Antibiotics and bacteria in the environment, have always co-existed and maintained an eco-balance. Bacteria 

while maintaining this delicate balance also survived by developing antibiotic resistance genes, which enable 

them, to continue their metabolic and genetic purposes, even in the presence of these chemicals (Larsson and 

Flach, 2022). The number of bacteria in the environment is estimated to be about 1030 , and genetic mutation 

is integral to bacterial life and survival. Most resistance genes produced, are not expressed, but remain dormant 

unless the fitness cost is lowered (Bengtsson-Palme et al., 2018; Martínez, 2012).  

The industrial-scale production of synthetic antibiotics used by humans and livestock, which subsequently find 

their way into the environment, has exposed environmental bacterial communities to unprecedented selection 

pressures, resulting in the rapid development of antibiotic resistance even to new drugs (Larsson, 2014; 

Martinez, 2009). Such exposure results in strains in the microbial community that can initiate gene mutation 

and transfer, spreading ARGs in the environment. This constitutes a hazard to environmental and human health 

with severe consequences if not mitigated (Larsson and Flach, 2022; Martinez, 2009).  

Modern antibiotics are formulated to target pathogenic bacteria in human and animal health, but they have also 

been noticed in the environment. Their introduction into the environment is mostly via sewage discharge, 

runoffs from pharmaceutical industries, healthcare institutions, farms, fisheries, factories, landfill leachates, 
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and wastewater treatment plant (WWTP) discharges (Clarke et al., 2015; K’oreje et al., 2020). Their presence 

in the environment, which is not the target, coupled with the innate ability of bacteria to elicit genetic changes 

to survive and multiply, results in increased bacterial resistance to antibiotics in the environment, especially in 

effluents with PPCPs (Ebele et al., 2017). 

For a bacterial strain especially in the environment, where there might be multiple antimicrobials other than 

antibiotics, to be considered resistant, its minimum inhibitory concentration (MIC) to any antibiotics, must be 

higher than the MIC of the parental wild-type strain (Martínez et al., 2015). So it is expected that the strain 

must be susceptible at antibiotic concentrations above the MIC and start showing resistance below the MIC 

(Gullberg et al., 2011). 

However, this has not been the case. On the contrary, it has been observed that sometimes, at concentrations 

below and beyond the MIC, there has been noticeable resistance, which is against the accepted concept. For 

antibiotics, there has been an observed trend that even at low concentrations, sub-MICs, bacteria can also select 

ARG and maintaining these selections, by altering the fitness cost, can subsequently lead to the entrenchment 

of resistant bacteria, even in pristine environments (Gullberg et al, 2011). 

Above the MIC value is a new value known as the Mutant Prevention Concentration (MPC), which is the 

lowest concentration required to block the growth (MIC) of the least susceptible mutant in a high density 

bacterial population (>1010 CFU) (Blondeau, 2009).This represents the concentration above which bacteria 

rarely select for resistant mutants and presently enhances our knowledge of microbial resistance development. 

So, antimicrobials must be administered above MPC concentrations for the desired outcome (Blondeau and 

Fitch 2019, Lazona-Huntelman et al 2020, Feng et al 2019, Kawamura et al 2019, Blondeau 2001; Dong et al., 

2000). The concentration range between the MIC and the MPC is the Mutant Selection Window (MSW). This 

is the concentration range within which selective enrichment of resistant mutants may occur. So, the MIC, 

MPC, and MSW values should be considered, when identifying the effective antibiotic concentrations, to stop 

selection of resistant mutants (Lazona-Huntelman et al 2020, Feng et al 2019, Kawamura et al 2019, Drlica 

and Zhao, 2007; Pasquali and Manfreda, 2007). 

Resistance gene development in environmental bacteria could be attributed to the selective pressure, arising 

from a combination of antimicrobial concentrations and environmental physicochemical factors, such as 

temperature, pH, and environmental pollutants, as they create opportunities for mutations, tolerance and other 

characteristics such biofilm formations, utilised for the survival and proliferation of the organism (Baquero et 

al., 1998). The concentration of the antimicrobials in the environment, is also affected by their bioaccumulation 

and biodegradability and the degree of exposure of the organism (Bengtsson-Palme et al., 2016).  
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Another factor that has been shown to contribute towards AMR is tolerance. Tolerance is the ability of 

microbes to survive in adverse environment, up to extremely high concentrations of antimicrobials, well above 

the MIC and MPC. It is mostly caused by the ability of bacteria to mutate to slow or non-growing phenotypes, 

called persisters, which can survive very high concentrations of antimicrobials, especially those that act on the 

growth processes of the microbes (Levin-Reisman et al., 2017). Tolerance has been observed in bacteria and 

is suggested to be, a first step towards ARGs acquisition, especially in biofilms. It has been observed, in most 

cases, that tolerance precedes the development of resistance genes, as most tolerant bacteria, start to express 

resistance genes, after further (≥ 10th generations) exposure to antimicrobials (Fridman et al., 2014, Levin-

Reisman et al 2017).  

The environment is not pristine but a mixture of many physical and chemical stressors that can contribute to 

the dynamics of AMR. These stressors are numerous and occur at varying concentrations, but have previously 

been accepted, within set limits (MIC and the predictive no-effect concentration (PNEC) levels), as being 

unable to select for resistance genes. However, recent studies as outlined above, have proven the enrichment 

for resistance beyond and below these limits. Furthermore, there is evidence that the presence of environmental 

stressors, contributes to the challenges surrounding bacteria survival (Martinez 2012) and generally reduces 

the fitness cost, thereby encouraging the selection of antimicrobial resistance. Therefore, more studies need to 

be undertaken for better insight into the dynamics of AMR at environmental concentrations of antibiotics, 

heavy metals and biocides. Also, there is a need to investigate how these dynamics contribute to the co-

selection of antibiotic resistance in environmental bacteria. Such information could provide insight towards 

adequate legislation on the antibiotics and pollutants discharged into the environment (Bengtsson-Palme and 

Larsson, 2016; Tell et al., 2019).  

 

1.2. Literature Review 

Antibiotic resistance is a severe threat to human, veterinary and environmental health, and the continued 

excessive use of antimicrobials exacerbates the situation (Xia et al., 2019, Goethem et al 2018). The synthesis 

of modern antimicrobials, attributed to the invention of penicillin by Alexander Flemings in 1928, signified 

the advent of modern antimicrobial use. Its probable misuse and over-use was first warned about by same Dr 

Flemings in 1945 during his noble lectures (Inoue, 2019). It is estimated that infections due to antimicrobial 

resistance have caused over $20b and €2.5b in excess health care costs and the loss of over 8 and 2.5 million 

days in the US and EU, respectively and if not addressed globally, can result in 10m human deaths and over 

$100t economic loss by 2050 (Lau et al 2017; O’Neill 2016).  

2015 marked the turning point for AMR, with the political focus on its threat and the inauguration of the Global 

Antimicrobial Surveillance System (GLASS). A lot of countries and WHO has since adopted comprehensive 
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approach towards AMR containment and there is need for increased research in this area (Chait et al., 2012; 

Huijbers et al., 2015; Tornimbene et al., 2018). 

 

1.2.1. Literature Review Structure 

This review is organised into three sections. 

The first section introduces the sources and quantification of antimicrobials in the environment. 

The second section presents a review of the effects of environmental antimicrobials on antibiotics resistance, 

looking at tolerance, mutant selection window and co-selection. 

 

The third section is the conclusion. 

 

1.2.2. Relevant Concepts 

 

1. A couple of concepts will be of note as they are quite relevant to this study. 

2. Environmental concentrations: The quantification of the chemical in the environment 

3. Acceptable limits: The standard set for the chemical, that would not be injurious to organisms. 

4. Minimum inhibition Concentration: The lowest concentration of an antimicrobial that completely 

inhibits growth of bacteria.  

5. Maximum prevention concentration: The minimum concentration that inhibits the growth of the least 

susceptible strain in the bacteria population.  

6. Mutant selection window: The concentration range between the MIC and the MPC. 

7. Tolerance: The ability of bacteria to survive very high concentration of antimicrobials even above 

MPC. 

8. Co-selection, Cross-and co-resistance: The ability of bacteria to select for multiple resistance either 

through same mechanism (Cross-resistance) or location of two genetic materials on same genetic 

element (Co-resistance). 

SECTION ONE: Sources and Quantification of Antimicrobials in the Environment 
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1.2.3. Antibiotics in Nature 

Antimicrobial resistance (AMR) predates modern antimicrobials and can be traced back to environmental 

bacteria, producing and releasing antimicrobial elements that enable them to grow and evolve under stressful 

conditions. These developments, enables them to out-compete other bacteria for food resources and survival 

(Fletcher, 2015). Thus, antibiotic resistance can be described as a natural involuntary and an unavoidable 

phenomenon, in line with the Darwinian principle of natural selection for survival. AMR dates to pre-historic 

era, as confirmed by the presence of ARGs (which encode resistance to even present day ß-lactams, 

tetracycline, and glycopeptide antibiotics), in 30,000-year-old Beringian permafrost sediments, which predates 

modern antibiotics usage (Cruz et al., 2019; D’Costa et al., 2011) One of the most prominent sources of 

antibiotics is soil microbes, which have been around for billions of years. Some present day synthesised 

antibiotics, such as vancomycin, erythromycin, and many β-lactams, were developed as derivatives of these 

natural antimicrobial products, from Actinomyces and fungi (Baltz, 2008; Fletcher, 2015). Thus, naturally 

occurring antibiotics, which were critical in the fight against pathogenic bacteria, may also have elicited the 

development of resistance genes in environmental bacteria (Allen et al., 2010; Bhullar et al., 2012; D’Costa et 

al., 2011; Lau et al., 2017). Present day antimicrobial resistance, may have evolved from the horizontal transfer 

of these natural genetic materials, between the environment and environmental bacteria and vertically between 

the bacteria and animals including humans (Agersø et al., 2019; Alanis, 2005; Fletcher, 2015; Lau et al., 2017). 

However, humans have impacted the ecosystem through three main routes, habitat fragmentation, alteration 

of the community structure (e.g., via non-indigenous species), and chemical pollution (Daughton, 2001). While 

the first two are apparent, the effects of chemical pollution such as PPCPs like antibiotics, are sometimes not 

immediately noticeable despite being adverse and widespread. Antibiotics released into the environment, are 

among the major pharmaceuticals used in human and veterinary therapy and are quite widespread. 

 

1.2.4. Antibiotics in the environment 

Most of the studies on pharmaceuticals in Africa have been in South Africa, followed by Tunisia. A review by 

Madikizela et al. (2020) observed high concentrations of antibiotics in African water, which are far higher than 

observed in developed countries. They attributed this to very ineffective WWTPs with very low antibiotics 

removal efficiency, and direct deposition of antibiotics into the environment via open defecation, urination, 

and dumping of refuse into water bodies in Africa. Sulfamethoxazole (SMX) has been the most widely detected 

antibiotic in African surface waters with the highest detected concentrations of 33.6 µg/L but in effluents, 

tetracycline, and spiramycin, with concentrations of 33.6 µg/L, 45.38 µg/L respectively, has been detected in 

Tunisia (Azanu et al., 2018; Kanama et al., 2018; Madikizela et al., 2020; Olaniran et al., 2019). 
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People’s economic condition and lifestyle of affect the kind of drugs prevalent in the environment. Bagnis et 

al. (2020) assessed the risk and prevalence of organic micro-pollutants in the Lake Victoria South Basin, 

Kenya, and detected 78 compounds, including antibiotics such as acetyl-sulfamethoxazole (A-SMX) at a 

concentration of up to 297 ng/L, in 80% of the samples and trimethoprim (TMP) that was detected at 

concentrations up to 110 ng/L. Furthermore, they observed that the cheaper sulfonamides and TMP were 

detected in higher concentrations than the more expensive macrolides and attributed these high concentrations 

to the low cost of the drugs and their heavy use for HIV treatment and prophylaxis. These observations were 

also in agreement with Madikizela et al. (2017) who stated that high environmental concentrations of 

antibiotics should be attributed to the low cost of these drugs, the culture of over-the-counter purchase of 

medication across Africa and LMIC countries, and ineffective WWTPs where available, coupled with the poor 

sanitary conditions that people live in. So, unlike in developed nations with better sanitation and effective 

WWTPs, this makes the water bodies in most LMIC a robust system for enrichment of ARGs. 

Most antibiotics consumed are excreted unmetabolized or partially metabolized into the environment. Magwira 

et al. (2019) studied the fate, occurrence, and potential effects of TB drugs in South African waters. They 

observed that 20 to 50% of consumed first-line TB medications and up to 90% of second-line antibiotics were 

excreted unmetabolized into the environment. With up to 23,360 kg of rifampicin taken annually in Gauteng 

alone, this translates to about 5606.40 kg at 24% unmetabolized rate. For kanamycin, with an annual 

consumption of 35,040 Kg at 90% unmetabolized rate, potentially it will be about 31,536 Kg, and for 

trimethoprim at an annual consumption of 9344 Kg at 80% unmetabolized rate, it will be about 7475 Kg, which 

will be discharged into the Gauteng environment. This is a huge potential risk, considering that TB drug 

resistance in SA, stands at 3.4% of total TB patients, with an incidence level of 768/100,000 people (Garcia 

and South-Bodiford, 2017). 

The effect of huge concentrations of antibiotics in the environment, is that it has the potential to increase the 

risk quotient (RQ) of most of the antibiotics, which will also increase the selective pressure in the environment 

for development of ARG and ARB selection. Risk quotient (RQ), is the ratio of the measured environmental 

concentration (MEC) or the predicted environmental concentration (PEC) to the predictive no-effect 

concentration, with values below 0.1 being low risk, below 1 being medium risk and above 1 being high risk 

(De Bruijn et al, 2003) 

Danner et al. (2019), in their review looking at antibiotic pollution in surface waters, stated that over 100,000 

tons of antibiotics were used yearly, and most of these substances are ubiquitous in the environment, impacting 

susceptible microorganisms and affecting the natural food web. Furthermore, they noted that the interactions 

between antibiotics and environmental stressors, such as metals, biocides, temperature, and pH, result in 
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increasing environmental challenges, like antibiotic resistance and ecological distortions. They further 

observed that the average antibiotic concentrations detected from multiple studies in the environment were in 

the range of > 15µg/L (Americas), >10 µg/L (Europe), >50 µg/L (Africa) and >450 µg/L (Asian Pacific). This 

shows that there is more antibiotic pollution in low- and middle-income countries (LMIC), especially in Africa 

and Asia, than the developed economies of Europe and America. Kovalakova et al. (2020), in their review also 

observed similar trends in an industrial area around Hyderabad in India. While ciprofloxacin was detected in 

the environment at concentrations of about 14,000 µg/L in WWTP effluents and 2500-6000 µg/L in surface 

water, its concentrations were in ng/L in Europe. Oxytetracycline (OTC) was also detected at 3611 µg/L in 

North China compared to 56.1 µg/L in Colorado. This could be attributed to the higher usage of antibiotics in 

LMIC, which can also be associated with increasing populations and increased agricultural usage (livestock 

and aquaculture) than in the developed world.  

Furthermore, Fekadu et al. (2019), in a review comparing pharmaceuticals in freshwater aquatic environments 

in Africa and Europe, noted that the concentration of antibiotics detected in Africa and LMIC countries was 

about 20,000 times higher than that detected in Europe and attributed this to the high level of unprescribed 

antibiotic use. While 24 antibiotics were frequently reported in Africa, the authors observed that only 14 were 

reported in Europe and attributed this to their high consumption due to their relatively cheap cost and ease of 

purchase, especially in rural Africa. These drugs are excreted into the environment, mostly unmetabolized, 

polluting the African environment and favouring the emergence of ARG (Faleye et al., 2018). 

 

1.2.5. Sources of antibiotics in the environment 

Antibiotics are introduced into the environment, in both metabolized and unmetabolized forms, via urine, 

faeces, farm run-offs, and industrial discharge (Kovalakova et al., 2020). These chemicals, which are seen in 

wastewater treatment plants (WWTPs), surface waters and sediments, contribute to the proliferation of 

resistant bacteria and ARGs in the environment (Lee et al., 2017; McArthur and Tuckfield, 2000; Sharma et 

al., 2015).  

 

1.2.5.1. Antibiotics from wastewater treatment plants 

Wastewater treatment plants are major reservoirs and sources of ARGs into the environment, as most chemicals 

are discharged into them. These plants create an enabling environment where various antibiotic residues can 

effectively combine with several co-selection factors (such as metals, biocides, surfactants, pH and salinity) to 

elicit the proliferation of resistance genes, contributing to the development of resistant populations via gene 

transfers between resistant and non-resistant bacteria (Lee et al., 2017; Pruden et al., 2013; Rizzo et al., 2013). 

However, most African countries are poorly developed, and WWTPs, where they exist, are mostly inefficient. 

Necibi et al. (2021), in their paper on the occurrence, impact, and removal technologies of contaminants of 
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emerging concerns (CEC) in African wastewater effluents, noted that ineffective and obsolete WWTPs were a 

major pathway for the introduction of antibiotic residues into the environment. 

South Africa has one of the most advanced and widespread WWTP systems in Africa, and many studies have 

been conducted on antibiotics from the WWTPs. Kanama et al. (2018) assessed 17 pharmaceuticals in two 

hospital sewage treatment plants in the Northwest region and detected three of the five targeted antibiotics in 

the water samples. The detected antibiotics included ciprofloxacin (0.06-9.11 µg/L; PNEC = 0.06 µg/L), 

norfloxacin (0.02-0.82 µg/L; PNEC = 0.50 µg/L), and tetracycline (0.48-75.81 µg/L; PNEC = 1.0 µg/L). There 

were also slight variations in the antibiotic concentrations between the influent and effluent samples, with the 

effluent samples showing lower concentrations. They noted a removal efficiency for fluoroquinolones and 

sulfamethoxazole of 34 and 56%, respectively, in one plant and 0% in the second plant, which could not remove 

the antibiotics. This indicates that these plants could be a constant source of these antibiotics and their residues 

in the environment (Hendricks and Pool, 2012; Tell et al., 2019).  

Antibiotics were detected from water, sediments and biosolids from the Umgeni River in KwaZulu-Natal 

Province in South Africa (Matongo et al., 2015). Sulfamethoxazole (SMX) at concentrations of 59.28 ± 0.68 

µg/L (PNEC 16 µg/L) was the most detected in the WWTP, 6.01 ± 1.28 µg/L in surface waters, 50.73 ± 0.03 

µg/L in sediments and 7.35 ± 5.87 µg/g in biosolids. Trimethoprim (TMP) was detected at very high 

concentrations of 0.16 ± 2.13 µg/L (PNEC = 0.5 µg/L) in the WWTP, but a low concentration of 0.87 ± 1.64 

µg/L in surface water and was not detected in biosolids. Erythromycin was detected at 1.13 ± 0.49 µg/L (PNEC 

= 1.0 µg/L)  in wastewaters, 0.26 ± 14.63 µg/L in surface water, 1.57 ± 0.45 µg/L in sediments, but not detected 

in biosolids. Sulfamethazine was detected at 1.10± 0.36 µg/L in wastewater, 1.24 ± 0.57 µg/L in surface water, 

Not detected (ND) in sediments and biosolids. In comparison, metronidazole was detected at 61.93 ± 0.31 

µg/L (PNEC = 0.13 µg/L ) in sediments and 87.48 ± 0.74 µg/L in biosolids but not detected in surface and 

wastewater. This shows that all the water system compartments were impacted and that the treatment plants 

were not 100% efficient. Most of these antibiotics were detected at concentrations above the PNEC value, 

indicating antimicrobial residue pollution in this river system (Matongo et al., 2015; Tell et al., 2019).  

Faleye et al. (2019) assessed the presence of 13 antibiotics in 4 WWTPs and receiving water bodies in Durban, 

in the untreated wastewater and the receiving river water to determine the efficiency of the WWTPs. They 

observed that the efficiencies of the WWTPs ranged from 21-100% for different antibiotics and inferred that 

the WWTPs were highly efficient and were not a source of much impact for antibiotics pollution downstream. 

In the influent vs effluent samples concentrations, the observed a concentration of 1.3 vs 0 ng/L for 

azithromycin (PNEC = 0.25 µg/L) and 81.748 vs 70.76 µg/L for ciprofloxacin (PNEC = 0.06 µg/L) (Tell et 

al., 2019). 



9 

 

Although the studies mentioned above had different WWTP removal efficiencies, the detected antibiotic 

concentrations were mostly above the recommended PNEC values, posing a risk of probable ARG enrichment 

in these systems. 

 

1.2.5.2. Antibiotics from agricultural activities 

Agriculture is another major source of antibiotics in the environment, impacting directly on the soil, and water 

bodies and indirectly through leachates and WWTPs. In animal farming, veterinary antibiotics are a major 

source of antibiotic residues, as a large portion (up to 80% in the US) find their way into the environment. 

Reports indicate that up to 14,600 and 210,000 tons of antibiotics are used in the US and China, respectively 

(mostly of tetracyclines, macrolides and sulfonamides), and these pose significant ecotoxicological concern 

when discharged into the environment (Collignon and Voss, 2015; Du and Liu, 2012; Iwu et al., 2020).  

Manure can be described as a hotbed for antibiotic residues and dissemination into the environment. Iwu et al. 

(2020) stated that over 70% of the antibiotics used in agriculture is released unmetabolized into the 

environment primarily through manures. Over 72% of unmetabolized tetracyclines and 90% of 

fluoroquinolones were detected in animals' urine and faeces, and these make animal manure a reservoir of 

antibiotics and a potential source and vector, for the emergence and transmission of antibiotic resistance in the 

environment. Other microbials, such as heavy metals and biocides, have also been detected in manures, 

potentially contributing to ARG enrichment directly and possible ARB co-selection (Iwu et al., 2020; Lu et al., 

2014; Sukul et al., 2009; Winckler and Grafe, 2001). 

Irrigation, especially with wastewater, is another agricultural activity contributing to antibiotic dissemination 

in the environment. Bougnom et al. (2020), in their study on the effect of raw wastewater irrigation in 

Ouagadougou (Burkina Faso), Ngaoundere and Yaoundé (Cameroon), detected very high concentrations of 

ENR, oxytetracycline, and SMX in irrigated fields, where the concentration ranged from 0.09-0.92 ng/g against 

0.04-0.44 ng/g in non-irrigated fields. Antibiotics detected were SMX (0.18 ± 0.31 in irrigated and 0.04 ± 0.06 

ng/g in non-irrigated field), TMP (0.25 ± 0.18 in irrigated and 0.31 ± 0.11ng/g in non-irrigated field), CIP (0.92 

± 1.24 in irrigated and 0.44 ± 0.44 ng/g in non-irrigated field), OXYTET (0.09 ± 0.15 ng/L in irrigated and 

ND in the non-irrigated field). These results indicate higher concentrations of antibiotics in irrigated fields 

compared to non-irrigated fields, and most of the detected antibiotic concentrations have the potential for AMR 

enrichment, as they were above the acceptable PNEC limit, indicating a high-risk factor as the Risk quotient 

will be higher than 1 (Bengtsson-Palme and Larsson, 2016; Tell et al., 2019). 

Similarly, Azanu et al. (2018) detected 12 widely used antibiotics in hospital wastewaters and effluents from 

wastewater stabilization ponds used to irrigate vegetable farms in Kumasi, Ghana. Ciprofloxacin was detected 



10 

 

at concentrations as high as 11,352-15,733 ng/L, ERY 7944-10613 ng/L, metronidazole (MET) 247-420 ng/L, 

TMP 94-4826 ng/L, TET 58-116 ng/L, OXYTET 75-252 ng/L, CTC 16-24 ng/L, DOC 24-120 ng/L, AMX 

2.0-6 ng/L, AMP 107-324 ng/L, SMX 2315-3590 ng/L and CXM1052-1557 ng/L. Antibiotics were also 

detected in the vegetables from the farm at concentrations of 13.5-44.0 ng/Kg for MET, CIP 28.5-92.8 ng/Kg, 

ERY 41.4-56.7 ng/Kg, TMP 32.7-104 ng/Kg, CFX 11.0-27.3 ng/Kg and SMX 11.2-21.4 ng/Kg, indicating a 

potential vertical transfer to man and possible enrichment within humans 

Aquaculture is another agricultural activity that contributes immensely to antibiotics in the environment. 

Antibiotic use has been rampant and extensive in aquaculture, and these chemicals have been detected in the 

immediate environment and seafood, which sometimes act as vectors. Song et al. (2016) investigated 

antibiotics in 24 fishponds surrounding Tai Lake in China and detected 15 antibiotics in the water samples. 

The antibiotics detected were SDZ 404.40 ng/L, SMX 719.10 ng/L, sulfachloropyridiazine (SCP) 328.08 ng/L, 

sulfamonomethazone (SMM) 2723.10 ng/L, sulfaquinoxazole (SQX) 25.20 ng/L, NOR 210.57 ng/L, ENR 

183.61 ng/L, CFX 163.26 ng/L, cefradine (CER) 177.22 g/l, cefotaxime (CEO) 361.54 ng/L, TET 250.63 ng/L, 

OXYTET 198.83 ng/L, CTC 187.35 ng/L, ERY 48.80 ng/L and florfenicol (FF) 2708.60 ng/L. In US-sold 

seafood collected from farms in 11 countries, only five out of the 47 targeted antibiotics were detected; the 

highest concentrations were OXYTET 8.56 ng/g, sulfadimethoxine 79.5 ng/g, ormetoprim 93.1 ng/g, 

virginiamycin 5.18 ng/g, and 4-epioxytetracycline 112.5 ng/g (Done and Halden, 2015). These residues are 

very high and above the PNEC values for these chemicals and can be attributed to the antibiotics not being 

easily biodegradable in the environment and making the ponds a very viable site for ARG enrichment.  

Food processing is another agricultural activity that can contribute to antibiotics in the environment. This could 

be attributed to the fact that most of the abattoir waste, was directly discharged into the river and was not 

subjected to treatment. TET was detected at concentrations of 0.23 ± 0.01 µg/mL in the effluent and 0.85 ± 

0.06 µg/L in the surface water (Olaniran et al., 2019). These indicate possible extraneous sources of TET 

introduction into the river water beside the abattoir. However, the concentrations detected at both effluent and 

river surface water were beyond acceptable PNEC limits and could select for ARG enrichment within the 

environment. 

 

1.2.5.3. Antibiotics from landfills and leachates 

Solid waste disposal is another source of antibiotics in the environment, especially landfills, as some unused 

antibiotics and antibiotics wastes are disposed of at households and health facilities, especially in LMIC 

countries. Studies have confirmed high concentrations of PPCPs, including antibiotics, in landfills (K’oreje et 

al., 2020). The fate of these antibiotics and their impact on ground and surface water depends on environmental 

factors that affect their transport, and they can exert selective pressure on environmental bacteria for ARG 
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development and AMR selection (Boy-Roura et al., 2018). Landfills impact not only the soil directly but also 

the underground water through leachates.  

Clarke et al. (2015) studied leachates from five sites in the USA and detected antibiotics at different 

concentrations. These leachates, which resulted from containers of mostly unused or partially used products in 

municipal solid dumps, leaked into the groundwater and ran off into the surface waters and the WWTPs. 

Antibiotics detected include carbamazepine (CBZ) at a range of 23-282 ng/L, SMX <10-254 ng/L and TMP 

<10-64 ng/L. These concentrations were quite high and capable of exerting selective pressures for ARB 

enrichment, and the leachates could act as transport mediums for the dispersal of ARGs to another 

environment.  

So, studies have shown the presence of antibiotics and their residues in different environmental matrices at 

varying concentrations from different sources. The fact that these chemicals are ubiquitous in the environment 

is a cause for concern, as they can exert selective pressure for ARB enrichment in the environmental. There 

have been calls for their regulations, and acceptable limits have been suggested. As most WWTPs are not 

designed to remove them, a huge proportion still find their way into the environment. From agriculture also, 

the fact that over 70% of ingested antibiotics are introduced directly into the environment via animals' urine 

and manure, so there is a need for further research into ways of remediating agricultural soils and manure 

before further use to reduce the proliferation of resistance amongst soil microorganisms. There is also a 

potential risk via plants (vegetables) for the intake and biomagnification along the food chain. Considering 

that the environment is a potpourri, with inter-relationships and different compounds, the total effects of these 

chemicals cannot be fully ascertained or wholly dependent on concentration. Their role in ARB enrichment 

and ARG selection in the environment may be impacted by other environmental variables, such as particulate 

size, temperature, pH, and the geochemical state of the soil, such as the presence of other chemicals, especially 

antimicrobials.  

This study looked at these effects, alone at their concentrations and the possible interplay and dynamics 

between them and other environmental factors, especially the antimicrobials in the environment. Two major 

environmental antimicrobials of interest are heavy metals and biocides, and studies have shown that these 

pollutants are as ubiquitous in the environment as antibiotics. 

  

1.2.6. Heavy metals in the environment 

Heavy metals in the environment are from geological sources like weathering of rocks and soil deposition of 

particulates. Still, most observed elevated concentrations are mostly from anthropogenic sources such as 

mining, industrial and domestic discharges. Most of these heavy metals end up in surface waters (rivers and 

estuaries) or sediments, creating environmental reservoirs of pollutants (Fayiga et al., 2018).  
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Not all heavy metals are toxic. Some are important for physiological functions and are present as trace elements 

in the cell (e.g., nickel in urease and copper in cytochrome oxidase). However, others such as lead (Pb), 

cadmium (Cd), mercury (Hg), silver (Ag), and gold (Au) are not of any benefit to organisms and can be 

deleterious even in small concentrations (Nies, 1999; Souza et al., 2018; Ugur and Ceylan, 2003). Furthermore, 

heavy metals can bioaccumulate and potentially induce chronic toxicity. Chronic toxicity (such as 

antimicrobial resistance), though non-lethal, is more dangerous, as it affects the genetic wellbeing and integrity 

of organisms, affecting the microbial generation and causing changes in the population dynamics (Ghorab, 

2018; Kamunda et al., 2016; Seiler and Berendonk, 2012). Also, environmental bacteria tolerance to heavy 

metals has been noted to elicit enrichment of antimicrobial genes, which can also trigger co-selection for ARGs 

in environmental bacteria (Wang et al., 2021). 

Sources of heavy metals in the environment range from natural weathering of rocks, mining activities, 

industrial effluents, agricultural activities, and domestic sources. In this study, the WWTPs ere mostly 

impactedby natural, domestic, and agricultural activities. 

 

1.2.6.1. Heavy metals from natural sources 

Several studies, especially in South Africa and LMIC countries, have detected heavy metals from soil 

unaffected by anthropogenic sources. Many of these heavy metals in the environment seem to originate from 

natural sources under certain conditions like volcanic eruptions, sea-salt sprays, forest fires, rock weathering, 

biogenic sources, and wind-borne particles. Most of these heavy metals exist as hydroxides, oxides, sulphides, 

and sulphates of Pb, Ni, Cr, Cd, As, Hg, Zn, and Cu, with potentially severe health impacts (Bakare and 

Adeyinka, 2022; Edokpayi et al., 2018; Masindi and Muedi, 2018; Okereafor et al., 2020). 

 

 

1.2.6.2. Heavy metals from mining activities 

Mining tailings are a major source of toxic heavy metals like Zn, Pb, Cd, Ni, Fe, Mn, and As in the 

environment. Tailings are made up of natural oxides and chemically activated heavy metals, which were by-

products of natural rocks and oxides exposed to the environment during mining. These tailings are usually 

large piles of rocks left over from the separation of minerals from ores and are either solids, liquids, or fine 

particulate slurry. In South Africa, gold tailings account for about 47% of all mineral wastes, and over 270 

unprotected tailing dams that cover over 400 km2 exist in the Witwatersrand Basin alone (Ebenebe et al., 2017). 

Similarly, Fosso-kankeu et al. (2017), in their study to predict the possible mobilisation and speciation of heavy 

metals from mining tailing samples collected near Krugersdorp in Gauteng, South Africa, detected major metal 

oxides, SiO2, Fe2O3 and Al2O3. Hogarh and Foli (2009) analysed soil around the Obuasi gold mines in Ghana 
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and detected average concentrations of As (581 ± 130 mg/Kg), Cu (39.64 ± 3.02 mg/Kg), Pb (24.22 ± 2.62 

mg/Kg) and Zn (72.64 ± 8.01 mg/Kg), all of which are very high and above acceptable WHO limits. 

 

Mining tailings, chemicals and products of ineffective remediation actions on these tailings and deposits 

contribute to heavy metal pollution in Africa and LMIC environments (Okereafor et al., 2020). They also 

impact both surface and groundwater through run-offs and leaching, respectively, and are responsible for acid 

mine drainage, which is very catastrophic to environmental biota and creates a habitat for ARBs and a reservoir 

for resistance genes (Arsène-ploetze et al., 2017).  

 

1.2.6.3. Heavy metals from agriculture activities  

Heavy metals were detected in vegetables cultivated in gardens around Alice in the Eastern Cape, South Africa, 

at concentrations ranging from Cd (0.01-1.12 mg/Kg dw), Cu (0.92-9.29 mg/Kg dw), Mn (0.04-37338), Zn 

(4.27-89.88 mg/Kg dw). These metals were also detected in the soil samples in the garden at concentrations of 

Cd (0.01-0.08 mg/Kg dw), Cu (4.95-7.66 mg/Kg dw), Pb (5.15-14.01 mg/Kg dw), and Zn (15.58-53.01 mg/Kg 

dw). Even though the concentrations were higher in the soil than in the vegetables, run-offs, leaching and 

bioaccumulation through the vegetables can disperse these metals even to susceptible environment bacteria in 

other environments (Bvenura and Afolayan, 2012).  

 

Similarly, in Johannesburg, Kootbodien et al. (2012), in their study on vegetables from school gardens, 

collected 20 soil samples from about 1.4 km around the school and 1.7 km from gold mine tailing dams and 

detected heavy metals in the vegetables. These included As (0.30-0.47 mg/Kg dw), Cr (0.92-1.71 mg/Kg dw), 

Cu (12.35-19.22 mg/Kg dw), Pb (0.66-1.46 mg/Kg dw), Hg (0.06-0.20 mg/Kg dw), Zn (53.73-97.60 mg/Kg 

dw). The soil samples contained As (23.20 mg/Kg dw), Cr (120.7-206.20 mg/Kg dw), Cu (0.00- 80.30 mg/Kg 

dw), Pb (27-100.20 mg/Kg dw), Zn (91.4-427.20 mg/Kg dw). These levels were high and mostly above the 

recommended PNEC values in the soil, with elevated lead and mercury concentrations in the vegetables, 

though still within acceptable limits. But like all metals, bioaccumulation can result in continuous intake and 

pose serious health challenges and possible selection pressure for AMR and ARG development in the 

environment. 

 

1.2.6 .4. Heavy metals from domestic activities 

Other sources of heavy metals that are often ignored in the environment, are domestic activities, offices and 

school dust particles. Areas like school playgrounds, small-scale industries and offices are potential heavy 

metal pollution sources. For example, Olowoyo et al. (2016) investigated the presence of trace heavy metals 

in 32 dust samples and soil from selected high schools in Pretoria. The metals detected in the classrooms were 
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Cr (25 ± 0.65-97.3 ± 2.33 µg/g Mn (39.2 ± 1.40 - 430.2 ± 1.88 µg/g), Co (0.02 ± 0.00 - 27.8 ± 0.36 µg/g), Ni 

(10.6 ± 0.22-57.8 ± 1.12 µg/g), Cu (6.01 ± 0.13- 90.9 ± 0.97 µg/g), Zn (41.1 ± 0.01-313.2 ± 3.11 µg/g), As 

(0.09 ± 0.00-3.79 ± 0.02 µg/g), Cd (0.08 ± 0.01-2.48 ± 0.18 µg/g), Sb (0.05 ± 0.01-8.48 ± 0.08 µg/g), Pb (7.37 

± 0.02-25.7 ± 5.29 µg/g) and uranium (U) 0.16 ± 0.01-3.00 ± 0.01 µg/g).  

 

Therefore, heavy metal pollution from all these sources is potentially dangerous to environmental biota. Most 

of the heavy metals were detected at very high concentrations, especially on the road and in mining tailings 

and could be transported into surface water, where their concentrations can exert selection pressure for AMR 

development. Their detection in vegetation and agricultural products is of great concern due to the ability of 

heavy metals to bioaccumulate and biomagnify along the food chain. Their presence in higher vertebrates is 

also a source of concern, as they can also exert selection pressure on bacteria for heavy metal resistance genes 

(HMRG) development and can trigger the co-selection for antibiotic resistance.  

 

So, the presence of heavy metals in the environment directly impacts man via biomagnification along the food 

chain and contributes to AMR through selection pressure and indirectly through co-selection and cross-

selection with antimicrobials in microorganisms. For example, the abundance of ARGs like tetM, tetW, blaOXA, 

and ermF positively correlates to the presence of environmental Cu. The level of Ni, Fe, Cr, and Pb is also 

associated with the abundance of tetM and tetW, while ern(B) abundance is negatively correlated to the levels 

of Pb, Zn and Fe (Knapp et al., 2011; Martínez and Rojo, 2011; Zhu et al., 2013). So, there is a need for more 

mitigation, reduction, or elimination of these chemicals in the environment, as they can bioaccumulate along 

the food chain, even when detected at sub-MIC levels and exert selective pressure towards AMR in bacteria. 

 

1.2.7. Biocides in the Environment 

Unlike antibiotics and heavy metals that are sometimes naturally occurring, biocides are preparations 

containing one or more active substances used directly or in formulations used to destroy, render harmless, 

prevent the action of, or otherwise exert a controlling effect on harmful organisms by either chemical or 

biological means (Chen et al., 2012). They vary and act as lethal or inhibitory agents against a range of targets, 

from plants to vertebrates and are used in different processes such as in hygiene maintenance as disinfectants 

(e.g., sodium hypochlorite in pools), in agriculture (propoxur, an ant poison) and as preservatives (warfarin, a 

rat poison) (Hernández-Moreno et al., 2019; Kähkönen et al., 2010; Kahrilas et al., 2015; Rasmussen et al., 

1999). 

 

As they are toxic preparations, anxiety exists when they are detected outside the target, and their effects are 

enormous, from killing useful organisms to distorting the population dynamics in the environment to exerting 
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selective pressure for resistance gene development and, subsequently, antibiotics resistance in non-target 

organism and even man. Biocides vary in composition, and new formulations are developed to improve their 

toxicity and reduce environmental impact. Some of the most widely used biocides presently are the quaternary 

ammonium compounds (QACs), alcoholic and phenolic compounds, aldehydes, halogen-containing 

compounds, quinolines and iso-quinoline derivatives, heterocyclic compounds and peroxygenase (Hernández-

Moreno et al., 2019). 

 

Biocides are ubiquitous in the environment due to their extensive usage. For example, 99% of all leave-on and 

77% of rinse-off cosmetics contain parabens, and over 1.81 million Kg of N, N-dimethyl1-3-methylbenzamide 

(DEET) and 0.45 million Kg of triclocarban are used annually in the USA alone (Chen et al. 2012). Also, about 

75% of the QACs used globally are found in WWTPs, and the rest (several thousands of kilograms) are directly 

released into the environment, thereby compounding the hazard for man and the ecosystem (Mc Cay et al., 

2010).  

 

Studies have shown that even though biocides are usually applied at very high concentrations (400 and 500 

mg/L) to achieve a lethal effect, their mean concentration in effluent is mostly between 0.5-0.005 mg/L, which 

is below the PNEC limit, indicating an efficient treatment process in most WWTPs and a treatment efficiency 

rate of 90 to 95%. This concentration gradient could also be partly from dilution effects and the biodegradable 

nature of most biocides and their possible transformation into other components, making them easily 

removable in treatment plants (Li and Brownawell, 2010; Tezel and Pavlostathis, 2015; Zhang et al., 2015). 

However, although WWTPs effectively remove biocides, a considerable amount is still detected in surface 

waters, probably due to direct run-off from agricultural soils and sewage effluents. Nevertheless, even these 

very low concentrations detected in the environment are still a problem, as studies have shown that they are 

enough to induce selective pressure and facilitate the evolution of resistance to biocides in environmental 

bacteria and possible co-selection for antibiotics resistance (Hernández-Moreno et al., 2019; Rasmussen et al., 

1999; Tezel and Pavlostathis, 2015). 

 

Although studies have shown that antimicrobials are present in all parts of the environment, water, soil, 

sediments, vegetation and even food items, there are no agreements on the real acceptable concentrations, as 

even sub-MIC concentrations have been observed to exert selective pressure for AMR (Andersson and Hughes, 

2012; Chow et al., 2021; Gullberg et al., 2011). Thus, divergent views exist on the relationship between 

antimicrobials and resistance. While some studies suggest some associations (Gerba, 2015), other studies 

suggest no clear relationship between them and resistance, rather inferring that what occurs is mostly 

antimicrobial tolerance due to improper concentrations and applications (Gadea et al., 2017). Furthermore, 
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Russell (2003) postulates that the effects of biocides are non-specific in target and usually utilise mostly efflux 

pump induction mechanisms and non-specific, while antibiotics targets are mostly specific. There were also 

no observed significant differences between the MIC of bacteria in areas where biocides were applied and 

those that were not (Gerba, 2015; Russell, 2003).  

 

However, other studies disagree with the above arguing that exposure to QACs results in the development of 

resistance genes in microbes (Gadea et al., 2017). They have also noted that bacteria exposed to sub-inhibitory 

concentrations of biocides develop loss of membrane osmoregulation, respiratory enzymes' inhibition, protein 

motive force's dissipation, oxidative stress, increased efflux genes and pump activities, altered fatty acid 

composition and enhanced biofilm formation, which are indicative of enhanced resistance (Blázquez et al., 

2012; Gadea et al., 2017). So, there is a need to investigate the development of AMR in bacteria, especially in 

environments with a fluctuating range of antimicrobial concentrations.  

Some important heavy metal and biocides, their acceptable environmental limits and human health effects are 

given in Table 1.1. 

 

 

 

 

 

 

 

Table 1.1. Selected heavy metals and biocides, their acceptable environmental limits and human health effects 

CHEMICAL Acceptable 

limit (µg/L) 

SANS 241 

EFFECT ON HUMAN HEALTH REFERENCES 

Iron (Fe) 2000 Induces DNA damage and decreases 

repairs, can induce cancer, coronary 

diseases and myocardial infractions, 

and atherosclerosis. 

(Eid et al., 2017; 

Jomova and Valko, 

2011) 

Copper (Cu) 2000 Can induce cancer and neurological 

disorders such as Alzheimer’s disease, 

diabetes, cardiovascular diseases, and 

atherosclerosis. 

(Jomova and Valko, 

2011; Taylor et al., 

2020) 

Chromium (Cr) 50 Causes breathing problems such as 

Asthma and cough, skin ulcers, lung 

cancer, renal damage, reproductive 

system damage. 

(Zhitkovich, 2011) 
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Cobalt (Co) 500 Can induce oxidative stress leading to 

DNA damages, inhibits DNA repairs, 

Asthma, pneumonia and wheezing and 

congenital heart disease. 

(Jomova and Valko, 

2011; Zhang et al., 

2020) 

Cadmium (Cd) 3 Can cause testicular damage and 

necrosis, as well as cancer and Itai-Itai 

disease 

(Godt et al., 2006; 

Jomova and Valko, 

2011; Rahimzadeh et 

al., 2017) 

Arsenic (As) 10 Induces distortion of hypoxia 

signalling pathway, carcinogenic and 

can cause cardiovascular disorders. 

(Fatoki and Badmus, 

2022; Kaur et al., 

2024; Muzaffar et al., 

2023) 

Lead (Pb) 10 Carcinogenic, anaemia, hypertension, 

urinary tract impairment, 

immunotoxicity and toxicity of the 

reproductive organs. 

(Collin et al., 2022) 

BAC 0.01 Increases bacteria tolerance and 

antibiotics resistance. Nasal cavity 

bleeding, pulmonary toxicity and 

inflammation and lung damage, 

(Choi et al., 2020; 

Kwon et al., 2019) 

Bromodichloromethane 60 Causes liver damage, kidney failure 

and decreased immune response 

 

(Leavens et al., 2007) 

 

ADBAC & DDAC 0.01 Can cause respiratory and 

gastrointestinal tracks disruption. It 

affects mitrochondria function and 

ATP production, leading to cell death, 

inflammation, Dema and excess 

mucus. 

(Osimitz and Droege, 

2022) 

 

SECTION TWO: Effects of Environmental Antimicrobials on Antibiotics Resistance 

 

1.2.8. Antibiotic tolerance in bacteria 

Bacteria and other microorganisms have continuously adapted to adverse stressors from the natural 

environment and anthropogenic activities. These resistances are exhibited phenotypically (persistence, 

biofilms, resistance, and tolerance) and genotypically through resistance and tolerance gene formations 

(Pompilio et al., 2021). 

Tolerance is not a recent phenomenon, as it was first advocated by Bigger in 1944, when he observed that after 

treatment with penicillin, viable bacteria cells could still grow from the plate, indicating that not all the cells 

were eliminated. He observed that these new cells, though unsusceptible to antibiotics, had the same MIC as 

the eliminated cells, indicating they were not mutants. These cells were called persisters, and the phenomenon 

termed tolerance (Balaban et al., 2013; Sulaiman and Lam, 2021). Thus, further studies have demonstrated 

that besides resistance, bacterial tolerance is a huge contributor to AMR, especially in chronic infections, such 
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as infections of catheters, orthopaedic devices, heart valves, urinary tract infections, and lungs of cystic fibrosis 

patients, particularly those involving biofilms (Balaban et al., 2013; Brauner et al., 2016; Sulaiman and Lam, 

2019; Yan and Bassler, 2019). 

Adverse factors like lack of nutrients and oxygen, and the accumulation of metabolic wastes, contribute to the 

development of these persister cells within the bacteria population. Besides the cells emanating due to adverse 

conditions, bacteria can stochastically generate these persister cells at a fixed rate in their populations, as a 

hedge population, to avoid eradication. Bergh et al. (2016) observed that 0.0001-0.1% of the bacteria 

population naturally switches from sensitive to a slow-/non-growing antibiotic-tolerant state, thereby trading 

viability for survival. These persister cells can survive adverse conditions, which will eliminate the normal 

cells and, with prolonged exposure, result in a persister cell-dominated population and a state of tolerance 

(Dhar and McKinney, 2007). The same was also observed when E. coli was subjected to cyclic daily exposures 

of ampicillin; insusceptibility occurred in the cells, and the acquired mutation extended their lag-phase (which 

is the phase before exponential growth is resumed, following a stationary phase). It was also observed that the 

culture could only be killed on growth resumption but remain unsusceptible as long as the tolerant strains were 

at the lag phase (Fridman et al., 2014; Mechler et al., 2015). 

 

Most antimicrobials are designed to be very effective during active microbial growth, so non-/slow-growing 

bacteria tend to be unsusceptible to them. For example, Dhar and McKinney (2007) observed that the 

efficiency of most antibiotics is directly related to the growth rate of the bacteria, so if the bacteria are in the 

stationary phase, they become mostly unsusceptible to the antibiotics. So, antibiotics targeting growth 

processes are insignificant to these persister cells. The presence of these tolerant bacteria in a population, 

especially in the biofilm, is believed to be a major contributor to treatment failures. Biofilms are mostly 

refractive to antimicrobials due to their extracellular matrix, which prevents or limitedly allows the penetration 

of antimicrobials and the presence of these persister cells within the biofilm exacerbates the situation (Balcázar 

et al., 2015).  

Tolerance is also the mechanism utilized by bacteria for antimicrobial insusceptibility at very high drug 

concentrations, which are far above the mutant prevention concentration (MPC) levels (such as biocides 

preparations in hospitals and treatment chemicals in WWTPs), as only these persister cells can survive. Since 

resistance mutations occur in microbial populations within the mutant selection window (MSW), any observed 

survival above MPC levels should be attributed to persistence and tolerance and may lead to the development 

of new resistant strains with a resultant extension of the resistance window (Levin-Reisman et al., 2017). 

It has been observed that the evolution of persisters is inversely correlated to the duration of favourable 

conditions in their surrounding environment during treatment. So, the higher the unfavourable conditions, the 
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more the persister population developed. It was observed that persisters could adapt to antimicrobial treatment 

frequency, as the longer the unfavourable environment, the longer the lag phase of the persister bacteria (Bergh 

et al., 2016). Adverse conditions exert pressure for the activation of genetic programs that initiate the switch 

to persister cells, which down-regulates bactericidal activities like autolysis. (Cozens et al., 1989; Kussell and 

Leibler, 2005; Lewis, 2007).  

According to Fridman et al. (2014), the greatest problem with persistence is selection of tolerance by lag (TBL) 

mutants. These TBL mutants are not drug-specific but can survive against a broad spectrum of stressors and 

drugs. They also observed that tolerance is time-dependent, and the time at which 99% of a culture is killed, 

is known as the MDK99 (minimum duration for killing 99%). This is opposed to resistance, which is 

concentration-dependent and is measured by the MIC, which is the concentration at which no growth is 

observed after 24 h of incubation. So, increased resistance will increase the MIC, while an increase in the 

tolerance will increase the MDK99. 

 

1.2.9. Antibiotic resistance and co-selection in bacteria 

Antibiotics interrupt essential structures, including growth and reproduction, as well as resistance mechanisms 

in bacteria. As such, bacteria are either killed or stopped from multiplying. For antibiotics to be effective, they 

must be effectively introduced into the cells’ interior, be able to avoid deactivation by the cells’ intracellular 

enzymes, and must reach their target. So, any mechanism employed by bacteria to inhibit any of these activities 

makes the antibiotics ineffective and makes the bacteria resistant (Ghai and Ghai, 2018). However, bacteria 

have developed several antibiotic resistance mechanisms that aim to prevent or reduce access to the cells’ 

cytoplasm for antibiotics, deactivate the antibiotics with their intracellular enzymes, reduce the concentration 

of antibiotics to an ineffective level in the intracellular fluid, and denature or prevent antibiotics from reaching 

their target site. 

Two mechanisms are involved in controlling the effective concentration of antibiotics in bacteria: the efflux 

pump activities and the cell membrane activities. While the efflux pump controls the extrusion and expulsion 

of antibiotics out of the periplasm, the cell membrane functions through its lipid membranes and membrane 

proteins (OMP) (Alenazy, 2022; Sun et al., 2014). The bacterial cell membrane serves the dual purpose of 

protecting the cell and ensuring material exchange with the environment. While antibiotics and other toxic 

chemicals are removed from intracellular fluid through efflux pump activities to the extracellular 

environments, nutrients and signal molecules are fluxed across the membrane into the cell cytoplasm (Pagès 

et al., 2008). For most gram-negative bacteria, there are two membranes: a hydrophilic highly charged 

liposaccharide layer followed by a tight lipophobic layer with gate proteins known as porins. Hydrophobic 

antibiotics such as macrolides, diffuse across the lipid membrane while lipophilic antibiotics like β-lactams 
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utilize the porins to access the bacteria cytoplasm. So, specific changes in the bacterial membrane make it 

more difficult for antibiotics to adequately pass through, resulting in the bacteria being unsusceptible to the 

antibiotics (Winterhalter and Ceccarelli, 2015).  

Efflux pump activities are another mechanism for antibiotic resistance in bacteria, first noted by McMurry et 

al. (1980). Efflux pumps are chromosomally encoded determinants, present in all known living cells (not just 

prokaryotes) and predates antibiotics use in man and agriculture (Blanco et al., 2016). There are five major 

classes of efflux pumps: adenosine (ATP)-binding cassette (ABC), superfamily, the resistance-nodulation-

division (RND) family, the small multidrug resistance (SMR) family, the major facilitator superfamily (MFS) 

and the multidrug and toxin compound extrusion (MATE) family. They use the proton motive force (except 

ABCs that utilize ATP hydrolysis as an energy source) to exude toxins, metabolites, and quorum sensory 

signals, out of the cell cytoplasm, thereby helping in cell homeostasis. They can be specific or exude multi-

chemicals, such as two or more antimicrobials, contributing to AMR and cross-resistance (Blanco et al., 2016; 

Webber and Piddock, 2003). 

Bacteria could enzymatically inactivate antibiotics. An example of such an enzyme is β-lactamase, which 

destroys penicillin’s active component (the β-lactam ring). Bacteria can also modify the antibiotic by producing 

enzymes capable of adding different chemical groups to antibiotics, prohibiting binding between the antibiotic 

and its target in the bacterial cell. Furthermore, bacteria can also produce factors that break down antibiotics 

or change processes inside the cell to resist antibiotic action (Martínez and Baquero, 2014; Miller et al., 2014; 

Peterson and Kaur, 2018; Walsh, 2000). 

Another mechanism involves camouflaging the target. This implies changing the composition or structure of 

the target in the bacterium resulting from mutations in the bacterial DNA. As such, the interaction between the 

antibiotic with the target is stopped. These target site alterations result from chromosomal changes induced by 

toxins such as antimicrobials. Most times, bacteria produce alternative proteins that could be used instead of 

those inhibited by antibiotics (Kyriakidis et al., 2021; Lambert, 2005; Peterson and Kaur, 2018). A typical 

example is the bacterium Staphylococcus aureus, which could acquire the resistance gene, mecA, and produce 

a new penicillin-binding protein. This protein is needed for bacterial cell wall synthesis and is the target of β-

lactam antibiotics. The new penicillin-binding protein has a low affinity for β-lactam antibiotics and is thus 

resistant to the drugs, and the bacteria survive treatment. This resistance is the source of MRSA (methicillin-

resistant Staphylococcus aureus) (Peterson and Kaur, 2018). 

Some antibiotics target and destroy the bacterial cell wall. If a bacterium does not have a cell wall, the antibiotic 

will not affect it. This occurrence is known as intrinsic resistance, and when a bacterium previously susceptible 
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to an antibiotic evolves resistance, it is called acquired resistance (Martínez and Baquero, 2014; Miller et al., 

2014; Peterson and Kaur, 2018; Walsh, 2000).  

Heavy metals, biocides, and antibiotics have been effective over the years as antimicrobials, yet bacteria 

continue to develop resistance to them for survival. Microbial immunity to antimicrobials is exhibited as 

tolerance or resistance. Tolerance to an antimicrobial can be reversed by eliminating the stressor, but 

antimicrobial resistance is mostly permanent, even after the stress is removed (Keren et al., 2004). In the 

environment where these antimicrobials co-exist, their interactions should overlap, and bacteria need to evolve 

the ability to favour the selection of antimicrobial-resistant strains over the susceptible strains for survival 

(Squadrone, 2020). The primary genetic mechanisms leading to antimicrobial resistance are mutations and 

acquisitions of genetic materials intrinsically in the chromosomes or extrinsically from mobile genetic 

elements (MGEs), such as transposons and plasmids, via HGT. Resistance mutations manifest in reduced cell 

permeability (employed for Co, Ni, Cu, Zn, Al, Pb, meropenem, imipenem, chloramphenicol, gentamycin, 

ceftoprime and tetracycline resistance), over-expression of the efflux pumps (employed for Zn, Co, Cd, Ni, As 

and tetracycline resistance), alteration of the target site (employed for Hg, Zn, Cu, and carbapenem, 

ciprofloxacin, β-lactams, and trimethoprim-rifampicin resistance), or the expression of enzymes regulating 

antimicrobial deactivation (employed for As, Hg, gentamycin and β-lactams resistance) (Lin et al., 2015; 

Peterson and Kaur, 2018; Sarma et al., 2010).  

 

Co-selection of resistance in bacteria occurs through two major processes: co-resistance and cross-resistance. 

Cross-resistance occurs mainly when a single resistance mechanism/morphological change (such as efflux 

actions and cell membrane changes) confers resistance to two or more different antimicrobials, e.g., the cross-

resistance conferred by the DsbA-DsbB di-sulphide bond system, which affects five antibiotics and two heavy 

metals (Cd, Zn, β-lactams, kanamycin, erythromycin, novobiocin and ofloxacin), by the linkage of the max 

and cpc operon, leading to the efflux pump expression. But when two or more distinct genes present on the 

same MGE confer resistance to different compounds, it is termed co-resistance, e.g., multi-resistance to Ni and 

ampicillin in Pseudomonas, due to their resistance determinants being both physically present on plasmid 

pBC15 (Pal et al., 2017; Sarma et al., 2010).  

 

Co-selection of resistance predates modern antimicrobial formulations. Dickinson et al. (2019), in their study 

of the palaeontological relationship between heavy metals and antibiotics in ancient environments, observed 

that ancient zinc-resistant isolates were positively associated with resistance to oxacillin, cefotaxime and 

trimethoprim. Furthermore, they noted that the zinc immunity mechanisms (such as reduced uptake due to cell 

wall modification, increased efflux activity, internal and external sequestration and transformation to less toxic 

forms) were also the same mechanisms utilised for antibiotic resistance, suggesting possible co-selection of 
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heavy metals and antibiotics in these ancient isolates. Therefore, they inferred that the co-selection of metal 

and antibiotic resistance predates modern antibiotics and industrialisation and seems to be a natural 

physiological mechanism bacteria employ for ecosystem homeostasis and enhanced survival. 

 

1.2.9.1. Co-selection mechanisms 

The environment, a reservoir of chemicals, including metals, biocides, and antibiotics, is a good matrix for co-

selection. The association and possible selection of multi-resistance towards antimicrobials in different 

environments, e.g., surface water, wastewater, sediments, and domestic and agricultural soils, has been 

observed by studies in different parts of the world. According to Imran et al. (2019), the environment is a 

hotspot with different chemicals (e.g., antibiotics, heavy metals, biocides) and components such as micro-

plastics, which can even become mini-ecosystems on their own and enhance the dissemination of resistance 

among distant but related microbes. For example, in an environment contaminated by heavy metals, long-term 

exposure of bacteria may result in the bioaccumulation of heavy metals such as Hg, Pb, Zn, Cu, and Cr to 

critical concentrations, which can promote heavy metal tolerance. These heavy metals can also induce 

antibiotic co-resistance, as the metal resistance genes may be present on the same genetic element as the ARGs. 

They also noted that these genes could be horizontally transferred to related bacteria in proximity, contributing 

to ARG proliferation and could also be transferred to related bacteria in other locations (even in distant 

environments) by movable components/mini ecosystems like micro-plastics, which abound in aquatic 

ecosystems. This same phenomenon was also observed by Fang et al. (2016), where the ST3-IncH12 plasmid, 

which harbours ARGs like the bla (β-lactams), arm (aminoglycoside), the floR (amphenicols) and qnr 

(quinolones) genes, as well as the HMRG, pco (copper) and sil (silver) genes. It also has the oqx efflux pump 

systems, which extrude the genes out of the bacteria cytoplasm, significantly contributing to HGT and 

dissemination of resistance genes into the surrounding environment and between Enterobacteriaceae. They 

also observed increased resistance to CuSO4 and AgN03 among the isolates with the pco (copper resistance) 

and sil (silver resistance) genes on the IncH12 operon and a decreased susceptibility to β-lactams. In addition, 

they noted that the Tn-7-like transposon plays a role in transferring the sil and pco genes among 

Enterobacteriaceae. 

 

Another mechanism is the expression of the CpxAR gene, which could upregulate the expression of the outer 

protein 5TM1530 and ArcD gene and the down-regulation of the outer protein OmpC and ompD genes, and 

also plays a very integral role in the aminoglycoside, ceftriaxone and β-lactam resistance in Salmonella 

enterica (Hu et al., 2011). The alteration of cell permeability facilitates resistance to heavy metals like As, Mn, 

Co, Cu, Ag and Zn. It is also one of the mechanisms bacteria utilise against chloramphenicol and tetracycline. 
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Lingzhi et al. (2018) noted that TCS-mediated alteration of cell proteins reduces cell membrane permeability 

and uptake of antibiotics and can result in cell damage. 

 

1.2.9.2. Metal and antibiotics co-selection in water 

The aquatic environment plays a major role, especially in the dissemination of wastes, and serves as a hotspot 

for ARG selection. As stated earlier, ESBL genes can be used as a bio-indicator for co-resistance, especially in 

the aquatic environment. River et al. (2020) studied the prevalence of ESBL-producing bacteria and the co-

selection of ESBL genes and metal resistance genes from the highly polluted Yámana River in Delhi. They 

isolated 73 ESBL-producing bacteria and observed that they harboured the plasmid-mediated quinolone 

resistance (PMQR) genes, encoding β-lactams resistance. They also noted that 36.9% of them also harboured 

the silver resistance genes silE, silP and silS, and 60% harboured the merB gene. They observed co-existence 

and plasmid-mediated co-transfer of antibiotics and heavy metal resistance genes, indicating possible co-

selection. A successful conjugation experiment showed that the trans-conjugants had antibiotic and metal 

resistance genes and similar immunity levels to their donors. This suggests that in heavily polluted aquatic 

environments, ESBL-producing bacteria may likely harbour both heavy metal resistance genes and ARGs on 

the same genetic elements, and the resultant microbial immunity is transferable between generations and 

among related species. This corroborated Ben Miloud et al. (2021), who, in their studies on the co-selection of 

silver and antibiotics in K. pneumoniae, isolates from hospital discharge and WWTPs in Tunisia, observed that 

all the isolates harboured the β-lactam and carbapenem resistance genes (blaCTX-M-15, blaNDM-1 and blaOXA-1), as 

well as the silE gene, on the same plasmid, with a similar size to pMG101, indicating co-resistance. 

 

Co-selection in the aquatic environment has also been affected by physical parameters such as water current 

and sediment depth. Manegabe et al. (2017) studied Vibrio spp. from sediments and water of the Kaliwa River 

in the Democratic Republic of Congo (DRC). They found a very strong association between the concentration 

of heavy metals in the environment and bacterial resistance and attributed this to the presence of both HMRG 

and ARG on the same plasmid. In addition, they observed an increased abundance of resistant bacteria from 

river water, which could be attributed to more rapid plasmid transport than in sediments (Nourhene et al., 

2013).  

 

1.2.9.3. Metal and antibiotics co-selection in agriculture 

Metal and antibiotic co-selection has also been observed in agricultural environments. A study by Amachawadi 

et al. (2013), focusing on cattle fed with Cu2+-infused feeds, observed an increased abundance of the 

transferable Cu resistance genes (trcB) in Enterococcus from faeces. Furthermore, they found that these trcB-
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harbouring isolates also contained the ermB and tetO genes on the same conjugative Tn916/Tn1545 

transposons, which is believed to contribute immensely to HGT among gut bacteria and a possible association 

between the Cu resistance genes and macrolide and tetracycline resistance in Enterococcus species. Similarly, 

Medardus et al. (2014) studied the effect of heavy metal micronutrients and their role in the persistence of 

multi-drug resistance in Salmonella from a swine farm. They observed relatively increased Cu2+ tolerance in 

faecal isolates compared to environmental isolates, suggesting possible gut selection for copper tolerance. In 

addition, they observed that over 60% of the faecal isolates were multi-resistant (the AmstTekm and 

AmClstSuTe strains) and that most of these MDR isolates also had the pcoA and czcD genes, associated with 

Zn and Cu tolerance, signifying a strong association between heavy metal and antimicrobial resistance. They 

attributed the co-selection to multi-resistance genetic determinants on the same genetic element.  

 

Soils modified using metal-based fertilisers, such as Cu-derived compounds, are used in olive farms. Glibota 

et al. (2020), in their study of Cu2+-treated soil on an olive farm, detected high proportions of metal tolerance 

and β-lactam and tetracycline resistance genes. They also established an association between the zntA gene 

(responsible for the enzyme, Zn (11)-translocation P-type ATPase) and tetC gene, showing co-selection. 

Furthermore, they noted an association between the copA gene (responsible for Cu2+ tolerance) and the 

tetracycline resistance genes (tetA, B, C, D) and β-lactam resistance genes (blaPSE, blaCTX-M) and between the 

czcD and the tetracycline resistance genes (tetC). They attributed the associations to the coupled mechanism 

of resistance, such as the presentation of both copper resistance gene, copA and tetracycline resistance genes 

tetA, B, and C on the same plasmid and the activity of the cZeCBA and OprD porin proteins responsible for 

cell permeability, as well as the resistance modulated-cell division (RND) efflux pump activities. They inferred 

that Cu2+-infused soil, over time, becomes a source for ARG selection through co-selection and HGT of MGE.  

 

1.2.9.4. Co-selection with biocides 

Some studies have also noted biocide-antibiotics co-selection in bacteria. This is very troubling, considering 

the expansive use of biocides in homes and hospital environments. MRSA strains, when exposed to low biocide 

concentrations of dibromopropamidine isethionate (DBPI), chlorohexidine (CHX), cetylpyriridium chloride 

(CPC) and triclosan, exhibited low to high resistance to antibiotics gentamycin, kanamycin, tobramycin, and 

trimethoprim. It was observed that plasmid pSAS1 confers resistance to CHX and many antibiotics, while 

plasmid pSK1 confers co-resistance to the biocide QACs and the antibiotics, gentamycin, kanamycin, 

tobramycin, and trimethoprim. Also, pWG115, which encodes resistance to cationic surface-active agents, 

such as QACs and trimethoprim, can also confer resistance to gentamycin, and this happens when transposon 

Tn3851, from WG523 in MRSA, is transferred to pWG115 to generate an 18.0 megadalton pW53-like plasmid 



25 

 

that encodes gentamycin resistance, indicating an intrinsic mediated co-selection of resistance (Kampf, 2019; 

Suller and Russell, 1999; Townsend et al., 1984; Vazirian et al., 2019; Yamamoto et al., 1988).  

 

The qacA and qacB genes have been reported to confer resistance to biocides (chlorohexidine, diamidines and 

other QACs) in MRSA. The genes are on the Psk1 plasmid, on which are also located other ARGs (ermA, 

ermB, tetM and tetK), which confers resistance to erythromycin and tetracycline and so contributes to the co-

resistance of MRSA to both biocides and antibiotics. (Zmantar et al., 2012). As observed with heavy metals, 

co-selection in biocide is mostly mediated by cross-resistance mechanisms. Mann et al. (2019) studied the 

potential of cross-resistance in pathogens from a WWTP in Potchefstroom, South Africa. They detected 

biocide-resistant isolates at all sites, especially among the Aeromonas, Pseudomonas, Bacillus and Klebsiella 

species. The P. aeruginosa showed resistance to the biocides TCS and chloroxylenol (PCMX), and to 

antibiotics (vancomycin, amoxicillin, trimethoprim and oxytetracycline). They inferred that P. aeruginosa may 

have employed different mechanisms, such as enzyme ampC beta-lactamase and the membrane porin OprD. 

In B. cereus, MDR was exhibited towards TCS and PMCX, amoxicillin and trimethoprim through the Bur and 

Blt multidrug efflux pumps. Biocide-resistant K. oxytoca was also resistant to tetracycline, and they attributed 

this to the AcrAB efflux mechanism and Tolc-like protein. The detected biocide-resistant Aeromonas spp. were 

also resistant to trimethoprim due to the cassette-borne drfA and drfB resistance genes on the class1 operon. 

  

Aulawi et al. (2018) observed increased resistance to amikacin in P. aeruginosa isolates exposed to biocides, 

especially those with reduced susceptibility to chlorhexidine gluconate (CHG). They attributed this to the 

multi-drug efflux systems, especially the MexAB-OpcM and MexCD-OprJ for CHG, and the MerEF-OprN 

and MexXY for aminoglycosides. They concluded that amikacin co-resistance must emanate from the 

expression of these different systems when P. aeruginosa is exposed to the biocide. They also observed a link 

in the reduced susceptibility to biocides in diverse bacteria species, such as S. aureus, Listeria, Enterococcus, 

E. coli, Campylobacter and Salmonella, as they employ similar mechanisms. 

 

1.2.6.5. Co-selection in the agricultural and food industry 

Biocides are extensively used in the meat industry, especially in slaughterhouses, to wash off blood and prevent 

the proliferation of bacteria and possible contamination of the meat. However, it is interesting to note that 

bacteria in slaughterhouses also exhibit insusceptibility to biocides and antibiotics. For example, Lavilla Lerma 

et al. (2015) observed that many Pseudomonas isolates from a slaughterhouse were immune to triclosan and 

multiple antibiotics. In addition, they observed an association in the resistance towards biocides and antibiotics, 

which they noted relied heavily on efflux pumps, such as the MexJK-opmH, MexAB-oprM, MexCD-OprJ, 

MexEF-OprN, triABC-OpmH and AcrABZ-TolC systems.  
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Sometimes, due to misapplication or dilution over time, biocides are greatly reduced to sub-inhibitory 

concentrations in most environments. A study by Molina-González et al. (2014) observed that Salmonella 

enterica isolates exposed to sub-inhibitory concentrations of biocides used in the food industry displayed 

decreased susceptibility to aminoglycosides and cephalosporins. Furthermore, they observed that the MDR 

could be attributed to efflux pump mechanisms like the AcrAB-TolC efflux pump utilised by QACs. They 

argued that the cross-resistance of bacteria induced by sub-inhibitory concentrations of biocides is strain-

dependent, not species-based, and depends on the chemical involved.  

 

Saleem et al. (2016) observed that CHD, which is extensively used in oral care products, can induce multidrug 

resistance in Chryseobacterium cullis and Chryseobacterium indologenes by upregulation of the Hly-D-like 

periplasmic adaptor protein of the CINOIS_RS05745 efflux pump gene, which facilitates multi-drug resistance 

to gentamycin, ampicillin, chloramphenicol, kanamycin and tetracycline. Interestingly, this non-specific efflux 

activity conferring co-selection of resistance was also observed by Guérin et al. (2021). They exposed Listeria 

monocytogenes to QACs and detected increased resistance to ciprofloxacin, which persisted in sub-cultures 

even in the subsequent absence of the biocides. They attributed this observation to the non-specific MdoL 

multidrug efflux system, which extrudes QACs, macrolides, cefotaxime, and heavy metals and the Lde efflux 

pump systems that export QACs, fluoroquinolones, acridine orange and ethidium. They also observed 

resistance of DDAC and BAC exposed strains to ciprofloxacin and attributed it to mutations affecting cell 

membrane permeability.  

 

So, it could be argued that metal and biocide co-selection is more of tolerance than resistance, as the 

mechanisms utilised most times are non-specific and sometimes are not triggered primarily by the chemical 

but are stimulated as a reaction to adverse environmental conditions by the bacteria. So, co-selection can be 

argued to be more of a survival phenomenon than a mutation, and the likelihood of it being transferable is low 

even though it exists. 

 

1.2.7. Mutant Prevention Concentration, Mutant Inhibition Concentration and Mutant Selection 

Window 

Bacteria isolates are supposed to be susceptible to antimicrobials above the MIC, but microbial immunity has 

sometimes been observed in bacteria at concentrations above the MIC, up to a concentration value, where even 

the least susceptible cell is eradicated, and this is known as the mutant prevention concentration (MPC). The 

concentration range between the minimum inhibitory concentration (MIC) and the mutant prevention 
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concentration (MPC), is termed the mutant selection window (MSW), and it is within this range that bacteria 

can develop mutation to antimicrobials (Drlica and Zhao, 2007). 

The mutant prevention concentration (MPC) is the lowest antimicrobial concentration that inhibits the growth 

of the least susceptible bacteria in a high-density population. It represents the threshold beyond which mutants 

of previously susceptible bacteria will rarely arise. This means organisms are expected to be completely 

eradicated beyond the MPC (Blondeau, 2009). Conversely, the MIC is the minimum antimicrobial 

concentration at which growth inhibition starts for susceptible bacteria after overnight incubation on the correct 

media. So, bacteria are not expected to survive at MIC, as the antimicrobial becomes bactericidal. But 

mutations can still occur, and this can be attributed to antimicrobial resistance, which is the ability of bacteria 

to survive bactericidal concentrations and retain their growth ability. Mutation must cease at MPC. So the 

concentration range that supports bacteria mutation beyond the MIC till it ceases at MPC is known as the 

MSW (Blondeau, 2009) 

A major difference in the determination of MIC and MPC is the bacterial concentration. While the MIC is 

determined with a bacterial population of 105 CFU/mL, for the MPC, the bacterial population is ≤ 1010 

CFU/mL, which represents the type of bacterial population concentration usually present during infection and 

in polluted environments like WWTPs and abattoirs. A study by Berghaus et al. (2013) suggested that adequate 

knowledge of the MPC can help predict and maintain the antimicrobial concentration high enough to prevent 

first-step mutation, thereby enhancing antimicrobial efficacy and eradicating bacteria (Blondeau, 2009; Drlica 

and Zhao, 2007). 

The mutant selection window represents the danger zone within which resistant mutants can emerge, so the 

narrower this window, the better the chances of preventing resistance enrichment by the bacteria to 

antimicrobial, a propensity to selectively enrich for resistant mutants (Drlica and Zhao, 2007). This is very 

important, especially in the environment, as it will entail using very high concentrations above MIC at 

treatment plants. This will lead to the development of some resistant (persister) strains that can survive above 

the MPC and may lead to the need for higher concentrations, far above the MPC, to eradicate them and further 

extension of the MSW (Fridman et al., 2014). These mutants escalate environmental AMR, spreading to other 

bacteria of the same or similar species and ultimately to man. So, monitoring the treatment effectiveness is 

extremely important to reduce the propagation of resistant bacteria. 

There should be greater remediation monitoring at WWTPs. The concentration of each antimicrobial treatment 

and the interval must be maintained at levels that must exceed the MIC (% > MIC) and up to the MPC (% ≥ 

MPC). The treatment interval can be estimated by plotting mean drug concentration against time (Berghaus et 

al., 2013). This is especially applicable to treatments with biocides such as CHG, which is widely used in 
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hospitals and food industries. Maintaining the biocide concentration above the MPC ensures that the CHG 

concentration remains bactericidal and can even eradicate the persistent cells (Kawamura et al., 2019). A study 

by Cui et al. (2006) observed that S. aureus lost susceptibility to levofloxacin when the drug concentration 

fluctuated between the upper and lower limits of the MSW, and they concluded that the antimicrobial 

concentrations must be above the window to prevent the emergence of resistant mutant subpopulations. 

Similarly, Zhao and Drlica (2002) observed that resistance selection could be reduced if the MSW is narrowed. 

They noted that the selection index (ratio of MPC to MIC) of moxifloxacin, a C-8 methoxy fluoroquinolone, 

was 1/3 of its C-8hydrogen cognate, Bay y3114, indicating that the addition of the methoxy group, narrowed 

the MSW and that the narrower the MSW, the more efficient the drug. Moreso, Liu et al. (2005) noticed that 

during treatment (focused on the drug’s MIC) of S. aureus with rifampicin, there was the killing of susceptible 

pathogens and the selective amplification of resistant mutants. This means that the acquisition of resistance 

occurred simultaneously with the eradication of the susceptible strains. This could lead to the continued 

flourishing of the resistant strains within the population. Since the drug’s effect would have been eliminated, 

the resistant strains become the dominant strains. Therefore, the MSW must be minimal to reduce or eliminate 

the selection of mutants.  

So, in the environment, MSW provides the guideline for antimicrobial concentration, as it provides evidence 

that antimicrobial concentration must be beyond the MPC and outside the window to ensure that the resistant 

mutants are not selected at all. This is against the old postulations suggesting that concentrations should be 

kept above the MIC to eradicate mutation, as studies have confirmed, the concurrent acquisition of resistance 

and eradication of susceptible populations within the MSW (Berghaus et al., 2013). 

The proliferation of ARG in the environment and their detection in treated wastewater infers WWTP removal 

inefficiencies, highlighting the need for improved removal processes. Some current solutions include the pre-

treatment hydrolysis technology with acid/base catalyst, hydrothermal treatment of fermentation by products 

of antibiotics manufacturing, membrane bioreactors, vermifiltration, advanced oxidation processes and 

membrane filtration processes. 

 

SECTION THREE: Conclusion 

 1.2.8. Environmental factors and Antimicrobial Resistance 

The rampant and indiscriminate use of antibiotics, coupled with their subsequent release into the environment, 

could be argued to be the leading cause of accelerated resistance in environmental bacteria. Like most PPCPs, 

antibiotics have many routes of entering the environment, ranging from the direct discharge of active 

pharmaceutical ingredients during manufacturing (which in most cases results in very high concentrations) to 
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the excretion of residues by humans and animals (which are mostly at concentrations lower than few ng/L), as 

well as the disposal of unused medications (Sarmah et al., 2006). Even at very low concentrations, persistent 

antibiotics in the environment promote increased proliferation of drug-resistant bacteria and ARGs, suggesting 

that antibiotics released into the environment are a significant contributor to the emergence and maintenance 

of resistance, highlighting the need for measures to reduce anthropogenic antibiotic pollution (Martinez, 2009; 

Pruden et al., 2018). While high concentrations could have acute effects on bacteria, sub-lethal antibiotic 

concentrations could easily alter microbial communities and population structures in nature and subsequently 

affect the ecology (Hirsch et al., 1999).  

Water constitutes a major pathway for disseminating and proliferating antimicrobial resistance in the 

environment. It serves as the reservoir and channel for introducing antimicrobial materials to otherwise pristine 

habitats. The presence of antibiotics and other sources of antimicrobials such as detergents, disinfectants, and 

heavy metals in water bodies, combined with other environmental factors like dissolved oxygen and turbidity, 

has been observed to lead to the proliferation of the environmental resistomes (Baquero et al., 2008; Fletcher, 

2015). 

Temperature and salinity are some factors that also affect resistance in the environment. It has been observed 

that marginal increases in temperature, like 1 ºC, can be associated with a 1.14-fold and 1.06-fold increase in 

the growth of K. pnuemoniae and P. aeruginosa and increases ARG abundance and HGT rate in bacteria 

(Burnham, 2021; Li et al., 2023). Salinity also affects ARG abundance, but unlike temperature, an increase in 

salinity decreases the growth rate and ARG abundance of bacteria. It has even been suggested that NaCl can 

be used in WWTPs to reduce ARG abundance (Liu et al., 2018). 

In the environment, unlike the laboratory, one of the major factors affecting the study of the effects of 

antibiotics is their ability to become contaminant mixes. In this complex mixture of contaminants, as seen in 

nature, presence does not necessarily infer effect, and determining effect is a very hard task. Nevertheless, the 

relationship between the exposure and effect of each contaminant in the environment on the dynamics of 

antibiotic resistance should provide the basis for ecological risk assessment modelling. Thus, chemical 

analysis, biomonitoring and microbiological assessments must always be employed (Oost et al., 2016). In 

addition, antibiotics tend to form complexes with other antibiotics and other elements, such as heavy metals 

and biocides in the environment. These complexes tend to have a synergistic effect through cross-resistance or 

collateral sensitivity, which can alter resistance, especially in the environment (Chait et al., 2012). 

Antibiotics' presence in the environment, which is not the target, coupled with the innate ability of bacteria to 

elicit genetic changes for survival, ultimately increase ARGs, thus making the environment not just a dispersal 
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route but also a reservoir of resistant pathogens (Bengtsson-Palme et al., 2018; D’Costa et al., 2011; Forsberg 

et al., 2012; Larsson et al., 2018; Poirel et al., 2010; Taylor et al., 2011; Wellington et al., 2013).  

Although the environment has been identified as a major reservoir and source of resistance genes, the 

mechanisms for developing resistance still need more understanding. Most times, antibiotic concentrations 

above the MIC value should elicit the selection of resistance genes, but it has also been observed (especially 

in complex conditions like the environment) that resistance genes are elicited even below the MIC (sub-MIC 

concentrations) (Andersson and Hughes, 2012). The mechanism for this keeps evolving with more studies, 

rendering mitigating strategies useless (Andersson and Hughes, 2012; Gullberg et al., 2014, 2011; Lee et al., 

2017; Li et al., 2017). When exposed to antimicrobials at low concentrations in the environment, especially at 

sub-MIC values, bacteria have been observed to exhibit responses stimulated by both the concentration of the 

antibiotics and the environmental factors present. The selection pressure is determined by their concentration, 

chemical speciation (the distribution within the matrix, its toxicity, bioavailability, environmental fate and 

transport within the environment), period of exposure and the condition prevalent for bacterial growth 

(Baquero et al., 2009). Below MIC, factors like bioaccumulation, prolonged exposure and other environmental 

factors (such as pH, temperature and presence of other chemicals), the development of genetic mutations could 

trigger resistance against therapeutic agents (Gullberg et al., 2011). 

Studies have also shown that the minimum selective concentration of antimicrobials, especially in complex 

systems like the environment, usually varies compared with laboratory studies, as the environment is subjected 

to extraneous conditions that it cannot control, unlike the laboratory with controlled parameters. (Quinlan et 

al., 2011). So, there is an urgent need to re-examine the predictive no-effect concentration (PNEC) and the 

emission limits for antimicrobials, as failure to do so will aggravate the already serious problem of ARG 

proliferation. Results of previous studies indicate that the PNEC depends not just on the concentration of the 

antibiotics but also on other environmental factors (Khan et al., 2017; Lee et al., 2017; Tello et al., 2012). 

These environmental stressors include physical and chemical parameters, such as temperature, turbidity, and 

pH, which impact the determination of water quality. In contrast, other factors, like the soil sorption and 

photodegradation of antibiotics in the environment, all affect the antibiotics’ concentration detected in the 

environment. For example, in Kenya, it was observed that even though sulfamethoxazole and trimethoprim 

were administered together as co-trimoxazole at a mass ratio of 1:5 and excreted unchanged by humans, their 

detected concentrations in the water were at a ratio of 3:10, due to 99% photolytic degradation of trimethoprim 

(Abellán et al., 2009; Berendonk et al., 2015; Bergheim et al., 2010; K’oreje et al., 2012). Although these 

hypotheses have been advanced, minimal studies have been conducted, especially in Africa, to demonstrate 

the effects of concentrations and duration of antibiotic exposure required to induce antimicrobial resistance in 

the environment. 
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Environmental bacteria seem to have evolved a co-existence mechanism with ARGs in the environment, unlike 

what is obtained in clinical ARG developments, which shows a greater proliferation of ARGs. These 

phenomena can be attributed to the following factors: whereas antibiotics in the body are easily discharged 

and washed off, those in the environment persist over extended periods and, eventually, may decay into other 

components, which can be more toxic to previously susceptible bacteria. For example, tetracyclines break 

down in the environment into anhydrotetracycline, diminishing tetA-mediated tetracycline resistance and 

potentially resulting in tetracycline sensitivity (Markley and Wencewicz, 2018; Park et al., 2017). 

Other factors that might be contributing to the maintenance of the ecological balance in the environment 

include the ability of antibiotics and toxins to form complexes with other chemicals in the environment and 

the ability of some bacteria to produce resistance suppressants (such as β-lactamase inhibitors and similar 

toxins), that can inhibit other bacterial populations (Chait et al., 2012). 

Antibiotic resistance may have been developed for metabolic purposes or signal trafficking (physiological cell 

messaging using intracellular chemicals) within the bacterial community for survival. These can occur at low 

antibiotic concentrations and could lead to the emergence of transient resistant populations in the microbial 

community, generating a pool of resistance genes with gene-transfer units that can spread in nature, thus 

directly affecting the environmental microbiota and human health if ignored (Martinez, 2009). 

Antimicrobial resistance genes are considered biological markers for survival by bacteria. Therefore, 

approaching and testing the effect of biomarkers of effect, which is the resistance gene acquisition, should be 

looked at from the point of the combined effect of the antibiotics and the other potential environmental 

antimicrobials, such as biocides and heavy metals. In addition, some physicochemical parameters, such as pH 

and salinity, must also be considered, which may play significant roles in the process, especially in the field.  

According to Larsson et al. (2018), the four areas that should be considered in studies of environmental 

bacterial resistance and the proliferation of ARGs in the environment, which could be formatted to suit 

different studies, include:  

1. The contributory roles of different environmental sources in antimicrobials and antibiotic-resistant 

bacteria into the environment (this could be observed at a WWTP ecosystem from 3 sources viz, 

upstream, discharge point and downstream of the WWTP).  

2. the anthropogenic inputs and their contribution to the evolution of resistance (which could be observed 

by the possible effects of the stressors, heavy metals, biocides and antibiotics residues on the ARG 

development)  
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3. the possible health impacts caused by exposure to resistant bacteria from the environment (which 

could be observed by the antibiotics resistance profile of the bacteria from the ecosystem), and, 

4. the efficacy of technological, social, economic, and behavioural interventions that can be implemented 

to mitigate against environmental antibiotic resistance (which could be observed by the efficiency of 

the WWTP in keeping the stressors within acceptable limits and the possible mitigating 

recommendations from the results from 1-3 above). 

 

It is, therefore, imperative to understand the types and concentrations of stressors (in this study, heavy metals, 

biocides, and antibiotics residues) from different sources within the studied system, their routes of entry and 

exposure patterns, and path for action (which includes effects of exposure and any other factors that may aid 

bacterial growth and genetic expressions). In addition, there is also a need for knowledge of the development, 

diversity, characteristics and natural variability of the resistance genes and their mobile genetic materials 

(Ashbolt et al., 2013; Hunter et al., 2008; Larsson et al., 2018; Manaia, 2017; Pruden et al., 2013; Zhu et al., 

2017).  

 

So, it can be inferred that ARGs abound in nature but have increased due to the synthesis and disposal of 

synthesized and natural antimicrobials into the environment. These antimicrobial residues, combined with 

other environmental stressors, such as heavy metals, biocides, temperature, and pH, have contributed to 

increased antibiotic resistance in ways that need to be understood better. As mentioned earlier, the environment 

is a huge pot pouri and understanding the total effects of these stressors should come from understanding their 

individual and collective effects. This study, therefore, investigated how the presence and variable 

concentration of some heavy metals, biocides and antibiotic residues in the environment contribute to the 

dynamics of resistance, investigating their effect on the development of resistance and tolerance and their 

effect on the MSW of E. coli to selected antibiotics. 

 

1.3. Aims of the research 

1. To investigate the effects of environmental concentrations of selected antibiotics, heavy metals, and 

biocides on the dynamics of antibiotic resistance development in previously susceptible E. coli. 

 

 1.4. Objectives of the research 

The specific objectives of the research were: 

Determine the presence of selected environmental stressors, viz antibiotics, biocides and heavy metals, and 

their respective concentrations from water samples collected from a WWTP effluent and upstream and 

downstream from its receiving river. 
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1. Determine the antibiotic resistance profiles of E. coli from the WWTP and its receiving river. 

2. Determine, via 30-day exposure experiments, the effect of environmental concentration of the selected 

antibiotics, biocides, and heavy metals on the development of ARGs in previously susceptible E. coli 

(ATCC 25922) strain phenotypically by AST and genotypically using WGS and SNV. 

3. Determine the effect of 30-days exposure to selected stressors on the development of persistence and 

tolerance in exposed isolates, compared to previously susceptible E. coli (ATCC 25922) strain. 

4. Determine the effect of 30-days exposure to selected stressors on the mutant selection window of 

exposed isolates compared to previously susceptible E. coli (ATCC 25922) strain. 

 

 1.5. Overview of the study design and methodology 

 

1.6. Ethical considerations  

This study was part of a larger project for which ethical approval had been received from the Biomedical 

Research Ethics Committee (Reference: BCA444/16) of the University of KwaZulu-Natal. The study is also 

recorded at the South African National Department of Agriculture, Forestry, and Fisheries (Reference: 

12/11/1/5 (879).  

 

1.7 General methodology 

 

1.7.1.  Field sample collection, analysis, and  antimicrobial susceptibility test (AST) 

Water samples were collected from 3 points, upstream, discharge point and downstream of a WWTP in 

KwaZulu-Natal and its receiving water body, in February and March 2020. The water samples were analysed 

for selected antibiotics, heavy metals, and biocide residues and the presence and antibiotic sensitivity of E. 

coli in the samples. Isolation and enumeration of E. coli were carried out using the Colilert®-18/Quanti-Tray® 

2000 system (IDEXX, Maine USA). Ten randomly picked positive wells from the Colilert®-18/Quanti-Tray® 

2000 system were streaked on Eosin Methylene Blue agar (Oxoid, Hampshire, England). AST was done by 

disc diffusion methods using the CLSI/EUCAST procedure (CLSI, 2017; EUCAST, 2022). 

 

1.7.2. Laboratory exposure to determine ARG development 

Fresh E. coli ATCC 25922 strains were exposed in the laboratory to sub-MIC concentrations of six chosen 

residues, two antibiotics (amoxicillin:2000, 136.38, 73.41 and 0.25 µg/L and oxytetracycline: 250, 37.84, 

27.92 and 18 µg/L), two heavy metals (copper: 512000, 7, 1 and 2 µg/L and zinc: 512000, 78, 14 and 0.05 

µg/L) and two biocides (BAC 12: 4000, 2.42, 1.24 and 0.01 µg/L and DADMAC 10: 16000, 0.83, 0.42 and 
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0.001 µg/L), and a combination of all the six residues, over 30 days. Fresh E. coli ATCC 25922 culture (106 

CFU/mL) was placed in 1 mL Eppendorf tube containing a sub-MIC concentration of residue in Muller Hinton 

(MH) broth and incubated at 37 ºC for 24 h. After 24 h, 100 uL of the zero-day culture was transferred to a 

fresh tube containing the same sub-MIC concentration of residues in MH Broth for a second day and incubated 

as previously. Another 100 uL of the same zero-day overnight culture was plated on nutrient agar, incubated, 

and stored at -20 ºC in tryptic soy broth (Merck, Darmstadt, Germany) supplemented with glycerol for further 

experiments, AST and DNA analysis. This was repeated over 31 days to obtain 30-day exposure cultures. 

 

The isolates were subjected to AST to determine if they developed phenotypic resistance. E. coli isolates were 

tested against a panel of 20 antibiotics as previously described (O’Halloran et al., 2018) using the disc diffusion 

method according to CLSI/EUCAST guidelines. Muller-Hinton medium was prepared according to the 

manufacturer’s instructions, and plates were poured to achieve coverage. On each plate, 0.5 McFarlan isolates 

were inoculated using a micro-pipette and evenly spread using a cotton swab. Antibiotic discs were then 

applied using disc dispensers; a maximum of five antibiotic discs were placed on each plate, and incubated for 

18-24 h at 36 ºC. Zone diameters were measured, and results were interpreted according to set values on the 

guidelines (CLSI, 2017; EUCAST, 2022). 

 

1.7.3.DNA extraction 

DNA was extracted and subjected to WGS on an Illumina MiSeq Machine (Illumina, San Diego, California, 

USA). All resultant sequences were analysed using bioinformatic pipelines previously described (Amoako et 

al., 2019) to determine the presence of any resistance or tolerance genes. 

 

1.7.4. Laboratory exposure test for tolerance 

The exposed 30th-day isolates were further exposed to a very high dose of ampicillin (25 x MIC) to determine 

the minimum duration to kill 99.99% (MDK99.99) of the isolates, which is a measure of their tolerance. The 

stored 30th-day exposure sample was grown overnight in LB broth Lennox (LBL, Neogen Lasing Michigan 

USA) in 1 mL vials for a very concentrated culture. The next day, 1 mL of the 1 x 109 cultures was inoculated 

into a 50 mL LBL supplemented with 100g/mL ampicillin (about 25 times the E. coli ampicillin MIC value). 

Each culture mixture was prepared in 2 x triplicate sets for three different time intervals (Ta = 3, 5, and 8 hours), 

and the culture mixture was then incubated at 37 ºC in a shaker incubator at 200 rpm. 

Depending on the time intervals (3, 5 and 8 h), the culture was brought out after the incubation and washed 

twice in 50 mL of LBL by centrifuging at 1400 g for 10 minutes. The pellets were resuspended in 1 mL of 

LBL and grown again for up to 24 h (3 h for 21, 5 h for 19 and 8 h for 16, respectively) at 37 ºC in a shaking 

incubator at 200 rpm. This enabled us to obtain fresh 24 h culture for the next day’s exposures. After 24 h, the 
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plate is cell counted and recorded. The overnight culture was then subjected to the same exposure over three 

consecutive days, using the same cyclic periods. 

 

For the confirmation of tolerance and not resistance, the surviving E. coli cells were subjected to MIC testing 

to confirm if there were changes in their MICs compared to the original stock (Fridman et al., 2014). 

 

1.7.5. Laboratory test for mutant selection window 

The MIC and MPC (MIC at ≥1010 CFU/mL) of the exposed isolates to amoxicillin, oxytetracycline and 

ampicillin, and the effect of the 30-day exposure on the mutant selection window was determined. Two-fold 

serial dilutions infused with test agents (ampicillin, amoxicillin and oxytetracycline) were dispensed into 

microdilution plates. With a sterile pipette, E. coli isolate suspensions were inoculated into the microdilution 

plates containing serially diluted antibiotics and incubated at 37 ºC for 24 h. Microdilution plates were then 

read and interpreted after 24 h. To obtain a bacteria culture of ≥ 109 CFU/mL for MPC, an overnight culture of 

pure, wholly susceptible E. coli isolate was cultured on a nutrient agar plate in duplicate and incubated for 24 

h at 37 ºC. After 24 h, the cultures in the nutrient agar plate were transferred into a 50 mL nutrient broth using 

a sterile swab and incubated for another 24 h at 37 ºC to achieve a bacteria density of ≥109 CFU/mL. To ensure 

that the acceptable density was obtained, the inoculated broth was centrifuged at 3000 rpm for 20 mins, and 

the pellets were resuspended in a fresh, smaller volume of nutrient broth. 

 

1.8. Outline of the thesis 

The study is presented in the following five chapters: 

 

Chapter 1. Introduction and literature review 

This chapter provides a comprehensive background and the aim and objectives of the study 

 

Chapter 2. Manuscript 1: Determining the abundance of antibiotic, heavy metal and biocide residues 

and antibiotic-resistant E. coli isolates in a wastewater treatment plant and its receiving water body. 

This chapter describes the water sample residues and their concentrations. It also describes the presence and 

antibiotic resistance profile of the E. coli from the sample sites and addresses objectives 1 and 2. 

 

Chapter 3. Manuscript 2: Environmental concentrations of antibiotics, biocides, and heavy metals fail 

to induce phenotypic antimicrobial resistance in Escherichia coli. 

This chapter describes the effect of laboratory exposure to sub-MIC concentrations of antimicrobial residues, 

determined from earlier from the field to a wholly susceptible E. coli ATCC 25922 strain. This is to determine, 
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if 30-exposure exposure to determined sub-MIC concentrations of these anti-microbials, were able to elicit 

phenotypic or genotypic resistance & ARG development and addresses Objective 3. 

 

Chapter 4. Manuscript 3: Impact of environmental sub-inhibitory concentrations of antibiotics, heavy 

metals, and biocides on the emergence of tolerance and effects on the mutant selection window in E. coli. 

This chapter describes the determination of antibiotic tolerance and persistence development amongst the 30 

days exposed isolates compared to the control and also the effect of the 30-day exposure on the mutant 

selection window (MSW) of three chosen antibiotics and addresses Objective 4 and 5. 

 

Chapter 5. Conclusion, Limitations and Recommendations  

This chapter summarises the research results, highlights the limitations and presents recommendations for 

future work. 
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CHAPTER 5 

CONCLUSION, LIMITATIONS, AND RECOMMENDATIONS 

5.1. Conclusion 

This study describes the effect of detected environmental concentrations, as well as sub-inhibitory 

concentrations of antimicrobials, on the development of antibiotic resistance in E. coli. The findings of the 

study in relation to our five objectives are: 

 

1. Determine the presence of selected environmental stressors, viz., antibiotics, biocides and heavy 

metals, and their respective concentrations from water samples collected from a WWTP effluent and 

upstream and downstream from its receiving river. 

 

i. A total of 69 heavy metals were screened, of which 26 heavy metals were detected, with seven 

having concentrations above those recommended by the World Health Organization (WHO) and 

South African National Standard (SANS). Of these, the highest mean metal concentration was 

observed for sodium (27.734 mg/L), while the least was for iron (0.001 mg/L). 

ii. Although aluminium 3.43 mg/L) and zinc (0.078 mg/L) were higher than the SANS limits 

(aluminium - 0.3 mg/L; zinc - 0.005 mg/L), other heavy metals (arsenic, silver, gold, barium, 

beryllium, cadmium, cobalt, chromiun, mercury, molybdenum, nickel, lead, antimony, selenium, 

uranium , vanadium V) were detected at very low concentrations. 

iii. A total of 24 antibiotics were targeted, and we detected 14 across all samples, with the WWTP effluent 

samples recording the overall highest total antibiotic concentration compared to the other sites. 

Sulfamethoxazole was the most detected at the highest concentration (286.180 µg/L) and penicillin 

at the lowest (2.2 µg/L). Most importantly, some of these concentrations were higher than the 

recommended PNEC values, as observed for sulfamethoxazole tetracycline, oxytetracycline, 

lincomycin, and amoxicillin. 

iv. Eight of the 10 targeted biocides detected in this study had quantifiable values. Benzalkonium 

chloride (BAC) 12 had the highest detected concentration of 29,58 µg/L, while BenthEZ was the most 

frequently detected in 75% of the samples.  

v. The overall highest mean antibiotic, metal and biocide concentrations were observed for 

sulfamethoxazole (286.180 µg/L), neodymium (Nd; 27.734 mg/L), and benzalkonium chloride 

(BAC 12) (7.805 µg/L), respectively. In decreasing order per sampling site, the pollutant 

concentrations were effluent > downstream > upstream. 

2. Determine the antibiotic resistance profiles of E. coli from the WWTP and its receiving river. 
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i. E. coli was also detected from the samples, with a total of 142 confirmed E. coli isolates tested against 

19 antibiotics to which they exhibited resistance s. 

ii. Of these, 109 (76.76%) were resistant to at least one of the antibiotics tested. The highest percentage 

resistance was observed against amoxicillin-clavulanic acid (104/109; 95.41%), while the least was 

against azithromycin (Table S2.7, Chapter 3). All the isolates were susceptible to ceftazidime, 

cefotaxime and meropenem (Table S2.7, Chapter 3).  

iii. Furthermore, 57/109 (52.29%) were resistant to three or more antibiotics, with some isolates being 

resistant to eight antibiotics.  

  

3. Determine, via 30-days exposure experiments, the effect of environmental concentration of the 

selected antibiotics, biocides, and heavy metals, on the development of resistance in previously 

susceptible E. coli (ATCC 25922) strain phenotypically by AST and genotypically using WGS and 

single nucleotide variants (SNV). 

i. EXposure to the various concentrations and combinations of the stressors did not trigger 

phenotypic resistance in the experimental bacteria. When subjected to antibiotic susceptibility 

against 19 antibiotics, all the isolates tested were susceptible to all the antibiotics tested. 

ii. Genotypic analysis through WGS on the exposed isolates only found the macrolide resistance 

mdf(A) gene (also present in the control strain) and the disinfectant resistance gene sitABCD. 

iii. With further analysis for SNVs, mutations were detected for 19 genes that encoded for oXidative 

stress, DNA repair, membrane proteins effluX systems, growth and persister formations except 

for the robA, a transcription protein subset of the ArcC/ XylS family of proteins, which confer 

multidrug resistance in E. coli. 

iv. A total of 2580 variants were identified and 1197 of these were identified in all reads. Nineteen genes 

were identified by name in the output.  They are yqhH, degQ, purH, epmA, queG, robA, acnB, cusA, 

yddG, mlc, tsaB, ompD, nudK, murP, srlE, fliL, hsmp, mutM and ptsG. 

 

4. Determine the effect of 30 days exposure to selected stressors, on the development of persistence 

and tolerance in exposed isolates, compared to previously susceptible E. coli (ATCC 25922) strain. 

 

i. Re-exposure of our 30-day isolates to very high (25 x MIC) concentrations of ampicillin showed an 

increase in the MDK99.99 values by 30 to 50%, when compared to untreated exposed control. 
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ii. This indication of increased persister population and a probable increase in tolerance, was confirmed 

by the MIC, which indicated no increase in the MIC of the isolates, thereby confirming tolerance. 

 

5. Determine the effect of 30-days exposure to selected stressors, on mutant selection window of exposed 

isolates, compared to previously susceptible E. coli (ATCC 25922) strain. 

 

i. Exposing E. coli to different chemicals at environmental concentrations for 30 days triggered increased 

tolerance in the bacterial population when exposed to a high ampicillin concentration.  

ii. Survival in the presence of antimicrobials, even above the MIC value, can be attributed to the 

emergence of more persister cells, hence increased tolerance, and this contributed to the observed 

increased MSW of the exposed isolates compared to controls that were not exposed to any chemical.  

iii. There was a slight increase in the MSW of the zinc and BAC-exposed isolates to ampicillin and 

amoxicillin. For the DADMAC-exposed isolates, only the MSW for amoxicillin was slightly 

increased, when compared to the unexposed control. 

 

5.2. Limitations 

1. The study focused on selected stressors and not all the stressors identified during the field sampling. 

However, within the environment, bacterial are exposed to more complex systems than those 

investigated in this study, and this could lead to different outcomes compared to those reported here. 

2. The study would have benefitted from sequencing of more isolates besides the 30 days isolates, like 

the 15th and 7th day isolates, to determine exact time for mutation. This was however not possible due 

to financial constraints. 

 

5.3. Recommendations 

1. It was observed that although low concentrations reduced their antimicrobial effect, it does not 

eliminate the risk of inducing selection pressure for antimicrobial resistance in environmental bacteria. 

Therefore, there is need for stringent measures to prevent the discharge of these chemicals into the 

environment. Where such pollution has occurred, there is an urgent need for improved remediation 

strategies to remove these chemicals from the environment.  

 

2. Wastewater treatment plants must treat wastewater longer, varying the treatment time and chemicals 

to eliminate persister cells that have resumed growth after tolerance. 
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3. More studies need to be conducted to ascertain the role of other chemicals and stressors in the 

environment on the development of antibiotic resistance. This is because the environment constitutes 

a mixture of diverse stressors and many factors come into play, besides the concentration of the 

chemicals studied in this study.   

 

4. Also, there is need for more studies to ascertain the effect of the chemical concentrations and exposure 

times on rate of persister generation and resistance development. 
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Table S2.1 Overall mean metal concentration. 

Metal 

(mg/L) 

F_Up F_Down F_Eff M_Up M_Down M_Eff Mean SD 

Nd 13.068 20.687 67.791 0.088 28.022 36.749 27.734 21.27198 

Ca 6.637 8.017 17.358 0.083 16.386 20.375 11.476 7.107189 

Mn 4.138 4.671 6.266 0.194 6.956 6.521 4.791 2.288649 

La 1.847 2.906 10.051 0.006 3.137 4.413 3.726 3.132304 

Sm 4.092 5.328 2.768 0.125 2.18 2.633 2.854 1.613021 

Ga 2.198 3.197 0.167 0 0.084 0.097 0.957 1.264778 

Al 2.05 2.901 0.269 0 0.1 0.1 0.903 1.141096 

Pb 0.072 0.076 2.326 0.086209 0.052 0.155 0.461 0.834439 

Na 0.16 0.254 0.122 0 0.025 0.054 0.102 0.086941 

Ba 0.074 0.109 0.015 0.002123 0.019 0.026 0.041 0.037834 

Ti 0.037 0.05 0.054 0.003637 0.043 0.054 0.04 0.017381 

B 0.006 0.006 0.024 0.002582 0.01 0.023 0.012 0.008565 

V 0.017 0.017 0.012 0.000593 0.001 0 0.008 0.00754 

Co 0.011 0.018 0 0 0 0 0.005 0.007064 

Gd 0.01 0.013 0.001 7.48E-05 0.002 0.002 0.005 0.005194 

Y 0.01 0.014 0 0.000338 0.001 0 0.004 0.005633 

Se 0.002 0.003 0.009 0.000355 0.002 0.004 0.003 0.002787 

Mg 0.001 0.001 0.009 0.000265 0.001 0.003 0.002 0.002923 

Cu 0.003 0.004 0.007 0 0 0.001 0.002 0.002552 

Ni 0.006 0.009 0 0 0 0 0.002 0.003457 

Li 0.005 0.008 0 0 0 0 0.002 0.00321 

Dy 0.005 0.007 0.001 0 0.001 0 0.002 0.0027 

Pd 0.004 0.006 0 0 0 0 0.002 0.00244 

Zn 0.004 0.006 0 0 0 0 0.002 0.002287 

Os 0.002 0.002 0.002 0.00166 0.001 0 0.001 0.000659 
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Cr 0.003 0.004 0 0 0 0 0.001 0.001625 

Ag 0.002 0 0 0.00172 0.001 0 0.001 0.000695 

Si  0.001 0.002 0 0.000436 0.001 0 0.001 0.000572 

P 0.002 0.001 0.001 0 0 0 0.001 0.000745 

Pr 0.001 0.002 0.001 0 0 0 0.001 0.000639 

K 0.001 0.001 0.002 0 0 0.001 0.001 0.000466 

Au 0.001 0 0.002 0 0.001 0.001 0.001 0.000539 

Rb 0.001 0.002 0 0 0 0 0.001 0.000845 

Hf 0.001 0.002 0 0 0 0 0.001 0.000763 

Sr 0.001 0.002 0 0 0 0 0.001 0.000745 

Hg 0.001 0 0.002 0 0 0.001 0.001 0.000517 

Fe 0.001 0.002 0 0 0 0 0 0.000657 



104 

 

Table S2.2 Metal comparison across sampling sites 

 

 t df Sig. (2-tailed) Mean 

Difference 

95% Confidence Interval of the 

Difference 

 Lower Upper 

Ag 1.907 2 0.197 0.000804127 -0.001010293 0.002618547 

Al 2.373 2 0.141 0.919916667 -0.748043806 2.58787714 

Au 2.068 2 0.175 0.000638875 -0.000690511 0.00196826 

B 2.019 2 0.181 0.012028704 -0.013601121 0.037658528 

Ba 3.397 2 0.077 0.042983961 -0.011463695 0.097431617 

Ca 4.971 2 0.038 13.59083333 1.826391044 25.35527562 

Ce 1.858 2 0.204 0.004808589 -0.006324875 0.015942052 

Co 1.943 2 0.191 0.001132621 -0.001375248 0.003640489 

Cr 3.152 2 0.088 0.002381375 -0.000869771 0.00563252 

Cu 2.211 2 0.158 0.0021793 -0.002061443 0.006420043 

Dy 1.885 2 0.2 0.000450526 -0.000577794 0.001478845 

Fe 2.189 2 0.16 0.97116667 -0.9379916 2.8803249 

Ga 2.656 2 0.117 0.004920678 -0.003050123 0.01289148 

Gd 1.88 2 0.201 0.000522582 -0.000673639 0.001718803 

Hf 1.626 2 0.245 0.000502463 -0.000827013 0.001831939 

Hg 2.964 2 0.097 0.000642807 -0.000290222 0.001575835 

K 2.461 2 0.133 4.02925 -3.0162263 11.0747263 

La 1.887 2 0.2 0.002202377 -0.002820644 0.007225398 

Li 1.4 2 0.296 0.002441537 -0.005059768 0.009942841 

Mg 23.64 2 0.002 5.91725 4.8402823 6.9942177 

Mn 3.489 2 0.073 0.1671667 -0.038973 0.373306 

Na 2.829 2 0.106 30.92416667 -16.11520028 77.96353361 

Nd 1.876 2 0.202 0.002365057 -0.003060187 0.007790302 

Ni 6.229 2 0.025 0.001457572 0.000450794 0.00246435 

Os 5.155 2 0.036 0.00069499 0.0001149 0.001275079 
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P 1.183 2 0.358 0.461038451 -1.215902598 2.1379795 

Pb 1.934 2 0.193 0.001696133 -0.002078214 0.00547048 

Pd 3.471 2 0.074 0.000660052 -0.000158214 0.001478319 

Pr 1.925 2 0.194 0.000585663 -0.000723255 0.001894582 

Rb 2.222 2 0.156 0.003420491 -0.003202251 0.010043234 

Se 2.337 2 0.145 0.000788324 -0.000663364 0.002240012 

Si 10.583 2 0.009 3.22 1.9108357 4.5291643 

Sm 1.874 2 0.202 0.000509622 -0.000660593 0.001679838 

Sr 6.579 2 0.022 0.043718999 0.015125577 0.072312421 

Ti 7.615 2 0.017 0.007875948 0.003425813 0.012326083 

V 2.031 2 0.179 0.004272177 -0.00477834 0.013322694 

Y 1.922 2 0.194 0.001584638 -0.001962135 0.005131412 

Zn 3.138 2 0.088 0.032610162 -0.012103403 0.077323727 
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Table S2.3 Antibiotics distribution across all sampling points 

 

ANTIBIOTICS US am 1 US am 2 US pm1 USpm2 Upstream EFam1 EFam2 EF pm1 EF pm 2 Effluent DS am 1 DS am 2 DS pm1 DS pm 2 Downstream 
Highest 

Conc 

Sulfamethoxazole 18.64 2.8 19.74 5.32 11.625 280.26 11.2 286.18 0 144.41 54.18 0.62 59.78 14.72 32.325 286.18 

Amoxycillin 0 120.37 0 128.88 62.3125 0 125.94 0 112.99 59.7325 0 136.38 0 73.41 52.4475 136.38 

Tetracycline 0 0 0 0 0 40.21 0 0 0 10.0525 39.6 0 39.32 0 19.73 40.21 

Oxytetracycline 37.42 0 37.72 0 18.785 36.94 0 37.84 0 18.695 37.13 0 37.72 0 18.7125 37.84 

Lincomycin 0 0 15.65 0 3.9125 31.8 0 0 0 7.95 8.96 0 22.28 0 7.81 31.8 

Doxycycline 10.76 0 12.25 0 5.7525 13.38 0 13.34 0 6.68 10.8 0 11.61 0 5.6025 13.38 

Sulfapyridine 0 0 0 0 0 13.31 0 7.35 0 5.165 0 0 1.26 0 0.315 13.31 

Sulfamonomethoxine 0 0 0 0 0 0 0 0 0 0 0 0 13 0 3.25 13 

Albendazole 0 10.88 0 5.8 4.17 0 9.37 0 9.6 4.7425 0 8.85 0 7.8 4.1625 10.88 

Sulfadimidine 0 0 3.79 0 0.9475 9.78 0 5.89 0 3.9175 0 0 4.03 0 1.0075 9.78 

Lasal ºCid A 6.84 0 6.84 0 3.42 0 0 6.74 0 1.685 6.66 0 6.69 0 3.3375 6.84 

Monensin 0 0 3.21 0 0.8025 3.74 0 3.5 0 1.81 1.75 0 3.37 0 1.28 3.74 

Sulfamethazine 0 0 3.16 0 0.79 3.63 0 3.31 0 1.735 0 0 2.93 0 0.7325 3.63 

Penicillin 0 0 0 0 0 0 0 0 0 0 0 0 2.2 0 0.55 2.2 

                 

Overall Total 

Concentration 
                

Upstream 450.07                

Downstream 605.05                

Effluent 1066.3                
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Table S2.4 One-Sample Test 

 

Test Value = 0 

 t df Sig. (2-

tailed) 

Mean 

Difference 

95% Confidence Interval of the 

Difference 

     Lower Upper 

Sulfamethoxazole 2.67 21 0.014 54.80136364 12.12352537 97.4792019 

Amoxycillin 6.894 21 0 80.22621212 56.02486014 104.4275641 

Tetracycline 2.45 21 0.023 8.145227273 1.231492556 15.05896199 

Oxytetracycline 3.715 21 0.001 13.63962121 6.004321586 21.27492084 

Lincomycin 2.568 21 0.018 5.618409091 1.068348859 10.16846932 

Doxycycline 3.684 21 0.001 4.433787879 1.930760707 6.93681505 

Sulfapyridine 2.022 21 0.056 1.767424242 -0.0506446 3.585493085 

Sulfamonomethoxine 1.572 21 0.131 1.28030303 -0.41392108 2.974527141 

Albendazole 6.85 21 0 6.041515152 4.207439056 7.875591248 

Sulfadimidine 2.56 21 0.018 1.690227273 0.317114333 3.063340212 

Lasal ºCid A 3.285 21 0.004 2.101742424 0.771173864 3.432310985 

Monensin 3.169 21 0.005 0.995681818 0.342271881 1.649091756 

Sulfamethazine 2.852 21 0.01 0.855984848 0.231841895 1.480127802 

Penicillin 1.572 21 0.131 0.216666667 -0.070048183 0.503381516 

 

 

 

 

 

 

 

 

 

 



108 

 

Table S2.5 Biocide IN THE ENVIRONMENT 

 

Biocide US 

am 1 

US 

am 2 

US 

pm 

1 

US 

pm 2 

Upstream EF 

am 1 

EF 

am 2 

EF 

pm 

1 

EF 

pm 

2 

Effluent DS 

am 

1 

DS 

am 2 

DS 

pm 

1 

DS 

pm 2 

Downstream Highest 

conc 

BAC 10 0.97 0 0.76 0.95 0.67 0.72 0 0.61 1.05 0.595 0 1.08 1.14 0 0.555 1.08 

BAC 12 0 1.64 0 29.58 7.805 0 0 0 9.01 2.2525 0 0 1.24 6.19 1.8575 29.58 

BAC 14 0 0 0 0 0 0 0 0 0 0 0 0 2.42 0 0.605 2.42 

BAC 16 0 0 1.37 0 0.3425 0 0 0.5 0.5 0.25 0 0 0.39 0 0.0975 1.37 

BenthEZ 0.06 0 0.09 0.11 0.065 0.07 0.07 0 0.12 0.065 0 0.04 0.04 0.06 0.035 0.12 

DDAC 0 0 0 0 0 0 0 0.77 0 0.1925 0 0.83 0 0.83 0.415 0.83 

DADMAC 

10 

0 14.53 0 0 3.6325 0 14.65 4.53 0 4.795 0 0 0 10.26 2.565 14.65 

DADMAC 

12 

0 0 0 0.22 0.055 0 0 0 0 0 0 1.2 0.01 0.02 0.3075 1.2 
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Table S2.6 AST OF ENVIRONMENTAL ISOLATES 
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Table S2.7 Antibiograms of environmental isolates with resistance to three or more antibiotics 

 

Antibiogram 
Number of 

antibiotics 
Number of isolates 

AMC-AMK-TET 3 5 

AMP-FOX-AMC 3 1 

AMP-SXT-TET 3 3 

FOX-AMC-TET 3 1 

FOX-LEX-AMC 3 5 

LEX-AMC-TET 3 1 

NAL-CIP-TET 3 1 

SXT-AMC-TET 3 1 

TZP-CIP-TET 3 1 

AMP-AMK-TET-CRO 4 1 

AMP-FOX-LEX-AMC 4 5 

AMP-LEX-AMC-TET 4 1 

AMP-SXT-AMK-CRO 4 1 

FOX-AMC-AMK-TET 4 1 

AMP-FOX-LEX-AMC-AMK 5 1 

AMP-FOX-LEX-AMC-TET 5 4 

AMP-NAL-FOX-AMC-TET 5 1 

AMP-SXT-AMC-AMK-TET 5 1 

AMP-SXT-FOX-LEX-AMC 5 2 

AMP-SXT-LEX-AMC-CRO 5 1 

FEP-AMC-AMK-TET-CRO 5 1 

GEN-AMP-AZM-SXT-TET 5 1 
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SXT-FOX-LEX-AMC-TET 5 1 

TZP-CHL-AMC-AMK-TET 5 1 

TZP-CHL-CIP-AMC-TET 5 2 

TZP-CIP-FOX-LEX-AMC 5 1 

AMP-SXT-FOX-LEX-AMC-AMK 6 1 

AMP-SXT-FOX-LEX-AMC-CRO 6 1 

AMP-SXT-FOX-LEX-AMC-TET 6 2 

GEN-AMP-FOX-AMC-AMK-TET 6 1 

TZP-NAL-CHL-CIP-AMC-TET 6 1 

IMP-FOX-LEX-AMC-AMK-TET-CRO 7 1 

AMP-IMP-FOX-LEX-AMC-AMK-TET-CRO 8 1 

AMP-IMP-SXT-FOX-LEX-AMC-AMK-TET 8 1 

FEP-TZP-NAL-CIP-FOX-AMC-AMK-TET 8 1 

GEN-AMP-IMP-FOX-LEX-AMC-AMK-TET 8 1 

GEN-FEP-AMP-TZP-LEX-AMK-TET-CRO 8 1 
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Table S3.1 WGS GENE ANALYSIS. 

. 

sampleID Aminoglycoside Beta.lactam Colistin Fosfomycin Macrolide Phenicol Quinolone Sulphonamide Tetracycline Trimethoprim 

D11A-3 aph(6)-Id blaCTX-M-

1 

  mdf(A)   sul2 tet(A)  

D11A-3 aph(3'')-Ib blaTEM-

1B 

        

D1P-4     mdf(A)      

D2P-10  blaCTX-M-

15 

  mdf(A)  qnrS1    

D2P-4 aadA2    mdf(A) cmlA1  sul3  dfrA12 

D2P-4 aadA1          

DS2-9 aph(6)-Id blaTEM-

1B 

  mdf(A)  qnrS1 sul2  dfrA12 

DS2-9 aadA2      OqxB sul1  dfrA8 

DS2-9       OqxA    

DS2-9 aph(3'')-Ib           

DSI-4 aph(6)-Id blaMIR-3   mdf(A)  qnrS1 sul3 tet(A) dfrA14 

DSI-4  blaTEM-

1B 

        

DSI-4  blaTEM-

104 

        

DSI-4  blaTEM-

198 

        

DSI-4  blaTEM-

217 

        

DSI-4  blaTEM-

234 

        

EF1P-1     mdf(A)      

EF2-7     mdf(A)      

EF2P-1 aadA1 blaTEM-

1B 

  mdf(A) cmlA1  sul3 tet(A) dfrA17 

EF2P-1 aadA5       sul2   

EF2P-1 aadA2b          

U10A-3 aph(6)-Id blaTEM-

1B 

  mdf(A)   sul2 tet(A) dfrA17 

U10A-3 aac(3)-IId    mph(A)   sul1   

U10A-3 aadA5          

U10A-3 aph(3'')-Ib          

UIP-9 aph(6)-Id blaTEM-

1B 

  mdf(A)   sul1  dfrA7 

UIP-9 aph(3'')-Ib        sul2   

US2-5  blaMIR-3 mcr-10 fosA    sul1  dfrA21 

US3-2 aph(6)-Id blaLAP-2   mdf(A)  qnrS1 sul2  dfrA14 
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US3-2  blaCTX-M-

14 

        

US3-2 aph(3'')-Ib          

US3-3 aph(6)-Id blaTEM-

1B 

  mdf(A)  qnrS1 sul3 tet(A) dfrA14 

US3-9 aph(6)-Id blaTEM-

1A 

  mdf(A) floR qnrS1 sul2 tet(A) dfrA14 

US3-9 aph(3'')-Ib          
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Table S4.1 Nineteen genes identified by name in the output: Single nucleotide Variant (SNV) calling, using 

the PATRIC database and ANVIO analysis pipeline, showing a significant mutation. 
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