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ABSTRACT 

An intensive literature review has revealed that there is a global lack of research on AmpC beta-

lactamase antibiotic resistance genes in the aquatic environment. The possibility of the 

dissemination of AmpC genes within and among human settlements, and the consequent 

spreading and impact of antibiotic resistance due to their prevalence, are matters of grave 

concern as these genes pose potential threats not only to the environment, but to human health 

as well. Moreover, a dire implication of the prevalence of these genes in the environment and 

their exposure to selective pressures and unprecedented evolution may be that novel resistance 

mechanisms are introduced in clinical settings that may limit treatment options with beta-lactam 

antibiotics. This group of antibiotics is one of the most preferred bacterial treatment options in 

human, veterinary and agricultural settings and it is therefore imperative to manage resistance to 

any of these antibiotics. Therefore, the overarching aim of this study was to explore AmpC beta-

lactamase gene intricacies in aquatic systems. To achieve this aim, various intersecting studies 

were conducted. The first assessed the prevalence and diversity of AmpC beta-lactamase genes 

in aquatic systems globally by reviewing to what extent research has been conducted on AmpC 

genes in aquatic environments. A second study determined the prevalence and genetic diversity 

of AmpC genes in South African rivers. The need for suitable quantification methods of AmpC 

genes prompted the third study that evaluated quantification methods of AmpC genes for 

environmental DNA samples. The final study determined which environmental parameters are 

associated with the prevalence of clinically relevant AmpC genes in aquatic environments. The 

systematic review determined that very few studies had explored AmpC genes in aquatic 

environments in the global context. By utilising experimental investigations, it was determined that 

clinically relevant AmpC genes are present in South African rivers that run either through densely 

or more sparsely human populated areas and that these genes are genetically diverse from gene 

variants found on sequence databases. The preferred method for the quantification of AmpC 

genes is the conventional quantitative PCR because it is forgiving regarding the unknown nature 

of environmental samples and is time efficient and financially viable when investigating numerous 

samples. It was also determined that there are limited significant associations between AmpC 

genes and environmental parameters and strong significant associations with population density. 

This suggests that AmpC genes are pre-selected and present in the aquatic environment due to 

human activities that cause pollution. Therefore, bacteria harbouring these genes are indicators 

of the presence of these genes in aquatic systems associated with faecal contamination. This 

study thus demonstrated the need for intensified research into AmpC beta-lactamase genes not 

only in South Africa, but globally for the sake of environmental and human health.  

Keywords: Antibiotic resistance, AmpC beta-lactamase genes, aquatic environment, plasmids. 
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CHAPTER 1 - GENERAL INTRODUCTION AND RESEARCH RATIONALE 

1.1 General introduction and research rationale 

The prevalence of antibiotic resistance genes (ARGs) has become an intensively investigated 

topic following the realisation that antibiotic treatment has begun to lose its effectiveness during 

the treatment of bacterial infections in humans (Ventola 2015). The World Health Organization 

(WHO) recognises this threat and cautions that it is a vital medical issue that requires immediate 

attention (Pazda et al. 2019). Therefore, the need for research surrounding this subject has 

become critical in clinical settings and many significant advancements have been made in this 

regard. Essentially, it has been established that ARGs exist for almost every group of antibiotics. 

Moreover, these genes evolve parallel with new antimicrobial drug developments due to 

mutations or due to horizontal gene transfer via mobile genetic elements, natural evolution, and 

the exposure of sub-inhibitory levels of antibiotics that results in the selection for antibiotic 

resistant bacteria (ARB) (Pazda et al. 2019; Raymond 2019). It is acknowledged that ARGs are 

not contained within individual pathogens but that they may become mobile as part of mobile 

genetic elements, and thus resistance can be transferred to previously susceptible bacteria (Rizzo 

et al. 2013). 

Against this background, a disconcerting gap in the literature is a lack of knowledge regarding 

ARGs in the environment, especially regarding AmpC beta-lactamase genes and aquatic 

systems. AmpC genes are among the oldest identified genes and convey resistance to various 

groups of beta-lactams that are some of the most widely administered groups of antibiotics 

manufactured today (Thakuria & Lahon 2013; Osińska et al. 2020) and it has been suggested 

that known ARGs circulating among pathogens in clinical settings deserve the highest priority 

(Martínez et al. 2015). However, the capabilities of environmentally attained ARGs are unknown 

and this poses a unique risk to human health (Bengtsson-Palme & Larsson 2015). Moreover, it is 

believed that clinical pathogens that are resistant to antibiotics originate from water and soil 

environments (Osińska et al. 2020), yet limited knowledge of this phenomenon exists, which is a 

matter of concern.   

It has been suspected that aquatic systems are hotspots for the dispersal of ARB and ARGs 

(Ekwanzala et al. 2018). However, this potentially dangerous combination of mobile water and 

ARB has not yet been fully investigated. Apart from the dissemination of ARB and ARGs, the 

theoretical consequences include an unprecedented evolution and horizontal gene transfer of 

ARGs (Raymond 2019). Because water is used in various ways for human survival, this could 

lead to the spreading of bacterial infections among communities and the proliferation of novel 
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antibiotic resistance (AR) mechanisms in human and even veterinary settings (Gao et al. 2018; 

Pazda et al. 2019). This could eventually lead to the outbreak of incurable diseases that may 

strike without warning, and this may be exacerbated by a lack of surveillance methods for 

identifying the source of the bacteria. It is acknowledged that the transfer of resistance elements 

(e.g. ARGs and ARB) from the environment to clinical settings is unlikely and will be difficult to 

demonstrate. However, the high risk of the adverse consequences of the dispersal of ARB and 

ARGs to clinical settings outweighs the unlikely event of transfer (Bengtsson-Palme & Larsson 

2015), and this demands in-depth understanding of the phenomenon under study. 

South Africa is a water scarce country and thus health-threatening contamination of any kind that 

originates from this precious resource requires attention. A disconcerting fact is that there are 

currently no legislations in place to manage pollution associated with ARGs that enter the 

environment through wastewater or to contain any threat this may pose to drinking water 

(Ekwanzala et al. 2018; Pazda et al. 2019). It is also undeniable that research of ARGs is more 

highly acclaimed in clinical settings than in the environment (Khan et al. 2019). It is therefore 

imperative that studies of environmental ARGs are accorded equal focus and stature so that the 

dynamics of ARGs in aquatic systems may be understood in order to better manage their 

dissemination and to combat any clinical threats posed by ARGs in aquatic environments.   

1.1.1 A brief history of antibiotic resistance 

The first commercial production of antibiotics occurred during the Second World War (1939 – 

1945) when penicillin (a beta-lactam antibiotic) was distributed and administered to save millions 

of lives. This was due to the accidental discovery of penicillin by Sir Alexander Fleming in 1928 

(Ventola 2015). Following this discovery, antibiotics have since been hailed as a miracle drug and 

subsequently different variations of antibiotics have been discovered and commercialised for 

clinical, agricultural and veterinary use. However, in his Nobel Prize acceptance speech in 1945, 

Alexander Fleming warned the world about the dangers of the improper use of antibiotics when 

he famously stated: “If you use penicillin, use enough” (Langford & Morris 2017). 

This statement was intended for clinical scenarios, but few could have predicted that even if 

enough penicillin were used, the mere presence of antibiotic residues in the environment could 

select for ARGs. Resistance to these antimicrobial agents has evolved within pathogens at a 

much faster rate than was expected. These pathogens, comprising both opportunistic pathogens 

as well as microbes that are of emerging concern (in some cases they were previously non-

pathogenic organisms), have infiltrated and established themselves within human settings across 

the world (WHO 2014). ARGs have developed prolifically following the commercialised use of 

antibiotic medications, although their adverse effects have been averted by the discovery and 
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administration of a novel antibiotic compounds (Ventola 2015). However, no new major antibiotic 

groups have been commercialised since the 1980s (Silver 2011), thus no antibiotic can 

compensate for the radical development of AR. Even though new trial approaches to 

administering combination antibiotics have been used for critically ill patients, eventual resistance 

to all these antibiotic groups has made any treatment option fundamentally unfeasible (Ahmed et 

al. 2014; Raymond 2019).  

The unprecedented development and lethality of AR in pathogens have already been observed 

in clinical cases. Multidrug resistant (MDR) pathogens have been reported in numerous patients 

globally, and such infections have led to higher mortalities in clinical subjects than in those not 

infected by ARB (Siwakoti et al. 2018; Cillóniz et al. 2019). At the time of writing, approximately 

700 000 people have died annually due to AR-related infections globally (Langford & Morris 2017; 

Gao et al. 2018). A current estimation regarding the development of AR within human settings is 

that, by 2050, the use of antibiotics will have become obsolete and that this will lead to an 

unprecedented 10 000 000 deaths annually (WHO 2014). Essentially, treatment practices to 

combat bacterial infections will be thrown back more than 100 years despite modern technological 

developments in medicine. Moreover, estimations associated with the dire impacts of AR are 

based on clinical trends while environmental impacts have not been explored or accounted for 

due to a lack of research on the subject. 

1.1.2 Antibiotic resistance in the aquatic environment 

The aquatic system is the crucial connection that forms part of an integrated dissemination cycle 

of ARGs (Baquero et al. 2008; Grenni et al. 2018). This system links clinical, agricultural and 

wastewater factors to human, animal and environmental settings (Figure 1-1). Surface waters act 

as consistent mobile vectors of ARGs in the environment that possibly occur to and from clinical 

settings. For example, in agricultural settings river water is used for irrigation as well as drinking 

water for animals (Zhang et al. 2009). Typically, there are no strenuous limits to the number of 

bacteria that irrigation water may contain, and therefore irrigation water is generally untreated 

(Pachepsky et al. 2011), thus exposing ARGs to agricultural environments and eventually to 

humans. Equally worrisome is the fact that surface waters are also used as sources of drinking 

water for humans, especially in rural settlements, and they thus serve as a direct link to ARB 

(Zhang et al. 2009). If these environmental water sources are polluted with high levels of antibiotic 

resistant bacteria (ARB), they could become the dissemination points of such contaminants 

(Coertze & Bezuidenhout 2018). This problem has been receiving more attention recently and 

consequently ARGs are classified along with heavy metals and pharmaceuticals as emerging 

environmental contaminants (Pazda et al. 2019). 
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The major causes of AR development in clinical (human and veterinary) settings are both the 

incorrect and overuse of antibiotics (Gao et al. 2018). The consequences of antibiotic abuse, 

besides AR development, are the introduction of ARB and ARGs and antibiotic residue in the 

environment (Osińska et al. 2020). These constituents will typically enter aquatic systems through 

various point pollution sources such as urban runoff, industrial waste, mining activity residues, 

agricultural runoff, waste water treatment plant (WWTP) effluent, and hospital wastewater effluent 

(Barancheshme & Munir 2018). Once these contaminants occur in anthropogenically affected 

aquatic environments, bacteria will thrive in favourable conditions that will sustain their growth. It 

has been theorised that bacteria undergo horizontal gene transfer in such conditions and it is here 

where bacteria may exchange ARGs to inter- or intra-species (Suzuki et al. 2017). 

 

Figure 1-1: Illustration of water dissemination throughout human related (yellow), environmental water 

(blue), wastewater (red) and antibiotics source (green) factors. HWW: Hospital Wastewater, WWTP: 

Wastewater Treatment Plants and WPP: Water Purification Plant. The contents of this figure were adapted 

from: Kraemer et al. (2019) and Pazda et al. (2019).  

ARGs are often found in gene cassettes consisting of various types of ARGs and can be 

transferred as part of mobile genetic elements such as plasmids (Osińska et al. 2020). During this 

process, previously non-resistant environmental bacteria or pathogens may obtain ARGs that will 

convey resistance to various antibiotic groups. Moreover, unprecedented evolution may occur 

during which ARGs mutate and develop more effective resistance mechanisms (Osińska et al. 

2020). In this scenario, ARGs may elude detection and/or completely impair medicinal treatment 

of bacterial infections. This highlights the fact that a unique risk arises in aquatic systems that 

requires surveillance and pre-emptive action (Bengtsson-Palme & Larsson 2015). In the presence 

of sub-inhibitory levels of antibiotics, selection of ARB and horizontal gene transfer of ARGs may 

occur which will broaden the number of resistant bacteria that are naturally found in environmental 

water bodies (Pazda et al. 2019). 
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Wastewater treatment plants (WWTPs) are considered a major contributing factor of the release 

of ARGs into the environment (Ekwanzala et al. 2018; Pazda et al. 2019). WWTPs serve as 

collection points of human faecal waste, but they also collect and contain other constituents such 

as heavy metals, pharmaceuticals and fertilizers that create favourable conditions for bacterial 

growth (Khan et al. 2019), and hence these plants become perfect environments for a selection 

of human pathogens that may harbour ARGs (Rizzo et al. 2013). In an ideal system, these water 

treatment facilities should remove all harmful elements, including ARGs if so designed, before 

discharging the effluent into aquatic environments. However, faulty facilities, poor management 

and/or outdated technology create ideal conditions for ARGs and ARB to contaminate the water 

environment (Barancheshme & Munir 2018). Many research articles have identified WWTPs as 

hotspots and reservoirs of ARGs (Rizzo et al. 2013; Ekwanzala et al. 2018). In contrast, recent 

findings have suggested that a WWTP may only act as a concentrated dissemination medium 

(Karkman et al. 2019). Therefore, WWTPs may no more influence ARG development than an 

anthropogenically affected aquatic environment. However, although sources of ARB and ARGs 

in the aquatic environment are known, the impact they may have on the immediate and 

neighbouring environments as well as on human clinical conditions remain uncertain. 

1.1.3 Investigating AmpC beta-lactamase genes 

Various studies have been conducted globally to determine the prevalence and impacts of AmpC 

beta-lactamase genes in clinical settings/samples (Jacoby 2009). Beta-lactams are one of the 

oldest and largest groups of antibiotics administered to both humans and animals (Al-Bahry et al. 

2012). AmpC beta-lactamase genes belong to the Class C beta-lactamases and produce an 

enzyme that degrades the beta-lactam antibiotic. They belong to a diverse group of ARGs that 

convey resistance to various beta-lactams, including third generation cephalosporins, penicillins, 

cephamycins and oxymino-β-lactams (Hanson 2003; Opal & Pop-Vicas 2015). These antibiotics 

are used for the treatment of a variety of life-threating infectious disease states such as urinary 

tract infections, bronchitis, intra-abdominal infections, skin infections, meningitis, tuberculosis, 

bloodstream infections, pyelonephritis, and pneumonia. It is therefore undeniable that any 

resistance to this group of antibiotics will result in reduced treatment options in human health and 

veterinary settings (Holten & Onusko 2000; Kong et al. 2010; Shirley 2018; Young & Thomas 

2018). 

AmpC genes are chromosomally encoded on the genomes of various members of 

Enterobacteriaceae, including Escherichia coli, Klebsiella pneumoniae, Salmonella enterica and 

Enterobacter spp. In most cases the expression of the AmpC enzyme is regulated and therefore 

it poses no significant clinical threat (Hanson 2003; Jacoby 2009). However, mutations in 

regulatory genes, such as ampD, ampR and ampG, may cause overexpression (Guérin et al. 
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2015). Moreover, plasmid-mediated AmpC genes are present on plasmids without their regulatory 

genes and therefore they constitutively overexpress the AmpC enzyme (Perez-Perez & Hanson 

2002). What is more dangerous in this regard is that these AmpC genes are often accompanied 

by ARGs of other classes (Reuland et al. 2015). Furthermore, plasmids may be promiscuous, 

thus transferring AmpC resistance to various groups of bacteria (Japoni-Nejad et al. 2014). AmpC 

beta-lactamases are unique from other AmpC groups in that they are not inhibited by clavulanic 

acid and are therefore more difficult to manage in bacterial infections (Opal & Pop-Vicas 2015). 

Despite the unique properties of AmpC genes, earlier studies involving the detection of AmpC 

beta-lactamases seldom addressed the dynamics and implications of AmpC genes in 

environmental systems (Coertze & Bezuidenhout 2019). It has also been hypothesised that 

antibiotic resistance in clinical settings originates from these settings (Osińska et al. 2020). 

Jacoby (2009) conducted a literature review and summarised research that had been conducted 

on clinical AmpC beta-lactamases. This summary encompasses: (i) an elucidation of the 

properties of the AmpC enzyme; (ii) the regulation of the AmpC gene; (iii) information on the 

phylogeny of plasmid-mediated AmpC genes (pAmpCs) and the fact that plasmid bound beta-

lactamase genes are not regulated and that these are easily transferred between microorganisms 

(via horizontal gene transfer); (iv) the clinical relevance of both plasmid and chromosomal AmpC 

genes; (v) detection methods; and (vi) treatment of organisms that produce the AmpC beta 

lactamases. Jacoby’s (2009) work has been regarded as the benchmark for information on AmpC 

gene research. However, information that is lacking in this review is how these genes interact and 

spread within environmental − particularly aquatic − ecosystems.  

Beta-lactam antibiotics were also reviewed by Kong et al. (2010), who discuss the discovery, 

mechanisms of action, resistance to beta-lactams and the first isolated beta-lactam ARB. 

However, no mention is made of beta-lactamases and genes in an environmental context. A 

review by Zhang et al. (2009) lists the different types of ARGs that are found in water 

environments, but this review does not refer to plasmid-mediated AmpC genes. Moreover, an in-

depth literature review by Coertze and Bezuidenhout (2019) could trace no review studies specific 

to the topic of AmpC genes in the environment. This lack of research could possibly be attributed 

to the challenges of gaining information on the subject.  

The clinical relevance of AmpC genes cannot be ignored given their substantial role in bacterial 

infections and associations with other ARG groups. Moreover, the environmental implications of 

AmpC genes are uncertain, specifically regarding their dissemination, infection and evolution 

potential. It was therefore deemed imperative that these genes be investigated in an aquatic 

environmental context in an effort to establish and to formulate a solid foundation for future 

research into this understudied field, as was attempted in this thesis.  
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1.1.4 Antibiotic resistance in the South African context 

South Africa is generally considered a low-income, low-resource country (Osei Sekyere et al. 

2019). It is also known for its numerous poor, overpopulated settlements where poor sanitation is 

practised and where access to healthcare facilities is limited (Ekwanzala et al. 2018). South Africa 

is also a freshwater scarce country and some geographical areas have been classified as semi-

arid. South Africa also experiences high levels of population growth and urbanisation (Kok & 

Collinson 2006) and it is therefore envisaged that the demand for freshwater will consistently 

increase in the future. For most citizens, access to potable water is dependent on re-used 

wastewater effluent (Hamiwe et al. 2019). However, studies have found that the country has 

poorly managed wastewater treatment facilities which compromises the expected standard of 

water that enters the aquatic environment and which, in turn, is treated to become drinking water 

(Zhang et al. 2009; Mitchell et al. 2014). Moreover, there are no strenuous regulations for the 

discharge of hospital wastewater into the environment (King et al. 2019). This creates the potential 

for water resources to serve as collection points and reservoirs of ARGs and ARB.  

A considerable portion of South African citizens is immune compromised, therefore the risk of 

bacterial infection and the spread of AR is high among the population (King et al. 2019). Diseases 

usually occur due to secondary infections as a consequence of HIV-related immune deficiencies. 

This causes South Africans to consume a relatively large portion of antibiotics compared to  global 

rates and it thus came as no surprise that multidrug resistant (MDR) bacteria have manifested in 

the country (Faleye et al. 2019). Evidence of these bacteria has been detected at numerous 

health-care facilities which confirms this nation-wide threat (Jacoby 2009). Moreover, ARGs that 

have been detected in hospital environments have also been detected in the aquatic environment, 

which demonstrates the possibility of their dissemination capabilities (Ekwanzala et al. 2018). 

In South Africa, the National Water Act No. 36 of 2008 (NWA 2008) and the South African National 

Standard (SANS 241) (SANS 2011) are used as guidelines for the quality of water that is 

discharged from WWTPs. Currently, these guidelines do not include the limits of ARGs or 

antibiotic residues that may enter the aquatic environment. Furthermore, there are currently no 

formal surveillance systems in place to monitor or manage point sources and the spread of ARB 

and ARGs (Ekwanzala et al. 2018). A review article by Ekwanzala et al. (2018) indicated that 

ARGs from various groups have been detected in both clinical and environmental settings in 

South Africa. However, the current study determined a low prevalence of research on AmpC beta-

lactamases in aquatic environments. Moreover, plasmid-mediated AmpC groups were absent in 

the collection of research incentives that could be traced, and this limitation highlights the need 

for intensive research in this field globally, but also in the South African context. 
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Antibiotic resistance has manifested itself in both clinical and environmental settings. It could be 

argued that the barrier between environmental ARGs and clinical settings is too broad and 

therefore it is unlikely that environmental ARGs will be of clinical significance (Manaia 2017). 

However, the extent and dynamics of AR in the environment are unknown and this requires 

investigation to better understand the clinical implications of AR. Such initiatives have acquired 

global attention and are receiving support from the WHO. In fact, if the threat posed by ARB and 

ARGs is not dealt with, combined with the limited number of new antibiotics being commercialised, 

it may lead to the complete genetic and phenotypic evolution of AR to all available antibiotic 

groups in current pathogens/opportunistic pathogens as well as those of emerging concern. 

Moreover, the contamination of aquatic resources directly affects human health in all 

communities, therefore the argument that aquatic systems possibly harbour ARB and ARGs 

deserves attentive investigation. 

1.2 Research question  

The research question is as follows: What is the prevalence and diversity of clinically relevant 

AmpC beta-lactamase genes in aquatic systems that are differently affected by pollution from 

anthropogenic sources and environmental factors?  

1.3 Declaration of ethics 

The ethical aspects of this project were approved by the Faculty of Natural and Agricultural 

Sciences Ethics Committee (FNASREC). Ethics number: NWU-01353-20-A9. 

1.4 Aim and objectives 

1.4.1 Aim 

The aim of this study was to determine the prevalence and diversity of AmpC beta-lactamase 

genes in aquatic systems and to link the presence of these diverse genes to environmental 

factors, pollution constituents, opportunistic pathogens and microbes of emerging concern. 

1.4.2 Objectives 

1. To identify gaps in research regarding environmental AmpC genes by means of an 

overview of published primary journal articles that provide information on the detection 

and distribution of AmpC beta-lactamase genes in aquatic systems globally. 

2. To determine the presence and genetic diversity of AmpC beta-lactamase genes in 

aquatic systems by means of molecular methods. 
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3. To evaluate quantification methods of AmpC beta-lactamase genes for the application and 

feasibility of analyses of environmentally extracted DNA.  

4. To quantify AmpC beta-lactamase genes detected in plasmids isolated from aquatic 

systems and to relate the number of gene copies to pollution and environmental factors 

by analysing DNA that was directly isolated from the environment.  

1.5 Chapter division and publications 

This study was performed to address this research question which together formed the structure 

of this thesis. The first study (Chapter 2) set out to identify gaps in the literature regarding the 

investigation of AmpC beta-lactamases in environmental ecosystems, with specific reference to 

aquatic ecosystems. Moreover, by means of experimental investigation, a second study (Chapter 

3) addressed the research question by aiming to determine whether AmpC beta-lactamase genes 

found in aquatic ecosystems could be deemed clinically relevant. This study also investigated if 

these detected genes were genetic variations from previously identified sequences. A third study 

(Chapter 4) determined if clinically relevant AmpC genes could be quantified and it assessed 

quantification methods best suited for the analysis of environmental DNA. Finally, the fourth study 

(Chapter 5) attempted to link environmental factors with the prevalence and proliferation of AmpC 

genes in the aquatic environment. By linking the outcomes of these studies (Chapter 6), an 

answer to the research question could be given and definitive recommendations could be offered 

for the way forward. Outcomes from the studies addressing the objectives were published in peer 

reviewed journals, and the publications (including manuscripts) that form part of the content of 

the chapters are as follows: 

• Chapter 2 - Coertze R. D. & Bezuidenhout C. C.  2019.  Global distribution and current 

research of AmpC beta-lactamase genes in aquatic environments: A systematic review.  

Environmental Pollution, 252, 1633-1642. https://doi.org/10.1016/j.envpol.2019.06.106. 

• Chapter 3 - Coertze R. D. & Bezuidenhout C. C.  2018.  The prevalence and diversity of 

AmpC beta-lactamase genes in plasmids from aquatic systems.  Water Science and 

Technology, 2017(2), 603-611. https://doi.org/10.2166/wst.2018.188. 

• Chapter 4 - Coertze R. D. & Bezuidenhout C. C.  2020.  Detection and quantification of 

clinically relevant plasmid-mediated AmpC beta-lactamase genes in aquatic systems.  

Water Supply, 20(5), 1745–1756. https://doi.org/10.2166/ws.2020.085. 

• Chapter 5 - Will be submitted for publication to the following possible journal: Science of 

the Total Environment. Preliminary title: Relating the prevalence of plasmid-mediated 

AmpC beta-lactamase genes to aquatic environmental factors. 
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CHAPTER 2 - GLOBAL DISTRIBUTION AND CURRENT RESEARCH OF 

AmpC BETA-LACTAMASE GENES IN AQUATIC ENVIRONMENTS: A 

SYSTEMATIC REVIEW 

2.1 Abstract  

AmpC beta-lactamase genes are some of the most common antibiotic resistance genes and 

require special attention once they have become mobilised. The detection of these genes has 

been well documented in clinical settings. However, there is insufficient knowledge of both 

plasmid and chromosomal AmpC genes in aquatic environments. This systematic review aims to 

elucidate the extent of the knowledge gap in the literature regarding the prevalence of AmpC 

beta-lactamase genes in aquatic systems. Using selected criteria, 27 databases were scrutinised 

for relevant peer-reviewed journal articles. No date and language restrictions were applied. 

Journal articles that highlighted the detection of AmpC beta-lactamase genes in environmental 

aquatic systems, including wastewater treatment plants (WWTPs), were included. Of the 950 

literature sources that were identified, 50 were selected for full text analysis based on 

predetermined criteria. Studies on AmpC genes detection were traced in 23 countries. These 

studies focused on surface water (24), wastewater (17), sea water (4) and both surface and 

wastewater (5). Most studies did not specifically aim to detect AmpC genes, but to detect antibiotic 

resistance genes in general. Presently no surveillance protocols, standardised detection methods 

or environmental limits exist for these genes and, due to a paucity of research in this field, it is 

unlikely that such systems will be implemented in the near future. The implications and dynamics 

of AmpC genes in aquatic systems thus remain unclear and this requires intense research to 

ensure potable water supplies and the sustainability of environmental systems that will support 

human health.  

Keywords: AmpC beta-lactamase genes, plasmid-mediated, global distribution, aquatic systems, 

environment. 

2.2 Introduction 

Since the introduction of antibiotics to treat bacterial diseases more than 70 years ago, resistance 

to these antibiotics has evolved within pathogens at a much faster rate than anticipated. These 

pathogens comprise both opportunistic pathogens and microbes that have infiltrated and 

established themselves in human settings globally (WHO 2014). This situation is further 

compromised as no major antibiotic groups have been commercialised since the 1980s (Silver 
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2011). To curb antibiotic resistance (AR) to medicines, sufficient knowledge of their status in all 

ecosystems is vital. 

Various studies have determined the prevalence and impact of AmpC beta-lactamase genes in 

clinical settings/samples globally (Jacoby 2009). Al-Bahry et al. (2012) argue that the global extent 

of efforts to detect antibiotic resistance is crucial as antibiotics are used to curb a variety of life-

threating infectious diseases such as meningitis and tuberculosis. Thus resistance to this group 

of antibiotics results in reduced treatment options in human health and veterinary settings (Kong 

et al. 2010; Shirley 2018). However, earlier studies on the detection of AmpC beta-lactamases 

seldom addressed the dynamics and implications of AmpC genes in aquatic environmental 

systems, which is a knowledge gap that this study aimed to address. 

Aquatic systems crucially connect the integrated dissemination cycle of ARGs as they link clinical, 

agricultural and wastewater treatment factors with human and animal health (Baquero et al. 2008; 

Grenni et al. 2018).  Surface waters act as consistent mobile vectors of ARGs in the environment. 

For example, river water is used for irrigation as well as drinking water for animals (Zhang et al. 

2009). There are no strenuous limits to the number of bacteria that irrigation water may contain, 

and therefore it is generally untreated (Pachepsky et al. 2011). However, it is also a source of 

drinking water (Zhang et al. 2009) and if this water is polluted with high levels of antibiotic resistant 

bacteria (ARB) it will become the dissemination point of various pollutants (Coertze & 

Bezuidenhout 2018).   

Jacoby (2009) presents a summary of research that was conducted on AmpC beta-lactamases 

and highlights the properties of the AmpC enzyme, the regulation of the AmpC gene, information 

on the phylogeny of plasmid-mediated AmpC genes (pAmpCs), the clinical relevance of plasmid 

and chromosomal genes, detection methods, and treatment of organisms that produce these 

genes. However, this review lacks information on how these genes interact and spread within 

aquatic systems.   

No reviews that address the prevalence of AmpC genes in the environment could be traced in the 

literature search. Kong et al. (2010) reviewed beta-lactam antibiotics and discuss their discovery, 

mechanisms of action, AR to beta-lactams, and first isolated beta-lactam ARB. However, no 

mention is made of beta-lactamases in environmental contexts. Zhang et al. (2009) list the 

different types of ARGs that are found in water environments but omit reference to pAmpCs. The 

current review was therefore conducted in the quest to assist researchers to identify gaps in the 

literature regarding the detection of AmpC beta-lactamases in aquatic environments. 
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2.3 Methods 

2.3.1 Eligibility criteria 

This review focused on plasmid and chromosomal AmpC beta-lactamase genes in detection, 

surveillance, method evaluation and/or quantification studies on samples isolated from aquatic 

environments. Data were of a qualitative nature and no meta-analyses were conducted.  

2.3.2 Search strategy and information sources 

The literature was scrutinised using a variety of online databases (n = 27, Figure 2-1). Sources in 

any language and year of publication were considered. The key search terms were chromosomal 

or pAmpCs associated with various aquatic environments, including sediment and wastewater. 

Drinking water was not considered as environmental water. The following combined keywords in 

parentheses, separated by Boolean operators, were used for the search strategy: (ampc OR 

pampc*) AND (water* OR groundwater* OR aqua?* OR environment* OR coastal OR estuaries 

OR estuary OR pond* OR dam* OR sea* OR ocean* OR lake* OR river* OR freshwater* OR 

"fresh water" OR marine* OR wetland* OR "surface water*" OR wastewater* OR "waste water*" 

OR ecosystem* OR sediment*). The search excluded: (hospital* OR clinic OR clinics OR 

veterinary OR "clinical sample*" OR "clinical study" OR "clinical studies"). 

The sources were sorted and managed using EndNote X8.2. Screening focused exclusively on 

information in the titles and abstracts of academic articles in peer-reviewed journals that referred 

to the detection of AmpC genes in aquatic environments. Only experimental studies were 

considered and no review articles were selected. Veterinary environments and studies in clinical 

settings were excluded. The environmental nature of the samples was affirmed by analysing the 

methodology to determine appropriate sampling information. Information on the molecular or 

phenotypic detection of AmpC genes that originated from environmental aquatic sources was 

included, but studies that had negative results or results based on accepted predecessor studies 

(i.e., pseudo results) were excluded. The selection process is illustrated in Figure 2-1.   

2.3.3 Data collection process and data items 

The search strategy, the elimination process and the systematic extraction of information were 

determined before conducting the review. During the initial screening phase, studies that 

mentioned AmpC in the ‘Title’ or ‘Abstract’ and that provided evidence of environmental sources 

were considered for inclusion. Screening of the ‘Title’ and ‘Abstract’ of relevant studies was 

repeated in duplicate by using a blind review process to limit bias. Relevant information was 

extracted from a perusal of the final articles during the full-text analysis process. The information 
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was inserted onto a Microsoft Excel sheet and later summarised in table format (Table 2-2). This 

phase was also repeated in duplicate. The following information was systematically extracted 

from the articles that complied with the final inclusion criteria (Figure 2-1):  

1. Countries and locations of sampling points where AmpC genes were detected; 

2. The detection of both AmpC and non-AmpC genes; 

3. The methods used for AmpC gene detection; 

4. Whether the AmpC gene was chromosomal or plasmid-mediated;  

5. Types of aquatic environments (i.e., surface water, sediments, wastewater) in which the 

AmpC genes were detected; 

6. The presence of bacterial species in which AmpC genes were detected; and 

7. The aims and outcomes of the studies. 

2.3.4 Data synthesis 

Data synthesis was conducted by grouping articles into quality categories. Category placements 

were based on the fact that an ideal study should focus specifically on the detection of the largest 

variety of AmpC genes using quantitative methods. The focus of the study had to be exclusively 

on the detection of AmpC beta-lactamase genes from environmental water samples. AmpC is 

regulated, therefore the article should ideally have focused on both chromosomal and plasmid 

AmpC genes. Ideally, the aims and outcomes of the study should have addressed the impacts of 

detected AmpC genes on the environment. Therefore, a ‘high’, ‘medium’ and ‘low’ scale was 

devised to assess the ‘quality’ or applicability of each individual study based on the criteria listed 

in the preceding section (Table 2-1). 

Table 2-1: Synthesised data given as percentage values and placed in quality categories based on various 

characteristics identified from the selected literature sources. 

Study Characteristics High Medium Low 

Gene focus of study AmpC beta-lactamases (8%) Beta-lactamases & AmpC 
(36%) 

Other ARG Groups & 
AmpC (56%) 

Diversity of AmpC 
genes analysed 

At least five AmpC gene 
groups (28%) 

Fewer than five, more than 
one AmpC gene group 
(10%) 

A single AmpC gene 
(62%) 

Detection method Next-Generation Sequencing 
(2%) / qPCR (30%) 

PCR (60%) / Microarray 
(2%) 

Phenotypic tests (6%) 

DNA type analysed Plasmid & Chromosome (4%) Plasmid (44%) Chromosome (52%) 

Aims and outcomes Specific toward aquatic 
environment impact and/or 
surveillance (58%) 
 

Environmental impact 
discussed, but not the focus 
(24%) 

Environmental impact 
barely/not discussed 
(18%) 

Sampling locations Environmental water sources 
(62%) 

WWTP & surrounding 
waters (10%) 

WWTP (28%) 
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Figure 2-1: Flowchart illustrating the journal article selection process. 

2.3.5 Global distribution model 

In order to demonstrate the scale of the global distribution of AmpC genes in the aquatic systems 

that they focused on, a map was generated as a visual representation of their global distribution. 

The interactive map was created in R (version 3.4.3) in conjunction with the Leaflet (version 1.1.0) 

and integrated Shiny (version 1.0.5) packages. Markers were placed on the map on the precise 

(green), estimated (blue) or unknown (red) sampling points. Precise sampling locations were 

positioned according to the coordinates provided in the article. Estimated markers were based on 

the city representative of a WWTP or the lake or section of a river as mentioned in the article, 

whereas unknown markers were positioned to represent a country or large general region. Study 

areas were added to the map in order to display the approximate study area covered by each 
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article. The countries in which the studies had been conducted were highlighted, thus providing 

information on the number of studies as well as the number of sampling points in that country. 

Due to file compatibility issues of the interactive map that was created, it remains in the 

possession of the author and the Promoter and is electronically available on request. 

2.4 Results and discussion 

The search resulted in 950 potential sources based on the keywords in their titles/abstracts 

(Figure 2-1). Of these, 810 were excluded from full-text screening as 548 were duplicates, 66 

were clinical studies, 131 were not relevant to AmpC detection, and 65 were from non-academic 

journals. Of the 140 articles that were eligible for full-text screening, the following were excluded: 

75 because AmpC had not been detected in the selected aquatic environment; 8 because AmpC 

genes had not been detected; 1 because AmpC genes had been detected in a previous study; 

and 6 because full-text access was not available. Thus 50 articles were selected for full-text 

analysis. Relevant information and article references are summarised in Table 2-2 

(supplementary material).  

The earliest of the 50 articles was published in 2003. The relatively recent introduction and 

escalation of environmental AmpC studies are possibly due to the shocking revelation of 

increasing cephamycin-resistant isolates in the first decade of the 21st century (Handa et al. 2013). 

Extracting information from these studies illuminated the extent of AmpC gene distribution in 

aquatic systems globally. Moreover, the focus and outcomes of these studies elucidated 

developments in AmpC studies and their link with potential ecological and human health risks. 

However, the diverse foci, gaps in geographical distance, and the discontinuity of the studies 

made it impossible to deduce historical trends in the origin and dissemination patterns of AmpC 

genes in aquatic systems. The paucity of such studies is cause for concern, considering that beta-

lactams remain a preferred group of antibiotics although resistance to them is increasing. Thus, 

to implement monitoring and preventative measures, extensive historical data on AmpC gene 

dynamics in aquatic environments are vital. 

2.4.1 Global distribution of the reviewed literature  

The prevalence of AmpC genes in aquatic systems has been reported in only 23 of 193 countries 

that are internationally recognised by the United Nations (Table 2-2, Figure 2-2). However, the 

number of articles is biased towards the strict selection criteria of this review that excluded 

information from grey data sets. Data on AmpC genes are thus unavailable in peer-reviewed data 

sets for most countries, although the beta-lactam antibiotics group makes up approximately 65% 

of antibiotics used (Thakuria & Lahon 2013). 
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The 50 studies were conducted on six continents (Table 2-2, Figure 2-2). Stoll et al. (2012) and 

Yang et al. (2012) conducted studies in multiple countries. In Africa, four studies were conducted 

in three countries: South Africa (2), Nigeria (1) and Tunisia (1). In Asia, 21 studies were conducted 

in seven countries: China (12), India (2), Indonesia (1), Singapore (1), South Korea (1), Thailand 

(1) and Turkey (2). Only one study was conducted in Australia. In Europe, sixteen studies were 

conducted in eight countries: Croatia (1), Estonia (2), Germany (6), Greece (1), Poland (1), Spain 

(1), Sweden (2) and Switzerland (1). Only one study was conducted in an oceanic region, namely 

the Baltic Sea. In North America, nine studies were conducted in three countries: Canada (4), 

Guadeloupe (1) and the USA (4). In South America, three studies were conducted in Brazil. 

 

Figure 2-2: Locations where AmpC genes were found in aquatic systems globally. Exact coordinates are 

represented by green markers, approximate coordinates by blue markers and uncertain coordinates by red 

markers. 

No peer-reviewed records could be traced that recorded AmpC genes in the Arctic or Antarctic 

regions. The total study area comprised approximately 7.29E5 km2 which is less than 1% of the 

earth’s surface. This coverage estimate may be increased if grey data are included and the 

inclusion criteria are relaxed. However, there is clearly a disconcerting lack of data pertaining to 

developing countries. For instance, only three and four studies could be traced regarding South 
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America and Africa respectively. Concerted efforts should thus be made to conduct studies on 

ARGs in developing countries. 

2.4.1.1 Aquatic environments as reservoirs of AmpC genes 

A review of the articles revealed that 62% detected AmpC genes in a source from aquatic 

environments such as rivers, lakes, groundwater and oceans (Table 2-1). Several articles stated 

that, due to the prevalence of AmpC genes in aquatic environments, the latter might act as 

reservoirs and distribution systems for ARGs. Metagenomic analyses of ocean water (Tiirik et al. 

2014) established a vast diversity of bacterial phyla in this environment with evidence of ARGs 

among these bacteria. ARB and ARGs are thus present in aquatic environments, yet the 

mechanisms that drive resistance to them are still not understood and thus the dispersal of ARGs 

to human settings requires rigorous investigation.  

Evidence exists that bacteria from aquatic system reservoirs may spread to surrounding terrestrial 

environments and possibly to human settings. Kim et al. (2008) (Table 2-2) report that the ARGs 

that were detected in E. coli surface water isolates were also found in humans from surrounding 

clinical settings and agricultural environments. Njage and Buys (2015) also detected AmpC-

harbouring E. coli in the irrigation water of lettuce in South Africa.  

The greatest threat regarding potential pathogens in aquatic reservoirs is the acquisition of AR by 

horizontal gene transfer. This occurs if the aquatic system is exposed to sub-inhibitory levels of 

antibiotics, thus creating a selective pressure which may be slow in highly diluted systems such 

as rivers or lakes. However, the survival of ARB and the exchange of DNA by horizontal gene 

transfer mechanisms still occur after the removal of a selective pressure (Li et al. 2017), which 

demonstrates the survival capability of these organisms. 

Influxes of antibiotic constituents and heavy metals into WWTPs act as selective pressures and 

lead to the selection of ARB before entering the aquatic environment (Li et al. 2018). Moreover, 

ongoing evolution and the exchange of ARGs are continuously occurring in this environment, 

possibly at dramatic rates due to the close proximity of these organisms to high levels of selection 

constituents (Rizzo et al. 2013). WWTPs fuel downstream environments with pollutants and this 

results in nutrient pollution, selective pressure, and physical-chemical parameter distortions (Tang 

et al. 2016). Of the reviewed articles, 28% detected AmpC in WWTPs, which was the focus of 

these studies (Table 2-1). However, in an environmental context these articles lacked 

investigation of AmpC genes entering the aquatic environment, which could have provided insight 

into the dissemination mechanisms of these genes. 
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Table 2-2: Summary of appropriate information extracted from selected full-text articles. 

References 

(Country) 

Genes detected 

(Detection 

method)  

Aquatic system Target bacteria Aim  Main findings 

Schwartz et al. 

(2003) 

 (Germany) 

AmpC:  ampC  

Non-AmpC:  

Beta-lactam, 

Vancomycin  

Integrons:  ND 

(PCR) 

Surface Water 

(River), 

Wastewater 

(Hospital, 

Sewage), 

Drinking Water 

Enterobacteriaceae 

isolates, Mixed 

Cultures 

To detect ARB and their 

resistance genes from various 

aquatic environments in 

biofilms 

• vanA, mecA and ampC genes were detected in 

almost all aquatic biofilms.  

• ampC was also detected in bacteria from sewage 

and river water, hospital wastewater and drinking 

water biofilms of total genomic DNA, but not from 

cultivated bacteria in drinking water and hospital 

wastewater.  

Volkmann et al. 

(2004) 

 (Germany) 

AmpC:  ampC  

Non-AmpC:  

Beta-lactam, 

Vancomycin  

Integrons:  ND  

(qPCR) 

Wastewater 

(WWTP) 

Mixed Cultures To test the use of TaqMan-

based detection methods for 

ARGs on complex 

environmental samples. 

• mecA, vanA and ampC genes were detected by 

real-time PCR in mixed environmental DNA 

samples.  

• A method for routine monitoring of ARGs in 

wastewater samples was demonstrated.  

Volkmann et al. 

(2007)  

 

 (Germany) 

AmpC:  ampC  

Non-AmpC:  

Beta-lactam, 

Vancomycin  

 

Integrons:  ND 

(qPCR) 

Wastewater 

(WWTP) 

Mixed Cultures To determine the effects of 

inhibitory substances and 

cross-reaction effects on real-

time PCR when used for 

detection of ARGs in total 

wastewater DNA 

• Confirmation that genes may be disseminated 

across taxonomic boundaries which limits 

taxonomic detection.  

• Functional genes may be reliable targets for qPCR. 

• Bias exists based on detection primers and the 

availability of DNA references from GenBank. 
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Kim et al. 

(2008) 

 (South Korea) 

AmpCp:  CMY-1  

Non-AmpC:  

Beta-lactam  

Integrons:  intI1 

(PCR) 

Surface Water 

 (River) 

E. coli To determine the presence of 

extended-spectrum beta-

lactamase genes and class 1 

integrons from resistant E. coli 

in the Han River, Korea 

• ARGs and associated Class 1 integron genes 

corresponded to those found in other clinical and 

agricultural settings in the surrounding areas.  

• The study highlights that river water may act as a 

reservoir for ARGs. 

Sharma et al. 

(2008)  

 (India) 

AmpC:  ampC  

Non-AmpC:  

Beta-lactam  

Integrons:  ND 

(PCR) 

Surface Water 

(River) 

Enterobacter sp. To detect blaSHV, blaTEM ampC 

genes from ESBL-producing 

strains of Enterobacter species 

from the Narmada River, India 

• Multidrug resistant Enterobacter species were 

detected in the Narmada River. 

• Most of the isolates were ESBL producers. 

• All isolates were positive for the ampC gene and 

could lead to serious clinical health effects. 

Heider et al. 

(2009)  

 (USA) 

AmpCp:  CMY-2  

Non-AmpC:  ND  

Integrons:  ND 

(PCR) 

Wastewater 

(Sewage) 

E. coli, S. enterica To determine the similarity of 

blaCMY-2 from E. coli and S. 

enterica isolates in terms of 

genotype and phenotype and 

to determine expanded 

spectrum activity to fourth-

generation cephalosporin 

drugs of the blaCMY-2 alleles 

• Most E. coli and S. enterica isolates were 

homologous to blaCMY-2, E. coli more so than S. 

enterica, indicating faster evolution in S. enterica.  

• One E. coli isolate was only 90% homologous and 

had lower minimum inhibitory concentrations to a 

variety of antimicrobials.  

• Different isolation practices were used for the two 

species which could have affected the outcomes. 

Mataseje et al. 

(2009)  

 (Canada) 

AmpCp:  ampC, 

CMY-2  

Non-AmpC:  ND  

Integrons:  ND 

(PCR) 

Surface Water 

(Ocean beaches), 

Drinking Water 

E. coli To characterise and determine 

plasmid and chromosomal 

ampC genes from cefoxitin-

resistant E. coli isolated from 

recreational beaches and 

drinking water 

• blaCMY-2 was the only acquired AmpC-type gene in 

cefoxitin resistant E. coli isolates.  

• Similarities of blaCMY-2 between water E. coli isolates 

and clinical samples were established.  

• Mutations of the chromosomal ampC promoter 

occurred which was linked with hyperexpression. 
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Böckelmann et 

al. (2009) 

 (Spain) 

AmpC:  ampC  

Non-AmpC:  

Beta-lactam, 

MLSB, 

Vancomycin  

Integrons:  ND 

(qPCR) 

Surface Water 

(River), 

Wastewater 

(WWTP) 

Mixed cultures To assess water quality of 

recharged aquifers from 

Torreele, Sabadell and Nardo 

in terms of ARGs, faecal 

indicators and bacterial 

pathogens 

• ampC was detected only twice; once in river 

following WWTP effluent and in WWTP effluent. 

• Different capacities for removal of faecal 

contamination and resistance genes were observed 

in the three aquifer recharge systems.  

• Detection of tetO, ermB and mecA suggests that 

groundwater may act as a source of AR in the food 

chain.  

Al-Bahry et al. 

(2012)  

 (Oman) 

AmpCp:  CMY-

39, CMY  

Non-AmpC:  

Beta-lactam  

Integrons:  ND 

(PCR*) 

Surface Water 

(sea-green turtle) 

Citrobacter freundii, 

P. aeruginosa, 

Morganella morganii 

To detect Gram-negative 

bacteria from green turtle 

oviductal fluid and screening 

for beta-lactamase ampicillin 

resistant isolates and detection 

of AmpC and ESBL resistance 

genes as part of biomonitoring 

• ARBs carrying AmpC genes were isolated from the 

oviductal fluid of green sea turtles.  

• Biomonitoring of sea turtles could be used to 

indicate the state of environmental pollution from the 

surrounding regions.  

Stoll et al. 

(2012)  

 (Australia, 

Germany) 

AmpC:  ampC  

Non-AmpC:  

Aminoglycoside, 

Beta-lactam, 

FCA, MLSB, 

Sulfonamide, 

Other/Efflux  

Integrons:  ND 

(PCR) 

Surface Water 

(River) 

Mixed Cultures To detect clinically relevant 

antibiotic resistance genes 

from surface water originating 

from Australia and Germany 

• Surface waters act as reservoirs for ARGs and these 

genes could be transferred to pathogens. 

• ARGs were detected from surface water that 

conveyed resistance to the following groups of 

antibiotics: trimethoprim, beta-lactams, 

sulfonamide, macrolides, tetracyclines and 

chloramphenicols. 

Yang et al. 

(2012) 

 (China, USA, 

AmpC:  ampC  

Non-AmpC:  

Wastewater 

(Activated sludge) 

Mixed cultures To detect, quantify and 

determine the diversity of beta-

• A vast diversity of beta-lactamase genes exists 

within activated sludge.  
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Canada, 

Singapore) 

Beta-lactam  

Integrons:  ND 

(qPCR) 

lactam antibiotic resistance 

genes from activated sludges 

• Among the various groups of beta-lactamase genes, 

ampC was more genetically diverse. 

• Wastewater effluent serves as a vector to spread 

ARGs into aquatic environments. 

Nõlvak et al. 

(2013) 

 (Estonia) 

AmpC:  ampC  

Non-AmpC:  

FCA, MLSB, 

Sulfonamide, 

Tetracycline  

Integrons:  ND 

(qPCR) 

Wastewater 

(WWTP, Wetland 

media biofilm) 

(Constructed 

wetlands) 

Mixed Cultures To study the relationships and 

dynamics of ARGs within a 

horizontal subsurface flow 

constructed wetland and its 

treatment efficiency.   

• During the wastewater treatment process of the 

constructed wetland, a reduction in ARGs was 

observed.  

• Effluent contained similar amounts of ARGs to that 

of conventional wastewater treatment processes.  

• Antibiotic resistant microbes interact differently with 

wetland media biofilms which should be further 

investigated.  

• Wastewater effluent serves as a vector to spread 

ARGs into aquatic environments. 

Shi et al. (2013) 

 (China) 

AmpC:  ampC  

Non-AmpC:  

Aminoglycoside, 

Beta-lactam, 

MLSB, 

Sulfonamide, 

Tetracycline  

Integrons:  intI1, 

intI2, intI3, intI9 

(High-

throughput 

sequencing) 

Drinking Water Mixed cultures To determine the effects of 

chlorination on ARGs in 

drinking water using 

metagenomic methods 

• ampC was among the most frequently detected 

ARG. 

• Disinfection of drinking water by chlorination may 

affect microbial structures and enrich certain ARGs, 

bacteria and mobile genetic elements.  

• This enrichment could be due to over-replications of 

plasmids, shift of microbial communities and 

multidrug efflux pumps-mediated co-resistance. 

• Tap water may contain ARGs and ARB that could 

impact human health. 
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Voolaid et al. 

(2013)  

 (Estonia) 

AmpCp:  FOX  

Non-AmpC:  ND  

Integrons:  ND 

(PCR*) 

Surface Water 

(Not specified) 

E. coli, Klebsiella 

spp, E. cloacae, 

Aeromonas spp 

To determine the prevalence of 

AmpC beta-lactamase genes 

from freshwater environmental 

bacteria isolates 

• FOX genes were detected in most Aeromonas 

isolates, indicating the widespread persistence of 

AmpC genes in environmental freshwater.  

• Clinical and environmental FOX genes were 

evolutionary diverse, indicating separate evolution 

patterns and no recent exchange from 

environmental to clinical settings, although it still 

remains a possibility. 

Maravić et al. 

(2013) 

 (Croatia) 

AmpCp:  FOX-2  

Non-AmpC:  

Beta-lactam  

Integrons:  intI1, 

intI2 

(PCR*) 

Surface Water 

(Sea – Mussels) 

Aeromonas caviae To determine the prevalence of 

beta-lactamases in Aeromonas 

species isolates from wild-

growing Mediterranean 

mussels in the Adriatic Sea. 

• A significant level of multidrug resistant Aeromonas 

species was isolated from wild-growing mussels.  

• The isolates were considered as reservoirs for 

AmpC and ESBL genes.  

Yim et al. 

(2013) 

 (Canada) 

AmpCp:  DHA-1  

Non-AmpC:  

Beta-lactam  

Integrons:  intI1 

(PCR) 

Wastewater 

(WTTP) 

C. freundii To investigate the presence for 

plasmid-mediated quinolone 

resistance genes from a 

wastewater treatment plant in 

Canada 

• The presence of qnrB4-ampC genes in plasmids, 

which share characteristics with clinical Klebsiella 

strains, suggests that WWTPs serve as reservoirs 

for these genes and resulted in the eventual 

dissemination into clinical settings. 

Yin et al. (2013) 

 (China) 

AmpCp:  ECB, 

MOX  

Non-AmpC:  

Beta-lactam  

Integrons:  intI1, 

intI2 

(PCR*) 

Surface Water 

(Lake) 

Stenotrophomonas, 

Bacillus, 

Microbacterium, 

Comamonas 

To determine how and where 

ARBs are distributed within 

Lake Taihu, China, and how 

their detected ARGs 

disseminated within this 

environment. 

• A diversity of ARB exists within the surface water of 

Lake Taihu.  

• Some environmental factors may affect the 

variations of ARB observed.  

• Dissemination of ARGs across bacterial species by 

horizontal gene transfer mechanisms was observed 
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and could imply dissemination to human and animal 

settings. 

Su et al. (2014)  

 (China) 

AmpC:  ampC  

Non-AmpC:  

Aminoglycoside, 

FCA  

Integrons:  intI1, 

intI2 

(PCR) 

Wastewater 

(WWTP) 

E. coli To determine AR profiles, 

quinolone and ampC 

resistance and integron genes 

and the removal effects of 

wastewater treatment plants 

• Biological units (i.e., anaerobic processes) have 

high frequencies of horizontal gene transfers.  

• Wastewater treatment plants serve as a reservoir for 

ARGs where recombination of these genes may 

occur, followed by environmental dissemination.  

• Disinfestation processes may reduce environmental 

contamination; however, bacteria harbouring AR 

plasmids still enter the environment. 

• Wastewater effluent serves as a vector to spread 

ARGs into aquatic environments. 

Keelara and 

Thakur (2014)  

 (USA) 

AmpCp:  CMY-2  

Non-AmpC:  

Beta-lactam, 

Kanamycin, 

Tetracycline  

Integrons:  ND 

(PCR) 

Surface Water 

(Lagoon - Pig 

farming) 

Salmonella spp. To determine the 

dissemination of plasmid-

mediated AmpC beta-

lactamase genes in resistant 

Salmonella isolates from 

agricultural settings 

• Plasmid-encoding AmpC beta-lactamases were 

identified in Salmonella serovars in which exchange 

of AR determinants took place.  

• Swine environments may serve as reservoirs for 

dissemination of ARGs in the food chain and may be 

responsible for clinical infections.  

• Isolates that were detected are associated with 

foodborne outbreaks. 

Tiirik et al. 

(2014) 

 (Baltic Sea) 

AmpC:  ampC  

Non-AmpC:  

Beta-lactam, 

MLSB, 

Sulfonamide, 

Sea Water Mixed Cultures To determine the 

bacterioplankton structure and 

abundance of the bacterial 

community along with their 

seven ARGs in the Baltic Sea 

• All the tested ARGs were detected from all sampling 

sites within bacterioplankton in the Baltic sea. 

• Dominant phyla were Protobacteria, Actinobacteria 

and Bacteroidetes.  

• Although ampC was detectable in some samples, 

the copy number was below the quantification limit 

and thus disregarded from further discussions. 
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Tetracycline  

Integrons:  ND 

(qPCR) 

• TetA was the most prevalent AR gene in relation to 

the 16S rRNA genes of the entire bacterial 

community.  

Abgottspon et 

al. (2014) 

 (Switzerland) 

AmpCp:  CMY-2  

Non-AmpC:  

Beta-lactam  

Integrons:  ND 

(PCR) 

Surface Water 

(Lake - Fish) 

E. coli To conduct analyses on fish gut 

Enterobacteriaceae for 

antimicrobial susceptibility, 

associated AR gene detection, 

multilocus sequence typing 

and to determine phylogenetic 

groups  

• The detection of extended-spectrum beta-

lactamase and ampC genes in the gut of fish implies 

that these genes could originate from the 

environment and may be acquired through a 

horizontal gene transfer mechanism. 

• The motility of fish could lead to further 

dissemination over large areas. 

Yuan et al. 

(2014)  

 (China) 

AmpC:  ampC  

Non-AmpC:  

Aminoglycoside, 

MLSB, 

Sulfonamide, 

Tetracycline, 

Vancomycin  

Integrons:  ND 

(qPCR) 

Wastewater 

(WWTP) 

Mixed Cultures To assess the impact of a 

municipal wastewater 

treatment plant in terms of 

release of ARBs and their 

associated genes. 

• Significant reductions of both ARB and ARGs were 

observed during the wastewater treatment process.  

• Biological treatment resulted in greater reduction 

than UV disinfection.  

• COD and turbidity of raw sewage were positively 

related to ARGs and ARB levels; however, they had 

an inverse effect in the effluent.  

• Wastewater effluent serves as a vector to spread 

ARGs into aquatic environments. 

Li et al. (2014) 

 (USA) 

AmpC:  ampC  

 

Non-AmpC:  ND  

 

Integrons:  ND 

(Kirby-Bauer 

method) 

Surface Water 

(Irrigation ponds) 

S. enterica To determine the diversity of S. 

enterica isolates, as well as 

their antimicrobial resistance 

from surface water in South-

eastern USA 

• Isolation of S. enterica resulted in higher recoveries 

and shorter turnaround times.  

• The isolates were multidrug resistant and AmpC 

producing isolates which have previously been 

associated with recent Salmonella foodborne 

outbreaks at the time from clinical settings.  
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• Highlights the possibility that irrigation water may 

spread antibiotic resistant pathogens to fresh 

produce.  

Alexander et al. 

(2015) 

 (Germany) 

AmpC:  ampC  

 

Non-AmpC:  

Beta-lactam, 

MLSB, 

Vancomycin  

Integrons:  ND 

(qPCR) 

Surface Water 

(River),  

Wastewater 

(WWTP), 

Groundwater 

Mixed Cultures To characterise the 

taxonomical marker genes and 

ARGs of opportunistic aquatic 

bacteria. 

• ARGs copies in WWTPs were higher after the 

treatment process.  

• Surface waters downstream of the plant had high 

prevalence of ARGs.  

• Demonstrated how ARGs may easily spread to the 

environment from WWTPs. 

• Alternative monitoring and detection methods are 

required for these genes of anthropoenically 

influenced environments. 

Capkin et al. 

(2015) 

 (Turkey) 

AmpC:  ampC  

Non-AmpC:  

Beta-lactam, 

Sulfonamide, 

Tetracycline  

Integrons:  intI1, 

intI2 

(PCR) 

Surface Water 

(Lake - Fish) 

E. coli, Citrobacter 

diversus, E. 

cloacae, K. oxytoca, 

S. fonticola, E. 

aerogenes 

To determine AR levels from 

bacteria isolated from Rainbow 

trout and their surrounding 

environment, as well as the AR 

index and horizontal gene 

transfer of ARGs. 

• ARGs were prevalent among all bacterial isolates.  

• Some of the isolates harbouring plasmids were able 

to transfer their plasmids to recipients of the same 

species.  

• Implying the spread of AR within a waterbody and 

its marine life which could lead to difficulty to treat 

diseases in aquaculture settings.  

Kwak et al. 

(2015) 

 (Sweden) 

AmpCp:  CMY-2  

Non-AmpC:  

Beta-lactam  

Integrons:  ND 

(Microarray) 

Wastewater 

(WWTP) 

E. coli To evaluate a method used for 

the surveillance of 

antimicrobial resistance from 

E. coli isolated from 

wastewater in Stockholm. 

• The screening method used in this study was able 

to determine the frequency of ARGs. 
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• The method could be used as a surveillance of AR 

among faecal bacteria in wastewater.  

• This method could measure possible emerging 

resistance which is often not detected in clinical 

studies.  

• Wastewater effluent serves as a vector to spread 

ARGs into aquatic environments. 

Njage and Buys 

(2015) 

 (South Africa) 

AmpCp:  ACC-1, 

ACC-2, FOX-1, 

FOX-5, MOX-1, 

MOX-2, CMY-1, 

CMY-8 - CMY-

11, CMY-19, 

DHA-1, DHA-2, 

LAT-1 - LAT-3, 

BIL-1, CMY-2 - 

CMY-7, CMY-

12, CMY-18, 

CMY-21, CMY-

23  

 

Non-AmpC:  

Beta-lactam  

(PCR) 

 

Integrons:  ND 

Surface Water 

(Irrigation water) 

E. coli To determine if ESBLs and 

AmpC beta-lactamases can be 

transferred from irrigation 

water to E. coli isolates on 

lettuce. 

• ESBLs were more prevalent than AmpC beta-

lactamases.  

• There was a correlation between the E. coli found in 

the irrigation water and that found on lettuce.  

• Both the dissemination of ARGs by horizontal gene 

transfer mechanisms and direct contamination with 

resistant pathogens were suggested.  
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Titilawo et al. 

(2015) 

 (Nigeria) 

AmpC:  ampC  

Non-AmpC:  

Aminoglycoside, 

Beta-lactam, 

FCA, 

Sulfonamide, 

Tetracycline 

Integrons:  ND 

(PCR) 

Surface Water 

(River) 

E. coli To determine the prevalence 

and diversity of ARGs of E. coli 

which were isolated from rivers 

in Nigeria 

• E. coli isolates in this study harboured a large 

diversity of ARGs.  

• Communities are dependent on these water sources 

and this could imply serious health issues if these 

faecal contaminants come into contact with humans.  

• Prevention programs and surveillance of bacteria 

harbouring these genes should be developed and 

implemented. 

Bajaj et al. 

(2015) 

 (India) 

AmpCp:  CMY-

42  

 

Non-AmpC:  

Beta-lactam  

 

Integrons:  ND 

(PCR*) 

Surface Water 

(River) 

E. coli To determine correlation 

between AR and phylogroups. 

Beta-lactamase genes that 

were identified from isolated 

Eshcerichia coli from the 

Yamuna River, India 

• Waterborne E. coli resistant to third-generation 

cephamycins and cephalosporins were prevalent in 

the rivers. 

• First study to report blaCMY-42 in waterborne E. coli. 

• The study highlights the importance for routine 

surveillance of these organisms in aquatic systems 

to avoid health related problems. 

de Faria et al. 

(2016) 

 (Brazil) 

AmpC:  ampC  

 

Non-AmpC:  

Aminoglycoside, 

Beta-lactam, 

MLSB, 

Sulfonamide  

Integrons:  ND 

(PCR) 

Surface Water 

(Stream, lake) 

Mixed Cultures To investigate the presence of 

ARGs in aquatic environments 

to identify resistant 

microorganisms that may act 

as reservoirs for ARGs 

• Multiple ARGs were detected from surface water in 

the Zoo under study conveying resistance to a 

variety of antibiotics. 

• These genes were possibly due to a nearby 

wastewater source.  

• These genes could be transferred to animal and 

human pathogens, thus the findings of this study 

could be used to devise strategies to avoid future 

spread. 
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Ben Said et al. 

(2016) 

 (Tunisia) 

AmpCp:  CMY-2  

 

Non-AmpC:  

Aminoglycoside, 

Beta-lactam, 

FCA, 

Sulfonamide, 

Tetracycline 

Integrons:  intI1 

(PCR*) 

Surface Water 

(River),  

Wastewater 

(WWTP) 

E. coli To detect plasmid-mediated 

AmpC beta-lactamases and 

extended-spectrum beta-

lactamases from wastewater 

treatment plants to determine if 

these genes were being spread 

to other environments  

• ESBLSs and pAmpCs were more prevalent in 

wastewater than in surface water.  

• E. coli from waste water probably originated from 

human and animal sources.  

• Genes were frequently disseminated by 

conjugation; thus wastewater acts as a vehicle of 

multidrug resistant E. coli.  

• Wastewater effluent serves as a vector to spread 

ARGs into aquatic environments. 

Fernando et al. 

(2016) 

 (Canada) 

AmpC:  ampC  

 

Non-AmpC:  

Beta-lactam  

 

Integrons:  ND 

(qPCR) 

Surface Water 

(Lake, river), 

Drinking Water 

Mixed Cultures To determine the presence of 

ARGs from drinking and source 

water from a first nations 

community, Canada. 

• Community in developing countries also have 

antibiotic resistance genes in various aquatic 

environments surrounding human settings.  

• Humans are directly exposed to these environments 

and thus could obtain these resistance genes. 

Lin et al. (2016) 

 (China) 

AmpCp:  ampC, 

CMY, MOX  

 

Non-AmpC:  

Aminoglycoside, 

Beta-lactam, 

FCA, MLSB, 

Sulfonamide, 

Tetracycline, 

Vancomycin, 

Wastewater 

(WWTP) 

Mixed Cultures To determine the effects of 

chlorination on ARGs found in 

an aquatic environment. 

• 125 unique ARGs were detected using the qPCR. 

• The number of ARGs reduced after chlorination. 

• Copy numbers of the ARGs decreased after 

chlorination, with the exception of six genes which 

appeared to be enriched. 

• Removal of ARGs is more likely than co-selection by 

chlorine. 

• Wastewater effluent serves as a vector to spread 

ARGs into aquatic environments. 
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Other/Efflux  

 

Integrons:  intI1 

(qPCR) 

 

 

Stange et al. 

(2016) 

 (Germany) 

AmpC:  ampC  

 

Non-AmpC:  

Beta-lactam, 

Sulfonamide, 

Tetracycline, 

Other/Efflux  

 

Integrons:  intI1, 

intI2 

(PCR) 

Surface Water 

(River) 

E. coli, Citrobacter 

sp, Enterobacter sp, 

To study the occurrence of 

integrons, ARGs and virulence 

genes in E. coli and coliform 

bacteria isolated from river 

water 

• Among the various isolates, a number of ARGs, 

conveying resistance to various classes of 

antibiotics, were detected. 

• Also detected were virulence genes and integrons.  

• Isolates were detected in water adjacent to a human 

setting. 

• Management strategies must be developed in order 

to minimise the potential human health threat of 

these bacteria and genes that may spread to 

humans and animals.  

Zhang et al. 

(2016) 

 (China) 

AmpCp:  FOX, 

EBC  

 

Non-AmpC:  

Sulfonamide, 

Tetracycline  

 

Integrons:  intI1 

(qPCR) 

Wastewater 

(Leachate),  

Surface Water 

(Not specified) 

Mixed Cultures To determine the presence of 

ARGs in a landfill leachate 

treatment plant, as well as 

evaluating the abundance of 

ARGs in its surface waters and 

effluent-receiving soil 

• Some ARGs were removed from the effluent.  

• Metals may be responsible for the presence and 

maintenance of ARGs in surface water and 

leachate.  

• Leachate may contribute more to the contamination 

of the environment with ARGs than effluent from 

WWTPs.  

• Removal strategies and environmental limits of 

ARGs should be further developed.  
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de Oliveira and 

Van Der Sand 

(2016) 

 (Brazil) 

AmpC:  ampC  

 

Non-AmpC:  

Beta-lactam  

 

Integrons:  ND 

(Modified Hodge 

test) 

Surface Water 

(Stream), 

Wastewater 

(Wastewater) 

E. cloacae, K. 

pneumoniae 

To evaluate phentypic methods 

which detect enterobacteria 

that produce beta-lactamases 

isolated from surface water and 

wastewater, Brazil. 

• The phenotypic methods were able to determine 

beta-lactamase producing isolates from the various 

polluted environments.  

• It demonstrated a method for rapid detection of AR 

to prevent future spread.  

• Wastewater effluent serves as a vector to spread 

ARGs into aquatic environments. 

Sudarwanto et 

al. (2017) 

 (Indonesia) 

AmpC:  ampC  

 

Non-AmpC:  

Beta-lactam  

 

Integrons:  ND 

(disc diffusion 

test) 

Wastewater 

(Untreated) 

E. coli To identify MDR ESBL/AmpC 

producing E. coli from a 

slaughterhouse environment in 

Indonesia. 

• The largest portion of MDR ESBL/AmpC producing 

E. coli was from the untreated wastewater which 

could infect the surrounding environment.  

• Better hygiene practices needed to be implemented 

in order to prevent contamination of the surrounding 

environment.  

• These MDR isolates could cause severe health 

issues to food safety and human settings.  

• Wastewater effluent serves as a vector to spread 

ARGs into aquatic environments. 

Huang et al. 

(2017) 

 (China) 

AmpCp:  FOX, 

EBC  

 

Non-AmpC:  

MLSB, 

Sulfonamide, 

Tetracycline  

Integrons:   intI1 

Surface Water 

(Pond) 

Mixed Cultures To determine the presence of 

ARGs in shared and non-

shared fish and duck 

production ponds. 

• ARGs were more abundant in mono aquaculture 

practices compared to integrated culture scenarios. 

• ARGs accumulated in sediment.  

• FOX and EBC that were observed in clinical settings 

were increasing in livestock. 

• tetA gene could be used as a potential indicator of 

tetracycline resistance genes in aquaculture 
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(qPCR) environments as part of a health risk assessment 

study. 

Egervärn et al. 

(2017) 

 (Sweden) 

AmpCp:  CMY-2  

 

Non-AmpC:  

Beta-lactam  

 

Integrons:  ND 

(PCR*) 

Surface Water 

(Not specified) 

E. coli To determine the 

characteristics and prevalence 

of extended-spectrum 

cephalosporinase E. coli in 

surface water, intended for 

drinking purposes, 

downstream from WWTPs.  

• Extended-spectrum cephalospinase E. coli of 

clinical concern were detected in aquatic 

environments.   

• Similar isolates had previously been detected in 

clinical settings, thus suggesting that humans may 

be a potential source.  

• It was suggested that more extensive studies be 

conducted to analyse a large portion of Swedish 

water bodies in light of the current findings. 

• Such data will assist in future risk management 

strategies, especially considering the indended 

drinking purpose of the polluted surface water. 

Assawatheptaw

ee et al. (2017) 

 (Thailand) 

AmpCp:  CMY-2  

 

Non-AmpC:  

Beta-lactam  

 

Integrons:  ND 

(PCR*) 

Surface Water 

(Pond, canal) 

E. coli To determine the occurrence of 

ESBLs and AmpC-beta 

lactamase genes in E. coli 

isolates from water 

environments in Northern 

Thailand 

• E. coli carrying blaCTX-M and blaCMY-2 were identified 

from water environments.  

• The presence of E. coli ST131 harbouring blaCTX-M 

is of particular concern, because it is known to cause 

severe infections. 

• Considering the dangers this might hold for 

surrounding communities, surveillance of resistant 

bacteria in water environments must be 

implemented.  

Xu et al. (2017) 

 (China) 

AmpCp:  EBC, 

MOX, FOX, CIT  

 

Non-AmpC:  

Wastewater 

(WWTP) 

Mixed Cultures To determine the distribution of 

AmpC beta-lactamase and 

tetracycline resistance genes 

in non-urban sewage plants 

• The anaerobic/oxic process was the most efficient in 

the removal of ARGs.  

• MOX and EBC were most frequently detected and 

FOX and CIT less frequently so. 
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Tetracycline  

 

Integrons:  ND 

(PCR*) 

and how they correlate with 

treatment processes and 

heavy metals 

• The relative abundance of ARGs was significantly 

related to metal concentrations.  

• Sedimentation eliminated ARGs.  

• Effluent did not contain such high residual ARGs as 

were found within excess sludge. 

• Wastewater effluent serves as a vector to spread 

ARGs into aquatic environments. 

Capkin et al. 

(2017) 

 (Turkey) 

AmpC:  ampC  

 

Non-AmpC:  

Aminoglycoside, 

FCA, 

Sulfonamide, 

Tetracycline  

 

Integrons:  intI1, 

intI2 

(PCR) 

Surface Water 

(Lake - Fish) 

Various species To determine the levels of 

ARBs among bacteria isolated 

from farmed rainbow trout and 

to determine whether 

horizontal gene transfer of 

ARGs occurred. 

• A strong correlation existed between the presence 

of ARGs and phenotypic ARB.  

• The use of antibiotics in aquaculture was directly 

related to ARBs and ARGs.  

• Horizontal gene transfer was potentially responsible 

for the exchange of ARGs in the environment. 

• It was suggested that controls and legal regulations 

of antibiotic use in aquaculture may reduce gene 

dissemination.  

de Oliveira et al. 

(2017) 

 (Brazil) 

AmpCp:  ACT-1, 

MIR-1  

 

Non-AmpC:  

Beta-lactam  

 

Integrons:  ND 

(PCR*) 

Surface Water 

(Stream), 

Wastewater 

(Sewage) 

Enterobacter sp. To determine clonal 

relationships among 

Enterobacteriaceae isolates 

along with the detection and 

identification of ARGs 

• Various beta-lactamase genes were found in 

environmental settings, including ACT-1 and MIR-1.  

• The findings highlight the need for environmental 

monitoring of resistant bacteria.  

• In addition, disinfection procedures and water 

management systems must be developed to reduce 

the concentration of these genes in the environment 
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• Wastewater effluent serves as a vector to spread 

ARGs into aquatic environments. 

Guyomard-

Rabenirina et al. 

(2017) 

 (Guadeloupe) 

AmpCp:  CMY-2, 

CMY-8  

 

Non-AmpC:  

Beta-lactam  

 

Integrons:  ND 

(PCR) 

Surface Water 

(River), 

Wastewater 

(WWTP) 

E. coli To evaluate the AR of 

Enterobacteriaceae in surface 

waters followed by 

characterisation of ESBL and 

AmpC beta-lactamase genes 

in Guadeloupe. Finally, to 

determine the genetic 

background of E. coli in order to 

link the isolates to those of 

human infections. 

• It was determined that WWTPs were not able to 

eliminate ARB and were responsible for the main 

spread of AR E. coli.  

• The physiology of the E. coli suggested that they 

originated from faecal sources.  

• The AR E. coli were disseminated by WWTPs and 

were thus a health threat to the surrounding 

communities.  

• Wastewater effluent serves as a vector to spread 

ARGs into aquatic environments 

Piotrowska et 

al. (2017) 

 (Poland) 

AmpCp:  ACC, 

FOX-2-like, 

FOX-3, FOX-4-

like, FOX-9, 

FOX-10-like, 

FOX-13-like, 

MOX-11, MOX-

10  

 

Non-AmpC:  

Beta-lactam  

 

Integrons:  intI1, 

intI2 

(PCR*) 

Wastewater 

(WWTP) 

Aeromonas sp. To determine which variety of 

beta-lactamase genes could be 

detected from Aeromonas spp 

isolated from different 

purification steps of a WWTP 

• Unique ESBL and AmpC genes, that had never 

before been found in plasmids of Aeromonas spp., 

were detected.  

• Isolated Aeromonsas spp. was unexpectedly 

resistant to cefepime.  

• The increasing number of infections of MDR 

Aeromonas strains makes studies such as this 

important. 

• WWTPs should be considered hotspots for ARGs. 

• Wastewater effluent serves as a vector to spread 

ARGs into aquatic environments. 
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Venieri et al. 

(2017) 

 (Greece) 

AmpC:  ampC  

 

Non-AmpC:  

Beta-lactam, 

Sulfonamide, 

Tetracycline  

Integrons:  ND 

(PCR) 

Wastewater 

(WWTP) 

K. pneumoniae To evaluate a solar 

photocatalysis disinfection 

technique as a method for K. 

pneumonia inactivation, as well 

as to investigate changes of AR 

profiles 

• Photocatalysis with the binary Co/Mn-TiO2 under 

artificial light was the most efficient in inactivation of 

K. pneumoniae.  

• However, ARGs were still prevalent after the 

disinfection process.  

• Antibiotic resistance profiles were not significantly 

changed by the disinfection process. 

Ye et al. 

(2017a) 

 (China) 

AmpC:  ampC  

 

Non-AmpC:  

Beta-lactam, 

FCA, MLSB, 

Sulfonamide, 

Tetracycline  

Integrons:  ND 

(qPCR) 

Surface Water  

(Leachate) 

Mixed Cultures To develop a modified eggshell 

material that can remove 

gentamycin-resistance E. coli 

and gmrA gene by adsorption 

from an artificially 

contaminated landfill leachate. 

Furthermore, to test this 

application on landfill leachates 

in Nanjing, China. 

• This study demonstrated the effectiveness of using 

a sulfate-calcined-modified eggshell for the 

adsorption and removal of E. coli from landfill 

leachates.  

• Significant reduction in the bacteria and ARGs was 

observed.  

• Application of this method can be used to reduce the 

risk of pathogen and ARG dissemination. 

Ye et al. 

(2017b) 

 (China) 

AmpCp:  DHA-1, 

CMY-2  

 

Non-AmpC:  

Beta-lactam  

 

Integrons:  intI1 

(PCR) 

Surface Water 

(River) 

E. coli, E. cloacae, 

C. freundii 

To determine the variety of 

Enterobacteriaceae from river 

water and retail food, 

characterise their AR and to 

determine if there were ESBL 

and AmpC producers among 

the isolates 

• This study demonstrated how raw meat and 

vegetable products, some frozen foods and river 

water are vehicles for the dissemination of ESBL 

and AmpC producing Enterobacteriaceae.  

• Improved surveillance and preventive strategies 

should be implemented in environmental and food-

production settings to limit the dissemination of 

resistant bacteria. 
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Liu et al. (2018) 

 (China) 

AmpC:  ampC  

 

Non-AmpC:  

Beta-lactam, 

MLSB, 

Rifampicin, 

Sulfonamide, 

Tetracycline, 

Vancomycin  

Integrons:  ND 

(qPCR) 

Wastewater 

(WWTP) 

Mixed Cultures To determine the effect of 

chlorination on both intra- and 

extracellular ARGs. 

• It was demonstrated that chlorination may enhance 

the abundance of ARGs in WWTP effluent.  

• Wastewater effluent serves as a vector to spread 

ARGs into aquatic environments. 

Coertze and 

Bezuidenhout 

(2018) 

 (South Africa) 

AmpCp:  ampC, 

CMY, ACT  

 

Non-AmpC:  ND  

Integrons:  intI1 

(ddPCR) 

Surface Water 

(River) 

Mixed Cultures To determine the prevalence 

and diversity of AmpC beta-

lactamase genes from aquatic 

systems in South Africa 

• AmpC genes were found in three rivers.  

• There was a correlation between the frequency of 

the AmpC gene detection and the pollution impacts.  

• Genetic variations existed between the sequenced 

AmpC genes. 

 

Abbreviations: FCA = fluoroquinolone, quinolone, florfenicol, chloramphenicol, and amphenicol resistance genes, MLSB = Macrolide- Lincosamide-Streptogramin 

B resistance, WWTP = Wastewater Treatment Plant(s), AR= Antibiotic resistance, ARGs = antibiotic resistance genes, ESBL = extended-spectrum beta-

lactamases, ARB = antibiotic resistant bacteria, ND = not detected, MDR = multidrug resistance, PCR = Polymerase Chain Reaction, qPCR = quantitative PCR, 

ddPCR = digital droplet PCR. 

*Indicate articles that used the multiplex PCR for plasmid mediated AmpC gene detection method by Perez-Perez and Hanson (2002). 

p: Indicates that plasmids were screened during the study.   
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The effluent of WWTPs generally contains higher levels of ARGs than naturally occurring 

environmental bacteria (Li et al. 2017). Constituents that accompany ARB within WWTP effluent 

ensure the survival of these organisms in aquatic systems until they can be spread to human 

settings. A great diversity of bacteria exists in the WWTP system with an even greater variety of 

ARGs (Guo et al. 2017). The current exchange of DNA among these genetic entities is unknown; 

however, plasmid exchange frequently occurs among various bacterial phyla (Li et al. 2018). 

WWTPs should be regarded as one of the main sources of ARG pollution of the environment as 

they serve as a factory of ARG production for various pathogenic and non-pathogenic organisms 

before they form part of a larger aquatic reservoir (Rizzo et al. 2013; Tang et al. 2016). Only 10% 

of the studies conducted analyses of WWTPs and surrounding environmental waters (Table 2-1). 

More studies in this field will thus aid in understanding the effects of wastewater effluent on 

environmental AR. 

2.4.1.2 Dissemination of ARGs by means of aquatic systems 

Only four studies focused on the ocean even though this habitat covers 70% of the earth’s surface 

(Hatosy & Martiny 2015). One study focused on environmental DNA in the water of the Baltic Sea 

that serves as a waste-drainage area for 14 countries. The latter study recorded chromosomal 

ampC genes in marine bacterioplankton (Tiirik et al. 2014)  (Table 2-2).  

Oceans may act as reservoirs and dispersal routes of ARGs originating from coastal runoff from 

inland surface and ground waters (Hatosy & Martiny 2015; Tan et al. 2018). However, none of 

the articles mentioned the potential effects that the discharge of AmpC genes in oceans could 

have on the accumulation and dispersal of this gene family. Sea currents are known to disperse 

pollutants such as nanoparticles and microplastics across oceans (Avio et al. 2017), thus 

microplastics that carry bacterial biofilms may be important transmitters of ARGs (Summers et al. 

2018). The dissemination of bacteria harbouring ARGs could thus occur on a global scale should 

they use microplastics as vehicles. 

Aquatic systems link many countries and could thus act as routes to disperse various pollutants. 

For example, the Linth River flows into Lake Zürich which is where Abgottspon et al. (2014) 

detected pAmpCs (Table 2-2). The Rhine forms part of the border between France and Germany 

where AmpC genes were detected by Schwartz et al. (2003) near Mainz and by Stoll et al. (2012) 

near Karlsruhe. The Rhine also flows north through Germany, and Stoll et al. (2012) and Stange 

et al. (2016) detected chromosomal AmpC genes near Düsseldorf.  

There are no standard protocols to determine how ARGs are disseminated by means of surface 

waters and no regulations exist to monitor ARGs in the environment. It is thus perturbing that, in 
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the absence of regulations or monitoring programs, no country, region or community can be held 

accountable for the dissemination of ARGs.   

The effluents of WWTPs that contain ARGs usually flow into a freshwater body. Effluent may 

contain appropriately or poorly treated and sometimes untreated wastewater (Tang et al. 2016), 

but WWTPs only remove a fraction of the initial ARGs that entered the plant − the rest end up in 

the environment  (Zhang et al. 2016; Liu et al. 2018). Some studies (9/50) connected effluent and 

the ARGs that it contained to potential environmental and human risks. Guyomard-Rabenirina et 

al. (2017) determined that the effluent of WWTPs contributed to ARG pollution of downstream 

surface waters in Guadeloupe where the effects of wastewater on the surrounding marine 

ecosystem and island inhabitants remain undetermined. Ben Said et al. (2016) argue that aquatic 

environments that are not exposed to WWTP runoff are much less frequently contaminated than 

environments that are. There is thus consensus that WWTPs act as reservoirs for ARGs. 

The bacteria that were isolated from aquatic environments in the selected articles were potential 

pathogens, and the dissemination of resistant strains to human settings is of clinical concern. The 

most common organism that was isolated was Escherichia coli (18/50). However, analyses of 

mixed bacterial DNA samples were more prevalent (20/50). Other ESKAPE (pathogens known 

for being antibiotic resistant: Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp.) 

organisms associated with faecal waste are known to carry genes from the AmpC gene family 

and are possibly the origin of some pAmpCs (Jacoby 2009). Persons may become infected by 

consumption of water sources contaminated by these organisms and therefore may be difficult to 

treat using beta-lactam antibiotics, and this reduces treatment options.  

In developing countries, the spread of these organisms is a particular threat due to lack of access 

to treatment facilities and the disease burden associated with poverty and poor hygiene 

(Herindrainy et al. 2011; Collignon et al. 2018). 

 

2.4.1.3 Dissemination of ARGs by animal vectors 

 

It has been established that animals act as secondary reservoirs of antibiotic resistance, thus 

animals that roam across borders are likely to spread ARGs and ARB (Dolejska & Papagiannitsis 

2018). The Arctic is a relatively anthropogenic-free region, yet ARGs have been detected here, 

possibly because birds spread ARGs/ARB during migration (Segawa et al. 2013; Furness et al. 

2017) or because of the enteric AR nature of these organisms. Nevertheless, E. coli that was 

isolated from Canadian geese in Maryland, USA, were found to be resistant to various beta-

lactams, including ampicillin and Penicillin-G (Sjölund et al. 2008). Also, ARGs that were detected 
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in intestinal bacteria from birds in isolated, remote glacial areas had clinical or agricultural origins 

(Segawa et al. 2013), which suggests the exchange of ARGs and/or ARB between the 

environment and the birds. Faecal excretions of birds during flight may also enter various water 

bodies, and this may result in horizontal gene transfer of ARB in environments.  

Furness et al. (2017), who studied small mammals as possible vectors of ARGs, found that 

communities adjacent to aquatic environments were twice as likely to contain multidrug resistant 

E. coli than their inland counterparts. This supports the notion that aquatic systems may play an 

underestimated role in ARG dissemination between aquatic and terrestrial environments. 

Abgottspon et al. (2014) detected resistant E. coli strains in the gut of fish from a lake in 

Switzerland, suggesting that these genes could have been acquired from the environment and 

could have been reintroduced through faecal excretions. Furthermore, pAmpCs were detected by 

Al-Bahry et al. (2012) in bacterial isolates of green sea turtles (Chelonia mydas) as part of 

oviductal fluid while they were nesting in Oman. This species has a global migration pattern and 

their ARGs could be spread throughout the ocean. ARGs, including AmpC, were also detected in 

bacterial isolates from ocean water (Tiirik et al. 2014). Thus human exploitation of turtle eggs and 

the consumption of turtles are direct threats to human health (Read et al. 2014).  

Capkin et al. (2015) determined that comparable ARGs were present in different rainbow trout 

samples, which implies the exchange of genetic information among animals within an 

environment. To confirm the exchange of the same AmpC and other ARGs, samples of the water 

associated with animals and of their habitat must be analysed simultaneously to confirm the 

exchange of ARGs from animals to the environment, and vice versa.  

A review by Dolejska and Papagiannitsis (2018) provided a summary of ARG-harbouring 

plasmids that were isolated from animal bacteria. It was determined that these animals might 

have acquired AR by exposure to environments that were contaminated with antibiotic 

constituents or ARB. For example, animals dependent on surface waters contaminated with 

wastewater treatment plant effluents are prone to ARB exposure. Consequently, pAmpCs (mostly 

the CMY-2 gene) on plasmids were isolated primarily from E. coli and Salmonella species from 

various animals from different countries. The distribution potential of pAmpCs by animals, 

especially wild bird species, is cause for concern and this phenomenon requires environmental 

ARG surveillance. 

2.4.2 Evolution/prediction models 

None of the studies referred to prediction models for the dissemination of AmpC beta-lactamase 

genes in aquatic systems. Moreover, very little commonality in detection methodologies and 
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limited data on environmental AmpC sequences were found. This may suggest that evolutionary 

origins and dissemination patterns are difficult to establish. Heider et al. (2009) used sewage as 

a source of E. coli and other sources for Salmonella enterica, both of which harbour the CMY-2 

AmpC gene (Table 2-2). Although the latter authors were able to determine that evolution in the 

two species occurred at different rates, the lack of sequence variety made it impossible to predict 

evolutionary tendencies. Additionally, no historical evolutionary trends could be determined for 

pAmpCs. Focusing on clinical isolates, Baker et al. (2018) devised a distribution model based on 

the evolutionary trends of three multidrug resistant bacterial species (Shigella sonnei, Salmonella 

Typhi and Klebsiella pneumoniae). The sequence data were derived from whole-genome 

sequencing. Although this model was based on clinical isolates, in an environmental context it 

could provide valuable insight, especially considering the vast pool of genetic information 

available from environmental samples. 

2.4.2.1 Historical AmpC gene reservoirs  

No data on AmpC genes could be traced in either of the two polar regions (Arctic and Antarctic). 

In the event that ARB and ARGs from continental anthropogenic sources were captured and are 

now part of polar ice layers, these regions may contain a vast reservoir of preserved historical 

ARGs that may be ideal for whole-genome studies to validate the model of Baker et al. (2018). 

Polar soils contain reservoirs of ARB and ARGs that have also been extracted from glacial ice 

and permafrost (Tan et al. 2018; Van Goethem et al. 2018). Non-native bacterial species are 

known to survive in coastal Antarctic waters (Williams et al. 2013); (Van Goethem et al. 2018) 

and it is therefore possible that AmpC containing DNA can be routinely obtained from these 

environments. Research regarding the historical accumulation of AmpC genes in polar coastal 

soils, permafrost, ice and water bodies may provide insight into evolutionary as well as global 

distribution patterns and such data may be useful for constructing prediction models. Clearly, the 

establishment and maintenance of databases have become essential (Lupo et al. 2012). 

2.4.3 Variety of detected AmpC genes  

2.4.3.1 Chromosomal AmpC genes  

A major shortcoming in 62% of the studies was that they focused on the detection of chromosomal 

AmpC genes (ampC; Table 2-1). Although their detection is relevant, the gene itself may be 

regulated and may therefore not pose a significant clinical threat. The exception is when mutations 

in the promotor region or genes regulating the ampC gene occur, such as in AmpD and AmpR 

genes (Mulvey et al. 2005; Jacoby 2009). Overexpression of the ampC gene was observed by 

Al-Bahry et al. (2012) (Table 2-2) who used multiplex PCR analyses to detect all major plasmid-
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mediated AmpC groups of β-lactam resistant isolates. No pAmpCs were detected, which 

insinuated either chromosomal ampC hyper production or the presence of an unknown plasmid-

mediated AmpC variant.  

To evaluate public health implications, Titilawo et al. (2015) aimed to identify ARGs within β-

lactam resistant E. coli isolates that originated from river water. These isolates were screened for 

antibiotic susceptibility using the Kirby-Bauer method. The authors detected the chromosomal 

ampC gene by PCR. It was deemed redundant to screen for the chromosomal ampC gene without 

sequencing of regulatory genes and/or promotor regions for two reasons: (i) The regulated 

chromosomal ampC gene is naturally encoded on the chromosome of E. coli, thus expression at 

clinical significant levels does not occur (Mulvey et al. 2005; Pfeifer et al. 2010); and (ii) the cause 

of AmpC enzyme hyper production may not be due to chromosomal expression but rather to 

unregulated and undetected plasmid-mediated resistance.  

A similar manifestation was observed by Capkin et al. (2015) (E. coli, Enterobacter cloacae, 

Serratia fonticola and E. aerogenes) and Stange et al. (2016) (E. coli, Citrobacter sp, and 

Enterobacter sp) (Table 2-2) who detected chromosomal AmpC genes in their respective isolates 

that were all naturally encrypted with chromosomal ampC (Stock et al. 2003; Jacoby 2009). 

However, these studies did not evaluate the presence of pAmpCs or the occurrence of mutations 

in the ampC promotor and/or regulatory genes.  

The detection of chromosomal ampC is justified in terms of clinical significance when total DNA 

is analysed. Tiirik et al. (2014) analysed total DNA in sea water for the presence of multiple ARGs, 

including the chromosomal ampC gene (Table 2-2). The DNA sample contained genetic 

information from a diversity of bacterial species such as representatives of Actinobacteria and 

Proteobacteria (Tiirik et al. (2014). Species that are representative of these phyla but do not 

naturally harbour ampC may have acquired plasmid-mediated ampC of clinical relevance. This 

might be detected by chromosomal ampC primer sets, but even though an argument for possible 

hyper production of ampC may be justified by total DNA analysis, it is still subjective and will 

require further examination for the prevalence of pAmpCs. Without evidence of unregulated 

chromosomal AmpC expression (either by identification of promotor/regulatory mutations of 

ampC detection in non-AmpC producing isolates or by detection of pAmpCs) the presence of 

chromosomal ampC must be regarded as a low clinical threat.  

2.4.3.2 Plasmid-mediated AmpC genes 

Minor variations in chromosomally encoded ampC genes have given rise to the plasmid AmpC 

families (Al-Bahry et al. 2012; Liu et al. 2015). The detected plasmid-mediated AmpC gene groups 
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in the perused studies were: ECB, FOX, MOX/CMY, DHA, ACT/MIR, BIL/LAT/CMY and ACT. 

The characteristics of these pAmpCs are described in detail by Jacoby (2009). Enzymes 

produced by these genes confer unique susceptibilities to the variety of beta-lactams, including 

1st, 2nd, 3rd and 4th generation cephalosporins and other combination drugs (Thakuria & Lahon 

2013; Tagg et al. 2015). Plasmids that contain AmpC genes lacking the regulating genes are of 

great clinical importance. When these genes are incorporated on plasmids, they are constitutively 

expressed and could be subjected to horizontal gene transfer (Jacoby 2009). 

Only 44% of the selected articles focused on the detection of pAmpCs (Table 2-1). The FOX gene  

was detected in lake water (Voolaid et al. 2013), wastewater (Zhang et al. 2016), sea water 

(Maravić et al. 2013) and in aquaculture environments (Huang et al. 2017). Moreover, Voolaid et 

al. (2013) discuss the high prevalence of the FOX gene in Aeromonas isolates and its subsequent 

widespread presence in freshwater. Both Voolaid et al. (2013) and Huang et al. (2017) mentioned 

the possible transferability of this gene among clinical, agricultural and environmental settings. 

AmpC gene groups and ARGs from other resistance groups are often co-incorporated on 

plasmids within mobile genetic elements such as integrons, and they thus form part of gene 

cassettes (Siqueira et al. 2016). If the FOX gene can cross the barrier between clinical and 

environmental settings, it is possible that other genes may be transferred onto plasmids as well.  

The MOX gene was detected by Yin et al. (2013) in lake water in the Gram-negative 

Stenotrophomonas species and in Gram-positive Microbacterium and Bacillus sp along with the 

Class 1 integrase gene (intI1). Detection of AmpC genes in Gram-positive bacteria is not as 

common as in Gram-negative bacteria. However, the fact that plasmids harbouring the MOX gene 

(which could be associated with an integron cassette) are present in Bacillus and Microbacterium 

suggests that these plasmids could potentially spread between Gram-negative and Gram-positive 

bacteria. Beta-lactamases belonging to Amber Class A were originally discovered in plasmids 

from Gram-positive bacteria (Kong et al. 2010). Previously unscreened environmental Gram-

positive bacteria could harbour undiscovered variants of AmpC genes, revealing evolutionary 

insights into the variety of AmpC groups. Moreover, beta-lactam resistant Gram-positive bacteria 

may be worrisome in the event of infection by these organisms because little information is 

available on AmpC encoded resistance in these organisms. 

Table 2-2 reveals that the most frequently detected gene is CMY-2, which is also globally the 

most detected plasmid-mediated AmpC gene responsible for resistance in non-typhoid 

Salmonella strains (Chen et al. 2013). This gene was also present in a variety of potentially 

pathogenic bacteria, including E. coli, E. cloacae (Ye et al. 2017b) and S. enterica (Heider et al. 

2009). This gene was also readily detected in a wide range of aquatic environments, indicating 

that it is widespread among bacterial species. If resistance patterns similar to CMY-2 encoding 
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Salmonella strains are observed in infections caused by these strains or related bacteria, 

treatment may be difficult.  

Of the selected studies, 62% were relatively limited because they only focused on the detection 

of a single AmpC gene (Table 2-1). For example, Schwartz et al. (2003), Volkmann et al. (2007), 

Stoll et al. (2012) and Titilawo et al. (2015) (Table 2-2) only focused on the detection of the 

chromosomal ampC gene. Maravić et al. (2013), Yim et al. (2013) and Keelara and Thakur (2014) 

only focused on a single group (FOX-2, DHA-1 and CMY-2 respectively) among a vast diversity 

of pAmpCs. However, the absence of one gene group may not mean that the other genes are 

also absent. Such a result would be a false negative and other AmpC genes may still convey 

resistance to the relevant beta-lactam antibiotics. It is therefore recommended that, in AmpC gene 

detection studies, all groups of pAmpCs be investigated. Only 38% of the studies aimed to detect 

more than one AmpC gene, and only 28% aimed to detect at least five AmpC genes/groups (Table 

2-1). Maravić et al. (2013) used the multiplex PCR detection method as proposed by Perez-Perez 

and Hanson (2002) according to which all major groups of pAmpCs are screened. This was 

evident in most of the latter articles. Despite the detection of only the FOX-2 gene, there was little 

room for speculation whether AmpC resistance could be caused by other pAmpCs, although this 

remains a possibility. 

2.4.4 Co-occurrence of non-AmpC genes 

Overall, 92% of the 50 studies that were reviewed aimed to determine the presence of various 

ARG groups and not AmpC exclusively (Table 2-1). AmpC genes were thus detected 

coincidentally along with genes associated with the following antibiotic groups: Aminoglycoside 

(9/50), beta-lactam (not Class C) (38/50), fluoroquinolone, quinolone, florfenicol, chloramphenicol 

and amphenicol (FCA) (8/50), Macrolide-Lincosamide-Streptogramin B resistance (MLSB) 

(12/50), Sulfonamide (17/50), Tetracycline (17/50), Vancomycin (8/50), and other/Efflux pump 

(3/50) genes. Beta-lactamase genes that are not representative of AmpC beta-lactamases were 

most frequently co-detected with AmpC genes in 36% of the studies. 

The detection of ARGs representing these groups is valued in studies where ecosystem and 

human ARG risk implications are in question. However, the lack of AmpC detection along with 

these genes is worrisome. Co-detection in mixed samples with integrons could imply that AmpC 

and other ARGs may have become incorporated as part of integron cassettes (Kaushik et al. 

2018). The Class 1 integron gene (intI1) is known for its heightened ability for the capture and 

expression of various ARGs (Gillings 2017). The incorporation of pAmpCs on integron cassettes 

was observed by Yim et al. (2013) (Table 2-2).  
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Only 8% of the studies focused exclusively on the detection of AmpC genes (Table 2-1). The lack 

of AmpC gene focus supports the notion that there is a gap in knowledge regarding the presence 

and diversity of AmpC beta-lactamase genes in aquatic environments and of their potential 

impacts on aquatic ecosystems.  

2.4.5 Antibiotic resistance surveillance and management 

It is imperative that environmental risk assessments are implemented to assess the implications 

of AmpC genes in the environment. However, it has not been possible to develop such a program 

due to a lack of data (Alexander et al. 2015). Of the selected literature, 58% detected ARGs to 

determine environmental impact, although only 24% mentioned the impact of ARGs on the 

environment (Table 2-1). The most common concern of ecosystem health implication studies was 

the need for routine surveillance of water bodies to detect ARGs, such as the recommendations 

by Titilawo et al. (2015) (Table 2-2). This was motivated by the large diversity of the ARGs that 

were detected in E. coli isolates from surface water. Moreover, the latter study mentioned that 

surrounding communities were dependent on the water sources under study and that they would 

thus benefit from surveillance programs to prevent human health threats. A similar 

recommendation was made by Bajaj et al. (2015), whose study detected plasmid-mediated CMY-

42 beta-lactamases in E. coli from surface water that flowed through river-dependent 

communities. 

Globally, there have been several initiatives to reduce the use of antibiotics for non-therapeutic 

purposes. This is essential for the management and reduction of AR in clinical and environmental 

settings. However, the paradigm of these programs is not globally acknowledged. A few of these 

initiatives were: The 2015 report by the Global Antibiotic Resistance Partnership (GARP) 

(Chaudhary 2016), the WHO antibiotic resistance surveillance programme (WHO 2014), the 

European Centre for Disease Prevention and Control (ECDC) (ECDC 2014), and the US Centre 

for Disease Control and Prevention (CDCP) report on antibiotic resistance (CDCP 2013). These 

initiatives mostly focused on the clinical significance of AR, whereas the roles of AmpC and the 

environment were understudied. Furthermore, 18% of the studies barely mentioned the impact of 

detected AmpC genes (Table 2-1). More emphasis on environmental impacts could contribute to 

the development of environmental ARG management initiatives. In fact, the WHO urges ARG 

surveillance efforts that include environmental pathways (Ashbolt et al. 2018). 

Conversely, a 2018 univariate and multivariate analysis study by Collignon et al. (2018) 

considered anthropological and socioeconomic factors that might contribute to global 

antimicrobial resistance. The latter authors argue that it will not be sufficient to control AR by 

reducing consumption, because the spread of ARGs/ARB is possibly a major contributing factor 



 

44 
 

 

to agitated AR. The authors state that sanitation improvements, good governance, access to 

clean water, public awareness, and proper management of the health care sector are required to 

reduce the prevalence of AR.  

Agricultural and aqua-cultural usage of antibiotics is widely applied globally, particularly in 

developing countries (Topp et al. 2018) regardless of initiatives to curb this practice. Several 

studies on AmpC gene detection explored animal and plant health in agricultural settings. Two 

articles mention the spread of ARGs in contaminated irrigation water (Li et al. 2014; Njage & Buys 

2015) and one concludes that ARGs in wastewater surrounding an agricultural setting might have 

influenced a slaughterhouse preparation area as well as downstream human health (Sudarwanto 

et al. 2017). Two studies focused on the prevalence and implications of AmpC in aquaculture. 

One of these studies focused on the health implications of ARGs in trout (Capkin et al. 2017) and 

the other study investigated their impact on ducks (Huang et al. 2017).  

Agricultural products that are globally distributed have the potential to disseminate ARGs, and 

therefore understanding the distribution patterns and diversity of ARGs will provide data that could 

be used to enforce the prevention of environmental ARG dissemination, particularly in vulnerable 

population settings. As suggested by Ashbolt et al. (2018), the use of ARG indicators (detection 

of specific target genes and associated bacteria) may be useful in early detection systems, 

although indicators of beta-lactam resistance are not mentioned.  

Routine surveillance of aquatic ARGs and the acquisition of data are vital. Only one study 

investigated wastewater surveillance for ARGs, including AmpC beta-lactamase genes. Kwak et 

al. (2015) surveyed urban wastewater over a year by cultivating and screening E. coli using a 

microarray for a series of ARGs, including all major groups of pAmpCs. Through frequent 

surveillance, they were able to conclude that E. coli isolates had become more resistant over the 

one-year period. This increase in resistance is worrisome considering that similar trends are 

possibly occurring in WWTPs around the world without our knowledge.  

No universal detection and surveillance methods exist for the monitoring of AmpC genes 

(Chaudhary 2016). It is therefore important that standardised detection methods be developed to 

detect and analyse these genes for monitoring and surveillance (Berendonk et al. 2015). In routine 

surveillance programs, the non-cultivation approach as described in 40% of the selected articles 

could be time and cost efficient with the added advantage of screening the largest possible 

diversity of bacteria and ARGs without cultivation bias (Tan et al. 2015). As a case in point, 

Schwartz et al. (2003) (Table 2-2) demonstrated that cultivation might lead to false negative 

detection of ARGs because they could have been residing within bacteria that were in a viable 

but non-culturable (VBNC) state. The importance of VBNCs cannot be ignored because they are 
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able to resuscitate and reinitiate infections while still maintaining resistance to antibiotics (Oliver 

2010). 

Endpoint PCR was described in 60% of the selected articles for AmpC gene detection (Table 2-

1). Although primers may be arbitrary, some genes may have been undetected due to primer 

bias, and detection does not necessarily imply gene expression (Ashbolt et al. 2018). Ideally, the 

metagenomics approach as used in 2% of the studies (Table 2-1) should be considered as a 

feasible complement to phenotypic and PCR-based detection methods, considering the vast 

diversity of bacteria and ARGs that could be screened simultaneously. Previously, the 

development of an index for the characterisation of ARGs directly from aquatic environmental 

DNA was successful (Port et al. 2014), whereas another study developed a ‘pipeline’ (Search 

Engine for Antimicrobial Resistance) for the raw sequencing and screening of data for the rapid 

detection of ARGs, thus considerably reducing costly expertise and resources (Rowe et al. 2015).  

An environmental risk assessment project that used metagenomics was successful in the 

identification of various clinically relevant bacteria, the characterisation of plasmids, the detection 

of various beta-lactam ARGs, and the identification of mobile genetic elements (Ng et al. 2017). 

Within a short timeframe, the latter study was able to determine the health risks associated with 

a WWTP with relative confidence. However, to achieve the same outcomes using phenotypic or 

molecular methods will be costly and time consuming. Although screening methods using 

metagenomics have not yet been universally accepted as standard surveillance methods for 

ARGs, it is imperative that such technological platforms, analysis workflows and database entries 

are consistently developed and utilised.  

Outcomes of the quantification of gene copy numbers that are present in an environment can also 

be determined through efforts to enforce environmental ARG limits. Quantitative PCR was used 

in 30% of the studies although not all AmpC gene groups were quantified (Table 2-1). A common 

detection method that was used in 22% of the selected studies was the multiplex PCR method of 

Perez-Perez and Hanson (2002). This method facilitates detection of all known major plasmid-

mediated AmpC groups and is a benchmark for the detection of pAmpCs. However, this method 

is limited due to its inability for gene quantification − but it can be further developed for 

quantification studies using quantitative PCR techniques in conjunction with culture-independent 

methods similar to those developed by Volkmann et al. (2004) and Singh et al. (2016).  

Knowledge pertaining to ARB, associated ARGs and the quantities in which they are present in 

an aquatic environment could be used as part of quantitative microbiological risk assessment 

(QMRA) processes. These guidelines are used to determine the risk of bacterial infection based 

on exposure to microorganisms and risk factors of these organisms in aquatic environments 
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(WHO 2016). The implications of antibiotic resistance have not yet formed part of this process 

and should be further investigated. An article by Kwak et al. (2015) highlights the need for routine 

surveillance in order to assess possible dangers and evolution patterns of bacteria in aquatic 

systems.  

By standardising the surveillance of aquatic systems, large reservoirs of ARGs and ARB can be 

identified and classified as critical control points (CCPs). The aim should be to target CCPs for 

management and possible removal or reduction of ARGs and ARB before they spread to external 

environmental or human settings (Berendonk et al. 2015). Currently, various methods are used 

for the removal or reduction of ARGs such as membrane bioreactor systems (Le et al. 2018), 

coagulation (Li et al. 2017), constructed wetlands (He et al. 2018), and ozone treatment 

(Alexander et al. 2016). However, these methods are not always successful for the complete 

removal of select ARGs as they may enhance ARGs rather than eradicate them.  

A discrepancy was noted between the views of Lin et al. (2016) and Liu et al. (2018) (Table 2-2). 

The former authors concluded that chlorination would likely reduce rather than co-select ARGs, 

whereas Liu et al. (2018) argued that, despite the apparent removal of bacteria, ARGs might be 

enhanced and discharged into the environment. Shi et al. (2013) also concluded that, when using 

chlorination in the disinfection of drinking water, selection of ARGs occurred.  

A creative method by Ye et al. (2017a) (Table 2-2) was that they successfully used eggshell 

material to remove ARB from landfill leachate as a bioremediation method. Twelve ARG targets 

were chosen for monitoring the reduction of copy numbers during the purification process. This 

method was successful in reducing pathogenic bacteria, total bacteria and ARGs from leachates. 

The method can be applied as a low cost, eco-friendly absorbent reactor without the danger of 

secondary pollution. A compilation of disinfection techniques by Ashbolt et al. (2018) summarises 

the ARG reduction potential of various ARGs. Among these, the reduction of ampC is only noted 

by ozonation and no pAmpCs are described. The infrastructure for ARG removal is therefore 

available, although ARG reduction capabilities should be further investigated, especially 

regarding AmpC beta-lactamases. 

2.5 Conclusion 

This review has demonstrated that clinically relevant AmpC beta-lactamase genes are present in 

aquatic systems worldwide and that these genes are present on chromosomes as well as 

plasmids. The CMY-2 family was the most frequently targeted, detected and reported group. 

WWTPs also seemed to be a major contributor to the dissemination of these clinically relevant 

AmpC genes into aquatic ecosystems. The review has illustrated that information and knowledge 
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of AmpC detection are mainly derived from developed countries, which suggests that there is a 

huge knowledge gap in this field in developing countries. Generally, insufficient knowledge makes 

it challenging to attempt constructing evolutionary or distribution prediction models. For instance, 

it has been determined that aquatic fauna may act as reservoirs and dissemination vectors for 

AmpC genes, which must be further investigated. 

This review study has highlighted discrepancies in the use of detection methodologies. This 

demands that standardised methods and study criteria be developed according to which 

environmental detection studies may be conducted. Some methods show potential for 

implementation in surveillance initiatives such as metagenomic approaches. Furthermore, the 

health implications and dissemination routes of these AmpC genes, particularly in terms of 

environmental and clinical interchange, are understudied. Without global collaboration and 

investigation into current and historical trends, the full extent of AmpC genes in aquatic 

environments may remain a mystery and their impact and health consequences may be muted to 

the detriment of the health of many human populations.  
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CHAPTER 3 - DEMONSTRATING PREVALENCE AND DIVERSITY OF 

AmpC BETA-LACTAMASE GENES FROM AQUATIC SYSTEMS 

3.1 Abstract 

This study aimed to investigate the presence and diversity of AmpC beta-lactamase and integrase 

genes in DNA (genomic and plasmid) derived from bacterial populations in selected aquatic 

systems. Following an enrichment step, DNA was isolated and subjected to PCR and digital 

droplet PCR. The intI1 gene and AmpC beta-lactamase genes were present in genomic and 

plasmid DNA from all sampling sites in the study area comprising the Mooi River, Crocodile West 

River and the Marico River, with the exception of intI1 in the Marico River. Digital droplet PCR 

demonstrated that copy numbers varied considerably (0.0 to 29.38 copies per picogram of DNA). 

In some samples in which ampC was not detected, intI1 was present. Amplicons of ampC genes 

were subjected to restriction digest using HindIII. Samples in which the restriction markers were 

absent were purified by cloning followed by plasmid extraction, PCR amplification, and 

sequencing of individual AmpC gene fragments. Phylogenetic analysis identified all positive 

AmpC genes as Class C beta-lactamases comprising ampC, CMY- and ACT-families. The 

detection of AmpC and intI1 genes on plasmids suggests a high risk of horizontal gene transfer 

and potential dissemination of these and other antibiotic resistance genes into surrounding and 

immediate aquatic environments. An intensive literature review (Chapter 2) revealed that the 

consequences of beta-lactamase diversity in aquatic ecosystems are relatively unexplored in 

South African aquatic ecosystems, which underscored the need for an intensive study in this field. 

Keywords: Beta-lactamases, AmpC, antibiotic resistance, class 1 integrase, plasmids. 

3.2 Introduction  

Antibiotic resistance genes, especially AmpC beta-lactamase genes, pose persistent threats in 

both clinical and various environmental settings (Nakayama et al. 2017). Irresponsible 

applications and overuse of antibiotics may result in changes in the prevalence, distribution and 

diversity of associated genes (Ingti et al. 2017). Extended spectrum beta-lactamase genes 

(ESBLs) are well known as multi-beta-lactam resistance genes with the reputation for extensive 

bacterial mobility (Ojo et al. 2016). This group of genes can be inhibited by substances such as 

clavulanate, tazobactam and sulbactam (Philippon et al. 2002). However, AmpC beta-lactamase 

genes are poorly inhibited by clavulanic acid (Gharout-Sait et al. 2015). Considering that AmpC 

genes are found in pathogens/opportunistic pathogens, the lack of inhibition provides them with 

a unique clinical significance. AmpC genes are commonly found in the chromosomes of several 
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Enterobacteriaceae family members. These chromosomal genes are expressed at low levels due 

to a complex regulation mechanism (Pfeifer et al. 2010). Genes responsible for regulation serve 

a bacterial housekeeping function. For example, the regulation genes ampD and ampR aid in 

peptidoglycan recycling (Domínguez-Gil et al. 2016). The threat associated with chromosomal 

AmpC genes is due to the mutations of regulation genes and/or attenuator/promotor regions 

which leads to overexpression of the AmpC enzyme (Peter-Getzlaff et al. 2011).  

Closely related to chromosomal AmpC genes, several plasmid-mediated family members 

(including CMY, DHA, MIR, MOX, LAT, ACT, & ACC) have been documented (Reisbig & Hanson 

2002; Jacoby 2009). With the exception of ampR in some cases (e.g., inducible blaACT-1, blaCMY-13 

and blaDHA genes) (Partridge 2015), the incorporation of ARGs into mobile genetic elements such 

as plasmids is unaccompanied by their regulatory genes (Tang et al. 2014). The lack of regulation 

causes overexpression of AmpC enzymes, as is the case with plasmid-mediated AmpC genes 

(El-Hady & Adel 2015). Both chromosomal and plasmid-mediated AmpC genes convey 

resistance to a broad spectrum of beta-lactam antibiotics. Due to increased copy numbers, 

plasmid-mediated AmpC genes generally result in higher expression levels (Jacoby 2009). The 

mobilisation of ARGs is facilitated by horizontal gene transfer mechanisms and their associated 

mobile genetic elements such as integrase genes (Lin & Biyela 2005). One such gene that is 

known for its connotation with beta-lactamase genes is the class 1 integrase gene (intI1) (Jacoby 

2009). Not only does the presence of this gene imply the association of various ARGs groups, 

but it also serves as a marker for anthropogenic pollution (Gillings et al. 2015; Ma et al. 2017). 

Several studies that were conducted in South Africa documented the function of beta-lactamase 

genes (Pitout et al. 1998; Cotton et al. 2008; Ekwanzala et al. 2018). However, despite their 

recognised importance, little is known about the environmental prevalence and diversity of AmpC 

beta-lactamase genes. This study aimed to address this gap. An aquatic system comprising of 

three rivers – the Crocodile West River, the Marico River and the Mooi River – with selected sites 

in each river was the area of study. These rivers are known to be differently impacted by 

surrounding anthropogenic activities (Bezuidenhout et al. 2017). As an integral part of a strategy 

to manage the potential threat of ARGs, it has become imperative to determine the prevalence 

and diversity of beta-lactamase genes in aquatic environments and to establish their potential for 

spreading to various hosts. The aim of the study was thus to determine and compare the 

prevalence and diversity of AmpC beta-lactamase genes in this selected aquatic system. 
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3.3  Methods and materials 

3.3.1 Sampling and culture enrichment  

For this study, water from specified sites in the Mooi River (n = 5), the Marico River (n = 6) and 

the Crocodile West River (n = 7) (n = the number of sites analysed per river) in the North West 

Province (South Africa) was sampled during 2016 (Coordinates available in Annexures in Table 

S3-1). Water was aseptically sampled from the respective sites and stored on ice until the 

analyses were conducted. Enrichment of the river water for environmental aerobic heterotrophic 

bacteria was obtained by inoculating 1 ml of each sample in 9 ml Luria-Bertani broth. This was 

conducted in triplicate for each sample. The samples were incubated overnight at 37°C.  

3.3.2 DNA extractions 

Each of the samples was divided in two to allow for the isolation of genomic and plasmid DNA. 

The Chemagic DNA Bacteria Kit (PerkinElmer, USA) and the NucleoSpin® Plasmid (Macherey-

Nagel, Germany) were used respectively. The respective protocols of the manufacturers were 

followed meticulously. Quantification of extracted DNA was conducted using the NanoDrop ND-

1000 (Thermo Scientific, USA) spectrophotometer. DNA was visualised following agarose gel 

electrophoresis (Jordaan & Bezuidenhout 2016). 

3.3.3 PCR amplification  

Amplification of the beta-lactamase and associated genes was conducted using ampC and intI1 

specific primers (Table 3-1). PCR amplifications were conducted using the PCRmax Alpha Cycler 

1 thermocycler (Staffordshire, United Kingdom). Each amplification reaction consisted of 1X 

MasterMix (ThermoFisher, USA), 0.4 µM of forward and reverse primers, and 20 ng template 

DNA and nuclease-free water in a final reaction volume of 25 µl. Amplification of ampC was 

conducted under the conditions described by Schwartz et al. (2003) and the intI1 gene was 

amplified according to the parameters set by Labbate et al. (2008). 

3.3.4 Digital droplet PCR 

Digital droplet PCR (ddPCR) was conducted in duplicate on pooled plasmid DNA samples from 

each respective site using ampC specific primers for ddPCR (Table 3-1). Primers were designed 

using an Escherichia coli reference gene (AF124205.1) and the Vector NTI 6.0 suite software 

(Guoqing & Moriyama 2004). The ddPCR reaction consisted of 1X EvaGreen MasterMix, 0.22 

mM respective forward and reverse primers (Whitehead Science, USA), and 30 pg template DNA. 

Setup of the ddPCR reaction was conducted according to the Bio-Rad recommended protocol for 
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the QX200 droplet reader. All reagents and machinery were from Bio-Rad (USA), unless indicated 

otherwise. 

Table 3-1: Information regarding the primers used for PCR amplification. 

 

3.3.5 Restriction enzyme digestion  

Positive PCR products from only the plasmid-mediated ampC genes at a specific site were pooled 

to provide a representative sample and a total of 18 samples were subsequently analysed. 

Restriction fragment length polymorphism (RFLP) analysis was used to determine possible 

variations within the pooled ampC PCR products. Complete digestion was regarded as a single 

band smaller than the PCR product on the agarose gel, partial digestion by two bands and no 

digestion by a single band corresponding to the original size of the PCR product. Restriction 

digestion was conducted in a 20 µl reaction volume consisting of 1X Restriction Enzyme Buffer, 

0.1 µg/µl acetylated BSA, 1 µg DNA, and 0.25 units/µl HindIII restriction enzyme using nuclease-

free water. The digestion reactions occurred at 37°C for 1 hour. All reagents were from Promega 

(USA). 

3.3.6 Cloning 

All the plasmid-mediated ampC PCR amplicons that did not have a HindIII restriction site (by 

observation of no restriction enzyme digestion) were cloned. This was conducted using the 

CloneJET PCR Cloning Kit (Thermo Scientific, USA). The sticky-end cloning protocol was applied 

for ligation of PCR products into the pJET1.2/blunt cloning vector according to the manufacturer’s 

instructions. Transformations were conducted using electroporation and NEB 10-beta 

electrocompetent Escherichia coli cells (New England Biolabs, USA). Electroporation was done 

using a Bio-Rad E. coli pulser (Bio-Rad, USA) to transform 40 µl of electrocompetent cells at 1.8 

kV for 4.8 to 5.1 milliseconds. The transformed cells were immediately supplemented with pre-

warmed SOC medium and incubated for 1 hour at 37°C while shake incubating them at 250 rpm. 

Target 
Gene 

Primer Primer Sequence 
(5’ → 3’) 

Product 
Length 

(bp) 

Reference 

ampC AmpC-F TTC TAT CAA MAC TGG CAR CC 

550 Schwartz et al. (2003) 
 AmpC-R CCY TTT TAT GTA CCC AYG A 

ampC 
(ddPCR) 

RTAmpC-F GCC ACT CAA ACT CAA CCA TAC G 

119 This study  
 RTAmpC-R GCT TCA GCA TCT AAC GCC CC 

intI1 HS463A CTG GAT TTC GAT CAC GGC ACG 

473 Labbate et al. (2008) 
 HS464 ACA TGC GTG TAA ATC ATC GTC G 
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After incubation, 100 µl of the transformed cells was plated on LB agar plates and supplemented 

with ampicillin (100 µg/ml). The agar plates were incubated overnight at 37°C.  

As a result of successful cloning, single colonies were isolated by preparing streak plates on LB 

agar plates supplemented with ampicillin (100 µg/ml). Clones were incubated overnight at 37°C. 

In order to determine which clones contained the pJET1.2/blunt Cloning Vector with the 

successfully ligated ampC gene fragment, colony PCRs were performed. Each PCR reaction 

consisted of 1X PCR Master Mix (ThermoFisher, USA), 9.2 µl Nuclease-free water, and 0.2 µM 

of each pJET1.2 forward and reverse sequencing primers provided by the CloneJet Kit 

(ThermoFisher, USA). A single colony from each clone was resuspended in 20 µl PCR reaction. 

PCR was performed using the PCRmax Alpha Cycler 1 thermocycler (Staffordshire, United 

Kingdom) according to the following settings: 600 s initial denaturation at 95°C followed by 25 

cycles of 30 s denaturation at 94°C, 30 s annealing at 60°C and 35 s elongation at 72°C.  

3.3.7 Sequencing 

Sequencing of successful PCR products was conducted using an ABI 3130 genetic analyser 

(Applied Biosystems, USA) and protocols as described by Jordaan and Bezuidenhout (2016) 

were adhered to. Sequences were deposited in the GeneBank and assigned the following 

accession numbers: MF668188 to MF668210. 

3.3.8 Phylogenetic analysis 

The sequences that resulted were viewed and trimmed in FinchTV 

(v.1.4.0;http://www.geospiza.com/Products/finchtv.shtml). The trimmed sequences were 

exported in FASTA format and these sequences constituted the input data set for MEGA7 (Kumar 

et al. 2016). The nucleotide sequences were converted into amino acid sequences prior to 

alignment using the universal genetic code (translation according to codon usage Table 3-1, 

NCBI) to eliminate the risk of not-in-frame gap insertions (ClustalW protein alignment under the 

default settings, with PAM weight matrix). The gene sequences were analysed in MEGA7 (Kumar 

et al. 2016) codonwise and were then reverted back to nucleotide sequences. Before phylogenetic 

reconstruction, substitution model assessment was performed separately for each alignment 

using the ModelTest embedded in HyPhy2.2.4 (Pond et al. 2005) default parameters, four rate 

categories (for both tests: hierarchical and AIC), and P < 0.05.  

The maximum likelihood (ML) trees were calculated using MrBayes-3.2.6 (Ronquist & 

Huelsenbeck 2003). The AF124205 ampC gene reference was set as an in-group and the 

analysis sequence comprised twelve runs with four chains. Each run comprised three heated 

chains and one cold chain. Each run was completed in 20 million generations and sampling 
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frequency was set at 10 000 generations. This procedure was sufficient to achieve an effective 

sample size (ESS) of at least 2 000. The substitution model was set as a HKY85 model with 

gamma-distributed rate variations across sites and a proportion of invariable sites (HKY85 + Γ + I 

model, nst = 2). Phylogenetic computations were performed on the Centre for High Performance 

Computing cluster (http://www.chpc.ac.za). The 50% majority-rule Bayesian inference tree was 

derived from the obtained data with a burnin of 25%. Afterwards, the resulting tree was drawn in 

FigTree (v.1.4.0;http://tree.bio.ed.ac.uk/software/figtree/). The posterior probability values were 

included during the tree construction as an indication of the support for key nodes.  

3.4 Results 

3.4.1 AmpC and intI1 detection  

The quality and concentration of the extracted DNA was adequate for PCR amplification. The 

A260/A280 values ranged between 1.7 and 1.9. From the PCR results (Table 3-2), PCR 

amplification indicated that the ampC gene was generally present in the samples from the aerobic 

cultured heterotrophic bacteria and it was present in both the plasmid and genomic DNA samples. 

The exception was Site 5 of the Marico River, where all the samples were negative. In the case 

of the Marico River, ampC was detected in the samples of three of the six sites. The intI1 gene 

was detected in both plasmids and genomic DNA for four of the seven sites of the Crocodile West 

River. It was not detected for Site 5 and was only detected in some of the plasmid DNA samples 

of Site 6 and Site 7 of this river. This gene was not detected in any of the samples from the Marico 

River, but it was detected in all the genomic DNA samples from the Mooi River. However, it was 

not detected in any of the plasmid DNA samples from Site 1 of the Mooi River. 

3.4.2 Quantification of plasmid-mediated AmpC genes 

Quantification of AmpC genes in the pooled plasmid DNA samples was conducted using digital 

droplet PCR (Table 3-2). The results obtained by this method indicated a relatively high copy 

number of AmpC genes in the Crocodile West River (ranging from 3.17 to 29.38 copies/pg DNA; 

average of 13.11 copies/pg DNA). The samples from the Marico River resulted in a relatively low 

copy number (ranging from 0 to 11.33 copies/pg DNA; average of 3.46 copies/pg DNA). However, 

this was still higher than the levels obtained for the Mooi River (ranging from 0.23 to 7.51 

copies/pg DNA; average of 2.19 copies/pg DNA).   
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Table 3-2: Number of positive PCR amplifications (n = 3) on various target genes of samples from the 

Crocodile West River (a), Marico River (b) and Mooi River (c).  

Results indicate positive amplification for both plasmid (P) and genomic (G) DNA. Quantification of ampC 

copies/pg plasmid DNA (C/pg) is also indicated. Success of the HindIII restriction enzyme digestion 

conducted on plasmid DNA is illustrated as complete digestion (+), no digestion (-) and partial digestion 

(+/-). 

3.4.3 Beta-lactamase sequence diversity 

The pooled PCR amplicons that had variable HindIII restriction profiles were cloned and 

sequenced for one site representing each of the three rivers (Site 7, Site 6, and Site 5 of the 

Crocodile, Marico and Mooi rivers respectively). Although very crude, this RFLP approach 

demonstrated some diversity among the amplicons from the various sampling sites. The trend 

that was observed suggested the existence of intra- and inter-river as well as intra- and inter-site 

variations. 

Ten individual clones from each of the sites were therefore randomly selected and sequenced. 

Purified sequences were compared to the NCBI database. None of these sequences 

corresponded 100% with any other available genes, with the exception of sample C-3, which was 

the only sequence that corresponded 100% to an Escherichia coli strain (accession number 

CP018957.1). Sequences were aligned and used to construct a phylogenetic tree (Figure 3-1). 

Diversity among the sequences was observed with apparent diverse clade formations at varying 

distances. A comparison of these genes indicated some river-specific groupings. Also, three 

distinctive clades were observed, namely CMY-type genes (clade 3), ACT-type genes (clade 2), 

and ampC genes (clade 1). The latter could be further divided into three subclades (indicated by 

numbers I, II and III in Figure 3-1).  

  Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 

  P G P G P G P G P G P G P G 

a 
ampC 3 3 3 3 3 3 3 2 3 2 1 1 3 0 
C/pg  14.72  8.03  14.23  3.17  29.38  10.73  11.54  
intI1 2 1 3 3 3 2 1 1 0 0 1 0 2 0 

 HindIII +/-  -  +/-  -  +/-  +  -  

b 
ampC 3 2 2 3 2 2 2 2 0 0 2 2   
C/pg  0.15  5.87  0.12  3.31  0.00  11.33    
intI1 0 0 0 0 0 0 0 0 0 0 0 0   

 HindIII +  -  +  +/-  NA  -    

c 

ampC 3 3 3 3 3 3 3 3 3 3     
C/pg  1.13  1.17  0.23  7.51  0.93      
intI1 0 1 3 3 3 3 3 1 3 3     

 HindIII 
+  +/-  -  -  -  
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Figure 3-1: Phylogenetic tree constructed from gene-isolated ampC PCR products. A maximum likelihood 

phylogenetic tree based on partial sequences of ampC gene is illustrated. The scale bar indicates the 

number of substitutions per site. Bootstrap values are displayed alongside each branch separation. 

3.5 Discussion  

3.5.1 Detection of ampC and intI1  

The study demonstrated that, after enrichment, beta-lactamase genes could be detected within 

DNA that had been isolated from a mixed environmental bacterial sample. In this case the ampC 

gene was detected in both genomic (16/18) and plasmid (17/18) DNA samples that represented 

all sampling sites. This was expected because ampC is a natural chromosomal encoded gene 

found in various Enterobacteriaceae family members (El-Hady & Adel 2015). However, in most 

cases these genes are not clinically relevant due to gene regulation (Partridge 2015). Conversely, 

the high frequency of ampC that was found in plasmids is a cause for concern, as the 

incorporation of ampC in plasmids is generally not accompanied by their regulatory genes, which 

could lead to beta-lactamase enzyme overexpression to clinically relevant levels (Lee et al. 2015).  

The three river systems that were studied were characterised by different anthropogenic activities 

occurring adjacent to the various sampling sites (Bezuidenhout et al. 2017). Impacts on Mooi 

River Sites 1−3 and Site 5 were derived mostly from agricultural but also from some urbanisation 

activities. This probably explains the copy numbers of the ampC genes (< 1.17 copies/pg DNA) 

for this river. However, at Site 4 a larger number of ampC copies per picogram of DNA was 

measured (7.51 copies/pg DNA), which was probably due to the impact of 86% urbanisation land 
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coverage of this area. Site 1 and Site 3 of the Marico River had low copy numbers of the ampC 

gene (< 0.15 copies/pg DNA). These sites are surrounded by natural land covers. Higher copy 

numbers of ampC genes were detected in the plasmids isolated from Site 2 and Site 4 of the 

Marico River, probably because these sites are primarily impacted by upstream agricultural 

activities. The absence of ampC genes from Site 5 was possibly due to the immediate upstream 

Marico Bosveld Dam which may have served a natural purification role. The highest copy 

numbers of ampC were found in samples from Site 6 (11.33 copies/pg DNA) of this river. Although 

the surrounding area consists of mostly natural land cover, this site is a collection point for 

upstream urban, mining and agricultural influences. There were very high ampC copy numbers 

per picogram of DNA (8.03 > 14.72 copies/pg DNA) at all the sites of the Crocodile West River. 

Sites 1−3 and 6−7 are generally all impacted by effluent from wastewater treatment plants, 

agriculture, mines and urban settings. The low copy number of Site 4 (3.17 copies/pg DNA) can 

possibly be explained by the lack of anthropogenic activities in the surrounding area. The highest 

copy number of ampC was observed for Site 5 (29.38 copies/pg DNA). The surrounding area is 

characterised by high density agricultural land cover adjacent to the upstream river as well as 

some mining activities. These mines also have on-site wastewater treatment plants.  

The Class 1 integrase gene is associated with various ARGs that are used as indicators of 

anthropogenic pollution (Gillings et al. 2015; Ma et al. 2017). The intI1 gene was detected and 

high copy numbers of ampC were measured at all the sites of the Crocodile West River. The 

water quality of this river is known to be compromised by pollution from urbanisation and mining. 

Using the current methodology, no intI1 genes were detected in the Marico River, which is 

minimally impacted by anthropogenic activities. However, similar to the Crocodile West River, the 

ampC was also detected at all sites of the Marico River. This suggests that various mobile genetic 

elements other than only integrase genes or processes may have been responsible for the 

selection and persistence of antibiotic resistance genes within the microbial populations in these 

two rivers (Shi et al. 2013).  

The fact that the DNA of only aerobic heterotrophic bacteria was subjected to analysis limited the 

detection of ARGs from the water samples. However, the methods used in this study were 

selective and should be applied to a larger diversity of bacterial groups in future studies. Because 

the present study focused on the enrichment of aerobic heterotrophic bacteria and two genes 

(ampC and intI1 genes), the discovery of these genes in DNA directly isolated from the enrichment 

broth and the fact that they were shown to occur in genomic and plasmid DNA pose some 

questions about the origin, dissemination and persistence of these genes in aquatic systems. 

From a geospatial data perspective, the distribution of the genes could potentially be associated 

with pollution sources. Moreover, other ARGs could be present in environmental DNA as well as 
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in mobile genetic elements (such as integrons) that were not targeted in this study. These 

suggestions should be further investigated. The presence of beta-lactamase and integron genes 

in aquatic systems is not without consequences. Surface water is the primary resource of drinking 

and irrigation water for agricultural purposes and is also a direct water source for multiple uses in 

rural settings. Thus surface water mediates the spread of ARGs to human settings. When one 

keeps in mind that potential pathogens may acquire resistance to multiple antibiotics, it is 

important to consider the fact that downstream communities are exposed to illnesses that may be 

difficult to treat, and this will exacerbate such communities’ vulnerability to potential health threats. 

3.5.2 Beta-lactamase sequence diversity  

A limitation of using the method employed by this study was that it was not possible to define the 

bacterial species from which the isolated ampC genes originated. However, it was assumed that 

the bacterial group with which AmpC beta-lactamase genes are naturally associated was present. 

Jacoby (2009) summarised representative bacterial species that are known for expressing 

chromosomal AmpC beta-lactamase genes, and this summary includes representatives of the 

Escherichia, Aeromonas, Citrobacter and Shigella genera. The detection of ampC genes using 

the method that was employed thus provided a clue as to which bacterial species were probably 

present in the environments under study. Effluent from wastewater treatment plants often 

introduces antibiotic resistant Enterobacteriaceae into the environment as a result of faecal 

pollution (Rizzo et al. 2013). Therefore, pathogenic and non-pathogenic strains that harbour 

plasmid-mediated AmpC genes that are responsible for the dissemination of the genes that were 

detected by this study may pose a higher pollution threat than has generally been assumed.     

The integration of ARGs often causes mutations in the gene itself that lead to gene variations. 

According to Jacoby (2009), plasmid mediated AmpC beta-lactamase genes differ only in a few 

nucleotides from their original chromosomal genes. The isolated plasmid-mediated AmpC beta-

lactamase sequences that were generated by the analyses in this study differed in a similar 

manner as part of gene variations upstream of the AmpC beta-lactamase serine active site. To 

date, 136 CMY-type and 38 ACT-type genes have been documented as indicated in the online 

beta-lactamase database (http://www.lahey.org/Studies/other.asp#table1, accessed on 8 

February 2018). The CMY- and ACT-type genes detected in the present study were similar to the 

genes that are described in the online database. Previous studies conducted in South Africa that 

focused on beta-lactamase detection were able to detect members of the CMY-type beta-

lactamase genes (Kruger et al. 2004; Mocktar et al. 2009). The CMY-type gene is found globally 

and is the most common plasmid-mediated AmpC beta-lactamase gene found within 

Enterobacteriaceae (Baudry et al. 2009). It has been reported in Salmonella, Escherichia coli and 

Klebsiella pneumoniae isolates originating from animal food samples as well as Proteus mirabilis 
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are responsible for human infections (Deshpande et al. 2006; Singh et al. 2016). Plasmid-

mediated ACT-type genes were thought to originate from Enterobacter spp (Bush 2013) and have 

subsequently been discovered in plasmids isolated from K. pneumoniae (Ingti et al. 2017). 

Without regard for origin-species, AmpC beta-lactamase genes tend to promiscuously 

disseminate among Enterobacteriaceae (Bush 2013). This finding highlights the possibility of the 

transferral of either CMY- or ACT-type genes from one pathogen to another. Generally, ARGs 

have been associated with clinical samples but their antibiotic resistance in aquatic environments 

has been relatively unexplored (Rizzo et al. 2013). Therefore, the implications of environmental 

prevalence of AmpC beta-lactamase genes could imply the potential for their dissemination 

throughout aquatic and terrestrial environments. Furthermore, the inevitable evolution of these 

beta-lactamase genes may lead to less effective therapeutic outcomes resulting from pathogenic 

infections. 

Although the enrichment approach employed in this study could detect AmpC beta-lactamase 

genes, further optimisation is required. This study focused on a single beta-lactamase gene and 

a gene associated with the mobilisation of ARGs. However, there is a large number of other genes 

that also require investigation (Bush et al. 1995). The literature suggests several representative 

detection methods.  For example, a method developed by Perez-Perez and Hanson (2002) is 

generally regarded as the ‘gold standard’ for multiplex beta-lactamase detection, but although this 

method has the advantage of screening a large group of AmpC genes simultaneously, it is limited 

to the analysis of single isolates. Similar studies were recently conducted by Liu et al. (2015) and 

Singh et al. (2016) who demonstrated the use of multiplex PCR melting curve analysis in an effort 

to simultaneously detect a variety of AmpC beta-lactamases. Once again, these methods focused 

on the analysis of genomic and plasmid DNA extracted from single isolates originating from 

clinical samples. The organisms analysed included K. pneumoniae, E. coli, P. mirabilis, 

Citrobacter freundii, Enterobacter cloacae, Morganella morganii, Hafnia alvei, Aeromonas spp., 

and Salmonella enterica. The method used in the present study differed from that used in the 

above-mentioned studies, as it respectively used mixed environmental genomic and plasmid DNA 

samples. It is therefore suggested that employing multiplex beta-lactamase gene detection in 

conjunction with the methods used in this study could be beneficial in the analysis of ARGs. 

Moreover, single isolate studies in an environmental context may be limited because uncultivable 

and non-pathogenic organisms harbouring AmpC beta-lactamase genes could be overlooked. 

Therefore, the simultaneous detection of various AmpC beta-lactamase gene families from large 

pools of environmental DNA samples, as was achieved by the current study, may potentially 

alleviate the limitation/s of single isolate analysis.  
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3.6 Conclusion 

The study used an enrichment method to detect the prevalence and diversity of AmpC beta-

lactamase genes in a selected aquatic system. By using end-point PCR, AmpC genes could be 

detected in both plasmid and genomic DNA in all three the river systems that were studied. 

Moreover, quantification of the gene revealed an association with anthropogenic activities 

surrounding the respective sampling sites that influenced AmpC gene occurrence. Some intra- 

and inter-site as well as inter-river differences were observed among the AmpC beta-lactamase 

gene sequences from plasmids. These differences could have resulted from mutations. 

Furthermore, the presence of these genes in plasmids, accompanied by the intI1 gene, highlights 

the possibility of gene dissemination throughout the aquatic environment as well as their 

persistence. Additionally, the mutations that were detected in the genes may potentially lead to 

more effective resistance mechanisms to beta-lactam antibiotics. The quantification method used 

in this study is not suited for the analysis of all AmpC gene groups associated with plasmids and 

this limitation should be addressed by future studies. The differences in gene sequences that 

were observed may have been due to mutations, and the dire implications of this should be further 

investigated.   
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CHAPTER 4 - METHOD EVALUATION FOR THE DETECTION AND 

QUANTIFICATION OF CLINICALLY RELEVANT PLASMID-MEDIATED 

AmpC BETA-LACTAMASE GENES IN AQUATIC SYSTEMS 

4.1 Abstract 

The extent and impact of plasmid-mediated AmpC beta-lactamase genes (pAmpCs) prevalence 

in aquatic environments is poorly understood. It is therefore important that robust as well as time 

and cost-efficient detection and quantification methods are used. The aim of this study was 

therefore to detect and quantify pAmpCs from the aquatic environment and to evaluate a method 

best suited for the quantification of environmental DNA. The following pAmpCs were analysed 

with clinical TaqMan assays from isolated plasmids: ACC, ACT/MIR, BIL/LAT/CMY, DHA, FOX 

and MOX/CMY. Quantification was conducted using qPCR and 3D chip-based digital PCR. A 

comparison of the two methods revealed the following non-significant comparative result: qPCR 

yielded 4875.27 copies/ng DNA and dPCR, 1640.58 copies/ng (Mann-Whitney U Test, p = 0.868). 

It was therefore determined that qPCR and dPCR are comparable and therefore either method 

could be used. However, due to financial, time and practical considerations, the use of qPCR is 

more appropriate for analysis of environmental DNA. Redundancy analysis indicated that land 

coverage explains 90.49% (ANOVA, p = 0.601) of pAmpCs variance. There was a correlation 

between the frequency and quantities of pAmpCs detected in each river and this could be related 

to anthropogenic influence. Frequencies of detection for pAmpCs were 25/36 for the Crocodile 

West River and 13/36 for the Marico River. Quantification resulted in higher copy numbers for the 

Crocodile West River and high copies in only 2 sites of the Marico River, thus reflecting degrees 

of anthropogenic influences on both rivers. The presence of these clinically relevant pAmpCs in 

aquatic systems is cause for concern considering their potential impact if these genes are 

harboured by pathogens and become dispersed to human populations.  

Keywords: AmpC beta-lactamases, anthropogenic, antibiotic resistance, aquatic environment, 

digital PCR, plasmids, quantitative PCR 

4.2 Introduction 

Aquatic systems serve as a reservoir for the influx and distribution of antibiotic resistance genes 

(ARGs) (Biyela et al. 2004). Wastewater treatment plants, agricultural activities and urbanisation 

all contribute to the genetic reservoir from which mutations and transferal between bacterial 

species of genetic elements occur (Rizzo et al. 2013; Devarajan et al. 2017). Great strides have 

been made in the field of ARGs analysis in environmental settings, revealing that aquatic 
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ecosystems are reservoirs of ARGs (Amos et al. 2014). Plasmid-mediated AmpC beta-lactamase 

genes (pAmpCs) are mobile and convey resistance to several antibiotics, including third- and 

fourth-generation cephalosporins (von Tippelskirch et al. 2018). The World Health Organization 

(WHO) has recognised this group of antibiotics as critically important antimicrobials (WHO 2017). 

Global issues regarding the ease of dissemination, high evolutionary rate and clinical impact of 

pAmpCs have caught the attention of the world (Cantón 2009; Tang et al. 2014). 

The cycle of ARGs in clinical settings is well understood; however, ARGs in environmental niches 

are somewhat understudied (Eckert et al. 2018). ARGs from clinical origins have invaded various 

environmental types and utilise these environments in an almost symbiotic manner to promote 

spread and evolution of these genes (Martinez 2009). For example, the bacterial richness of soils 

allows ARGs to cross to previously unexposed species or previously susceptible bacteria, thereby 

inducing further ARG evolution and diversity. Moreover, air, water and animal vectors are means 

by which ARGs disseminate between environments and human settings (Leonard et al. 2015; 

Dolejska & Papagiannitsis 2018; Tiedje et al. 2019). The role of pAmpCs in the cycle of ARG 

dissemination and their impact on the environment, particularly aquatic systems, is generally 

unexplored. In order to determine the extent of pAmpCs within the environment, quantitative 

detection methods must be employed (Coertze & Bezuidenhout 2019). 

Due to the increased morbidity and mortality rates associated with bacterial infections that are in 

turn associated with pAmpCs (Tang et al. 2014; Harris 2015), it is imperative that rapid, affordable 

and reliable detection methods for pAmpCs are available (Reuland et al. 2015). It is undeniable 

that pAmpCs may elude detection by shortcomings in detection methodology (El-Hady & Adel 

2015) or by residing within non-pathogenic organisms (Cantón 2009). In culture-dependent 

studies, pathogenic organisms are usually the subject of analysis (Rizzo et al. 2013) and therefore 

non-pathogens harbouring these ARGs may go undetected (Baquero et al. 2008). In mixed 

bacterial communities from environmental samples, pathogens may acquire ARGs as part of 

mobile genetic elements via horizontal gene transfer from non-pathogens (Martinez 2009). 

Recent studies have identified pAmpCs in bacterial species from which the plasmid did not 

originate (Harris 2015). This supports the capability of these genes to disseminate among a 

variety of bacterial species in an unbiased manner. It would therefore be beneficial to analyse 

both pathogenic and non-pathogenic DNA in order to understand the genetic potential of an 

immediate environment, particularly in terms of antibiotic resistance and associated horizontal-

gene-transfer and virulence factors. Therefore, the analysis of environmental DNA (eDNA) is 

essential.  

The current dynamics regarding AmpC beta-lactamase genes in aquatic environments are largely 

unknown. In South Africa, there is a lack of knowledge regarding the prevalence of these genes 
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or methods of analysis from environmental samples that are viable considering the limited 

resources available. Therefore, the objectives of the current study were to: (i) Use a culture based 

method for enriching aerobic heterotrophic bacteria from aquatic systems (anaerobic bacteria 

were excluded to reduce the number of variables that could affect the outcome of the study) with 

subsequent isolation of plasmid DNA from the mixed population; (ii) detect and quantify clinical 

variants of AmpC genes using quantitative PCR and chip-based digital PCR; (iii) and evaluate the 

two methods for the quantification of environmental DNA.  

4.3 Methods and materials 

4.3.1 Sampling and enrichment 

River water (two 1 L bottles) was sampled from six sites in the Crocodile West River and Marico 

Rivers respectively in the North West Province of South Africa (Figure 4-1). Water was sampled 

aseptically approximately 1 m from the edge of the river from running water at a depth of 

approximately 30 cm.  Information on the rivers and their respective sampling sites were obtained 

from a geospatial analysis report by Bezuidenhout et al. (2017). Sites of the Crocodile West River 

are adjacent to land areas with numerous agricultural, mining and urban influences (Table S4-1). 

In comparison, the Marico River is marginally affected by anthropogenic influences and mostly 

surrounded by natural environments with agricultural activities adjacent to some sites and urban 

influence at Site 6 (Table S4-1). Due to inaccessibility of Site 1 of the Marico River and lack of 

sampling water at Site 1 of the Crocodile West River, these sites were not included in further 

analyses. Historical studies of water quality on these rivers indicated that, on average, the 

Crocodile West River was more similar in physical and chemical parameters and higher in 

microbial water quality measurements (Faecal coliforms, Enterococci, Clostridia, and 

heterotrophic plate counts) than the Marico River (Bezuidenhout et al. 2017). 

Sampling of water from the two rivers was conducted over a period of two days (one day for each 

river). After sampling of each river, samples were kept on ice and analysed within 12 hours after 

sampling. Three 9 ml Luria-Bertani (LB) broths were inoculated with 1 ml river water from each 

sampling site. Enrichment of aerobic heterotrophic bacteria was conducted by incubating the 

inoculated broths at 37°C while shaking at 220 rpm until an OD600 measurement of 

approximately 0.6 was reached. This was measured every 30 min (n = 3) using the NanoDrop 

One Spectrophotometer and following the manufacturer’s recommendations (ThermoFisher 

Scientific, USA). The enrichment of the water samples from the selected river environments was 

conducted in an effort to enhance the detection signals of pAmpCs, as suggested by Viršek et al. 

(2017). It is acknowledged that one-time sampling was a limitation of this study. 



 

63 
 

 

 

Figure 4-1: Map illustrating the locations of the sampling sites of the Crocodile West River (red circles) and 

Marico River (blue triangles). The green square in the upper left corner represents the sampling area in the 

context of South Africa. The map was generated using the ggmap package (version 3.0.0) in R (version 

3.6.0). 

4.3.2 DNA extraction 

Plasmid DNA was extracted from each successfully cultured broth using the NucleoSpin Plasmid 

DNA Isolation kit (Machinery-Nagel, Germany). This was done according to the protocol of the 

manufacturer. Qubit analysis using a broad-range kit was used to determine the concentrations 

of extracted plasmids (ThermoFisher Scientific, USA). 

4.3.3 Detection of plasmid-mediated AmpC genes 

In order to ensure the highest possible comparability across all variables, all the subsequent 

reagents and PCR quantification platforms were from ThermoFisher Scientific (USA). All PCR 

reactions (including quantification PCRs) were conducted with the addition of no template controls 
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(one for each reaction) and positive controls. Positive controls were obtained through PCR 

screening of environmental samples, purified, and identified using Sanger Sequencing and 

BLAST (data not shown). Plasmid DNA samples (n = 3 per site) were pooled prior to further 

analysis. Samples harbouring AmpC genes were determined by using the QuantStudio 

Quantitative PCR presence/absence protocol. PCR reactions were conducted in triplicate and set 

up in 20 µl reactions. Each PCR reaction consisted of 20 ng DNA, 1x QuantStudio 3D Digital PCR 

MasterMix v2, 1x of the appropriate TaqMan assay, and filled to volume with nuclease-free water. 

The following FAM florescent dye TaqMan gene expression assays were used to amplify the 

various pAmpCs: Pa04646144_s1 (ACC), Pa04646124_s1 (ACT/MIR), Pa04646135_s1 

(BIL/LAT/CMY), Pa04646120_s1 (DHA), Pa04646126_s1 (FOX) and Pa04646156_s1 

(MOX/CMY). Probe sequences are not made available by ThermoFisher, thus only product codes 

are provided. Thermal cycling conditions, using the QuantStudio 3 Quantitative PCR system, 

consisted of a Pre-Read Stage: 60°C for 30 s, Hold Stage: 95°C for 10 min, PCR Stage: 40 cycles 

of 95°C for 15 s followed by 60°C for 1 min, and finally a Post-Read Stage at 60°C for 30 s. 

4.3.4 Quantification of plasmid-mediated AmpC genes 

Due to the mixed bacterial nature of the DNA samples, optimal gene copy numbers and thus DNA 

input could not be calculated. Therefore, the DNA input in PCR reactions varied between samples 

although the results were standardised by using Equation (1):     

𝑐𝑜𝑝𝑖𝑒𝑠/𝑛𝑔 𝐷𝑁𝐴 =
𝑐𝑜𝑝𝑖𝑒𝑠 𝑖𝑛 𝑟𝑥𝑛

𝐷𝑁𝐴 𝑚𝑎𝑠𝑠 𝑖𝑛 𝑟𝑥𝑛
 

Where copies/ng DNA refers to the gene copies of a target gene per nanogram of template DNA.  

Copies in rxn represent the copies resulting from a qPCR/dPCR platform and calculated to include 

the entire reaction volume. DNA mass in rxn symbolises the mass of DNA in nanograms that was 

added to the total reaction volume. The use of this equation made it possible to standardise the 

AmpC gene copy numbers for the applications of this study. 

4.3.4.1 Quantification using quantitative PCR 

Absolute quantification of plasmid-mediated AmpC genes was performed using the QuantStudio 

3 Quantitative PCR system in 20 µl reactions. Each reaction consisted of 1x QuantStudio 3D 

Digital PCR MasterMix v2, 1x of the appropriate TaqMan assay, DNA input (which varied 

depending on undetectable or over saturated measurements of previous test runs) and filled to 

volume with nuclease-free water. Each sample was independently tested (n = 3). Thermal cycling 

conditions comprised of an initial step in which the reaction was kept at 50°C for 2 min followed 

(1) 
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by denaturation at 95°C for 10 min. The cycling steps consisted of 40 cycles of 95°C for 15 s and 

60°C for 1 min. 

DNA used for standard curves were constructed using positive control samples for each target 

gene containing known copies. The number of copies for each gene was determined using dPCR 

as described below. At least three repetitions of each gene were subjected to dPCR at varying 

concentrations in order to determine the highest possible accuracy of gene copies. Standard 

curves were determined by using five-fold dilutions in independent triplicate reactions. Copies 

ranging between 20 000 and 2 comprised the dilution series. Amplification efficiencies of standard 

curves between 90% and 110% (E = 10−1/slope − 1) (Pfaffl 2001) and  R2 > 0.97 were considered 

as reliable comparison trend lines for quantification of unknown gene samples.  

4.3.4.2 Quantification using digital PCR 

Absolute quantification of plasmid-mediated AmpC genes was achieved using the QuantStudio 

3D Digital PCR System. Each dPCR reaction was prepared to a final volume of 15 µl, which 

included a 6.67% excess consisting of 1x QuantStudio 3D Digital PCR MasterMix v2, 1x TaqMan 

assay, varying mass DNA input (i.e. between 10 ng to 50 ng) and filled up to volume with 

nuclease-free water. A final volume of 14 µl was transferred to the digital PCR chip. PCR 

conditions were set according to the standard ProFlex 2x Flat PCR System PCR Method. No 

positive control was tested because external references are not necessary for dPCR analysis 

(Hudecova 2015). Analysis of the 3D PCR results was conducted using the QuantStudio 3D 

AnalysisSuite Cloud Software. Parameters were set using the Poisson Plus quantification 

algorithm version 4.4.10 (Majumdar et al. 2017), a confidence level of 95% and a precision 

difference of 10% maximum. All samples were quantified with at least three independent 

repetitions.  Samples that did not present within quality parameters were repeated following 

adjustment of DNA input quantities. 

4.3.5 Data analysis 

Normalisation of the datasets was calculated using the Shapiro-Wilk normality test. Normally 

distributed data were considered for P-values larger than the alpha value (0.05). The Mann-

Whitney U Test was used to determine the statistical significance between the medians of the two 

quantification methods for both rivers, as well as the rivers individually. This was also performed 

to determine significance between the target genes for each river and between methods. 

Analyses of the various AmpC targets for each river were performed using the Kruskal-Wallis H 

Test. Post-hoc analysis was conducted using the Dunn’s Test. Redundancy analysis (RDA) was 

used to determine if variations of the AmpC target genes (considered as species data) could be 
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explained by land coverage surrounding the sampling sites (Agriculture, Mines, Urban, Natural, 

Water, Wetlands, Plantations, Erosion, Bare Ground and WWTPs − Table S4-1). This was done 

using the rda function from the vegan package (version 2.5-6) (Oksanen et al. 2019). Land 

coverage data were obtained from Bezuidenhout et al. (2017). The analysis was based on 

prevalence (absence/presence) of the AmpC genes and not their copy numbers. Monte Carlo 

simulations, 999 permutations, were conducted to test the significance of the observed variations 

using the R base anova function. Statistical significance over all tests was recognised for P-values 

< 0.05. Statistical analyses were conducted in the R statistical programming language (version 

3.6.0) (R Core Team 2013). Relevant graphs were constructed using the ggplot2 package 

(version 3.1.1) (Wickham 2016).  

4.4 Results 

Plasmid-mediated AmpC beta-lactamases were detected for all sites of the Crocodile West River 

and for five out of six sites sampled in the Marico River (Table 4-1). The results for each site and 

target genes obtained by both the quantitative PCR and digital PCR methods are available in the 

Annexures as Tables S4-2 to S4-5. 

4.4.1 Comparison of qPCR and dPCR 

The two quantification methods resulted in varying AmpC qPCR (4875.27) and dPCR (1640.58) 

copies/ng DNA copy numbers. However, there was no significance between the medians for 

these methods (Mann-Whitney U Test, p = 0.868). Moreover, individual analysis of the Crocodile 

West River, qPCR (2074.98 copies/ng DNA) and dPCR (1643.82 copies/ng DNA), and the Marico 

River, qPCR (7675.56 copies/ng DNA) and dPCR (1637.33 copies/ng DNA), also demonstrated 

that there was no significant difference between the two methods (Kruskal-Wallis H Test, p = 

0.981 and p = 0.857 respectively). 

Each target gene was evaluated individually for each river to determine if there was a significant 

difference for the measured copies using each method. Results for both the Crocodile West River 

and the Marico River indicated no significance for the specific target gene levels (Mann-Whitney 

U Test, p > 0.05), irrespective of the method used. Statistically the methods were comparable 

and therefore the median of both methods was used for further investigations. 
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Table 4-1: Average copy numbers of pAmpCs for each AmpC group and sampling sites of each river and 

quantification method used. The median of both methods for sites and AmpC groups are also shown. 

 

4.4.2 AmpC enriched gene quantification  

Among the six Crocodile West River sites, the following AmpC gene groups and their detection 

frequencies were observed, in descending order: ACT/MIR (5/6), BIL/LAT/CMY (5/6), MOX/CMY 

(5/6), FOX (4/6), ACC (3/6) and DHA (3/6) (Table 4-1). In the Marico River, fewer of these genes 

were detected: FOX (4/6), ACT/MIR (3/6), BIL/LAT/CMY (2/6), MOX/CMY (2/6), ACC (1/6) and 

DHA (1/6) (Table 4-1). Overall, considering both rivers, the most prevalent AmpC gene groups 

were FOX & ACT/MIR (8), followed by MOX/CMY & BIL/LAT/CMY (7), ACC (4) and DHA (4). At 

Sites 3, 4 and 5 of the Crocodile West River and Sites 2 and 5 of the Marico River the highest 

 Crocodile West River  Marico River 

 n (6) qPCR dPCR Median  n (6) qPCR dPCR Median 

Target Genes                Copies/ng DNA                                                             Copies/ng DNA 

ACC 3 4.67 6.48 1.07  1 23.02 35.35 0.00 

ACT/MIR 5 4296.79 3475.68 2195.74  3 621.02 461.57 1.58 

BIL/LAT/CMY 5 3476.58 3128.55 424.18  2 1221.84 1062.19 0.00 

DHA 3 132.98 145.70 1.98  1 983.54 1011.14 0.00 

FOX 4 346.58 396.04 79.75  4 1860.12 882.80 148.35 

MOX/CMY 5 4192.30 2710.50 2486.10  2 41343.81 6370.93 0.00 

Total 25/36     13/36    

Sampling Sites                    Copies/ng DNA                                                             Copies/ng DNA 

Site 2 4 3933.81 3389.19 71.24  5 5049.92 1816.49 633.88 

Site 3 5 1062.44 842.07 87.19  2 11.12 10.99 0.00 

Site 4 5 2045.01 2596.57 1285.32  1 136.70 115.08 0.00 

Site 5 5 2719.58 1666.42 748.08  5 40836.68 7849.36 4344.83 

Site 6 3 2447.02 1135.65 79.76  1 18.93 32.05 0.00 

Site 7 3 242.04 233.04 1.07  0 0.00 0.00 0.00 

Total 25/36     14/36    
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abundance of target AmpC gene was detected (Table 4-1). Sites with the lowest abundance of 

pAmpCs were Sites 4 and 6 of the Marico River in which only one target gene was detected at 

each (FOX and ACC respectively). None of the targeted pAmpCs were detected at Site 7 of the 

Marico River. The lowest abundance of AmpC gene groups were detected in the Crocodile West 

River were at Sites 6 (ACT/MIR, BIL/LAT/CMY and MOX/CMY) and 7 (ACC, DHA and 

MOX/CMY). 

The Crocodile West River resulted in an average of 1859.40 copies/ng DNA of AmpC beta-

lactamase gene copies and the Marico River in an average of 4656.45 copies/ng DNA. The 

difference in copies between the two rivers was significant (Mann-Whitney U Test, p < 0.000). 

The average copies and medians of AmpC genes for each river, target gene and sampling sites 

are presented in Table 4-1. 

4.4.3 Crocodile West River: AmpC gene copy number 

The highest average AmpC copy numbers (for individual genes) were obtained for ACT/MIR 

(3886.23 copies/ng DNA), followed by MOX/CMY (3451.40 copies/ng DNA), BIL/LAT/CMY 

(3302.56 copies/ng DNA), FOX (371.31 copies/ng DNA), DHA (139.34 copies/ng DNA) and ACC 

(5.57 copies/ng DNA). Differences between target groups were significant (Kruskal-Wallis H Test, 

p < 0.018). It was calculated that the copy numbers for ACT/MIR and MOX/CMY were significant 

toward ACC and DHA (Dunn’s Test, p < 0.05). 

The highest average AmpC copy numbers (including all genes) for each sampling site were: Site 

2 (3661.50 copies/ng DNA) followed by Site 4 (2320.79 copies/ng DNA), Site 5 (2193.00 

copies/ng DNA), Site 6 (1791.33 copies/ng DNA), Site 3 (952.26 copies/ng DNA) and Site 7 

(237.54 copies/ng DNA). Differences between sampling sites were not significant (Kruskal-Wallis 

H Test, p = 0.400).   

4.4.4 Marico River: AmpC gene copy number 

The highest average AmpC copy numbers (for individual genes) were obtained for MOX/CMY 

(23857.37 copies/ng DNA), followed by FOX (1371.46 copies/ng DNA), BIL/LAT/CMY (1142.01 

copies/ng DNA), DHA (997.34 copies/ng DNA), ACT/MIR (541.30 copies/ng DNA) and ACC 

(29.18 copies/ng DNA). Differences between target groups were not significant (Kruskal-Wallis H 

Test, p = 0.763).  

The highest average AmpC copies (including all genes) for each sampling site were: Site 5 

(24343.02 copies/ng DNA) followed by Site 2 (3433.21 copies/ng DNA), Site 4 (125.89 copies/ng 

DNA), Site 6 (25.49 copies/ng DNA), Site 3 (11.06 copies/ng DNA) and Site 7 (0.00 copies/ng 
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DNA). Differences between sampling sites were significant (Kruskal-Wallis H Test, p = 0.003). It 

was calculated that the average AmpC copies obtained in Sites 2 and 5 were significant toward 

Sites 3, 4, 6 and 7 (Dunn’s Test, p < 0.05). 

4.4.5 AmpC target gene relationships with land coverage 

In order to determine if land coverage explained variance in the prevalence of AmpC genes, RDA 

was performed. The resulting ordination plot is illustrated in Figure 4-2. Variances between AmpC 

target genes were explained by 90.49% of the first two axes with all variables, although this 

variation was not significant (F = 0.952, p = 0.601). The first axis explains 45.15% (F = 23.74, p 

= 0.590) of variations and the second axis explains 19.70% (F = 10.36, p = 0.881). The lack of 

significance could imply unknown variables affecting variance in AmpC target genes. 

Figure 4-2: Redundancy analysis (RDA) plot illustrating variance of AmpC target genes (thick blue arrows 

and blue text) explained by land coverage (thin red arrows and red text) surrounding the sampling sites of 

both rivers. 
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4.5 Discussion 

The aim of this study was to detect and quantify plasmid-mediated AmpC beta-lactamase genes 

from DNA obtained from water samples from two river systems using two quantification methods. 

Major groups of clinically relevant pAmpCs were detected throughout the Crocodile West River 

and the Marico River. This finding is cause for concern as it highlights potential health risk impacts 

on the river environments and surrounding human settings. 

4.5.1 Comparison between quantification methods 

The results that were obtained for both the Crocodile West River and the Marico River 

demonstrated scenarios in which qPCR and dPCR could be interchangeable or, alternatively, the 

results could be deemed unreliable. Statistical analyses of the AmpC groups in the Crocodile 

West River led to the inference that there was no statistical significance between the two methods 

(Mann-Whitney U Test, p = 0.868). At first glance it would seem that either method can be used 

for the quantification of pAmpCs; however, closer examination of individual results could bring to 

light some important considerations. 

The mixed bacterial nature of the plasmid DNA samples made it impossible to estimate the 

amount of AmpC copy numbers within a sample, which is recommended for dPCR (Conte et al. 

2015). The addition of unknown high copy numbers of DNA to a dPCR chip could mean that 

multiple pAmpCs were contained within a single dPCR chip partition, which is why saturated 

samples may not have been accurate and resulted in an underestimation of gene copies (Blaya 

et al. 2016; Jones et al. 2016). An example of this is Site 5 of the Marico River regarding the 

MOX/CMY gene. Using qPCR, a result of 229786.35±8743.53 copies/ng DNA was obtained 

compared to significantly less 32887.4±839.32 copies/ng DNA using dPCR. Oversaturation 

explains why the dynamic range of dPCR was limited when compared to the extended range of 

qPCR. It has previously been reported that qPCR and dPCR have a comparable dynamic range 

for the first 4-log-units (Strain et al. 2013; Alikian et al. 2017), although qPCR can quantify target 

genes up to 7-log-units (Powell & Babady 2018). It thus seems that the significant variations in 

copy numbers can be attributed to the sensitivity and dynamic range between the two methods. 

In the case of the Crocodile West River, the problem of oversaturation of dPCR chips did not have 

a significant effect on the overall outcome of the results. However, AmpC gene groups were 

generally dominated by higher copy numbers produced by qPCR. For example, ACT/MIR, 

BIL/LAT/CMY and MOX/CMY all had qPCR/dPCR ratios indicating higher qPCR quantification 

(qPCR/dPCR > 1), although the opposite was observed for the lower quantitate genes ACC, DHA 

and FOX (qPCR/dPCR < 1). This could have been due to slight saturation of these higher copy 
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genes and thus the AmpC copies were more comparable at lower quantities. Similar observations 

were made by Alikian et al. (2017) who focused on the quantification of the clinical BCR-ABL1 

gene, while Blaya et al. (2016) quantified the environmental bacteria Phytophthora nicotianae. 

These two studies both found that, at higher concentrations, the two methods were not 

comparable, although the authors argued that dPCR was more sensitive at lower target gene 

quantities.  

Oversaturation can be resolved by conducting various dilutions of DNA samples that will result in 

lower numbers of copies, and thus oversaturated samples can be identified and eliminated  

although rare targets may fall below the detection limit (Majumdar et al. 2017). The use of dilutions 

to identify oversaturated dPCR chips was demonstrated by Blaya et al. (2016) during the analysis 

of environmental samples. Blaya et al. (2016) mention that environmental samples are highly 

unpredictable regarding genetic content and inhibitory substances, thus they recommend that 

quantification reactions should be conducted in various replicates to improve accuracy. However, 

even though multiple replicates and dilutions were conducted on the MOX/CMY gene in the 

current study for Site 5 of the Marico River using dPCR, it was only after comparison with the 

qPCR results that the oversaturation became apparent. Due to the lack of controls, standard 

curves or real-time amplification visualisation for dPCR, it may be difficult to estimate the 

occurrence of oversaturation among samples. During quantification of qPCR, up to 96 samples 

can be analysed simultaneously and standardised on the same analysis platform depending on 

the number of wells and heating blocks on the thermocycler. Therefore, samples containing high 

pAmpCs copies can be identified during qPCR analysis because amplification curves at early 

cycles can be identified. However, this is not possible for dPCR samples because they are 

prepared and analysed independently.  

As this was an environmental study, data on the average pAmpCs copy numbers were required 

for the various sampling sites. It was therefore important that the dissimilarities between the 

methods be evaluated to compare the outcomes of the sampling sites. Statistical analyses of the 

sampling sites revealed that there was no significance between the methods used for the 

Crocodile West River and the Marico River (Mann-Whitney U Test, p > 0.05), despite questionable 

individual variations as observed for Site 5 of the Marico River. Therefore, the fact that the results 

of the pAmpCs and sampling sites remained comparable supports the use of either method for 

the quantification of pAmpCs.    

With reference to the advantages and drawbacks that were previously mentioned, there are four 

practical considerations to take into account when deciding between the two methods. (i) Cost: 

When considering the cost per sample, the reagents and dPCR chips required to match the output 

of qPCR are quite expensive compared to the cost of dPCR analyses. (ii) Time: In this study, in 
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the time 10 samples could be prepared for dPCR quantification, a filled 96-well could be prepared 

for qPCR. This is because the dPCR thermocycler can only accommodate 25 samples whereas 

qPCR can quantify 96. Moreover, following PCR amplification, the quantification results of the 

qPCR were immediately ready for analysis while each individual dPCR chip first had to be 

separately analysed for a duration of 3 minutes per sample. (iii) Hardware: qPCR requires a real-

time thermocycler that can be used for other additional applications, whereas dPCR requires a 

chip-sealer, flat-bottom thermocycler and chip-reader. Thus the dPCR workflow is an open-

system and prone to contamination. (iv) Analysis: The analysis of qPCR quantification results is 

standardised across samples, whereas dPCR chips are individually analysed. 

In summary, this study successfully quantified clinically relevant pAmpCs that were isolated and 

enriched from aquatic environments. However, despite the applicability of the two quantification 

methods, the unpredictability of environmental samples, time and cost limitations and lack of 

protocol customisations make dPCR a secondary choice for the quantification of pAmpCs. This 

does not mean that dPCR cannot be improved for the quantification of environmental samples. A 

creative and innovative study by Gou et al. (2018) describes the use of a mobile smartphone-

based digital PCR instrument which the authors developed. This device weighs approximately 

500 g and fits in a person’s hand, which makes it ideal for fieldwork and quantification of eDNA. 

The entire device is controlled on an individual’s smartphone by installing an application on which 

the results are also recorded and analysed. The device is also comparable to and substantially 

cheaper than the QuantStudio 3D digital PCR platform evaluated in this study.  

The findings of the current study suggest that, despite the limitations of the quantification platform 

that may be used, both the detection and quantification of pAmpCs originating from the 

environment, especially aquatic systems, are imperative. The quantification technologies that 

were investigated may become incorporated into surveillance strategies of these genes in aquatic 

environments in efforts to manage environmental limits and to prevent harm to the environment 

and human health. 

4.5.2 Environmental implications of AmpC genes 

The Crocodile West River and Marico River were chosen for water analysis due to the differences 

in anthropogenic impact on the two rivers. A report on South African rivers by Bezuidenhout et al. 

(2017) specified types of human exposure by land coverage surrounding the sampling sites 

(Table S1). Generally, the sampling sites in the Crocodile West River would have been impacted 

by mining, WWTPs and industrial activities, whereas the Marico River sites would have been less 

impacted by such activities and more by agricultural activities.  
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According to redundancy analysis of the variations in AmpC genes observed, land coverage 

explains 90.49% of pAmpCs variation (Figure 4-2). However, because this result was not 

significant (p = 0.601), land coverage may not be an accurate estimation of ARGs in the 

environment, but rather an indicator. Land coverages such as urban areas, agricultural settings 

and WWTPs are known as sources of ARGs, antibiotic resistant bacteria (ARB) and selection 

components (i.e., antibiotics) (Karkman et al. 2019). However, these elements are carried by 

mobile waters to downstream locations and therefore are difficult to be linked to a specific location 

or type of land coverage. This explains why land coverages can be indicators of the presence of 

pAmpCs, although the types of pollutant elements and ARB in water that are co-detected with 

pAmpCs may provide a more accurate explanation of pAmpCs prevalence.  

Karkman et al. (2019) demonstrated that ARGs in anthropogenic environments are more likely to 

be explained by faecal pollution rather than a selective pressure such as antibiotics in the 

environment. This was potentially reflected by the frequency of pAmpCs detected in the Crocodile 

West River (25/36), which was higher compared to the Marico River (13/36). The higher 

anthropogenic exposure of the Crocodile West River could have led to the higher occurrence of 

pAmpCs, especially considering the high exposure to WWTPs (n = 32). This phenomenon was 

earlier investigated by Zeng et al. (2019), who established that higher levels of pollution, 

specifically faecal pollution, led to higher abundance of ARGs when compared to more pristine 

environments. In the current study, the same was true for the quantities of pAmpCs observed for 

each site of both rivers. In the Crocodile West River, the majority of sites produced relatively high 

copies of pAmpCs compared to the Marico River (Mann-Whitney U Test, p < 0.000), whereas in 

the Marico River only Sites 2 and 5 yielded significant high copies (Table 4-1, Kruskal-Wallis H 

Test,  p < 0.05). 

According to Jacoby (2009), ESKAPE pathogens (Enterococcus faecium, Staphylococcus 

aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and 

Enterobacter spp.) have been observed to be the origin of and to harbour AmpC genes. 

Escherichia coli and Klebsiella pneumonia are ESKAPE pathogens and known for association 

with faecal wastewater (Dolejska et al. 2011). In this study, the ACT/MIR and MOX/CMY group 

was frequently detected in the Crocodile West River (5/6) and yielded significantly higher copy 

numbers compared to the other genes (ACC and DHA). Similarly, high copies of MOX/CMY were 

observed in the Marico River (Table 4-1). A study conducted by Ragupathi et al. (2019) isolated 

E. coli and K. pneumonia from a clinical environment with the goal of isolating various plasmid 

variants and to determine resistance constituents. According to Ragupathi et al. (2019), the CMY-

2, CMY-42 and CMY-65  genes, as well as CMY-4 and CMY-6 genes (members of MOX/CMY 

and BIL/LAT/CMY) were found on a variety of plasmids carried by E. coli and K. pneumonia 
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respectively. This included the Inc plasmids which are known for carrying diverse groups of ARGs, 

including beta-lactamase genes, quinolone and aminoglycoside resistance genes that originate 

from clinical samples (Carattoli 2009; Ogbolu et al. 2013).  

It is known that WWTPs are not always able to remove ARB and ARGs from wastewater (Paul et 

al. 2018). For example, E. coli and K. pneumonia (known for harbouring pAmpCs) have often 

been detected in treated wastewater effluent from a WWTP in the Czech Republic (Dolejska et 

al. 2011). Moreover, numerous other faecal pathogens are also known to carry pAmpCs (Jacoby 

2009). If wastewater treatment processes are mismanaged, not optimally used or neglected, 

these bacteria may enter the environment while harbouring clinically relevant pAmpCs. Both rivers 

in the current study are impacted by WWTPs and their effluent may affect downstream 

populations (Bezuidenhout et al. 2017). It is thus worrying that pAmpCs that were detected in 

clinical cases were observed in the aquatic environments of this study. The pAmpCs groups 

quantified in this study (such as MOX/CMY, BIL/LAT/CMY and ACT/MIR) are frequently found in 

pathogenic organisms. For example, the CMY-2 gene that is the most commonly detected 

pAmpCs in clinical Enterobacteriaceae (Pietsch et al. 2018) was also frequently detected in this 

study in higher levels compared to the levels of other AmpC genes. Furthermore, ACT/MIR (Wu 

et al. 2018), DHA (Hsieh et al. 2015) and ACC (Hasman et al. 2005) have all been detected in 

clinical isolates and are known to convey resistance to several beta-lactam antibiotics in clinical 

cases. Outside the boundaries of enriched samples, direct correlation between copy numbers of 

pAmpCs and number of bacterial carriers in the aquatic environment is alarming. 

The various possible pollution sources and their effluent constituents may explain the prevalence 

of these genes in the river systems. Even the Marico River, which is less anthropogenically 

impacted than the Crocodile River, is still exposed to various agricultural activities, and these 

could be promoting the selection of antibiotic resistant bacteria and ARGs (Manyi-Loh et al. 2018; 

Karkman et al. 2019). In the South African context, ampC genes have been detected in both 

agricultural and environmental settings (Ekwanzala et al. 2018), which indicates the possibility 

that these genes may be transferred between agriculture and the environment. A possible 

dispersion mechanism of pAmpCs to human settings and subsequent consumption is through 

irrigation and produce. Njage and Buys (2017) established that E. coli harbouring extended-

spectrum beta-lactamase genes (ESBLs) and AmpC genes (associated with pAmpCs detected 

in this study) were detected in irrigation water for lettuce. After the lettuce had been harvested 

and processed, E. coli which still conveys resistance to beta-lactams was detected on the 

produce. Considering that fresh produce could be globally distributed, it highlights the danger of 

how easily these genes could be transferred from the environment to human settings. 
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Another method in which pAmpCs may cross from the environment to humans is direct exposure. 

Leonard et al. (2015) proposed that E. coli harbouring ESBLs could be transferred from ocean 

water to humans. This argument was based on the levels of E. coli in ocean water and volumes 

of water during recreational activities ingested (up to 200 ml per day). Considering that the 

pAmpCs detected in this study originated from river waters, it is likely that bacteria harbouring 

these genes could be transferred to humans from these rivers. Both the Crocodile West River and 

the Marico River flow through urban, rural and agricultural settings. It obvious during sampling 

that these waters are used for consumption, food-preparation, bathing, religious practices, 

irrigation and livestock consumption (Bezuidenhout et al. 2017), therefore it is possible that these 

pAmpCs may be transferred to humans. Moreover, if river water is used for drinking water, even 

after treatment ARGs can enter the drinking water system (Rodriguez-Mozaz et al. 2015). This 

observation has previously been made through isolation of E. coli harbouring IncF plasmids from 

drinking water sources in taps and wells (Lyimo et al. 2016). Furthermore, it is disconcerting that 

pAmpCs have been detected on Inc-type plasmids in clinical settings (Lorme et al. 2018). The 

presence of pAmpCs and their mobile vectors in both aquatic and clinical settings suggests that 

the environment might serve as a distribution hub of pAmpCs. This highlights the need for further 

investigation and environmental surveillance regarding pAmpCs and ARGs in general. In addition, 

it is also important to establish relationships between pAmpCs and pollution elements in aquatic 

systems. 

4.6 Conclusions 

In this study all major groups of clinically relevant plasmid-mediated AmpC beta-lactamase genes 

were detected from environmental aquatic sources. Evaluation between qPCR and dPCR 

revealed that there was no significant difference between the results of either method and is 

therefore interchangeable. However, the unpredictable nature of environmental DNA samples 

and time and cost efficiency makes qPCR a better choice of analysis of environmental samples. 

The detection of AmpC genes is cause for concern considering the prevalence of potential 

pathogens with which these genes may be associated. The types of anthropogenic exposure that 

occur in both the Crocodile West River and the Marico River serve as influx points of ARB, 

pAmpCs and possible selective pressure constituents for further ARG selection within these 

aquatic systems and their environments. Moreover, these rivers serve as reservoirs and 

distribution systems of pAmpCs because bacteria harbouring these genes may reach human 

settings by dissemination through water usage in agricultural and urban activities. Further 

investigation of environmental DNA is required in order to establish which environmental and/or 

anthropogenic factors are associated with the prevalence of pAmpCs in aquatic systems.
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CHAPTER 5 - RELATING THE PREVALENCE OF PLASMID-MEDIATED 

AmpC BETA-LACTAMASE GENES TO AQUATIC ENVIRONMENTAL 

FACTORS 

5.1 Abstract 

It is important that environmental parameters that may affect the prevalence of AmpC beta-

lactamase genes are investigated to devise frameworks for their surveillance, management and 

prevention. Despite the awareness that antibiotic resistance genes and bacteria enter the 

environment by means of aquatic dissemination, limited research has been conducted in this field. 

The aim of this study was thus to determine which environmental parameters are associated with 

the prevalence of clinically relevant AmpC beta-lactamase genes in aquatic systems. River water 

was sampled from seven sites in the Crocodile West River, South Africa. Physical-chemical 

parameters, metal levels and beta-lactam levels were measured. Environmental DNA was 

extracted from the water samples and six AmpC beta-lactamase gene groups (ACC, ACT/MIR, 

BIL/LAT/CMY, DHA, FOX, MOX/CMY) were quantified using quantitative PCR. Additionally, 16S 

rRNA gene metabarcoding analyses were performed on eDNA for each site using Illumina MiSeq 

sequencing, and metabolic pathways were predicted using PICRUST2. Network analysis was 

performed to establish co-occurrences of AmpC genes with environmental factors. Quantification 

results indicated that AmpC gene copy numbers were significantly high (Kruskal Wallis H Test, p 

< 0.05) at Sites 1 – 3 of the Crocodile West River. In contrast, no significant changes regarding 

environmental factors were observed across the seven sites. Results of network analysis 

indicated that the AmpC gene groups had limited associations with all the environmental 

parameters, except for some key bacterial families, specifically Pseudomonadaceae, 

Aeromonadaceae and Enterobacteriaceae. A significant positive correlation with population 

density was observed. The correlation between population density and AmpC genes suggested 

that in more densely populated areas more faecal pollution will be prevalent which is associated 

with high AmpC gene levels. Areas such as these are also likely to be linked with more antibiotic 

use which supports the notion that pre-selection of AmpC genes occurs before entering the 

aquatic environment. Moreover, it was demonstrated that prevalent selectors of AmpC genes do 

not ensure that continuous selection occurs in an aquatic environment. This information could be 

vital in future detection and management of AmpC genes in aquatic systems. 

Keywords: AmpC beta-lactamase genes, aquatic environment, population density, PICRUST2, 

network analysis, QIIME2. 
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5.2 Introduction 

The World Health Organization (WHO) placed antibiotic resistance on the global watch list as it 

classified it as one of the greatest current health threats (WHO 2014). However, the five goals set 

by the WHO to combat this danger barely address environmental contexts. For instance, the 

second objective which is to:  “Strengthen the knowledge and evidence base through surveillance 

and research” mentions that the spread of antibiotic resistance through water and the environment 

must be understood (WHO 2015), but it omits to mention direct action in environmental contexts. 

Thus the popular paradigm for combating antibiotic resistance remains the treatment of individual 

cases in clinical settings, while an approach to the problem in all its facets has not been adopted 

or appropriately encouraged at all. This statement is substantiated by Khan et al. (2019), who 

state that, compared to clinical outputs, limited research has been conducted regarding the 

prevalence and dynamics of antibiotic resistance genes (ARGs) in the aquatic environment.  

It is important that assessing the risk of ARGs in an environment should extend beyond mere 

detection (Manaia 2017) and that response to this threat should address it at source, which might 

well be aquatic environments. South Africa alone has shown a 219% increase in antibiotic use 

from 2000 – 2010 (Kovalakova et al. 2020), which indicates a rapid escalation of antibiotic use in 

both clinical and agricultural contexts. The true reflection of this antibiotic overuse in the aquatic 

environment remains a mystery and so do the effects that this may have on the prevalence and 

evolution of AmpC genes. Raymond (2019) emphasises the importance of pre-emptive estimation 

of ARGs for managing AR, which is an approach that should be applied to detect AmpC genes in 

aquatic systems. 

There are currently approaches to assess the risk of bacterial infection based on the presence of 

certain bacteria and the numbers in which they occur. One such approach is the Quantitative 

Microbiological Risk Assessment (QMRA) which calculates this risk using a Monte Carlo 

estimation. This is used for drinking water and food safety (WHO 2016). The use of high-

throughput sequencing methodologies is also becoming preferable over traditional phenotypical 

methods in routine microbial quality assessments. However, there is currently no formal approach 

for the integration of high-throughput sequencing data into the QMRA paradigm (Collineau et al. 

2019). It has become vitally important to consider alternative approaches for the estimation of 

ARGs in the environment which occur in accordance with potential pathogens and microbes of 

emerging concern. In doing so, the risk of bacterial infection can be determined with additional 

knowledge of potential antibiotic resistance (AR). Variations of methods used for occurrence 

predictions of ARGs have been theorised. For example, DeepARG, a deep learning algorithm, 

uses metagenomic data to predict the occurrence of ARGs (Arango-Argoty et al. 2018). However, 
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this approach accounts only for sequencing data and does not include the potential effects of 

environmental factors.  

It was against this backdrop that Coertze and Bezuidenhout (2019) conducted an in-depth 

systematic literature review to examine the extent of research on AmpC beta-lactamase genes in 

aquatic environments. This investigation revealed that no references were made regarding links 

between environmental parameters with AmpC genes in the reviewed literature. Moreover, due 

to a lack of adequate environmental data, it is nearly impossible to identify AmpC pollution sources 

and to manage this threat. It will in fact be extremely difficult to consistently monitor the spread of 

ARGs in the environment because, in most scenarios, investigations into ARG prevalence occur 

only after an outbreak of infection has already manifested, particularly among vulnerable 

communities.  

It is important that predictions of AmpC genes in the environment be made based on 

environmental measurements and considering the time and resources required for extensive 

analyses. For example, it is impractical to perform numerous 16S rRNA gene NGS analyses 

without reason but linking environmental parameters to the possibility of AmpC pollution could 

justify the need for more in-depth analyses. Therefore, this study aimed to demonstrate a 

deductive approach using network analysis to link the prevalence of AmpC beta-lactamase genes 

to environmental and pollution factors. The links in this study could potentially be used as 

indicators for the prevalence and management of AmpC genes in aquatic environments. 

5.3 Methods and materials 

5.3.1 Sample collection 

River water was sampled from the Crocodile West River in the North-West Province, South Africa, 

at the following sites: Site 1 (S 25°40.9”9.71’, E 27°47”33.66’), Site 2 (S 25°32”58.05’, E 

27°42”50.84’), Site 3 (S 25°06”24.7’, E 27°33”55.2’), Site 4 (S 25°03”59.6’, E 27°31”06.2’), Site 5 

(S 24°39”53.63’, E 27°22”40.39’), Site 6 (S 24°24”5.35’, E 27°05”51.73’) and Site 7 (S 

24°12”57.30’, E 26°53”54.28’) (Figure 5-1). The Crocodile West River is North-flowing and the 

waters that were sampled were non-stagnant. Statistics on population density of districts 

surrounding the Crocodile West River were obtained from Stats SA (http://www.statssa.gov.za/). 

Information regarding possible anthropogenic pollution surrounding the river was extracted from 

Bezuidenhout et al. (2017). The upstream sites (Sites 1-4) pass through high population density 

(Madibeng district, approximately 140/km2) areas that are exposed to various anthropogenic 

pollution sources such as mines, WWTPs and urban activities. The downstream sites (Site 5-7) 

are less impacted by anthropogenic pollution as the river passes through remote rural low 

http://www.statssa.gov.za/


 

79 
 

 

population density (Thabazimbi district, approximately 8.6/km2) areas that are somewhat exposed 

to agricultural activities. The following physical parameters were measured during sampling at 

each site using the PCSTestr 35 multi-parameter (Oakton, USA): pH, temperature (Temp), 

electrical conductivity (EC), total dissolved solids (TDS), salinity (salt) and dissolved oxygen (DO). 

Measurements were conducted in triplicate. The water samples were kept on ice and further 

analyses were performed within 24 hours from sampling. To obtain experimental samples from 

each water sample, 1 L of water was filtered through a 0.45 µm membrane filter in triplicate and 

stored at a temperature of -20°C for DNA extractions.  

Figure 5-1: Maps illustrating the sampling sites on the Crocodile West River. The dotted line illustrates the 

separation between upstream (Sites 1-4) and downstream (Sites 5-7) sites. Approximate population density 

surrounding the sites are indicated next to site names. 

5.3.2 Chemical and beta-lactam levels 

The following chemical parameters were measured using the river water samples: nitrites (NO2
-), 

nitrates (NO3
-), phosphates (PO4

3-), sulphates (SO4
2-) and sulphides (S2-). The measurements 
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were conducted in triplicate using the HACH DR 2800 spectrophotometer (HACH, USA). 

Sulphides were measured using the Methylene Blue Method, sulphates using the SulfaVer 4 

Method, phosphates using the PhosVer 3 Ascorbic Acid Method, nitrites using the Diazotization 

Method, and nitrates using the Cadmium Reduction Method. 

 

Levels of beta-lactam antibiotics were measured using the ELISA test (Biomatik, Canada) by 

following the manufacturer’s instructions. Because this analysis method does not accommodate 

water samples, the protocol was altered by directly adding 50 µl of each river water sample to the 

reaction plate. This approach was assessed and the results corresponded with those of both 

positive and negative controls. It is acknowledged that this measurement was a collective 

measurement of all beta-lactams because the ELISA test does not discriminate between beta-

lactam groups. 

5.3.3 Quantification of trace metals 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was used for the quantification of 35 

trace metals from the sampled river water. Following the recommendations by EPA 3050b, all 

river water samples were digested in HNO3. Samples were analysed on an Agilent 7500ce ICP-

MS fitted with Collision Reaction Cell technology for interference removal (Agilent, USA). Sample 

introduction was achieved via a Micromist-type Nebulizer and standard Quartz Spray Chamber. 

The instrument was optimised using a solution containing Yttrium (Y), Lithium (Li), Thallium (Tl) 

and Cerium (Ce) (1ppb) for standard low oxide/interference levels (≤ 1.5%) while maintaining high 

sensitivity across the mass range. Instrumental conditions were set for Forward Power (1550 W), 

Nebulizer Gas Flow (1.2 L/min), Plasma Gas Flow (15 L/min), Spray Chamber Temperature (2°C) 

and Sampling Depth (8 mm). To obtain quantitative results, the instrument was calibrated using 

ULTRASPEC® certified custom mixed multi-element stock standard solutions (De Bruyn 

Spectroscopic Solutions, South Africa) containing all the elements of interest. Quality Control 

Standards were adhered to in order to assure that the correct QC criteria were met. This analysis 

was performed by Eco-Analytica from the North-West University Centre for Water Sciences and 

Management, South Africa.  

5.3.4 DNA extractions 

Environmental DNA was extracted from filtered membranes using the PowerWater DNA Isolation 

Kit (MoBio, USA) following the protocol recommended by the manufacturer. A volume of 1 L was 

filtered for three repetitions, therefore DNA was extracted from three filter membranes per sample. 

Quantification of extracted DNA was conducted using a Qubit 3.0 fluorometer (ThermoFisher, 

USA) with Broad-Range reagents immediately following extraction.  
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5.3.5 Detection and quantification of AmpC target groups 

Environmental DNA samples (n = 3) were pooled prior to detection. The various AmpC gene 

groups (ACC, ACT/MIR, BIL/LAT/CMY, DHA, FOX and MOX/CMY) were detected and quantified 

using the method for qPCR quantification described by Coertze and Bezuidenhout (2020) (see 

Chapter 4). Resulting copy numbers were standardised to copies/ng DNA as described in the 

aforementioned study.  

5.3.6 16S rRNA gene metabarcoding 

5.3.6.1 16S rRNA gene amplification 

Pooled eDNA samples were used to amplify the 16S rRNA region and this process was conducted 

in triplicate. The 16S rRNA region was amplified using the 27F (5’-

AGAGTTTGATCMTGGCTCAG-3’) and 1492R (5’- ACCTTGTTACGACTT-3’) primers and the 

PCRmax Alpha Cycler 1 thermocycler (Staffordshire, United Kingdom). PCR reactions were 

conducted in 25 µl consisting of 1X MasterMix (ThermoFisher, USA), 0.4 µM of each forward and 

reverse primers, 20-30 ng of eDNA and filled to volume with nuclease-free water. PCR conditions 

were set for initial denaturation at 95°C for 5 min followed by 30 cycles of denaturation at 95°C 

for 30 s, annealing at 51°C for 1 min and extension at 72°C for 1 min. Final extension was 

performed at 72°C for 5 min. 

5.3.6.2 Illumina library preparation 

For the preparation of a 16S rRNA gene metabarcoding library, the Illumina 16S rRNA gene 

metagenomics sequencing library preparation guide was followed (Illumina, USA). Primers 

targeting the V3-V4 hypervariable bacterial 16S rRNA region were used: 341F (5´-CCT ACG GGN 

GGC WGC AG-3´) and 805R (5´-GAC TAC HVG GGT ATC TAA TCC-3´). The 5`-end of these 

primers was subsequently attached to Illumina forward and reverse overhang adapters 

respectively (Illumina, USA), resulting in the following PCR primers: forward primer 5’-TCG TCG 

GCA GCG TCA GAT GTG TAT AAG AGA CAG CCT ACG GGN GGC WGC AG-3’ and reverse 

primer 5’-GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GGA CTA CHV GGG TAT 

CTA ATC C-3’. PCR reactions were performed using a C1000TM thermal cycler (Bio-Rad, USA). 

Amplification PCR reactions consisted of 1 µl of PCR amplicon product, 0.2 µM of primers 

(forward and reverse respectively) and 2x KAPA HiFi HotStart ReadyMix in a final reaction volume 

of 25 µl. The thermocycler protocol was set for a 3 min at 95°C denaturation step followed by 

95°C for 30 sec, 55°C for 30 sec and 72°C for 30 sec for 25 cycles. This was followed by a final 

elongation step at 72°C for 5 min.  
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Amplicons from the PCR reaction were purified from non-PCR product constituents (PCR clean-

up) using Agencourt AMPure XP beads (Beckman Coulter Genomics, USA). Dual indexes were 

attached to the PCR products using the Nextera XT Index Kit (Nextera, USA). The indexing 

reaction consisted of 5 μl of amplicon PCR product, 25 μl of 2x KAPA HiFi HotStart Ready Mix, 5 

μl of Illumina Nextera XT Index Primer 1 (N7xx), 5 μl of Nextera XT Index Primer 2 (S5xx) and 10 

μl of nuclease-free water. The thermocycler conditions were set for 3 min at 95°C followed by 

95°C for 30 seconds, 55°C for 30 seconds, 72°C for 30 seconds for 8 cycles and a final elongation 

step at 72°C for 5 minutes.  

A second PCR clean-up was conducted on the indexed PCR products. The 16S rRNA libraries 

were quantified using a Qubit 3.0 fluorometer (ThermoFisher, USA), normalized, pooled and 

denatured in 0.2 N NaOH. The pooled library was diluted to a final concentration of 6 pM, spiked 

with 10% PhiX control and heat denatured for 2 min prior to loading samples on the MiSeq V3 

reagent cartridge (Illumina, USA). Following completion of a 2x300 bp paired-end reads 

sequencing run on the Illumina MiSeq, de-multiplexing and secondary analyses of the reads were 

performed using the MiSeq reporter software (Illumina, USA). 

5.3.7 Data analysis 

5.3.7.1 General statistics 

All statistical analyses and the construction of graphs were performed using the R statistical 

computing platform (version 3.6.0) (R Core Team 2013), unless stated otherwise. The Shapiro-

Wilk test was used to determine normality of data using the R base shapiro.test function. This test 

indicated that the relevant data sets were not normally distributed (p < 0.000), therefore 

subsequent non-parametric tests were conducted. Results of quantifications from physical and 

chemical measurements, metals quantities and AmpC gene copies were tested for significance. 

Significance between two independent categories within a variable (i.e., upstream or 

downstream) was determined by applying the Mann-Whitney U test using the wilcox.test function 

and, for more than two categories (i.e., the sites), the Kruskal-Wallis H test using the kruskal.test 

function was applied. Subsequent post-hoc analyses were conducted using Dunn’s test with the 

dunn.test function from the package of the same name (version 1.3.5). Significance of all analyses 

were recognised for P-values < 0.05. 

5.3.7.2 16S rRNA gene metabarcoding analysis  

The analysis of 16S rRNA gene metabarcoding data was conducted using functions from the 

QIIME 2 software (version 2019.4) (Bolyen et al. 2019) (https://qiime2.org). Following data import, 

sequence quality plots were created and visualised. The length of 5`-end and 3`-end clipped 
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nucleotides was based on the quality of these regions. Operational taxonomic units (OTUs) were 

grouped using OTU picking while simultaneously denoising the sequences using DADA2. 

Following OTU picking, singletons were filtered from the sequence data. Taxonomy was assigned 

according to the SILVA 132 database for small subunit rRNA (Quast et al. 2012) using a 97% 

identity threshold.  

The 16S rRNA metabarcoding sequence data were normalised to 55204 sequences per sample 

prior to subsequent analysis using rarefaction through the rrarefy function from the vegan package 

(version 2.5-6) (Oksanen et al. 2019). Barplots illustrating the variations in bacterial composition 

were constructed for all phyla, orders of Proteobacteria and families of Gammaproteobacteria 

using the ggplot2 package. Differences in bacterial composition were calculated for both alpha- 

and beta-diversity. All used functions were from the vegan package, unless stated otherwise.  

For alpha diversity, four different diversity indices were calculated to account for different aspects. 

The Choa estimator was used to calculate species richness using the estimateR function. Species 

diversity and evenness were calculated using the Shannon-Wiener Index. Species dominance 

was measured using the Simpson’s Index while species evenness was calculated using Pilou’s 

evenness. The former three indices were calculated using the diversity function. Statistical 

significance for alpha diversity between independent categories was calculated by ANOVA using 

the aov function. Post-hoc analysis was conducted using the TukeyHSD function.  

Beta diversity was determined by calculating the Bray-Curtis dissimilarity index using the vegdist 

function. Beta diversity based on independent categories was visualised using a non-metric 

multidimensional scaling (NMDS) plot. The coordinates were derived using the metaMDS function 

and plotted using the ggplot2 package. Significance of beta-diversity among independent 

categories was calculated for both Permutational Multivariate Analysis of Variance 

(PERMANOVA) using the adonis function and Analysis of Homogeneity of Multivariate Dispersion 

(PERMADISP) using the betadisper function.  

5.3.7.3 Metabolic pathway estimations  

Metabolic pathway estimations based on 16S rRNA OTU results were determined using the 

PICRUST2 software (Douglas et al. 2019) (https://github.com/picrust/picrust2/). The analyses 

were conducted using rarefied OTU tables generated by the DADA2 pipeline from the QIIME 2 

software. Accuracy of metagenome predictions was determined by calculating weighted Nearest 

Sequenced Taxon Index (NSTI) scores (cut-off value ≥ 2.0). Output of this process resulted in 

metabolic predictions in the form of Enzyme Classification (EC) numbers (KEGG orthologs were 

no longer open source available at the time of writing). The resulting metabolic predictions were 



 

84 
 

 

normalised by calculating relative occurrences at each sampling site. The top 80 metabolic 

pathways (> 0.5%, based on overall mean between sites) were used for creating a heatmap to 

illustrate the abundance of metabolic potential per site. Significance of metabolic capabilities 

between upstream and downstream bacterial communities was calculated using PERMANOVA.  

5.3.7.4 Correlation analysis 

Simple linear regression was performed to establish if population density could predict copies of 

the different AmpC gene groups. This was performed using the R base function lm. Significance 

was calculated through ANOVA using the aov function. Correlation between population density 

and individual AmpC gene groups was calculated using Spearman-rank correlation with the cor 

function. Rho-values > ±0.6 were considered as strong correlations and P-values < 0.05 were 

significant. Co-occurrence patterns between AmpC gene copies, bacterial composition, metal 

quantities, chemical levels and physical measurements were determined using network analysis. 

Bacterial composition was illustrated at the family level of the Gammaproteobacteria class. Co-

occurrence correlation coefficients were calculated with Spearman-rank correlations using the 

rrcor function from the Hmisc package (version 4.2-0). Strong correlations between variables were 

selected for rho-values ≥ ±0.6 and from these, significant P-values < 0.05 were selected for further 

analysis. Significant correlation coefficients were illustrated on an interactive network that was 

created using the visNetwork package (version 2.0.8). An additional network analysis was 

conducted in a similar manner as described above to illustrate the co-occurrences between AmpC 

gene copies and metabolic pathway predictions. This was done separately from the other factors 

to show which metabolic functions could be associated with AmpC genes. 

5.4 Results 

5.4.1 Measurements of water constituents/pollutants 

The most frequently detected AmpC gene group was ACT/MIR (7/7) followed by MOX/CMY (6/7), 

FOX (6/7), BIL/LAT/CMY (5/7), DHA (4/7) and ACC (1/7) (Figure 5-2, Table 5-1). The highest 

abundance of AmpC gene groups was observed for Site 1 (6/6), followed by Site 2, Site 3 and 

Site 5 (5/6), Site 4 (4/6), Site 6 (3/6) and Site 7 (2/6). AmpC gene copy numbers were measured 

using a qPCR methodology. Results indicated that, among the six AmpC groups, FOX (16.04 

copies/ng DNA) and MOX/CMY (27.57 copies/ng DNA) were present in significant high copy 

numbers (Kruskal-Wallis H Test, p < 0.05). There was a significant difference in copy numbers 

between the upstream (13.11 copies/ng DNA) and downstream sites (0.47 copies/ng DNA) 

(Mann-Whitney U Test, p < 0.000), specifically for Sites 1-3 when compared to Sites 4-7 (Kruskal-

Wallis H Test, p < 0.000).  
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Table 5-1: Average copy numbers of the AmpC gene groups quantified at the various sampling sites (units 

in copies/ng DNA ± standard deviation). 

 n (6) ACC ACT/MIR BIL/LAT/CMY DHA FOX MOX/CMY 

Site 1 6 5.97 ± 0.41 4.28 ± 0.6 0.1 ± 0.05 0.01 ± 0.02 62.82 ± 7.1 69.75 ± 5.65 

Site 2 5 0 ± 0 1.59 ± 0.39 1.18 ± 0.75 0.04 ± 0.04 21.11 ± 1.92 82.65 ± 3.42 

Site 3 5 0 ± 0 2.05 ± 0.42 1.07 ± 0.32 0.03 ± 0.02 23.73 ± 0.99 33.47 ± 2.2 

Site 4 4 0 ± 0 0.19 ± 0.13 0.15 ± 0.11 0 ± 0 1.72 ± 0.27 2.84 ± 0.55 

Site 5 5 0 ± 0 1.03 ± 0.34 0.06 ± 0.08 0.07 ± 0.02 2.46 ± 0.7 3.9 ± 1.22 

Site 6 3 0 ± 0 0.06 ± 0.11 0 ± 0 0 ± 0 0.34 ± 0.1 0.39 ± 0.15 

Site 7 2 0 ± 0 0.04 ± 0.06 0 ± 0 0 ± 0 0.08 ± 0.09 0 ± 0 

 

The chemical residues in the river water were measured and considered for statistical analysis 

(Figure 5-2; Table S5-1). It was revealed that no significant change in chemical levels occurred 

throughout the various sites (Kruskal-Wallis H Test, p = 0.711) and chemical levels were thus 

similar for upstream and downstream sites (Mann-Whitney U Test, p = 0.192). However, individual 

analyses of nitrates and phosphates revealed a significant reduction in measurements for Site 1 

to Site 7 (Kruskal-Wallis H Test, p < 0.001). There was a statistical significance between the levels 

of the various chemical parameters (Kruskal-Wallis H Test, p < 0.05). Sulphates (74571.43 ppb) 

and nitrites (5476.19 ppb) were significantly higher compared to all other chemical parameters 

and were significant toward each other (p < 0.05). Nitrates (2033.33 ppb) and phosphates 

(1552.38 ppb) were significant toward all chemicals (p < 0.05) while sulphides (35.90 ppb) and 

beta-lactams (2.56 ppb) were present at significantly lower levels than the other chemicals. 

Physical parameters were measured at each sampling site and the results revealed that no 

significant fluctuations occurred among the seven sampling sites (Kruskal-Wallis H Test, p = 

0.992) or between the upstream and downstream sites for any parameter(s) (Mann-Whitney U 

Test; p = 0.446). A pattern was observed for electrical conductivity (EC), salinity (Salt) and total 

dissolved solids (TDS) where the measurements followed the same trend for the sampling sites 

(Figure 5-2; Table S5-2).  

In total, 26/35 metals were detected throughout the seven sampling sites (Figure 5-2; Table S5-

3). Measurements of the metal quantities revealed that no significant changes occurred among 

the various sites (Kruskal-Wallis H Test, p = 0.711) as well as between the upstream and 

downstream sites (Mann-Whitney U Test, p = 0.192). Magnesium (Mg; 24487.14 ppb), potassium 

(K; 9152.29 ppb), calcium (Ca; 41247.14 ppb) and sodium (Na; 70455.71) were the only metals 

present at > 1000 ppb and their levels were significantly higher compared to one another and the 

other metals (Kruskal-Wallis H Test; p < 0.05). 



 

86 
 

 

Figure 5-2: Line graphs illustrating the varying quantities of AmpC gene copies (A), chemical measurements 

(B), physical parameters (C) and metal quantities (D).  
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5.4.2 Bacterial community composition 

Metabarcoding sequence data produced from the MiSeq resulted in a total of 2 389 572 reads 

from all seven sites. Quality filtering of the number of reads to be used for subsequent analysis 

reduced it to 480 644. As a result of the quality filtering, singletons were removed and sequences 

were non-chimeric, which resulted in a total of 6 926 OTUs at 97% sequence identity cut-off. 

Rarefaction of the number of reads for all OTUs was conducted successfully at 55 204 sequences 

per sample without sacrificing any loss of taxonomic information. 

Alpha diversity was calculated for species richness (Chao estimator), species diversity and 

evenness (Shannon Index), species dominance (Simpson Index), and species evenness (Pielou 

evenness) for all sampling sites (Table 5-2). Significance between upstream and downstream 

sampling sites was calculated and the results are illustrated in Figure 5-3. Results of all indices 

indicated no significant differences between the upstream and downstream sites (Shannon’s 

Index: F = 0.039, p = 0.851; Simpson’s Index: F = 0.361, p = 0.574; Inverse Simpson: F = 0.136, 

p = 0.728; Pielou’s Index: F = 0.344, p = 0.583). 

Table 5-2: Alpha-diversity indices of the seven sampling sites divided into upstream and downstream 

groups. 

  Chao Shannon Simpson Pielou 

Upstream 

Site 1 1264.400 6.329 0.997 0.886 

Site 2 1604.338 6.640 0.998 0.900 

Site 3 964.032 5.660 0.989 0.824 

Site 4 910.818 5.416 0.985 0.795 

Downstream 

Site 5 1180.000 6.169 0.996 0.872 

Site 6 892.887 5.767 0.992 0.849 

Site 7 760.270 5.882 0.995 0.887 

 

Results of beta diversity indicated that upstream and downstream bacterial community structures 

grouped together (Figure 5-4). The NMDS stress value of 0.049 indicated fair ordination regarding 

the grouping of upstream and downstream sites. However, despite these groupings, there was 

no significant difference in community structure (PERMANOVA: F = 1.334, p = 0.138; 

PERMADISP: F = 0.016, p = 0.903).  
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Figure 5-3: Alpha-diversity indices for the sampling sites combined for both Upstream (left, blue) and 

Downstream (right, red) sites of the Crocodile West River. Significance levels among the groups are 

indicated at the bottom of each index plot. 

The top relatively abundant phyla (> 1%) of the total bacterial community composition for all sites 

were: Proteobacteria (26.94%), Cyanobacteria (17.46%), Verrucomicrobia (16.20%), 

Bacteroidetes (14.20%), Actinobacteria (12.95%), Planctomycetes (3.57%), Patescibacteria 

(1.59%), Chloroflexi (1.54%), Acidobacteria (1.35%) and Firmicutes (1.26%) (Figure 5-5 A). No 

noteworthy differences occurred between upstream and downstream sites, except for the higher 

abundance of Cyanobacteria in the upstream sites (Sites 3 & 4). Rare bacterial phyla (< 1%) 

included (in descending order) Gemmatimonadetes, Armatimonadetes, Omnitrophicaeota, 

Fusobacteria, Spirochaetes, NitroUndefinedrae, Epsilonbacteraeota, Deinococcus-Thermus, 

Nanoarchaeaeota, Hydrogenedentes, Dependentiae, Latescibacteria, Fibrobacteres, 

Chlamydiae, NitroUndefinednae, Tenericutes, Elusimicrobia, BRC1, Margulisbacteria, WPS-2, 

Euryarchaeota, LentiUndefinedaerae, LCP-89, Kiritimatiellaeota, Synergistetes, WOR-1, 

Rokubacteria, Cloacimonetes, FCPU426, Zixibacteria, PAUC34f, RsaHF231 and undefined 

phyla.   

Five classes under the phyla Proteobacteria were identified across the seven sites. These 

included Gammaproteobacteria (16.17%), Alphaproteobacteria (5.85%), Delteproteobacteria 

(1.91%), undefined (0.006%) and Magnetococcia (0.002%) (Figure 5-5 B). Classes of 

Proteobacteria were among the most prevalent (< 1%) of all the bacterial classes. 

Betaproteobacteria and Epsilonproteobacteria were not detected among these classes. Other 

high abundant classes from different phyla included Oxyphotobacteria (17.41%), 

Verrucomicrobiae (16.20%) and Bacteroidia (13.68%). Families representative of known 

pathogens under the class Gammaproteobacteria included, but were not limited to, 

Burkholderiaceae (10.05%), Pseudomonadaceae (0.59%), Aeromonadaceae (0.17%) and 

Enterobacteriaceae (0.11%) (Figure 5-5 C).  
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Figure 5-4: Non-metric multidimensional scaling (NMDS) plot calculated using the Bray-Curtis model 

illustrating beta-diversity of upstream (blue triangles) and downstream (red circles) sites of the Crocodile 

West River. The NMDS stress value and beta-diversity significance, which were calculated using both 

PERMANOVA and PERMADISP, are displayed at the bottom of the figure.  

Among the total bacterial genera, undefined representatives were most prevalent (40.56%). Other 

genera that comprised > 1% of the total bacterial community composition were Virgulinella 

(8.21%), hgcI clade (3.55%), Luteolibacter (2.86%), Cyanobium PCC-6307 (2.75%), 

Limnohabitans (2.74%), CL500-29 marine group (2.42%), Flavobacterium (1.93%), Fluviicola 

(1.40%) and Polynucleobacter (1.14%).  

5.4.3 Metabolic predictions derived from 16S rRNA gene metabarcoding data 

The accuracy of the metabolic predictions using NSTI scores resulted in a range of 0.190 – 0.117 

with an overall mean (± standard deviation) of 0.150 ± 0.024. This result was comparable with 

studies that conducted analyses of environmental samples and reported accurate metabolic 

predictions (Yuan et al. 2016; Koo et al. 2017). No significant difference between the upstream 

and downstream sites was observed regarding the predicted metabolic functions (PERMANOVA, 

F = 0.995, p = 0.485) (Figure 5-6). 
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Figure 5-5: Bacterial community composition for each sampling site of the Crocodile West River. A: Relative 

abundance of phyla representing > 1% of total community phyla. B: Relative abundance of the composition 
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of all classes under the phyla Proteobacteria. C: Relative abundance of families > 1% under the class 

Gammaproteobacteria. 

 

Figure 5-6: Heatmap illustrating abundance of predicted metabolic functions throughout the seven sampling 

sites. Rows represent enzymes and columns represent the sampling sites. 



 

92 
 

 

Metabolic functions comprising more than 0.2% resulted in few correlations with AmpC beta-

lactamase gene groups. The only co-occurrences observed were with BIL/LAT/CMY between 

Coproporphyrinogen dehydrogenase (rho = 0.829, p = 0.021) and N-acetylmuramoyl-L-alanine 

amidase (rho = 0.793, p = 0.033). 

5.4.4 Influence of population density on AmpC gene copies 

The influence of population density on copies of AmpC genes was calculated using multivariate 

linear regression. It was determined that population density indicated strong significant 

correlations with ACT/MIR (rho = 0.638, p = 0.007), BIL/LAT/CMY (rho = 0.803, p = 0.010),  FOX 

(rho = 0.731, p = 0.003) and MOX/CMY (rho = 0.748, p = 0.001). The results indicated that 

population density could serve as a predictor of AmpC gene prevalence. 

5.4.5 Correlation of environmental factors with AmpC gene copies 

The Network analysis resulted in a total of 93 nodes and 912 edges (316 negative and 596 

positive). Strong positive correlations occurred between the AmpC groups and 16 bacterial 

families from the class Gammaproteobacteria, two chemical parameters and four metals. 

Negative correlations were observed for one family and nine metals (Figure 5-7). No correlations 

were observed between AmpC genes and physical parameters. All associations are available in 

the Annexures under Table S5-4. 

A total of 29 unique co-occurrences was observed between the AmpC gene groups and other 

factors. Among bacterial families, those that most positively associated with AmpC were 

Aeromonadaceae (ACT/MIR and FOX), Chromobacteriaceae (ACT/MIR, DHA, FOX and 

MOX/CMY), Enterobacteriaceae (ACT/MIR, BIL/LAT/CMY, FOX and MOX/CMY),  Moraxellaceae 

(ACT/MIR, BIL/LAT/CMY, FOX and MOX/CMY), Pseudomonadaceae (DHA) and 

Xanthomonadaceae (BIL/LAT/CMY and DHA). Within these groups, Enterobacteriaceae, 

Xanthomonadaceae and Pseudomonadaceae contain numerous genera of known human 

pathogens. The only negative co-occurrence was between BIL/LAT/CMY and Methylomonaceae.  

The only chemical parameters that displayed co-occurrences with AmpC genes were nitrates 

(ACT/MIR, FOX and MOX/CMY) and phosphates (ACT/MIR, BIL/LAT/CMY, FOX and 

MOX/CMY). These chemical parameters also shared occurrences with Aeromonadaceae, 

Chromobacteriaceae, Enterobacteriaceae and Moraxellaceae. Cobalt (Co) and phosphorus (P) 

indicated the most positive correlations with AmpC groups (ACT/MIR, BIL/LAT/CMY, FOX and 

MOX). Sodium (Na) and magnesium (Mg) were responsible for the most negative correlations 

with the AmpC groups.  
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Figure 5-7: Network analysis illustrating correlations between environmental factors and AmpC gene copies. The Network consists of the following elements: AmpC 

gene groups (purple upside-down triangles), metals (blue triangles), chemical parameters (orange diamonds), physical parameters (yellow stars) and bacterial 

families representative of the Gammaproteobacteria class (green squares). Each edge (connecting line) indicates a significant (p < 0.05) and strong (rho > ±0.6) 

correlation with the representative nodes. Positive correlations are indicated by blue solid edges and negative correlations with red dotted edges. A: Illustrates 

direct correlations with environmental parameters. B: Illustrates all co-occurrences. 
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5.5 Discussion 

The aim of this study was to determine which environmental parameters act as predictors of 

AmpC gene copy numbers in aquatic environments. AmpC gene copies, metals and physical-

chemical parameters were measured, bacterial community composition was determined, and 

metabolic pathways were predicted based on the OTU abundance data. Statistical analyses were 

performed on these parameters to determine outcomes that would support the overall aim. The 

results indicated that population density may be considered as a predictor of AmpC gene copies. 

The results also indicated that no significant difference in measurements existed regarding the 

environmental parameters throughout all sampling sites (upstream and downstream) in the 

Crocodile West River. Conversely, AmpC genes were significantly higher in upstream sites. This 

lack of shared occurrences could imply that AmpC genes are not dependent on or greatly 

influenced by these environmental parameters (chemicals, metals and physical parameters) and 

that their presence should thus be explained by an examination of other external factors.  

Numerous studies have commented on the effect of pollutants that act as selective pressures that 

maintain the prevalence of ARGs in the environment, as stated by Nguyen et al. (2019). Among 

these pollutants, the sub-inhibitory levels of antibiotics are reported to mediate the development 

of ARGs in clinical settings (Bengtsson-Palme & Larsson 2016). This paradigm has been applied 

to the environment and has been theorised to occur by numerous studies (Baquero et al. 2008; 

Vaz-Moreira et al. 2014; Kraemer et al. 2019), but this phenomenon has not yet been explicitly 

demonstrated. The current study, however, detected beta-lactams in levels (average 2.56 ppb) 

that are comparable with Minimum Inhibitory Concentrations (MICs) of beta-lactams that have 

been predicted to have a selective effect on the environment, for example Amoxicillin (4 ppb), 

Ampicillin (4 ppb), Cefaloridine (1 ppb), Cefotaxime–clavulanate (2 ppb) and Cloxacillin (1 ppb) 

(Bengtsson-Palme & Larsson 2016). These levels of beta-lactams can be attributed to runoff from 

WWTPs and agricultural activities surrounding sampling sites (Bezuidenhout et al. 2017). 

However, despite relatively consistent high levels detected by the current study, the prevalence 

and copy numbers of AmpC genes were not maintained, which suggests that selection did not 

occur or that bacteria had lost their resistance genes in downstream sites. 

The results of a systematic review conducted by Nguyen et al. (2019) recognise arsenic, 

cadmium, cobalt, copper, chromium, iron, lead, mercury, nickel, silver and zinc as metals for co-

selection of AR. Most of these metals were detected in the Crocodile West River at all sites. 

Moreover, it has previously been observed that copper and arsenic act as co-selectors of AmpC 

genes in plasmids (Wu et al. 2018). In contrast, none of these metals positively correlated with 

AmpC gene copies in this study. This evidence suggests that heavy metals are not largely 

affecting the prevalence of AmpC genes in this specific aquatic environment. However, in 
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stagnant waters and in sediments and/or higher concentrations of selective pressures this may 

change. Positive associations between magnesium, calcium and AmpC genes were observed, 

and these metals are essential co-factors for bacterial metabolism (Nguyen et al. 2019). 

Moreover, positive co-occurrences between AR and heavy metals have been observed in 

freshwater environments by Martins et al. (2014). However, the latter study did not account for 

polluted and non-polluted segments of a river. It is thus more likely to find co-occurrences in highly 

polluted areas where both ARGs and heavy metals are largely prevalent; however, their 

interaction may remain speculation. Based on the findings of the current study, it is cautioned that 

a lack of consideration of AmpC gene-selector associations over long distances and the 

determination of varying degrees of pollution could lead to generalised assumptions regarding 

the overall selection and prevalence of ARGs in aquatic environments.  

The absence of co-occurrences between selective pressures and AmpC genes raised the 

question whether the pAmpCs that were detected in this particular environment were due to an 

unidentified environmental selector or to the influx of pre-existing resistance mechanisms in ARB 

from highly polluted areas (Bengtsson-Palme & Larsson 2015; Karkman et al. 2019). The 

significant positive correlation between AmpC genes and population density suggests that 

pollution associated with human activities was responsible for the copy numbers of pAmpCs 

quantified in this study. This can be explained by the nature of human activities that instigate and 

exacerbate environmental pollution. For instance, the unprecedented use of antibiotics is a major 

cause of the selection of ARB, especially in hospitals that contribute an estimated 33% of ARGs 

to the environment (Kraemer et al. 2019). Moreover, WWTPs receive an influx of ARB (selected 

domestically or clinically by use of antibiotics), ARGs and faecal matter. As much as 70% of 

unmetabolised antibiotics passes through humans and these antibiotics accumulate in WWTPs 

(Kraemer et al. 2019). All these elements then form part of WWTP effluent which creates nutrient 

rich conditions that are ideal for the sustainability of bacteria and selectors and their ability to 

maintain AR (Rizzo et al. 2013; Khan et al. 2019).  

This study detected significant high levels of nitrates and phosphates in upstream sites associated 

with high population density, faecal bacteria such as Enterobacteriaceae, and AmpC genes. In 

such conditions, ARGs may subsequently be detected downstream of pollution points in high copy 

numbers, which was a phenomenon that was demonstrated by this study. Simply put: increased 

human activities lead to higher faecal waste which leads to ARB pollution which leads to elevated 

detection of ARGs. A study by Karkman et al. (2019) used bioinformatics, reinforced with large 

independent datasets, to establish if AR selection occurred in the environment. The outcomes of 

the current study support the findings by Karkman et al. (2019) that the selection of ARGs occurs 

before ARB are released into the environment. It is also acknowledged that it is possible that 
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resistance is temporarily maintained by associated pollutants (i.e., antibiotics, heavy metals, 

nitrates and phosphates) as long as these conditions remain favourable (Karkman et al. 2019; 

Kraemer et al. 2019).  

However, it is questionable whether the degree to which resistance is maintained throughout the 

entire river system remains stable despite the presence of selective pressures. It has been 

suggested that ARGs become reduced as selective pressures are relaxed (Pruden et al. 2013). 

However, this study also argues that the non-significant change in selective pressures, in contrast 

to the variations observed in AmpC genes, suggests that these genes are not maintained 

throughout the river and are lost in low population density areas. Subbiah et al. (2011) have shown 

that, in a controlled clinical environment, it is inevitable for pAmpCs such as blaCMY-2 (member of 

MOX/CMY) to expire from bacterial cells without the presence of a selective pressure. However, 

despite the presence of selective pressures observed in the Crocodile West River waters, it is 

possible that the dilution factor and rapid movements experienced may make selection futile  

(Nguyen et al. 2019). ARB may suffer fitness costs during competition with natural occurring 

bacteria and during expression of fundamental survival mechanisms as nutrients become 

decreased. Therefore, although not significant, this study demonstrated a shift in bacterial 

community composition between the high population density upstream sites and the low 

population density downstream sites (Figure 5-4). The consequence of competition may be that 

bacteria harbouring pAmpCs are less fit for survival in the less populated environment and 

therefore lose these resistance mechanisms, or die off (Wein et al. 2019). The change or shift in 

community structure and the difference in pAmpCs copy numbers reflect the probability of this 

observation.  

The occurrence of resistance loss in bacteria was investigated in previous studies. It was found 

that, in some cases, resistance on plasmids was maintained in the absence of a selective 

pressure (Melnyk et al. 2015; Zwanzig et al. 2019). However, it was also suggested that, in an 

environmental context, unpredictability and harsh conditions contradicted this phenomenon (Joshi 

et al. 2009). The current study observed that all chemical-physical parameters fluctuated among 

the sites (Figure 5-2), thus creating either ideal conditions for bacterial growth or changing the 

conditions to inhibit this growth and disregard resistance mechanisms. Forfeiture of ARGs on 

plasmids occurs more readily in conditions in which transcription on chromosomes is favoured 

(Wein et al. 2019). For example, it may occur due to the need for fundamental survival in 

mechanisms or during bacterial competition when plasmids are a metabolic burden (Joshi et al. 

2009; Zwanzig et al. 2019). It is reasonable to assume that ARB entering the aquatic environment 

will face such conditions and possibly expel their pAmpCs. It is thus hypothesised that the 

maintenance of pAmpCs occurs within a river system as long as the conditions allow bacteria to 
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flourish. In rivers running through high density populated areas (where the influx of ARB and 

selection constituents is abundant), more favourable conditions for bacterial growth can be 

expected, and this ensures the survival and prevalence of AmpC genes as bacterial fitness is not 

altered. In this context, this study has demonstrated co-occurrences with bacterial families 

dependent on nitrates and phosphates such as Pseudomonadaceae, Aeromonadaceae and 

Enterobacteriaceae. These families were also correlated with AmpC gene groups and 

representative genera are known for harbouring AmpC genes (Jacoby 2009), thus supporting the 

notion that pAmpCs are favoured in more polluted areas.   

The dynamics of ARGs in the aquatic environment remain largely a mystery. This study has 

shown that numerous unknown environmental factors and their interactions could influence the 

perseverance of pAmpCs in an aquatic environment. In essence, it is acknowledged that the 

principles observed in clinical settings regarding the selection and evolution of pAmpCs have 

merit in the environmental context (Joshi et al. 2009). However, it is not clear to what degree and 

effective range these processes occur. For example, continuous selection of pAmpCs did not 

occur in either upstream or downstream sites and the specific conditions that cause this 

phenomenon should be investigated and the reasons for it firmly established. This is vital because 

establishing the general range from which pollutant sources contain clinically relevant AmpC 

levels is important for their management (Bengtsson-Palme & Larsson 2015). This study urges 

that it is vital to address this phenomenon beyond the point where the danger is deemed 

peripheral and is non-existent in legislations and official guidelines. In fact, determining the real 

extent of the danger posed by pAmpCs in aquatic systems may expose potential threats to human 

health beyond what is currently accepted and this knowledge may be beneficial in guiding relevant 

authorities to issue effective official surveillance and management measures to contain the threat. 

A case in point is that all major groups of pAmpCs were recently detected by two studies from 

two independent sampling seasons in the Crocodile West River (Coertze & Bezuidenhout 2018; 

Coertze & Bezuidenhout 2020). The detection of pAmpCs by the current study resulted from a 

third consecutive season of sampling. This sequential historical evidence thus provides insight 

into the consistent nature of the pollution of the river and the potential hazardous impact the 

pollution levels could have on the surrounding communities that use the water. It is reiterated that, 

in order to manage this threat, it is important that the sources of ARB influx be determined and 

that effective measures be put in place to curb the potential for disease outbreaks. 

It is an undeniable fact that AmpC genes exist on plasmids in aquatic environments and that they 

are associated with various pathogens that are regarded as the highest risk of potential transfer 

to humans (Martínez et al. 2015). However, Bengtsson-Palme and Larsson (2015) argue that 

uncharacterised resistance elements and their vectors should also be regarded as high-risk 
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potential of ARG transfer. This argument is corroborated as the current study observed non-

pathogenic bacteria sharing co-occurrences with pAmpCs with families such as 

Chromobacteriaceae (0.18% of all families) and Cellvibrionaceae (0.26% of all families). This is 

still cause for concern considering that most bacterial vectors are not pathogens (Manaia 2017). 

Therefore, water bodies should be considered as high-risk environments as they have the 

potential to transfer ARGs to humans, regardless of pathogen presence. Although this study 

argues that selection does not aggressively occur over an undetermined distance from pollution 

sources, it is still imperative to acknowledge the potential of the dissemination of ARGs within an 

aquatic environment as well as intra-environmental transfer of these pathogens.  

Although such an investigation was beyond the scope of the current study, there is evidence that 

AmpC genes can be transferred from animals to humans through the food chain (Cheng et al. 

2019). Therefore, because the Crocodile West River is situated near agricultural activities and 

WWTPs (Bezuidenhout et al. 2017), it is feasible that ARGs can be transferred by means of its 

water to food produce and livestock. A case in point is the pathogens that were found on lettuce 

that was irrigated with water from a river (Njage & Buys 2015). It has been proposed that transfer 

of ARGs from the environment to humans is more likely to occur via waters contaminated with 

ARB rather than from the natural AR resistome (Manaia 2017). However, because pAmpCs found 

in this study are correlated with high population areas and various potential pathogens (including 

Burkholderiaceae, Pseudomonadaceae, Aeromonadaceae and Enterobacteriaceae, members of 

ESKAPE pathogens), the potential risk and consequences of pathogenic transmission are 

alarming. Gram-negatives, specifically members of Enterobacteriaceae, are known for co-

harbouring various antibiotic and metal resistance elements (Nguyen et al. 2019). In such highly 

polluted areas (such as the upstream sites of the Crocodile West River) this is cause for grave 

concern considering the high population numbers that are exposed to and dependent on river 

water. Another disconcerting factor is the positive correlation of cobalt with Enterobacteriaceae 

and pAmpCs. Cobalt is known for increasing toxicity of bacteria such as E. coli (Majtan et al. 

2011), thus infections could be vicious with limited treatment options due to AR. Against these 

arguments, future studies should focus on addressing the collective effects of environmental 

parameters on human health by focusing on providing in-depth information on the prevalence, 

evolution and sustainment of pAmpCs in aquatic environments of all kinds. The outcomes of such 

research could prove vital in understanding the dynamics of pAmpCs in aquatic environments 

and establishing a foundation for effective official surveillance and management initiatives to pre-

emptively manage the threat to human health that pAmpCs pose.  
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5.6 Conclusion 

The outcomes of this study demonstrated that, regardless of non-significant changes in bacterial 

composition, metabolic activity, physical-chemical parameters and metals across the Crocodile 

West River, AmpC beta-lactamase genes varied significantly in prevalence and copy numbers. A 

direct correlation between AmpC genes and population density was established and this 

demonstrates that the causes of AmpC presence in the environment can be linked to human 

activities and pollution. The outcomes of this study introduce the debate whether pAmpCs in the 

environment are prevalent due to selection. This is because the results indicate that these genes 

are found within pre-selected ARB associated with urban runoff which is higher in densely 

populated areas than in less populated environments. The study determined that these potentially 

harmful genes become expelled throughout a river system even as selective conditions remain 

stable. Therefore, the currently inevitable presence of faecal bacteria in water that is adjacent to 

highly populated areas is an indicator of AmpC genes, and therefore the official surveillance and 

management of such water bodies and the human activities surrounding them have become a 

matter of urgency. It is imperative that the degree to which environmental selection and 

maintenance of pAmpCs occurs in the aquatic environment is collaboratively monitored and 

managed by scientists and administrative officials. This means that the impacts of environmental 

parameters in sustaining pAmpCs should be continuously investigated so that the conditions that 

they create are monitored proactively as predictors of the prevalence of AmpC genes in the 

aquatic environment.  
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CHAPTER 6 - CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

The cohesive outcomes of the various investigations reported in this thesis regarding AmpC beta-

lactamase genes have presented novel contributions to explorations of these genes that occur in 

aquatic environments. One important contribution of this study is that the research community 

concerned with the impact of AmpC genes on antibiotic resistance will acknowledge the gaps in 

research in this field. Furthermore, this study has shown that AmpC genes are prevalent, diverse 

and abundant in clinically relevant levels in South African aquatic environments. It was determined 

that their prevalence is potentially linked to heightened human activities and pollution and that 

their prevalence may be estimated by using population density as an indicator. Another finding 

pertains to the effectiveness of detection methodologies that can be employed for future detection 

and quantification of ARGs in laboratories with limited resources. This finding has particular 

significance for developing countries where sophisticated and costly AmpC detection 

methodologies may not be readily available. In essence, the aim of this study was to explore the 

prevalence and diversity of AmpC beta-lactamase genes in aquatic systems and this aim was 

achieved as the prevalence of these diverse genes was successfully linked to environmental 

factors, pollution constituents, opportunistic pathogens and microbes of emerging concern. Thus, 

based on the outcomes of the study, the objectives were addressed and the overall aim was 

achieved. The outcomes of each objective will be discussed in the following sub-sections. 

6.1.1 Objective 1: The research gap 

A shortage of literature on the subject of AmpC beta-lactamase genes in aquatic systems 

prompted the following objective: To identify gaps in research regarding environmental AmpC 

genes by means of an overview of published primary journal articles that provide information on 

the detection and distribution of AmpC beta-lactamase genes in aquatic systems globally 

(Chapter 2). This objective was achieved successfully by means of a systematic screening of 

available literature sources that were selected subject to pre-set inclusion criteria. This review 

resulted not only in findings that will serve as novel contributions towards an understanding of 

AmpC genes in aquatic systems globally, but it has also highlighted gaps in the literature that 

should be filled to enhance this understanding. An article that addresses this objective was 

published as a systematic review in the Environmental Pollution journal (Coertze & Bezuidenhout 

2019).  

More specifically, the review confirmed that clinically relevant AmpC beta-lactamase genes exist 

in aquatic systems globally. However, relatively few studies have been conducted to determine 
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their prevalence and impact when they are disseminated from aquatic to human systems, and 

this phenomenon should be more intensively explored considering the vast number of 

investigations on their impact in clinical settings. The studies that were sourced lacked consensus 

about detection methodologies for ARGs as well as the reporting of results, which renders a meta-

analysis of the reported data difficult. The review findings emphasise the importance of utilising 

such diverse data comparatively in future studies so that historical trends can be established to 

better understand and manage environmental AmpC genes to the benefit of the environment and 

human health.  

Another major gap that is highlighted by the findings of the intensive perusal of the literature is 

that evidence of AmpC detection in aquatic systems has mainly been associated with adverse 

conditions in developed countries, whereas the threat these genes pose in developing countries 

where large communities are notoriously exposed to health risks due to poverty and poor 

healthcare systems has been understudied. Generally, insufficient scientific knowledge makes it 

challenging to attempt constructing evolutionary or distribution prediction models. Moreover, 

considering the lack of access to healthcare in developing countries, the impact of ARGs may 

have serious consequences in clinical settings due to the undetected prevalence of ARGs in 

potentially hazardous water sources that communities rely on for survival. It is therefore important 

that aquatic environments be studied without prejudice or consideration of countries’ border 

restrictions as ARGs can disseminate in water and other sources across human-set boundaries. 

For instance, studies on the mobility of water environments have indicated that aquatic fauna may 

act as dissemination vectors of ARGs while it has also been suggested that birds, sea life and 

even plastics may be vectors of ARGs across the globe. All aquatic environments are connected 

in some way or another, and thus all dissemination mediums such as WWTPs, hospitals and 

agricultural settings must be investigated as potential vectors of ARGs that may affect human 

health in both developed and developing countries.  

6.1.2 Objective 2: The presence and genetic diversity of AmpC beta-lactamase genes  

In consideration of the results that addressed the previous objective, it was important to establish 

the state of AmpC genes in South African waters, especially considering communities’ 

dependency on river waters and the consequences of the exposure of large immunocompromised 

portions of the population to ARGs. Therefore, the following objective was formulated: To 

determine the presence and genetic diversity of AmpC beta-lactamase genes in aquatic systems 

by means of molecular methods (Chapter 3). Following experimentation, this objective was 

achieved successfully and the outcomes provided valuable contributions toward the 

understanding of AmpC diversity in the environment. An article that addresses this objective was 

published in Water Science and Technology (Coertze & Bezuidenhout 2018).  
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Before this study was conducted, there was pre-existing evidence of AmpC genes in South 

African rivers (Njage & Buys 2015; Njage & Buys 2017), although no information on genetic 

diversity of environmental copy numbers had been forthcoming. Such information is important for 

comparative and evolutionary studies. This study confirmed the presence of AmpC genes in 

South African river systems. It was found that these genes varied in quantities, which provided 

evidence of varying degrees of pollution exposure. The evidence of anthropogenic influence on 

the prevalence of AmpC genes is an important consideration for future management and 

surveillance initiatives and supported the decision to investigate and establish which 

anthropogenic factors might influence the presence of these genes in the aquatic system under 

study (Chapters 4 and 5). 

These investigations demonstrated that variations existed between AmpC genes for both inter- 

and intra-rivers. The detection of these variations implies either that environmental mutations 

occurred or that novel variations endemic to South Africa existed in the clinically relevant ARGs 

that entered the aquatic environment under study. It is recommended in Chapter 5 that this 

phenomenon requires further investigation as it underscores the need for characterising any 

possible AmpC variants for future comparisons. It was also noteworthy that most of the AmpC 

variants shared no exact match with any sequences on online databases. This finding supports 

the notion that AmpC variants may exist throughout the world and that they may have already 

altered resistance mechanisms. Novel resistance variants could be a matter of concern 

considering that they may influence the medicinal effectiveness of beta-lactam antibiotics. If 

similar observations are made in other countries, different trends in AR can be expected and this 

will make predicting and managing this threat extremely difficult. 

6.1.3 Objective 3: Evaluation of AmpC gene quantification methods 

The quantification method (ddPCR) that was described in Chapter 3 proved to be time and 

financially unfeasible for the detection and quantification of ARGs. Many molecular methods exist 

for these purposes, but these methods can be costly and time consuming and are usually 

optimised for clinical applications. For future investigations it was important to establish an AmpC 

gene quantification method of DNA in environmental water samples that could be used by 

laboratories with limited resources. Therefore, the following objective was formulated: To evaluate 

quantification methods of AmpC beta-lactamase genes for the application and feasibility of the 

analyses of environmentally extracted DNA (Chapter 4). Following experimentation, this objective 

was accomplished successfully. Although the findings were not ground-breaking, the outcomes 

demonstrated how quantification of ARGs can be done in laboratories with minimal resources. 

Furthermore, the results obtained using this method were comparable with more resource 
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intensive methods. The study aim, methodology and findings presented in this chapter were 

published in Water Supply (Coertze & Bezuidenhout 2020). 

The three quantification methods that were investigated were: digital droplet PCR (ddPCR), 3D 

digital PCR (dPCR) and quantitative PCR (qPCR). Although the evaluation of ddPCR was not 

described in Chapter 4, it was used as a quantification method for the experimentation described 

in Chapter 3. However, this method was found to be labour intensive, time inefficient, limited by 

the number of samples, requiring numerous hardware for analysis, and financially unviable. This 

also implies that it may not be considered a viable quantification method in developing countries 

and cash-strapped and under-resourced research environments. Unfortunately, the accuracy 

using this method in comparison with the other methods is unknown because it was not compared 

with the other quantification methods.  

A comparison of results achieved using dPCR and qPCR revealed that the resulting copies of 

AmpC genes were comparable. However, using the dPCR workflow revealed the same 

shortcomings as those of the ddPCR method. dPCR found to have some advantages over 

conventional qPCR such as higher accuracy at lower copies, not needing a standard curve, and 

no need for positive controls. However, following the evaluation, it was thus determined that qPCR 

may be more practical for the analysis of environmental DNA samples. This is because qPCR is 

relatively inexpensive, can handle a large quantity of samples, is time efficient, requires only one 

piece of equipment to perform the reactions, and the results may be analysed on any personal 

computer. Furthermore, due to the unknown nature of environmental samples, the real-time 

visualisation of qPCR allows for easier optimisation of samples for quantification. Because both 

dPCR and ddPCR produce only an end result, it may be difficult to establish if the number of 

copies is too many or too few for accurate analysis. For this and the above reasons it was 

concluded that qPCR is the most feasible method for quantification of AmpC genes from 

environmental DNA. 

Because the copy numbers of AmpC genes were representative of the aquatic environment, 

deductions could be made about their effect on the environment. Most importantly, it was deduced 

that AmpC genes were largely prevalent in the samples from an aquatic (river) environment in 

clinically relevant quantities. The types of land coverage surrounding the sampling sites in the 

river could be used as indicators of specific anthropogenic sources causing the occurrence of 

AmpC genes. Although it was found that these land coverage parts explained the presence of 

AmpC genes in the water samples, it is more likely that other factors were the direct cause of their 

prevalence, and this was further investigated in a study that was presented in Chapter 5. 
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6.1.4 Objective 4: Establishing predictors of AmpC genes in aquatic environments 

The outcomes of the studies reported in the previous sub-sections confirmed a dire need for 

establishing predictors of AmpC genes in the selected aquatic environment. The need for potential 

predictors of AmpC genes prompted the final objective: To quantify AmpC beta-lactamase genes 

harboured in plasmids isolated from aquatic systems and to relate the number of gene copies to 

pollution and environmental factors by analysis of directly isolated environmental DNA (Chapter 

5). The outcomes of this study demonstrated that, regardless of non-significant changes in 

bacterial composition, metabolic activity, physical-chemical parameters and metals across the 

Crocodile West River, AmpC beta-lactamase genes varied significantly in prevalence and copy 

numbers.  

Based on findings in controlled clinical settings, it is argued that such findings lead to generalised 

assumptions of occurrences in the environment. For example, clinical trials seem to assume  that 

the selection of AmpC genes consistently occurs in the environment in the presence of selective 

pressures (Nguyen et al. 2019). However, this was not observed in this study as AmpC genes 

reduced and selective pressures did not. Consequently, this investigation demonstrated that 

clinical assumptions do not account for the unpredictable nature of environmental influences. It is 

therefore important that these clinical theories be applied in the context of environmental 

influences before general statements are made as guidelines of environmental phenomena. 

A direct correlation between AmpC genes and population density was established, thus 

demonstrating that the cause of AmpC presence in the environment is linked with human activities 

and pollution. The outcomes of this study pose the question whether pAmpCs in the environment 

are prevalent due to selection. The results indicated that these genes were found within pre-

selected ARB associated with urban runoff, which is generally higher in more densely populated 

areas. It was also found that these genes became expelled throughout the river even as 

favourable conditions decreased. Therefore, faecal bacteria present in water associated with 

adjacent highly populated areas may be an indicator of AmpC genes. This finding urges ongoing 

environmental surveillance and management, particularly of water sources in populated 

environments. It is imperative that the degrees in which environmental selection and maintenance 

of pAmpCs occur in the aquatic environment be established. Moreover, the roles of environmental 

parameters in sustaining pAmpCs in the aquatic environment should be further investigated so 

that these conditions can be used as future predictors of the prevalence of AmpC genes in water 

bodies. The role of the aquatic environment in the dissemination of pAmpCs should not be 

underestimated because the danger of environment to human ARGs transfer could be critical.   
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6.2 Recommendations 

Based on the findings, this research has provided a sound platform for future research 

endeavours. The following recommendations are offered in the interest of inspiring such 

investigations:  

• Future studies regarding the detection, quantification and characterisation of AmpC 

genes, and ARGs in general, require a standardised method of analysis and universal 

means of reporting data. In order to establish trends in the prevalence of these genes as 

well as the evolutionary changes they may undergo, it will be beneficial if researchers from 

different investigatory bodies were able to easily compare data from past studies. This 

could eventually contribute greatly towards the environmental management of these 

genes.  

• It is recommended that great care be taken when considering sampling locations in 

aquatic environments so that they can be revisited by subsequent research entities. It is 

important that exact sampling coordinates be publicly reported along with standardised 

results on ARG prevalence so that future studies can plan experimentation accordingly. 

Such a process was adopted and modelled by the current study. 

• Characterisation of AmpC genes should be conducted as widely and in as many diverse 

countries as possible in the effort to identify genetic variants endemic to a country or 

region. It will be beneficial if future studies have access to as many verified historical data 

as possible for the comparison of genes found in distant regions that could imply possible 

pathways of dissemination among regions of origin and new locations. Understanding 

these dissemination pathways will be beneficial for future management and routine 

surveillance. In addition, it is important that the entire sequence of AmpC genes be 

characterised as certainty in changes of gene variants in comparative studies will be 

compromised if only fragments are used. Moreover, it is important that changes in the 

active site are recorded along with any other changes in an AmpC gene, because this can 

imply changes in resistance mechanisms.  

• It is recommended that the integrate dynamics of environmental parameters on AmpC 

genes be investigated. This will enhance understanding of how AmpC genes are selected 

in the environment and how environmental parameters may be used as predictors for the 

surveillance and management of these genes. 

6.3 Take-home message 

The unprecedented use of antibiotics has affected the world in an unexpected manner. The rise 

of antibiotic resistance is estimated to become one of the most critical health concerns of the 21st 
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century. In order to combat the environmental exposure and impact of ARGs, it is imperative that 

all aspects that impact these phenomena be intensively investigated. There are still many aspects 

in this field that remain a mystery. However, it is important that the general public, industries and 

governing bodies acknowledge the role of the environment, and particularly that of aquatic 

systems, in the general wellbeing of humans. It is acknowledged that the outcomes of the studies 

reported in this thesis do not provide definitive solutions to the complex and comprehensive 

problems associated with ARB and ARGs in aquatic systems. However, the outcomes will 

contribute towards a better understanding of this potential health concern in the environmental 

context. Moreover, concerns that could form part of future studies in the effort to combat 

environmental ARGs through detection and management have been raised. It is important that 

scientists view ARGs in environmental settings as pollutants that can be impacted and altered by 

various external factors. Applying generalised assumptions derived from clinical cases to 

environmental contexts could be dangerous as unknown factors may be overlooked. The 

prevalence of AmpC genes in aquatic systems is a global health concern and can only be 

combated through objective research, governmental support and global research partnerships. In 

order to prevent, or at least prolong, the consequences of antibiotic resistance, studies such as 

this thesis should reach appropriate persons who can influence change so that preventative 

measures are implemented to curb the threat of antibiotic resistance.  
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ANNEXURES 

Table S3-1: Coordinates of the sampling locations used for the (a) Mooi River, (b) Marico River and (c) 

Crocodile River. 

 Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 

a 
-26.571806, 

27.103611 

-26.571806, 

27.103611 

-26.571806, 

27.103611 

-26.571806, 

27.103611 

-26.571806, 

27.103611 
  

b 
-25.660178, 

26.433611 

-25.660178, 

26.433611 

-25.660178, 

26.433611 

-25.660178, 

26.433611 

-25.660178, 

26.433611 

-25.660178, 

26.433611 
 

c 
-25.669364, 

27.792683 

-25.669364, 

27.792683 

-25.669364, 

27.792683 

-25.669364, 

27.792683 

-25.669364, 

27.792683 

-25.669364, 

27.792683 

-25.6693, 

27.792683 

 

Table S4-1: Information of land coverage surrounding the sampling sites of the two rivers. Data was 

extracted from (Bezuidenhout et al. 2017). 

 

Agricul
ture 

(%) 
Mines 
(%) 

Urban 

(%) 

Natural 

(%) 

Water 

(%) 

Wetlan
ds 

(%) 

Plantat
ions 

(%) 

Erosio
n 

(%) 

Bare 
Groun
d 

(%) 

WWTP
s 

(n) 

Crocodile West River 

Site 2 19.87 2.39 10.52 64.08 0.05 2.33 0.27 0.09 0.39 2 

Site 3 10.92 0.87 9.84 76.03 0.32 1.09 0.37 0.35 0.21 22 

Site 4 1.51 0 0 97.52 0.23 0.73 0 0 0.01 0 

Site 5 11 0.46 0.37 87.59 0.06 0.35 0.02 0.08 0.07 0 

Site 6 5.12 0.9 2.88 90.02 0.04 0.37 0.01 0.28 0.38 8 

Site 7 11.43 0.01 1.36 86.27 0.02 0.8 0.01 0.1 0 0 

Marico River 

Site 2 13.3 0.63 0.01 84.18 0.01 0.49 0.59 0.5 0.3 0 

Site 3 5.56 0.08 0 92.04 0.09 0.16 0.1 1.92 0.04 0 

Site 4 4.14 0.06 0.63 92.69 0 0.31 0.06 1.03 1.08 0 

Site 5 3.82 0.38 0.58 93.6 0.04 0.17 0.58 0.41 0.42 0 

Site 6 7.68 0.11 4.17 86.03 0.73 0.01 0.18 0.93 0.16 1 

Site 7 6.14 0.09 0.07 86.25 2.18 0.83 0.08 4.26 0.1 0 
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Table S4-2: Average copy numbers for each site and AmpC target gene of the Crocodile West River using 

quantitative PCR. Normality of dataset is also indicated.  

 

Table S4-3: Average copy numbers for each site and AmpC target gene of the Crocodile West River using 

digital PCR. Normality of dataset is also indicated.  

 

 

 

 

 

 Crocodile River - Quantitative PCR (Shapiro-Wilk Normality Test, p < 0.000) 

TARGET 

Site 2 

(Copies/ng 
DNA ± sd) 

Site 3 

(Copies/ng 
DNA ± sd) 

Site 4 

(Copies/ng 
DNA ± sd) 

Site 5 

(Copies/ng 
DNA ± sd) 

Site 6 

(Copies/ng 
DNA ± sd) 

Site 7 

(Copies/ng 
DNA ± sd) 

ACC 10.33 ± 1.09 14.67 ± 1.1 0 ± 0 0 ± 0 0 ± 0 3 ± 0.4 

ACT/MIR 
4697.83 ± 
216.69 

970.84 ± 
117.24 

7191.41 ± 
936.7 

12301.1 ± 
1139.07 

619.57 ± 
103.94 0 ± 0 

BIL/LAT/CMY 
18714.29 ± 
838.6 164.17 ± 2.6 

794.8 ± 
87.99 

1009.3 ± 
92.02 176.9 ± 6.15 0 ± 0 

DHA 0 ± 0 0 ± 0 
233.91 ± 
9.29 

553.06 ± 
23.13 0 ± 0 10.89 ± 2.72 

FOX 
180.41 ± 
16.72 49.86 ± 1.59 

1740.21 ± 
74.2 109.01 ± 1.27 0 ± 0 0 ± 0 

MOX/CMY 0 ± 0 
5175.09 ± 
296.42 

2309.71 ± 
64.58 

2344.99 ± 
86.14 

13885.64 ± 
1277.44 

1438.37 ± 
50.06 

 Crocodile River - Digital PCR (Shapiro-Wilk Normality Test, p < 0.000) 

TARGET 

Site 2 

(Copies/ng 
DNA ± sd) 

Site 3 

(Copies/ng 
DNA ± sd) 

Site 4 

(Copies/ng 
DNA ± sd) 

Site 5 

(Copies/ng 
DNA ± sd) 

Site 6 

(Copies/ng 
DNA ± sd) 

Site 7 

(Copies/ng 
DNA ± sd) 

ACC 12.76 ± 1.63 23.61 ± 2.83 0 ± 0 0 ± 0 0 ± 0 2.52 ± 0.4 

ACT/MIR 
3345.85 ± 
112.54 

1133.45 ± 
23.98 

9452.23 ± 
411.99 

5972.32 ± 
230.41 950.19 ± 20.3 0 ± 0 

BIL/LAT/CMY 
16843.42 ± 
567.12 

129.05 ± 
6.25 

684.73 ± 
18.96 

947.43 ± 
18.74 166.67 ± 7.21 0 ± 0 

DHA 0 ± 0 0 ± 0 
597.82 ± 
17.96 271.75 ± 7.66 0 ± 0 4.61 ± 0.67 

FOX 
133.08 ± 
5.06 15.57 ± 2.19 

2024.73 ± 
49.19 202.83 ± 6.54 0 ± 0 0 ± 0 

MOX/CMY 0 ± 0 
3750.77 ± 
135 

2819.89 ± 
51.96 

2604.19 ± 
64.11 

5697.04 ± 
208.48 

1391.08 ± 
32.99 
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Table S4-4: Average copy numbers for each site and AmpC target gene of the Marico River using 

quantitative PCR. Normality of dataset is also indicated.  

 

Table S4-5: Average copy numbers for each site and AmpC target gene of the Marico River using digital 

PCR. Normality of dataset is also indicated.  

 

 

 

 

 

 Marico River - Quantitative PCR (Shapiro-Wilk Normality Test, p < 0.000) 

TARGET 

Site 2 

(Copies/ng 
DNA ± sd) 

Site 3 

(Copies/n
g DNA ± 
sd) 

Site 4 

(Copies/ng 
DNA ± sd) 

Site 5 

(Copies/ng DNA ± 
sd) 

Site 6 

(Copies/ng 
DNA ± sd) 

Site 7 

(Copies/n
g DNA ± 
sd) 

ACC 24.55 ± 0.83 0 ± 0 0 ± 0 0 ± 0 
113.6 ± 
20.39 0 ± 0 

ACT/MIR 4.91 ± 1.53 60.7 ± 4.66 0 ± 0 3660.5 ± 192.94 0 ± 0 0 ± 0 

BIL/LAT/CMY 
1966.15 ± 
113.47 0 ± 0 0 ± 0 5364.87 ± 141.33 0 ± 0 0 ± 0 

DHA 0 ± 0 0 ± 0 0 ± 0 5901.25 ± 423.17 0 ± 0 0 ± 0 

FOX 
10027.36 ± 
733.96 6.04 ± 1.23 

820.22 ± 
66.53 307.14 ± 20.14 0 ± 0 0 ± 0 

MOX/CMY 
18276.53 ± 
480.73 0 ± 0 0 ± 0 

229786.35 ± 
8743.53 0 ± 0 0 ± 0 

 Marico River - Digital PCR (Shapiro-Wilk Normality Test, p < 0.000) 

TARGET 

Site 2 

(Copies/ng 
DNA ± sd) 

Site 3 

(Copies/ng 
DNA ± sd) 

Site 4 
(Copies/ng 
DNA ± sd) 

Site 5  

(Copies/ng 
DNA ± sd) 

Site 6  

(Copies/ng 
DNA ± sd) 

Site 7 

(Copies/ng 
DNA ± sd) 

ACC 19.75 ± 1.45 0 ± 0 0 ± 0 0 ± 0 
192.32 ± 
8.86 0 ± 0 

ACT/MIR 5.54 ± 0.79 64 ± 3.96 0 ± 0 2699.9 ± 53.73 0 ± 0 0 ± 0 

BIL/LAT/CMY 1270.03 ± 27.82 0 ± 0 0 ± 0 
5103.12 ± 
222.25 0 ± 0 0 ± 0 

DHA 0 ± 0 0 ± 0 0 ± 0 
6066.85 ± 
178.37 0 ± 0 0 ± 0 

FOX 
4265.45 ± 
184.16 1.95 ± 0.48 

690.48 ± 
20.09 338.9 ± 8.71 0 ± 0 0 ± 0 

MOX/CMY 
5338.19 ± 
236.14 0 ± 0 0 ± 0 

32887.4 ± 
839.32 0 ± 0 0 ± 0 
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Table S5-1: Average measurements of chemical parameters (units in ppb ± standard deviation). 

 

Table S5-2: Average measurements of physical parameters. 

 

Sulphates Sulphides Nitrates Nitrites Phosphates Beta-
Lactams 

Site 1 72000 ± 1000 25.67 ± 28.54 4700 ± 
1646.21 

6000 ± 
2645.75 

3900 ± 400 2.06 ± 0.1 

Site 2 86666.67 ± 
5773.5 

38 ± 8.89 3166.67 ± 
1001.67 

4333.33 ± 
3214.55 

2466.67 ± 
152.75 

2.62 ± 0.13 

Site 3 46666.67 ± 
5773.5 

56.33 ± 1.53 2166.67 ± 
665.83 

4333.33 ± 
2886.75 

1900 ± 0 2.09 ± 0.1 

Site 4 73333.33 ± 
11547.01 

28.33 ± 2.31 1566.67 ± 
450.92 

7000 ± 
2645.75 

1166.67 ± 
57.74 

2.49 ± 0.12 

Site 5 80000 ± 
2645.75 

14.33 ± 1.53 1566.67 ± 
57.74 

6666.67 ± 
2081.67 

933.33 ± 
57.74 

2.89 ± 0.14 

Site 6 60000 ± 
10000 

34.67 ± 12.58 933.33 ± 
461.88 

6666.67 ± 
2309.4 

300 ± 0 4.07 ± 0.2 

Site 7 103333.33 ± 
5773.5 

54 ± 1 133.33 ± 
230.94 

3333.33 ± 
2886.75 

200 ± 100 1.72 ± 0.09 

 

EC (S/m) TDS (ppb) Salt (ppb) pH Temp (°C) DO (%) 

Site 1 780 ± 2 552.33 ± 3.51 269 ± 1 7.71 ± 0.12 23.4 ± 0 22.17 ± 2.47 

Site 2 920.33 ± 2.08 650.33 ± 2.52 317.33 ± 1.53 8.02 ± 0.03 24.3 ± 0 20.5 ± 1.32 

Site 3 802 ± 1.73 564.33 ± 3.79 273.33 ± 2.08 9.1 ± 0.1 22.5 ± 0 18.97 ± 1.1 

Site 4 837.67 ± 2.08 591 ± 2 287.67 ± 2.52 8.84 ± 0.15 22.3 ± 0 22.63 ± 0.47 

Site 5 1064.67 ± 4.51 755.33 ± 1.15 371.67 ± 1.53 8.4 ± 0.1 26.1 ± 0 0.27 ± 0.15 

Site 6 999.67 ± 2.52 707.67 ± 6.03 348 ± 2 8.13 ± 0.11 25.5 ± 0 22.1 ± 0.7 

Site 7 1022 ± 3 749 ± 1 368.33 ± 2.52 8.64 ± 0.15 25.5 ± 0 16.07 ± 1.8 
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Table S5-3: Average quantities of trace metals (unit in ppb ± standard deviation). 

 

 

 

 

 

 

 

 

 

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 

B 36.39 ± 1.82 36.59 ± 1.83 49.66 ± 2.48 42.4 ± 2.12 47.72 ± 2.39 51.66 ± 2.58 54 ± 2.7 

Na 49840 ± 2492 57060 ± 2853 62240 ± 3112 64890 ± 
3244.5 

80600 ± 4030 84010 ± 
4200.5 

94550 ± 
4727.5 

Mg 18030 ± 
901.5 

23640 ± 1182 16570 ± 828.5 21050 ± 
1052.5 

28350 ± 
1417.5 

30330 ± 
1516.5 

33440 ± 1672 

P 964.6 ± 48.23 643 ± 32.15 530.9 ± 26.55 280.8 ± 14.04 204.5 ± 10.22 35.86 ± 1.79 20.6 ± 1.03 

K 9073 ± 
453.65 

8196 ± 409.8 10510 ± 525.5 8857 ± 442.85 8341 ± 417.05 9320 ± 466 9769 ± 488.45 

Ca 43150 ± 
2157.5 

46930 ± 
2346.5 

36810 ± 
1840.5 

41760 ± 2088 49130 ± 
2456.5 

29620 ± 1481 41330 ± 
2066.5 

Ti 2.48 ± 0.12 2.75 ± 0.14 4.41 ± 0.22 2.19 ± 0.11 1.98 ± 0.1 3.45 ± 0.17 1.83 ± 0.09 

V 2.58 ± 0.13 8 ± 0.4 9.91 ± 0.5 8.12 ± 0.41 8.4 ± 0.42 4.36 ± 0.22 3.56 ± 0.18 

Cr 2.92 ± 0.15 4 ± 0.2 3.84 ± 0.19 3.93 ± 0.2 4.4 ± 0.22 5.68 ± 0.28 5.36 ± 0.27 

Mn 71.54 ± 3.58 16.34 ± 0.82 12.5 ± 0.62 40.21 ± 2.01 21 ± 1.05 98.06 ± 4.9 1.56 ± 0.08 

Fe 61.19 ± 3.06 67.23 ± 3.36 65.85 ± 3.29 62.42 ± 3.12 61.51 ± 3.08 80.07 ± 4 72.75 ± 3.64 

Co 1.09 ± 0.05 1.08 ± 0.05 1.05 ± 0.05 0.86 ± 0.04 0.63 ± 0.03 0.57 ± 0.03 0.36 ± 0.02 

Ni 3.23 ± 0.16 3.49 ± 0.17 4.39 ± 0.22 3.5 ± 0.17 4.65 ± 0.23 4.55 ± 0.23 5.51 ± 0.28 

Cu 2.69 ± 0.13 2.3 ± 0.12 3.27 ± 0.16 1.79 ± 0.09 2.15 ± 0.11 1.57 ± 0.08 41.89 ± 2.09 

Zn 11.62 ± 0.58 4.63 ± 0.23 2.75 ± 0.14 2.78 ± 0.14 6.96 ± 0.35 5.35 ± 0.27 5.65 ± 0.28 

As 1.17 ± 0.06 1.18 ± 0.06 1.81 ± 0.09 1.46 ± 0.07 1.39 ± 0.07 1.54 ± 0.08 1.3 ± 0.06 

Se 0.61 ± 0.03 0.74 ± 0.04 1.61 ± 0.08 1.5 ± 0.07 2.44 ± 0.12 2.31 ± 0.12 2.49 ± 0.12 

Rb 10.96 ± 0.55 9.17 ± 0.46 9.76 ± 0.49 8.56 ± 0.43 7.5 ± 0.38 6.4 ± 0.32 6.37 ± 0.32 

Sr 126.6 ± 6.33 146.2 ± 7.31 119.4 ± 5.97 149.4 ± 7.47 185.5 ± 9.28 170.6 ± 8.53 195.6 ± 9.78 

Mo 1.61 ± 0.08 1.5 ± 0.07 1.35 ± 0.07 1.6 ± 0.08 1.88 ± 0.09 1.36 ± 0.07 2.32 ± 0.12 

Pd 0.22 ± 0.01 0.26 ± 0.01 0.21 ± 0.01 0.27 ± 0.01 0.35 ± 0.02 0.31 ± 0.02 0.36 ± 0.02 

Sb 0.32 ± 0.02 0.3 ± 0.02 0.34 ± 0.02 0.31 ± 0.02 0.28 ± 0.01 0.18 ± 0.01 0.28 ± 0.01 

Ba 25.5 ± 1.27 29.86 ± 1.49 64.1 ± 3.21 63.86 ± 3.19 67.55 ± 3.38 33.86 ± 1.69 113.3 ± 5.66 

Pb 0 ± 0 0 ± 0 0.01 ± 0 0 ± 0 0 ± 0 0.01 ± 0 0.01 ± 0 

Th 0 ± 0 0 ± 0 0.02 ± 0 0 ± 0 0 ± 0 0.01 ± 0 0 ± 0 

U 0.82 ± 0.04 1.19 ± 0.06 0.9 ± 0.04 1.67 ± 0.08 4.18 ± 0.21 1.93 ± 0.1 3.82 ± 0.19 
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Table S5-4: Significant co-occurrences of all AmpC gene groups between environmental parameters. 

AmpC Group Correlation Goup Rho-value P-value Correlation 

ACC Bacterial Families 
0.764 0.046 B1.7Bs 

0.764 0.046 Gallionellaceae 

ACT/MIR 

Bacterial Families 

0.786 0.036 Aeromonadaceae 

0.786 0.036 Cellvibrionaceae 

0.811 0.027 Chromobacteriaceae 

0.847 0.016 Enterobacteriaceae 

0.857 0.014 Moraxellaceae 

Metals 

0.929 0.003 Phosphor (P) 

0.929 0.003 Cobalt (Co) 

0.964 < 0.000  Rubidium (Rb) 

0.775 0.041 Antimony (Sb) 

-0.929 0.003 Sodium (Na) 

-0.857 0.014 Magnesium (Mg) 

-0.857 0.014 Chromium (Cr) 

-0.857 0.014 Strontium (Sr) 

-0.857 0.014 Palladium (Pd) 

-0.786 0.036 Uranium (U) 

Chemical 
0.955 0.001 Nitrates 

0.929 0.003 Phosphates 

AmpC Groups 0.893 0.007 MOX/CMY 

BIL/LAT/CMY 

Bacterial Families 

0.847 0.016 Alteromonadaceae 

0.891 0.007 Enterobacteriaceae 

0.811 0.027 Moraxellaceae 

0.764 0.046 Solimonadaceae 

0.883 0.008 Xanthomonadaceae 

-0.865 0.012 Methylomonaceae 

Metals 

0.775 0.041 Phosphorus (P) 

0.775 0.041 Cobalt (Co) 

-0.775 0.041 Sodium (Na) 

-0.757 0.049 Strontium (Sr) 

-0.757 0.049 Palladium (Pb) 

Chemical 0.775 0.041 Phosphates 

AmpC Groups 0.811 0.027 MOX/CMY 

DHA Bacterial Families 

0.847 0.016 Alteromonadaceae 

0.923 0.003 Chitinibacteraceae 

0.838 0.018 Chitinimonadaceae 

0.785 0.036 Chromobacteriaceae 

0.778 0.039 Diplorickettsiaceae 

0.935 0.002 Oleiphilaceae 

0.778 0.039 Pseudomonadaceae 

0.923 0.003 Rhodanobacteraceae 
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0.750 0.039 Xanthomonadaceae 

FOX 

Bacterial Families 

0.786 0.036 Aeromonadaceae 

0.786 0.036 Cellvibrionaceae 

0.811 0.027 Chromobacteriaceae 

0.847 0.016 Enterobacteriaceae 

0.857 0.014 Moraxellaceae 

Metals 

0.929 0.003 Phosphorus (P) 

0.929 0.003 Cobalt (Co) 

0.964 < 0.000 Rubidium (Rb) 

0.775 0.041 Antimony (Sb) 

-0.929 0.003 Sodium (Na) 

-0.857 0.014 Magnesium (Mg) 

-0.857 0.014 Strontium (Sr) 

-0.857 0.014 Chromium 

-0.857 0.014 Palladium (Pd) 

-0.786 0.036 Uranium (U) 

Chemical 
0.955 0.001 Nitrates 

0.929 0.003 Phosphates 

AmpC Groups 0.893 0.007 MOX/CMY 

MOX/CMY 

Bacterial Families 

0.847 0.016 Alteromonadaceae 

0.757 0.049 B1.7Bs 

0.893 0.007 Cellvibrionaceae 

0.852 0.015 Chitinibacteraceae 

0.955 0.001 Chromobacteriaceae 

0.802 0.030 Competibacteraceae 

0.955 0.001 Enterobacteriaceae 

0.757 0.049 Gallionellaceae 

0.964 < 0.000 Moraxellaceae 

0.775 0.041 Oleiphilaceae 

0.852 0.015 Rhodanobacteraceae 

Metals 

0.929 0.003 Phosphorus (P) 

0.929 0.003 Cobalt (Co) 

0.857 0.014 Rubidium (Rb) 

-0.821 0.023 Boron (B) 

-0.929 0.003 Sodium (Na) 

-0.786 0.036 Nickel (Ni) 

-0.786 0.036 Selenium (Se) 

Chemical 
0.955 0.001 Nitrates 

0.929 0.003 Phosphates 

AmpC Groups 

0.893 0.007 ACT/MIR 

0.811 0.027 BIL/LAT/CMY 

0.893 0.007 FOX 

 


