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Abstract 

Antimicrobials have saved millions of human lives, but antimicrobial resistance (AMR) has 

become a worldwide threat to human health, impairing our ability to treat bacterial 

infections. Although wildlife does not generally encounter AMR, they may become infected 

with AMR bacteria, and once they acquire AMR bacteria they may serve as a reservoir and 

vector of AMR. Thus, studying the prevalence of AMR in wildlife is important to maintaining 

public health. Extended-Spectrum β-Lactamase (ESBL) producing Escherichia coli has been 

identified as a source of AMR in the environment and is associated with Waste Water 

Treatment Plant (WWTP) effluent. ESBL-producing organisms from WWTPs may be an 

important route for ESBL-producing organisms to enter the wider environment and pass 

through the food chain. Since 2015, another important AMR gene mcr-1 that causes 

resistance to colistin, one of the ‘last line of defence’ antibiotics has spread worldwide. 

To study the prevalence of AMR in the wider environment, this study examined the 

incidence of AMR E. coli from a watercourse (the Sincil Dike) that receives discharge from 

a WWTP. Specifically, temporal and spatial patterns in AMR prevalence were determined 

from i) water samples and ii) Asellus aquaticus (a freshwater invertebrate common to rivers 

and lakes). The geography of the site enabled a control watercourse (the River Witham) 

that did not receive WWTP effluent water and was sampled at the same time. Over a seven-

month period, 200ml of water and ten Asellus aquaticus invertebrates were recovered 

from each location every month. The samples were taken from the WWTP effluent on the 

Sincil Dike and 1km up and downstream on both watercourses. The water samples and A. 

aquaticus samples were processed. CHROMagar ESBL agar was used to isolate and identify 

ESBL-E. coli. The presence of AMR genes was confirmed using the ‘BSAC’ method and PCR 

analysis to confirm the presence of ESBL and mcr-1 producing E. coli. 

Total viable counts (TVCs) from the water samples were highest from the WWTP effluent 

on the Sincil Dike. The TVC from A. aquaticus followed a similar pattern, with those sampled 

from the WWTP effluent being the higher. Over the sampling period, the TVCs of both 

water and invertebrate samples were influenced by the interaction between site and 

month. The CHROMagar ESBL agar was found to be 100% (n=234) accurate when confirmed 

with a PCR analysis of the AMR genes. Eighty-six percent (n=201) of the isolated ESBL-

producing organisms were correctly identified as ESBL-E. coli using the ‘BSAC’ method. Fifty 

percent (n=117) of the ESBL-E. coli were also found to carry the mcr-1gene. In total, this  
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study identified 234 isolates as ESBL-E. coli from the water and A. aquaticus samples. The 

mcr-1 gene and the blaTEM, blaSHV and blaCTX-M ESBL-genes were identified using plasmid 

DNA from the isolated organisms, it is not known if these genes are present on the same 

plasmids. The presence of these genes together points to the possible horizontal transfer 

of these genes within the bacterial population within the local environment. 
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Brief Introduction 

Throughout history, mankind has struggled against infectious diseases (Yoneyama and 

Katsumata, 2006). In the last 70 years, antibiotics have been used to treat bacterial 

infections, but bacteria are becoming increasingly resistant (Cohen, 2000). It is important 

to identify how and why bacteria are becoming resistant to antibiotics, both in molecular 

terms and particularly how bacterial resistance disseminates so rapidly in the environment 

(Munita and Arias, 2016). The Department of Health (UK) and the World Health 

Organisation (WHO) have both repeatedly published warnings that highlight the increased 

rate of antibiotic resistance (Standing Medical Advisory Committee (SMAC), 1998). These 

warnings have been produced because of our heavy reliance on antibiotics. However, these 

warnings are frequently ignored (O’Neill, 2016). 

Antimicrobial resistance (AMR) was identified prior to the release of penicillin for 

mainstream use in the healthcare industry (Van Hoek et al., 2011; Osińska et al., 2016), but 

was soon after identified in the local environment (Korzeniewska and Harnisz, 2013). Non-

pathogenic strains of bacteria (in the environment) have also been found to carry AMR 

genes (Christensen et al., 2012), which facilitates the spread of AMR genes through 

horizontal gene transfer (HGT) (Munita and Arias, 2016), between non-pathogenic and 

pathogenic bacteria, making infections harder to treat due to the presence of resistance 

genes in pathogenic bacteria (Korzeniewska and Harnisz, 2013). The presence of AMR in 

bacteria is not solely an evolved response to the healthcare industry, but also due to the 

farming industry using them as growth promoters in livestock farming (Martinez, 2008). 

In the farming industry, manure is used as fertiliser, this is to increase the yield of crops, 

antibiotics are usually present at low concentrations (Cantas et al., 2013). Soil contaminants 

end up in water courses due to run-off from fields and farms themselves (Blaak et al., 2015). 

Franz and van Bruggen (2008) studied antibiotic-resistant Enterobacteriaceae and found 

that AMR Enterobacteriaceae were taken up through the irrigation process in fresh 

produce (i.e. lettuce) (Franz and van Bruggen, 2008). This represents a pathway by which 

AMR bacteria can enter the human food chain (Solomon et al., 2002). 

Franz and van Bruggen (2008)  illustrated how the aquatic environment can provide a link 

between the different reservoirs of AMR bacteria which are human, animal, soil and the 

aquatic environment (Maal-Bared et al., 2013) in which the interconnections facilitate the 
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spread and maintenance of AMR bacteria. In the European Union (EU) a total ban on animal 

growth promoters came into effect on the 1st of January 2006. Markos Kyprianou, the 

Commissioner for Health and Consumer Protection (2005) stated “This ban on antibiotics 

as growth promoters is of great importance, not only as part of the EU’s food safety 

strategy but also when considering public health. We need to greatly reduce the non-

essential use of antibiotics if we are to effectively address the problem of micro-organisms 

becoming resistant to treatments that we have relied on for years. Animal feed is the first 

step in the food chain, and so a good place to take action in trying to meet this objective.” 

(EUROPA, 2005). 

Antibiotics should only be used acutely and selectively to treat infections in the healthcare 

industry (Carroll et al., 2015).  This has resulted in pharmaceutical companies being 

unwilling to invest in the production and development of new antibiotics (Davies and 

Davies, 2010). Up until the 1960’s, the pharmaceutical industry developed many new 

antibiotics to respond to AMR. However, the production of antibiotics has since begun to 

dry up and fewer drugs have been introduced (Spellberg and Gilbert, 2014). This has mainly 

been attributed to the lack of funds, reduced financial returns and heavy regulation causing 

a lack of research (Davies and Davies, 2010).  

The years of antibiotic misuse have led to the evolution of AMR in pathogenic and non-

pathogenic bacteria (Munita and Arias, 2016). These AMR bacteria can be found in the 

wider environment (Davies and Davies, 2010) and it has been shown that wildlife such as 

gulls (Stedt et al., 2015), fish (Arnold et al., 2016) and invertebrates (Pai et al., 2005) can 

carry and potentially spread AMR further afield. Therefore, this study aims to identify 

possible routes by which AMR bacteria can spread through the environment. Specifically, 

to determine whether the freshwater invertebrate Asellus aquaticus, can act as a carrier of 

AMR and to determine the nature of the relationship between AMR in A. aquaticus and the 

watercourse itself. 

 

 

 

 

 



 

3 
 

The objectives of this study are: 

1. To identify the presence of Extended-Spectrum β-lactamases (ESBL’s) and mcr-1 

enzyme genes in Escherichia coli from the River Witham and Sincil Dike of which the 

latter receives wastewater from a Waste Water Treatment Plant (WWTP) effluent.  

2. To investigate whether the Asellus aquaticus invertebrate is a reservoir of AMR 

genes in the aquatic environment.   
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Chapter 1 Literature Review  

1.1 The Discovery and Development of Antibiotics 

Infectious diseases were the leading cause of death worldwide at the beginning of the 

twentieth century (Yoneyama and Katsumata, 2006). The introduction of penicillin in the 

1940’s had a drastic impact on the treatment of infectious diseases resulting in a decrease 

in the rate of mortality (Cohen, 2000). The discovery of antibiotics resulted in increased 

interest in antimicrobials and more antibiotics were soon identified (Figure 1). Soon after 

the success of penicillin, streptomycin was identified, which lead to chloramphenicol, 

tetracycline, erythromycin, rifamycin and vancomycin being discovered between the 

1940’s and 1960s (Yoneyama and Katsumata, 2006; Clatworthy et al., 2007). 

 

The ideal antibiotic would be a narrow-spectrum compound that does not interfere with 

the normal microbiota. It should be easily absorbed with low toxicity and targeted to the 

specific pathogen, killing it in the most effective way (Yoneyama and Katsumata, 2006). 

Antibiotics were originally isolated from fungi and some bacteria (Shah, 2015). As the 

mechanisms behind the production of antibiotics were better understood, research was 

directed towards synthesising these natural products, as semi-synthetic (ampicillin) or 

synthetic drugs (Spellberg and Gilbert, 2014). Up until the 1960s, the pharmaceutical 

industry introduced many new antibiotics, but the production has since begun to dry up 

with fewer drugs being introduced (Spellberg and Gilbert, 2014). This has mainly been 

Figure 1, A timeline representing the development of antibiotics (above date line) and 

the evolution of resistance to antibiotics (below date line)( Clatworthy et al., 2007). 
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attributed to the lack of financial returns to the pharmaceutical industry and research in 

the area, which has subsequently stifled funding for research into the discovery and 

production of new antibiotics (Munita and Arias, 2016). Since antibiotics are only used for 

a short time in a patient’s life and are only required when necessary, so there is little profit 

to be made and this has prevented pharmaceutical companies investing in research 

(Yoneyama and Katsumata, 2006). Due to this, decades after penicillin was introduced, 

bacterial infections are now becoming a re-emerging threat to public health and are likely 

to become the leading cause of death globally (Spellberg and Gilbert, 2014). 

1.1.1 The Different Types of Antibiotics  

Ten-years after penicillin was first introduced, at least four more antibiotics such as 

streptomycin, chloramphenicol and tetracycline were developed, tested and marketed 

(Gazin et al., 2012). Antibiotics fall into two classes, bactericidal and bacteriostatic. These 

classes are not strictly defined as some antibiotics are bacteriostatic at low concentrations 

and bactericidal at higher concentrations. Bactericidal antibiotics, such as penicillin, kill 

bacterial cells by targeting cell wall synthesis, membranes or key enzymes (Walsh, 2003b). 

Bacteriostatic antibiotics, such as chloramphenicol, prevent the replication of bacteria, 

which allows the host immune system to fight the infecting organism (Walsh, 2003a). 

There are a variety of antibiotic types, including macrolides, amphenicol, β-lactams and 

polymyxin antibiotic groups. Macrolide antibiotics such as erythromycin are bacteriostatic 

in nature (Compound Interest, 2014). This is one of the most commonly prescribed 

antibiotic classes and resistance was first seen in the late 1980s (Van Hoek et al., 2011). 

Chloramphenicol’s are broad-spectrum antibiotics that are active against both Gram-

negative and Gram-positive bacteria. However, they are known to have serious side effects 

(Van Hoek et al., 2011). Amphenicol is occasionally used to treat eye infections, but only 

rarely. Due to the low cost of the antibiotic, the WHO has recommended it for the first line 

treatment of meningitis in low-income countries (Compound Interest, 2014). 

β-lactams are one of the most common antibiotics, with the first antibiotic in the group 

being penicillin which came into use in the 1940s. They are used to treat a variety of 

infections (Van Hoek et al., 2011). A more detailed overview can be seen (in section 1.1.2). 

The polymyxin group of antibiotics has few antibiotics which are suitable for use in clinical 

practice (Gupta et al., 2009; Liu et al., 2016). They include colistin which is one of the “last 
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line of defence” antibiotics and it has not been used very often in the clinical settings over 

the past two decades due to the reported high incidence of nephrotoxicity and side effects 

(Falagas and Kasiakou, 2005). A more detailed overview can be seen (in section 1.1.3). 

1.1.2 The β-Lactam Antibiotics 

The β-lactam class of antibiotics represent a very broad group of antibiotics consisting of 

carbapenems, cephalosporins, penicillins, monobactams and the β-lactamase inhibitor 

such as clavulanic acid. This group is named β-lactam due to the β-lactam ring structure 

they contain (Figure 2) (Morin and Gorman, 2014; Tulane University, n.d.).  

 

 

 

 

 

 

 

 

 

 

 

Penicillin was the first antibiotic of this group to be discovered and has been available for 

clinical use since the 1940s. These antibiotics have a low toxicity and have become 

widespread in use (Hasman et al., 2005). They interrupt the synthesis of the peptidoglycan 

layer of the bacterial cell wall (Kong et al., 2010). This is done by interfering with the 

transpeptidase, which catalyses the cross-linking processes (Morin and Gorman, 2014). 

This mechanism of action is commonly found among antibiotics as it doesn’t interfere with 

human cells, only bacterial ones (Morin and Gorman, 2014). 

Carbapenems are a broad-spectrum antibiotic and are effective against both Gram-

negative and Gram-positive bacteria. The third generation cephalosporins have a greater 

Figure 2, The general β-lactam antibiotic structures and the β-lactam ring (Tulane University, 

n.d.). 

http://tmedweb.tulane.edu/pharmwiki/lib/exe/detail.php/betalactam_structure.png?id=betalactam_pharm
http://tmedweb.tulane.edu/pharmwiki/lib/exe/detail.php/betalactam_structure.png?id=betalactam_pharm
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Figure 3, The general structure of Polymyxin E (Colistin) (A) and Polymyxin B (B) (PubChem, n.d., 

n.d.). 

activity against most Gram-negative bacteria compared to second generation carbapenems 

(Gazin et al., 2012). Cephalosporins are used to treat urinary tract infections (UTIs) (de 

Oliveira Iovine et al., 2015), but is now associated with a host of antibiotic-resistant 

organisms (Morin and Gorman, 2014). β-lactamase inhibitors such as clavulanic acid are 

used in combination with β-lactam antibiotics. For example, co-amoxiclav is a combination 

of amoxicillin and clavulanic acid. The combination of the two antibiotics allows the 

amoxicillin to be effective against otherwise resistant bacteria that produce β-lactamases 

as these enzymes can be inhibited by clavulanic acid (Van Hoek et al., 2011). 

1.1.3 The Colistin Antibiotics   

Colistin (polymyxin E) is a part of the polymyxin group of antibiotics. There are two clinically 

usable antibiotics in this group, polymyxin E and polymyxin B (Figure 3)(PubChem, n.d., 

n.d.).  

 

 

 

 

 

These antibiotics have been used extensively since their development in 1947 (Falagas and 

Kasiakou, 2005). But during the 1980s colistin stopped being used due to the reported high 

incidence of nephrotoxicity (Falagas and Kasiakou, 2005). Subsequently, it was restricted 

to multidrug-resistant Gram-negative bacterial lung infections. Colistin targets the bacterial 

cell membrane, by displacing the magnesium and calcium which stabilises the 

lipopolysaccharide (LPS) molecule, leading to disturbances in the outer membrane. This 

results in increased permeability of the cell envelope, leaking cell contents and 

subsequently causing cell death (Ronald A Dixon and Chopra, 1986; R A Dixon and Chopra, 

1986). 

1.2 The Problems Associated with Antibiotic Use 

1.2.1 The Misuse of Antibiotics  

Mankind has fought against infectious diseases throughout history (Falagas and Kasiakou, 

2005). But in the 1940s penicillin and other antibiotics arrived which hailed the beginning 

A B 
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of the “era of antibiotics” where infectious diseases were controlled and prevented (Cohen, 

2000). However, as time has passed antibiotics have been overused and misused. 

Antibiotics have been, and continue to be, prescribed to treat non-bacterial illnesses, such 

as colds caused by viruses where antibiotics have no effect (Falagas and Kasiakou, 2005). 

Due to the increased use of antibiotics, the spread of antibiotic resistance has increased 

and has thus reduced the effectiveness of the antibiotics (Falagas and Kasiakou, 2005). 

Antibiotic resistance has become a serious global health problem. The reduced 

effectiveness of antibiotics has resulted in higher mortality rates (Zurek and Ghosh, 2014), 

prolonged hospitalisations (Yoneyama and Katsumata, 2006) and increased health care 

costs (Shah, 2015). Antibiotics are used in a variety of settings, including human, veterinary, 

agriculture and aquaculture (Dias et al., 2015). There are a variety of uses that are known 

to affect antibiotic resistance, including the overuse of antibiotics, the non-completion of 

antibiotic courses and the incorrect prescription of antibiotics (Shah, 2015). The correct 

identification of the infecting organism is crucial to ensuring the correct antibiotic is used 

(Shah, 2015). The WHO (2014) has emphasised the importance of the appropriate use of 

antibiotics, in order to promote the long-term effective use of antibiotics, whilst limiting 

the transfer of antibiotic resistance (WHO, 2014). The lack of new antibiotics combined 

with the excessive use of antibiotics has caused resistance to become a major health 

problem (Falagas and Kasiakou, 2005; WHO, 2014). 

1.2.2 Antibiotics in the Agriculture Industry  

Antibiotics are used extensively in the agriculture industry to prevent disease and promote 

growth in cattle, pigs and poultry as they are the most commonly kept food production 

animals in agriculture (Martinez, 2008). This is well documented but also controversial in 

the industry (Consumers Union, 2012; Defoirdt et al., 2011; Arnold et al., 2016). Animals 

are often kept in crowded and stressful conditions which can promote the spread of 

infection and can lead to death (Zurek and Ghosh, 2014). To prevent this, antibiotics are 

often combined with animal feeds as growth promoters to counter the conditions in which 

they are kept by preventing infections caused by their insanitary living conditions 

(Consumers Union, 2012)(Cantas et al., 2013). To tackle the problem of antibiotic-resistant 

bacteria resulting from the misuse of antibiotics in agriculture the European Union banned 

the use of antibiotics as growth promoters in 2006 (EUROPA, 2005; Dibner and Richards, 

2005). This has not occurred in the USA where infections in humans and animals resulting 
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from antibiotic-resistant bacteria are now the leading cause of death (Zurek and Ghosh, 

2014). In 2013 the FDA (Food and Drug Administration (USA)) issued a guidance document 

for animal feed manufacturers to reduce or eliminate antibiotics in animal feed, 

unfortunately, this was voluntary and has yet to be enforced (FDA, 2013). Antibiotics 

continue to be used in agriculture as they are a quicker and cheaper alternative to 

improving the welfare and housing of the food production animals in question (Martinez, 

2008). 

1.2.3 Antibiotics in the Aquaculture Industry and the Aquatic Environment   

Aquaculture is the farming of aquatic fish (trout and salmon) (Nystrom et al., 2006; Arnold 

et al., 2016), plants (seaweed) (Defoirdt et al., 2011), mussels, clams and crustaceans 

(Grevskott et al., 2017), and is one of the fastest growing agricultural sectors worldwide 

(Bostock et al., 2010). Fish (salmon and trout), molluscs (mussels and clams) and 

crustaceans (crabs and lobsters) are commonly farmed (Cabello, 2006; Canal & River Trust, 

2015). The farming of these animals takes place in large artificial tanks, ponds, lakes and 

net cages in the ocean (Defoirdt et al., 2011) and is often done using a combination of 

settings, with larvae in tanks, young stock in ponds and juveniles/adults in lakes or the 

ocean (Cabello, 2006). Antibiotics are added to the feed as growth promoters and to 

prevent disease (Cabello, 2006). AMR bacteria have been identified and isolated in fish and 

molluscs for aquaculture (Valenzuela et al., 2010; Lopatek et al., 2015). The surrounding 

environment and local flora and fauna around the aquaculture industries are also known 

to harbour AMR bacteria (Williams et al., 2016). Foods which contain products from 

aquaculture have also been found to contain AMR, this is foods such as sushi where fish is 

eaten raw (Watts et al., 2017; Vitas et al., 2018). This does pose a risk to human health as 

ingesting raw fish that harbours AMR can cause diarrhoea (commonly) and even death 

(very rare) (CDDEP, 2017; Vitas et al., 2018). 

The aquatic environment receives water from various sources, including municipal sewage, 

hospital wastewater, WWTP effluents (Bottoni and Caroli, 2015) and agriculture runoff 

(Pruden et al., 2013). Previously pristine aquatic ecosystems have been found to harbour 

bacteria with AMR genes which were once only found in clinical settings (Allen et al., 2011). 

Due to this, the aquatic environment has been considered by some as an important stage 

for the evolutionary development, emergence and spread of AMR bacteria (Taylor et al., 

2011).  The aquatic environment is a major stage to facilitate the spread and evolution of 
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AMR (Williams et al., 2016). It is known that antibiotics are present in the aquatic 

environment, they are present in higher concentrations over a wider area than what can 

occur in the soil environment (Lupo et al., 2012). Biofilms allow bacteria to create the 

optimum proliferation environments and the aquatic environment is known to promote 

the production of biofilms due to the increased availability of nutrients and the stability of 

the environment (temperature and salinity) (Lupo et al., 2012; Korzeniewska et al., 2013). 

Watercourses worldwide are connected together through the ocean and the migration of 

its inhabitants worldwide (Lupo et al., 2012). 

1.3 Escherichia coli 

E. coli is a Gram-negative opportunistic bacterium and a member of the Enterobacteriaceae 

family (Winfield and Groisman, 2003). It is normally a part of the mammalian 

gastrointestinal microbiota (Chung et al., 1979), it can also be found widely in a variety of 

water sources (Temple et al., 1980). E. coli is often used as an indicator species as it is a sign 

of faecal contamination and its availability in the environment and how easy it is a culture 

in the laboratory environment (Winfield and Groisman, 2003). 

E. coli is often found in soil and water samples (Jimenez et al., 1989), and can be used as an 

indicator of faecal contamination (Jimenez et al., 1989), which can enter the environment 

via sewage from WWTP effluents (Bottoni and Caroli, 2015) and from agricultural run-off 

(Pruden et al., 2013). In the UK E. coli is unable to survive for most of the year in the 

environment and either dies off or enters the soil (Winfield and Groisman, 2003), except in 

late spring, summer and early autumn, when the average temperature exceeds 10°C. This 

allows E. coli to proliferate in the environment (Winfield and Groisman, 2003). In tropical 

locations, E. coli can proliferate due to the temperature and availability of nutrients, and 

the increased presence of organic matter (fauna and flora) (Winfield and Groisman, 2003). 

Water bodies are commonly identified as sources for E. coli proliferation in the 

environment. This is because water temperatures are usually relatively stable throughout 

the year (Alekseiko et al., 2014). WWTP effluents dispense water into watercourses, this 

increases the surrounding water temperature which allows E. coli to proliferate more easily 

around WWTP effluent discharge points (Winfield and Groisman, 2003; Alekseiko et al., 

2014; CDDEP, 2017; Vitas et al., 2018). E. coli is a clinically important microbe (Winfield and 
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Groisman, 2003; Alekseiko et al., 2014), which can survive at a variety of temperatures in 

the environment and in hosts (Chung et al., 1979). 

The main habitat of E. coli is the mammalian gastrointestinal tract where it is a part of the 

normal microbiota (Savageau, 1983). The mammalian gastrointestinal tract is warm and 

high in nutrients which allows E. coli to grow and thrive. The available oxygen in the 

gastrointestinal tract is reduced by competition from different bacteria in the microbiota 

(Savageau, 1983; Alekseiko et al., 2014). This acts as a natural control for E. coli proliferation 

and prevents the excess growth of E. coli which can cause illness (Echeverria et al., 1983; 

Kimosop et al., 2016). It is found in the gastrointestinal tract in several species including 

mammals, insects (Echeverria et al., 1983) and fish (Kimosop et al., 2016). E. coli leaves the 

gastrointestinal tract through the faeces and from there contamination can occur 

(Savageau, 1983; Alekseiko et al., 2014).  

1.3.1 Escherichia coli Infections    

Many bacteria are harmless to human health, but some are opportunistic pathogens. These 

bacteria are usually found in the gastrointestinal tract. E. coli is known to cause urinary 

tract infections (UTI’s), cholecystitis, bacteremia, cholangitis, pneumonia and food 

poisoning (de Oliveira Iovine et al., 2015). Diarrhoea is a major health concern, as it is often 

fatal in low and middle income countries (LMICs) (Sohidullah et al., 2016). In the developing 

world, E. coli causes more serious health concerns like haemorrhagic colitis and haemolytic 

uremic syndrome (Hizlisoy et al., 2016). 

1.3.1.1 Extended-Spectrum β-Lactamases in Escherichia coli    

Extended-spectrum β-lactamases (ESBLs) are resistance genes commonly found in 

Enterobacteriaceae bacteria which cause resistance to β-lactam antibiotics (Iroha et al., 

2008; Alouache et al., 2013). Multiple ESBL-resistance genes exist including the blaCTX-M, 

blaSHV and blaTEM (Iroha et al., 2008). In the last ten years, ESBLs have become widespread 

and have become a clinical issue (Walsh et al., 2005). ESBL E. coli have been found in the 

effluents of sewage treatment plants (Gazin et al., 2012; Alouache et al., 2013; Marti et al., 

2013). 

1.3.1.2 mcr-1 in Escherichia coli   

Mcr-1 is an antibiotic resistance gene which was originally found in E. coli in China in 2015 

(Liu et al., 2016; Vila et al., 2017). Colistin is the antibiotic the mcr-1 gene gives resistance 
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to (Liu et al., 2016). Since the publication of the original paper in 2015 (Liu et al., 2016) E. 

coli carrying the mcr-1 gene have been reported worldwide (Vila et al., 2017). Colistin is 

one of the “last line of defence” antibiotics, and resistance to these antibiotics is a major 

concern for the healthcare industry (Liu et al., 2016). 

1.4 The Rise of Antibiotic Resistance 

Antibiotic resistance has become a global problem (Dias et al., 2015). Antibiotics are a vital 

treatment method used in the medical care system (Lien et al., 2016), but their misuse has 

increased the development and spread of AMR (Freire-Moran et al., 2011). Few new 

antibiotics have been discovered in recent years, leading to a decrease in the available 

agents, which has started to become a significant health issue (Freire-Moran et al., 2011). 

Bacteria have been around for millions of years. It is theorised that AMR resistance has 

occurred due to the evolution of sophisticated mechanisms which induce resistance 

(D’Costa et al., 2011). Multiple different pathways have evolved, including alterations to 

the antibiotic molecule (Munita and Arias, 2016), mutations in genes which encode 

antibiotic target sites (D’Costa et al., 2011), the alteration and destruction of antibiotic 

molecules (Munita and Arias, 2016). 

The alteration of antibiotic molecules occurs via enzymes (Munita and Arias, 2016). In some 

Enterobacteriaceae species, the aminoglycoside-modifying enzyme (AME) is present 

(Munita and Arias, 2016). This enzyme can modify the hydroxyl group on the 

aminoglycoside molecule of the aminoglycoside antibiotic (Schwarz et al., 2004). AME is 

the predominant method for aminoglycoside resistance. The enzyme decreases or even 

negates the activity of this antibiotic (Munita and Arias, 2016). 

Evolved changes to the antibiotic target site (e.g. cell wall) can lead to AMR (Munita and 

Arias, 2016). Bacteria are able to transfer plasmids from one to another (conjugation) in 

the environment, this can cause changes to occur in the genes which encode specific target 

sites (Korzeniewska and Harnisz, 2013). Plasmids are a circular ring of DNA, the uptake of 

these plasmids can cause changes in the bacteria which absorbed the plasmid 

(Korzeniewska et al., 2013). This DNA is then replicated within the host bacteria and can 

cause changes to occur in the bacterial genome. Not all these changes are beneficial, as 

some genes come with a fitness cost, which makes it harder to survive in the environment 

(Korzeniewska and Harnisz, 2013; Liu et al., 2016; Munita and Arias, 2016), but some can 
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cause changes to the target site of antibiotics (Korzeniewska and Harnisz, 2013). For 

example, bacteria with a penicillin resistance gene are able to prevent the antibiotic from 

attaching to the cell wall and causing cell death (Munita and Arias, 2016). 

The destruction of the antibiotic molecule is the main mechanism behind the β-lactam 

resistance. ESBL-bacteria contains genes that encode enzymes that can destroy β-lactam 

antibiotics such as penicillin (Munita and Arias, 2016). The enzymes destroy the amide bond 

in the β-lactam ring (Figure 2), making the antimicrobial compound ineffective (Munita and 

Arias, 2016; Paterson and Bonomo, 2005). Penicillin is an antibiotic which was first 

extracted from the Penicillium mould by Alexander Fleming in 1928 (Davies and Davies, 

2010). It is a naturally forming antibiotic in the environment and, due to this, it is hard to 

pinpoint where ESBL-resistance first evolved (Munita and Arias, 2016), although in the early 

1940’s ESBL-resistance was described before penicillin became a common part of the 

clinical setting (Abraham and Chain, 1940). Some studies (Abraham and Chain, 1940; 

D’Costa et al., 2011) described this as evidence that AMR has been present long before 

antibiotics were commonly used in clinical settings (Munita and Arias, 2016). During the 

last century, β-lactam antibiotics have been identified and manufactured at an astonishing 

rate (Paterson and Bonomo, 2005), but the development of these antibiotics was 

systematically followed by the rapid appearance of enzymes that destroy antibiotic 

compounds (Munita and Arias, 2016).  

1.4.1 The Transfer of Antibiotic Resistance  

Horizontal gene transfer (HGT) is the uptake of foreign DNA into a bacterial cell (Munita 

and Arias, 2016). In the gastrointestinal tract, where bacterial cells are tightly packed 

together, genes can spread easily through conjugation (Munita and Arias, 2016), whilst in 

the external environment, transduction and transformation are more commonly observed 

(McGenity et al., 2015). However, HGT tends to only occur when bacterial cells are 

subjected to “stressors” such as antibiotics (Manson et al., 2010). These “stressors” are 

typically found in the clinical settings and might explain why AMR is so common in the 

clinical environment (Munita and Arias, 2016). Munitta and Arias (2016) suggested that the 

presence of antibiotic compounds in the environment could cause stress on bacteria 

resulting in gene mutations (Munita and Arias, 2016). When bacteria are subjected to 

“stressors” (antibiotics, chemical and temperature etc) they begin to uptake DNA such as 

plasmids in order to overcome the stresses and ensure survival (Davies and Davies, 2010; 
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Anomaly, 2010; Godge et al., 2017). This subsequently causes bacteria to emerge with an 

advantage, an AMR gene if the stressor is an antimicrobial. The most common methods of 

HGT are transduction, conjugation and transformation (Figure 4) (Munita and Arias, 2016; 

Davies and Davies, 2010; McGenity et al., 2015). 

  

 

 

 

 

 

 

 

Transduction is the transfer of genetic material via a bacteriophage (Figure 4). 

Bacteriophage are a type of virus, due to this they don’t have their own internal processes 

that can replicate their own genomes, so instead, they commandeer the infected bacteria’s 

internal process to replicate their own. The bacteriophage may contain bacterial DNA that 

was taken up from previous bacteria (Davies and Davies, 2010). The bacteriophage attaches 

to the bacterial cell and injects their own DNA into the host cell. The host DNA is then 

degraded by the phage enzymes, thus becoming a transducing phage. The transducing 

phage then injects their DNA into the host cell, the bacteriophages DNA is then 

incorporated into the chromosomal DNA via transduction (Korzeniewska and Harnisz, 

2013). The transducing phage then leaves the host cell in order to enter other bacterial cell, 

it then starts the process all over once again (Davies and Davies, 2010). Transformation is 

the uptake of DNA from the environment surrounding the bacterial cell (Figure 4). Bacteria 

can uptake DNA directly from the surrounding environment, they are then able to directly 

incorporate the DNA it into their own genomes. This DNA usually comes from bacteria that 

are lysing into the environment and releasing their genetic contents into the surrounding 

environment (Allen et al., 2010). It is then taken up by the cell and incorporated into the 

Figure 4 The major roles of horizontal gene transfer, transduction, conjugation and 

transformation (McGenity et al., 2015) 
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chromosomal DNA. This is often what occurs at WWTPs (Korzeniewska and Harnisz, 2013). 

Conjugation is the transfer of genetic material between two bacterial cells via cell-to-cell 

contact (Figure 4). Plasmids are involved in this process. A cell with a conjugative plasmid, 

pairs with a cell without a plasmid. Between the two cells, a pilus is formed, this forms an 

opening that allows bacteria to transfer DNA from one cell to another (Munita and Arias, 

2016). The new DNA is then synthesised and transferred into the other cell continuing the 

spread of the genetic material (Davies and Davies, 2010).  

1.4.2 The Monitoring of Antibiotic Resistance 

Antibiotic-resistance is an increasing global problem and many “monitoring bodies” have 

taken the initiative to monitor the emerging threat to the clinical environment. The 

“monitoring bodies” are the European Centre for Disease Prevention and Control (ECDC), 

the US Food and Drug Administration (FDA), the World Health Organisation (WHO), and 

Public Health England (PHE). The ECDC has an up-to-date monitoring system, the 

antimicrobial resistance interactive database (EARS-NET) (EARS-NET, n.d.; EUROPA, 2011). 

The monitoring body EARS-NET has published AMR data over the past decade (EARS-NET, 

n.d.). The rate of resistance to cephalosporins has dramatically increased in severity (Figure 

5). However, the rate at which third-generation cephalosporins resistance in E. coli spreads 

can be seen in Figure 5. It is clear to see that resistance has dramatically increased from 

2005 to 2016. During early 2000 there were few cases of AMR infections, so few 

organisations recorded the incidence of third-generation cephalosporin AMR occurrence 

(EARS-NET, n.d.; EUROPA, 2011). Now third generation cephalosporins resistance is one of 

the most commonly recorded AMR gene identified (Gazin et al., 2012). 
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1.4.3 AMR via the Extended-Spectrum β-Lactamases 

One of the mechanisms of resistance to β-lactams is by ESBL-genes which are plasmid-

borne (Hasman et al., 2017). Plasmids are responsible for the transfer of antibiotic 

resistance to other bacteria (Hasman et al., 2017). ESBL-producing bacteria are resistant to 

third-generation cephalosporins and penicillin-type antibiotics (Poulou et al., 2014). 

Carbapenems, temocillin and nitrofurantoin are effective antibiotics used against ESBL-

producing organisms (de Oliveira Iovine et al., 2015). ESBL-genes produce enzymes which 

prevent antibiotics such as penicillin from being able to initiate cell death. They do this by 
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encoding enzymes that are able to destroy the amide bond in a β-lactam ring which are 

found in β-lactam antibiotics (Munita and Arias, 2016). 

ESBLs are susceptible to β-lactam inhibitors, these inhibitors can be used to give a 

presumptive positive identification of ESBL-production (Zahar et al., 2009). This 

characterisation allows ESBL-producing bacteria to be treated effectively using a 

combination of a β-lactam antibiotic with a β-lactamase inhibitor (Blaak et al., 2014, 2013). 

Plasmid-borne ESBL-genes in Gram-negative bacteria express enzymes that are susceptible 

to inhibitors such as clavulanic acid (Liu et al., 2016). Some blaCTX-M enzymes are resistant 

to β-lactamase inhibitors due to the co-production of other ESBL-enzymes such as blaOXA-1 

(Cantón et al., 2012). No new β-lactamase inhibitors have come on to the market in the 

past two decades despite the intensive funding by pharmaceutical companies (Sidjabat et 

al., 2006; Kumarasamy et al., 2010; Cantón et al., 2012), although there have been new 

combinations of these antibiotics and inhibitor compounds being used together (Blaak et 

al., 2013, 2014). 

There are three main ESBL-enzymes which are characterised by differing DNA sequences 

and base pair sizes. The most common genes are, blaTEM, blaSHV and blaCTX-M. blaTEM is the 

original ESBL gene identified (Naas et al., 2007). According to Livermore et al., (2007) 50-

60% of ampicillin resistant E. coli contain the blaTEM enzyme (Livermore et al., 2007). BlaSHV 

and blaTEM enzymes are closely related to plasmid-borne genes (Hasman et al., 2005). 

The blaCTX-M group has been divided into five basic groups, blaCTX-M1, blaCTX-M2, blaCTX-M8, 

blaCTX-M9 and blaCTX-M25 (Huang et al., 2010; Hasman et al., 2005). These different groups are 

based on amino acid differences (Bonnet, 2004). Within these groups, the enzyme activity 

varies widely. In the UK up until 2000, no blaCTX-M was reported, however by 2003 90% of 

ESBL producing E. coli identified had a blaCTX-M gene (Cantón et al., 2012). Over the years 

more ESBL-genes such as blaOXA have been identified (Sidjabat et al., 2006; Cantón et al., 

2012) with more still being identified at this moment in time (Yoneyama and Katsumata, 

2006). 
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There are many different methods that can be used to identify and confirm ESBL-

production in bacteria. One such test developed by the Clinical and Laboratory Standards 

Institute (CLSI) uses a combination disk diffusion test. The British Society for Antimicrobial 

Chemotherapy (BSAC) has another similar test method. These tests both work on the same 

basis, a single disk containing a third-generation cephalosporin, with a second disk 

containing a cephalosporin in combination with clavulanic acid. Both disks are then 

inoculated onto Mueller-Hinton agar. The BSAC method utilises a 3rd disk containing 

another third-generation cephalosporin alongside the other two disks. The zones of 

clearance around the disk are measured if the zone of clearance around the clavulanic acid 

combination disk is 5mm greater than a disk without the clavulanic acid it is designated as 

an ESBL-producing organism (Figure 6) (BSAC, 2012; CLSI, 2016). 

 

 

 

 

 

Molecular methods of detection are mainly based on PCR analysis and have a high 

sensitivity to detect ESBL-genes. Primers can be used which allow the amplification of each 

group of genes, but these primers can be less specific. These primers often target the 

prolific variants within these groups (Hasman et al., 2005). PCR analysis is a more accurate 

test that allows for the identification of AMR ESBL-genes (Naas et al., 2007). 

1.4.4 AMR via the Colistin Resistance Gene 

Resistance to colistin (polymyxin E) is principally through the mcr (Mobile COL-R)-1 gene 

(Vila et al., 2017). The mcr-1 gene is a plasmid-mediated colistin resistance gene. This gene 

was first described by Liu et al (2016) in Enterobacteriaceae. Colistin either singularly or in 

combination is one of the last classes of antibiotics which can still be used against 

multidrug-resistant Gram-negative bacteria (Thanh et al., 2016). 

The mcr-1 plasmid-mediated resistance gene encodes the phosphoethanolamine 

transferase enzyme. When this enzyme is expressed in E. coli it results in the addition of a 

Figure 6, A photo of a combination disk (middle) displaying a >5mm increase in the 

combination disk compared to the single disk (left and right) (A. E. Odell). 
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phosphoethanolamine to lipid A which results in the resistance to colistin (Olaitan et al., 

2016). This gene has been circulating in human restricted pathogens for a while, but due to 

the rarity of infections, it is thought that the gene carries a fitness cost (Thanh et al., 2016). 

In 2015 the mcr-1 gene was first identified in pigs in China (Liu et al., 2016). Since then this 

gene has been identified in pigs, chickens, various species of birds and in water samples 

(Liu et al., 2016). This gene has since spread worldwide and has been found and identified 

in Germany, Vietnam, Japan, Denmark, Canada and France (Vila et al., 2017). The rapid 

dissemination of this gene has led it to become globally distributed. 

Currently, there is only one viable test to detect the mcr-1 gene. It is based on PCR analysis, 

which allows for highly specific detection (Vila et al., 2017). There are a few variants on the 

mcr-1 primer sequence that can be used, but the recommended primer is the CLR5 primer 

for the mcr-1 gene described by Liu et al (2016). 

1.4.5 The Antibiotic Resistance in the Environment and Reservoirs of Resistance  

Antibiotic resistance poses a significant global health problem (Blaak et al., 2015). Due to 

this the WHO and similar organisations have an increasing interest in studying and 

identifying reservoirs of antibiotic-resistant bacteria and genes. The excessive use of 

antibiotics as growth promoters (in section 1.2.2), the misuse of antibiotics in the 

healthcare industry (in section 1.2.1) and the waste antibiotics which are sent down the 

drain into WWTPs (in section 1.5) are some of the possible ways for the distribution of 

antibiotics into the surrounding environment. These are all possible contributors to the 

increasing prevalence of antibiotic resistance genes.  

We are living near domestic and wild animals (Carroll et al., 2015; Vittecoq et al., 2016). 

Due to this different groups of animals are encountering one another, rats and animal feed 

(Vittecoq et al., 2016), birds and aquaculture (Stedt et al., 2015), along with herbivorous 

mammals and crops (Arnold et al., 2016). This connects the domestic and wild populations 

and allows AMR bacteria to have multiple reservoirs of AMR genes and facilitate the 

continued spread of AMR genes in the bacterial population (Arnold et al., 2016; Vittecoq et 

al., 2016). AMR can be introduced into the environment through the application of manure, 

animal feed and WWTP effluents (Arnold et al., 2016). Manure contains nutrient and 

oxygen in excess which allows bacteria to easily proliferate (Carroll et al., 2015). This 

introduces AMR from agricultural animals into the surrounding environment where they 
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are taken up into surrounding plants, crops, soil and water which then potentially allows 

the spread AMR within the environment (Arnold et al., 2016; Carroll et al., 2015). 

There are many different possible reservoirs of AMR within the environment (Figure 7) 

(Davies and Davies, 2010). These reservoirs are interconnected and are believed to be able 

to increase the potential for bacteria to develop antibacterial resistance (Woerther et al., 

2013). 

 

Water has previously been identified as a source of AMR bacteria (Vittecoq et al., 2016). 

WWTPs process water from private, industrial and clinical environments. They are known 

to be a “hotspot” for AMR bacteria to proliferate and spread their genes (Korzeniewska and 

Harnisz, 2013). AMR bacteria are then released into the environment through WWTP 

effluents. Once in the environment, AMR can spread into the surrounding environment. 

Local aquatic invertebrates such as molluscs (Grevskott et al., 2017) then ingest AMR 

bacteria from the environment. These invertebrates then get ingested by crayfish and fish 

Figure 7, The main reservoirs and spread of ESBL-producing bacteria carrying these 

antibiotic-resistance genes (Davies and Davies, 2010). 
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(Nystrom et al., 2006) and humans which continue the spread of AMR. Wild animals such 

as rats, boars (Bachiri et al., 2017) and birds (Ben Yahia et al., 2018) will potentially consume 

the contaminated water and become carriers of AMR. They will then defecate and possibly 

be consumed by other animals which will then continue to spread AMR bacteria into the 

environment, this then creates more reservoirs of resistance (Vittecoq et al., 2016). AMR 

has been found in a variety of locations, these include lakes (Defoirdt et al., 2011), forests 

(Furness et al., 2017) and swamp lands (Tofteland et al., 2007). This indicates that AMR is 

no longer confined to the original source of AMR, such as WWTP effluents (Marti et al., 

2014). 

1.5 Waste Water Treatment 

1.5.1 An Introduction to General Water Treatment 

Water is crucial for survival. To prevent disease, it is necessary that wastewater is correctly 

and thoroughly treated so that when the water is released back into the environment it 

does so without causing any harm to the environment. Within the United Kingdom, there 

are over 2,000 miles of waterways which include rivers and canals, but this does not include 

lakes, reservoirs and other water bodies (Canal & River Trust, 2015). Wastewater and 

drinking water are kept separate. To produce each product, a different process is used. 

Drinking water or potable water is provided to the consumer ready to use, with chemical 

and biological factors removed before it reaches consumers (Bréchet et al., 2014). 

In Europe, the potable water supply must comply with the EU Drinking Water Directive 

(98/83/EC) passed in 1998. This directive states that water for consumption must contain 

a residual of chlorine to ensure it has been correctly treated (Open Learn, n.d.; Bréchet et 

al., 2014; Anglian Water, n.d., 2008, 2019). This directive ensures that the water is assessed 

regularly by the water utilities for the presence of coliform bacteria such as E. coli which 

are an indicator for faecal contamination (Bréchet et al., 2014; Open Learn, n.d.). 
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Wastewater is a complex mixture of anything and everything flushed down the toilet, 

drains, industrial waste, hospital waste, stormwater, livestock and agricultural waste 

(Bréchet et al., 2014). The goal of a WWTP is to prevent pollution from entering the 

environment. Without treatment, the effluent of a WWTP would have a detrimental effect 

(Anglian Water, n.d.; Bréchet et al., 2014; Anglian Water, 2019). The different types of 

wastewater are given different names “grey water” and “black water” (Bréchet et al., 2014; 

Open Learn, n.d.). Greywater is household waste that is not from the toilet. The waste from 

the toilet is called black water and is the main component that WWTP process as this waste 

contains pathogens which are potentially dangerous to human health (Korzeniewska et al., 

2013; Open Learn, n.d.). WWTPs rely on chemical, physical and biological processes, 

consisting of primary, secondary and tertiary stages of treatment (Figure 8) (Anglian Water, 

n.d., 2008, 2019; Adam’s Ale, n.d.). 

 

WWTP systems are designed to remove both pathogenic and non-pathogenic bacteria in 

order to prevent contamination from entering the wider environment. However, some 

organisms survive the treatment process (Bréchet et al., 2014). Chlorination is not always 

effective at eliminating bacteria in the water. This is often due to insufficient levels of 

chlorine used during the WWTP process (Bréchet et al., 2014; Open Learn, n.d.). Within the 

WWTP the pipelines which distribute the water are the main source of bacterial 

contamination (Bréchet et al., 2014). Bacteria often produce biofilms that line the inside of 

the pipes and this is where bacteria can proliferate. The biofilms also offer bacteria an area 

where they can transfer resistance genes among other bacteria (Korzeniewska et al., 2013). 

E. coli is a bacterium which is often found and can survive under these conditions (Maal et 

Figure 8, A typical water treatment process (Adam's Ale, ). 
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al., 2015). These pipelines are rarely cleaned unless they are blocked or broken due to costs 

incurred and the possible contamination of the environment (Bennani et al., 2012; Coutu 

et al., 2013; Open Learn, n.d.). 

The wastewater that enters the WWTP comes from multiple sources which include 

hospitals, healthcare facilities and the household environment. Antibiotics are often 

disposed of down drains or exit the human body through urination and faeces (Coutu et 

al., 2013). Due to this, bacteria are continuously exposed to low-level concentrations of 

antibiotics in WWTPs (Korzeniewska et al., 2013). The presence of these antibiotics can 

negatively impact the local environment and higher concentrations can prevent the 

biological processes of WWTPs from working correctly (Open Learn, n.d.; Maal et al., 2015). 

The WHO (Harris et al., 2014) has stated that the environment receives water through 

effluents and this is a source of environmental contamination by antibiotics. This needs to 

be addressed as effluents from WWTPs with high levels of antibiotics are the perfect 

environment for the development of AMR genes in bacteria (Bennani et al., 2012). AMR 

genes such as blaTEM, blaCTX-M and blaSHV have been isolated from WWTP effluents (Gazin et 

al., 2012). These genes have been isolated worldwide from a multitude of different WWTPs 

(Marti et al., 2013). 

1.6 Asellus aquaticus  

Asellus aquaticus (Crustacea: Isopoda: Asellidae) is a freshwater invertebrate (Figure 9) 

which feeds on detritus matter (Christensen et al., 2012). They are common across Europe, 

the USSR and North America (Maltby, 1991). Their habitats include rivers, lakes, reservoirs, 

WWTPs and any possible source of water (Verovnik et al., 2005; Christensen et al., 2012). 

Their main food source is shed tree leaves, terrestrial plant matter, rotting organic matter, 

biofilms and anything else that they come across that they can consume (Zimmer and 

Bartholmé, 2003; WHO, 2011) and is commonly found in drinking water and A. aquaticus 

is commonly found in drinking water, their distribution systems and inside WWTPs across 

the world (Christensen et al., 2013). Its presence is largely regarded as a nuisance and is a 

problem species (Bichai et al., 2009). WWTPs are a viable environment for A. aquaticus to 

survive, this is due to the availability of food, the lack of predators and the increased water 

temperatures in the treatment plant are optimum for the reproduction and survival of this 

species (Christensen et al., 2011, 2012). In the UK A. aquaticus can be found in most water 

sources. They are known to be able to traverse the environment at a speed of 1cm per 1 



 

24 
 

second, this can equal >6km of movement per week (Augusiak and Van den Brink, 2016).  

A. aquaticus is a sediment dweller that is in contact with the river and riverbed at the same 

time (Plahuta et al., 2017). It is a robust organism that can readily tolerate fluctuations of 

pH, temperature, oxygen and salinity (Plahuta et al., 2017). They have previously been used 

as an indicator species of water quality as they are highly tolerant of water pollutants 

(Maltby, 1991; Verovnik et al., 2005). A. aquaticus is an important part of the food chain as 

they are predated on by fish (Harris et al., 2013) and crayfish (Nystrom et al., 2006). Due to 

their ability to survive in polluted water and their importance in the food chain A. aquaticus 

is a key part of the aquatic ecosystem. This makes them an excellent indicator for examining 

whether AMR bacteria can enter the food chain via polluted water. 

E. coli has previously been isolated from the gastrointestinal tract of A. aquaticus 

(Christensen et al., 2013). According to Christensen et al., (2013), A. aquaticus has been 

identified as one of the contributors to the contamination of clean water (Christensen et 

al., 2013). Some of the E. coli strains found in A. aquaticus were found to be highly virulent 

(Christensen et al., 2013) and it has been suggested that ESBL-producing E. coli could be 

among the strains found, but this was not confirmed (Christensen et al., 2012). 

 

 

 

 

 

 

 

 

 

 

 

Figure 9, A. aquaticus from the River Witham in a 1.5ml Eppendorf containing 

500ul of ¼ Ringers solution (A. E. Odell). 

~15mm 
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1.7 The importance of this Study 

AMR genes such as blaOXA-1, blaCTX-M, blaSHV, blaTEM and mcr-1 have been previously 

identified in WWTP effluents worldwide (Gazin et al., 2012). A study by Cheswick (2014) 

confirmed that increased levels of ESBL-bacteria within the aquatic environment were 

attributed to WWTP effluents. The River Witham produced few ESBL-organisms when 

compared to the Sincil Dike (WWTP effluent) (Cheswick, 2014). In the study being 

undertaken, we will continue to examine the River Witham and the Sincil Dike to 

investigate the number of ESBL and mcr-1 harbouring E. coli in the environment. To further 

understand how AMR is spreading in the aquatic environment through WWTPs we’ll 

sample Asellus aquaticus from the same location and examine whether they could be a 

reservoir for AMR and thus play a role in the spread of AMR E. coli. A. aquaticus was chosen 

as they are sediment dwellers which feed on organic matter and biofilms. Their role as a 

possible reservoir for AMR along with their proximity to WWTP effluents and ease of 

sampling makes them an ideal study subject. Many studies have looked into AMR in 

invertebrates, and these studies have investigated cockroaches, fruit flies, stable flies, 

house flies, molluscs, crustaceans, shellfish and shrimp (Kuzina et al., 2001; Pai et al., 2005; 

Albuquerque Costa et al., 2015; Castro et al., 2016; Songe et al., 2017; Valenzuela et al., 

2010; Changkaew et al., 2014; Lopatek et al., 2015). There are many more studies 

investigating AMR in birds (Veldman et al., 2013; Pinto et al., 2010; Alcalá et al., 2016; Ben 

Yahia et al., 2018) and mammals (Sherley et al., 2000; Kozak et al., 2009; Rose et al., 2009; 

Literak et al., 2009; Bachiri et al., 2017) confirming that they can and do act as reservoirs of 

AMR (Carroll et al., 2015; Arnold et al., 2016; Bachiri et al., 2017). 

 

 

 

 

 

 

 



 

26 
 

Chapter 2 Materials and Methods 

2.1 Microbiological Materials 

2.1.1 CHROMagar ESBL agar  

To prepare the agar medium, 16.5g of the CHROMagar ESBL agar (BioConnections, CH-

ESRT2) was added to 500ml of de-ionised water. The mixture was heated to 100°C to 

ensure all granules were dissolved and was autoclaved at 121°C for 15 minutes. The 

supplement was prepared by weighing out 285mg and 5ml of water was added. The 

supplement was added to the agar (45-55°C) and swirled to combine and then plated and 

stored for up to two weeks at 2-8°C until use. 

 

 

 

 

 

 

 

This agar contains chromogenic agents (Figure 10) which produces a colour change in the 

agar in response to the growth of bacteria at specific pH and chemical excretions, this can 

be used to provide a preliminary identification of the bacteria cultured (i.e. E. coli is 

pink/red) (CHROMagar, 2017), when read within the prescribed time. 

2.1.2. Agars  

The following agars were used in this study in the quantities described: 

• Nutrient agar (OXOID, CM0003) 15g per 500ml of distilled water. 

• Mueller-Hinton agar (OXOID, CM0337) 19g per 500ml of distilled water. 

The mixture was autoclaved at 121°C for 15 minutes. Once cooled to between 45-55°C the 

agar was poured into petri dishes and stored for up to two weeks at 2-8°C. 

Figure 10, The Chromogenic appearance of organisms when cultured on 

CHROMagar ESBL medium (CHROMagar, 2017). 
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2.1.3. Broths 

The following broths were used in this study in the quantities described: 

• LB Miller broth (Fisher BioReagents, 10638013) 12.5g per 500ml of distilled water. 

• Nutrient broth (OXOID, CM0001B) 19.25g per 500ml of distilled water 

The mixture was autoclaved at 121°C for 15 minutes. Once cooled it was then stored for up 

to one month at 2-8°C with tightly secured lids to prevent evaporation. 

2.1.4. ¼ Strength Ringers Solution  

One tablet of ¼ Ringers Solution (OXOID, BR0052) was added to 500ml of de-ionised water. 

When dissolved it was autoclaved at 121°C for 15 minutes. Once cooled it was then stored 

for up to one month at 2-8°C. 

2.1.5. Antibiotic Susceptibility Disks  

The antibiotic susceptibility disks (Fisher Scientific) are described in Table 1 and were used 

for antibiotic susceptibility testing on Mueller-Hinton agar (in section 2.1.2). 

Table 1. Antibiotics Susceptibility Disks used in this study.  

Antibiotics Susceptibility Disk 

 

Amount of Antibiotic on 
the Disks (μg) 

The Fisher Scientific 
Disk Code 

Ampicillin and Clavulanic 
acid (AMC) 

30/10 10700724 

Cefotaxime (CTX) 30 11903042 

Ceftazidime (CAZ) 30 11973812 

 

2.1.6. Tryptone Water  

Five grams of Tryptone (Oxoid, 12797099) and 2.5g of sodium chloride (Sigma-Aldrich, 

S5886) was added to 500ml of de-ionised water and autoclaved at 121°C for 15 minutes. 

Once cooled, 1ml was pipetted into pre-sterilised Eppendorf tubes and stored for up to 

two weeks at 2-8°C. 
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2.1.7. Glycerol Stock Solution for the Cryo-Preservation of Bacteria  

To prepare the stock medium, 15ml of glycerol (Fisher bioreagent, 10021083) and 85ml of 

nutrient broth (in section 2.1.3) were mixed to produce 100ml of stock. The medium was 

autoclaved at 121°C for 15 minutes. Once cooled, it was stored for up to two weeks at 2-

8°C. 

2.1.8. Reference Control Strains Used  

Control strains in this study can be seen in Table 2 below and were obtained from the 

American Type Culture Collection (ATCC) and the National Collection of Type Cultures 

(NCTC).  

Table 2. Control Strains that were used throughout the study. 

Strain Purchased From Characteristics 

Klebsiella pneumoniae     700603  ATCC blaSHV-18 Gene 

Escherichia coli                    13846 NCTC mcr-1 Gene 

Escherichia coli                    11560 NCTC blaTEM-1 Gene 

Escherichia coli                    25922 ATCC Negative Control 

Escherichia coli                    13353 NCTC blaCTX-M Gene 

 

2.1.9. Filtration   

The filtration apparatus for filtering the environmental water samples was supplied by 

Fisher Scientific (Sartorius 16510, 10720432), the vacuum pump was supplied by Rapid 

Education (RVFM Hand Held Vacuum Pump with Pressure Gauge, 52-2098). The 

membranes used were cellulose nitrate membrane filter discs with a 0.45μm pore size with 

a 4.7cm diameter and supplied by Fisher Scientific (10112211).  
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2.2 Molecular Materials 

2.2.1. Plasmid Extraction 

The extraction of plasmid DNA was carried out utilising the QIAprep Spin Miniprep kit 

(QIAGEN, 27106) (Qiagen, n.d.). 

2.2.2. Ethylenediaminetetraacetic Acid (EDTA)  

The stock solution of 0.5M EDTA was prepared using 93.05g of EDTA disodium salt (Fisher 

Scientific, MEX05391) mixed with 500ml of de-ionised water. To prepare a pH of 8.0, 

0.1NaOH solution was added. 

2.2.3. TAE Buffer Stock Solution 

To produce a 50X concentration TAE buffer stock, 242g Tris-base (Fisher Scientific, BP154-

1), 57.1ml of Glacial Acetic Acid (Fisher Scientific, BP2401-212) and 100ml of 0.5M EDTA (in 

section 2.1.2.2.) were mixed together with 750ml of de-ionised water. To complete the 

stock, an amount of de-ionised water was added to make the total volume of the stock to 

1000ml. 

To produce a 1x TAE buffer solution the following formula was used. 

C1V1=C2V2 

(50X) V1=(1X) (300ml) 

(50X) V1= 300 

V1=300/50=6ml 

C1: initial concentration, C2: final concentration, V1: initial volume, V2: final volume 

To prepare 300ml of 1x TAE buffer solution, 6ml of 50X TAE buffer stock was added to 

294ml of de-ionised water. 

2.2.4 Agarose Gel  

Agarose gels were prepared at 0.8% w/v or at 1.5% w/v. The agarose powder was supplied 

by Fisher Scientific (BP1356-500). 
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2.2.5 Ethidium Bromide 

This was used for the staining of the agarose gels. This was supplied by Sigma-Aldrich 

(E1510) at a concentration of 10mg/ml, this was diluted with care into 1X TAE buffer 

solution for staining (in section 2.2.3). 

2.2.6 HotStarTaq Master Mix 

The HotStarTaq master mix (Qiagen, 203643) was used throughout this study. 

Contents of the master mix kit: 

250 units of the HotStarTaq Plus DNA Polymerase (5 units/μl) 

PCR Buffer with 3mM MgCI 

400μM of each dNTP 

2.2.7 Loading Buffer 

GelPilot Loading dye 5x (Qiagen, 1037650) was used to stain the PCR products. This came 

included in the QIAprep Spin Mini Prep Kit (Qiagen, 27106). 

2.2.8 DNA Ladder 

The DNA Ladder (100bp) that was used in this study is shown in Figure 11. 

 NEB, 100bp Ladder (NEB, N3271) 

Figure 11, The DNA ladder used in this study was obtained from New England Biolabs 

and the images were taken from their website www.neb.uk.com 
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2.2.9 Primers Used 

The primers used in this study are shown in Table 3. 

Table 3. The Primers used throughout this study. The Y in the primer sequences is a degenerate base that represents either a C or a T. 

Primer 

 

Primer Sequence (5’ to 3’) Annealing Temperature 
(°C) 

Fragment Yielded 
(bp) 

Source 

blaTEM Forward GCGGAACCCCTATTTG 50 
 

964 (Olesen et al., 2004) 

blaTEM Reverse TCTAAAGTATATATGAGTAAACTTGGTCTGAC 

blaCTX-M Forward TCTAAAGTATATATGAGTAAACTTGGTCTGAC 60 
 

593 (Miró et al., 2002) 

blaCTX-M Reverse TGGGTRAARTARGTSACCAGAAYCAGCGG 

blaSHV Forward TTCGCCTGTGTATTATCTCCCTG 50 
 

854 (Hasman et al., 2005) 

blaSHV Reverse TTAGCGTTGCCAGTGYTCG 

CLR5 Forward CGGTCAGTCCGTTTGTTC 45 
 

309 (Vila et al., 2017) 

CLR5 Reverse CTTGGTCGGTCTGTAGGG 
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2.3 Methodologies  

2.3.1. Sampling  

Water and A. aquaticus samples were collected from the River Witham and Sincil Dike 

(Figure 12). These two waterways were sampled because they run parallel to one another, 

the sampling locations between the waterways were more spatially similar than other 

possible sampling locations. The nearest WWTP effluent enters the Sincil Dike at location 5 

(Figure 12). One km up and downstream were sampled, these locations were mirrored on 

the River Witham. 

The environmental water samples were collected in pre-sterilised 250ml screw-cap 

containers (Fisher Scientific, 11857792). The samples were collected from 10cm below the 

water surface, approximately 3m from the water’s edge. This was done using a constructed 

water collection apparatus, with a telescopic pole attached to a screw-shut clamp at the 

top which could hold the containers in the necessary position. All samples were processed 

within two hours of collection. The samples were taken from both the River Witham 

(location 1, 2 and 3) and the Sincil Dike (location 4, 5 and 6) (Figure 12). The samples were 

taken from up and downstream of the effluent. Samples were collected on a Monday 

starting at 9.30am and finishing by 12noon. This was completed once a month on 7 

occasions; all 6 locations were sampled on all occasions.  

A rake was used to recover aquatic plants on which A. aquaticus was present from all 6 

locations (Figure 12) following the recovery of the water samples. The plants were placed 

on a white plastic tray and the A. aquaticus removed using forceps. Ten A. aquaticus from 

each location were placed together into a sterile 50ml sterile conical tube which contained 

20ml of sterile ¼ Ringers solution (in section 2.1.4) for transportation. All samples were 

processed within two hours of collection.  
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Figure 12, Sampling sites on the River Witham (1, 2 and 3) and the Sincil Dike (4, 5 and 6) (Sites 1, 6 and 3, 4 are + or – 1km from the effluent from the 

WWTP which feeds into the Sincil Dike at location 5). The River Witham has a northwest water course and the Sincil Dike can be seen south of the 

River. This image was taken from Google Maps. 

The GPS locations of the sampling sites 

1:53.226996, -0.522996                      2:53.226157, -0.505851                     3:53.225145, -0.491295 

6:53.224718, -0.491268                      5:53.225667, -0.505957                     4:53.226062, -0.522917 

5 
6 

4 

1 
2 

3 

The 

WWTP 
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2.3.2 Microbiological Methodologies  

For the isolation of the ESBL-producing organisms, 200ml of each water sample was filtered 

through a 0.45μm membrane using sterile filtration apparatus (in section 2.1.9). The 

membrane was then transferred onto CHROMagar ESBL agar (in section 2.1.1) and 

incubated aerobically at 37°C overnight. After incubation on CHROMagar ESBL agar (in 

section 2.3.1), any visible colonies were counted and a total ESBL count (T-ESBL-C) 

calculated. Colonies which had grown on the agar and were visibly identified as E. coli (red) 

using the chromogenic agar were sub-cultured onto nutrient agar. They were incubated 

aerobically at 37°C overnight. 

Each A. aquaticus was individually placed into an Eppendorf tube containing 500μl of ¼ 

Ringer's solution (in section 2.1.4) and placed on ice for 5 minutes.  Sterilised scissors were 

used to open the carapace and the hindgut removed using forceps and then placed into a 

sterilised Eppendorf tube containing 500μl of Ringer's solution. This was then vortexed for 

30 seconds to homogenise the sample. Samples were spread plated (100μl) onto nutrient 

agar (in section 2.1.2) and incubated aerobically at 37°C overnight. This was done to allow 

the growing bacteria a chance to recover. After incubation of nutrient agar (in section 

2.1.2), colonies which had grown on the agar were counted and a TVC was calculated and 

then streaked onto CHROMagar ESBL agar and nutrient agar, before being incubated 

aerobically at 37°C overnight. After 24hrs the agars were removed and examined for ESBL-

E. coli presence on the CHROMagar ESBL agar. All negative samples were discarded.  

2.3.2.1 Broth Culture of the Isolated Organisms 

After incubation, the isolated putative ESBL-E. coli colonies were removed from the 

nutrient agar plates using sterile inoculation loops and transferred into 10ml of nutrient 

broth (in section 2.1.3) using aseptic techniques. These were incubated aerobically at 37°C 

overnight. 

2.3.2.2 Kovacs Indole Test 

For the biochemical identification of E. coli, a Kovacs indole test was carried out by 

inoculating Eppendorf tubes containing 1ml of tryptone water (in section 2.1.6) with the 

isolated colonies from the nutrient agar plates. These were incubated aerobically at 37°C 

overnight. After incubation, the samples were removed from the incubator and 125μl of 
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Kovacs Reagent (Pro-Lab Diagnostics, PL-375) was added. The samples were then allowed 

to react for 10 minutes, a positive result (colour change to pink from yellow) confirmed the 

presence of E. coli. 

2.3.2.3 Oxidase Test 

For the biochemical identification of E. coli, an oxidase test was performed, on previously 

isolated organisms grown on nutrient agar (in section 2.1.2). A single colony was 

transferred onto sterile wax paper and 2μl of oxidase reagent was applied (Pro-Lab 

Diagnostics, PL-390). If a colour change occurred within 30 seconds it was noted, in which 

a positive represented as blue/purple and negative needing no colour change. For E. coli, a 

negative result was required. 

2.3.2.4 Gram Staining  

For Gram staining, a sterile inoculation loop was used to remove part of an isolated colony 

from the nutrient agar (in section 2.1.2). A small volume of Ringer's solution (in section 

2.1.4) was placed onto a glass microscope slide, and the loop holding colony was mixed into 

the Ringer's solution. The slide was then labelled and air dried next to a bunsen burner. To 

heat-fix the organism, the slide was placed through the flame briefly. Once the slide was 

prepared it was labelled and stained according to the “in-house” procedure. The slide was 

stained with crystal violet (Pro-Lab Diagnostics, PL-7002) for 30 seconds and then rinsed 

with water. Lugol’s iodine (Pro-Lab Diagnostics, PL-7014) was placed onto the slide and 

stained for 30 seconds. This was then de-stained with 95% ethanol (Fisher Scientific, 

10318820) for 10 seconds. It was then counterstained with safranin (Pro-Lab Diagnostics, 

PL-7053-2) for 2 minutes. Once the organism was stained it was visualised under a 

calibrated light microscope, using oil immersion at x1000 magnification, and the shape and 

colour of the organism observed. For E. coli identification, a Gram-negative (pink/red) 

bacillus would be visualised. 

2.3.2.5 Storage of the Isolated Escherichia coli  

Glycerol stocks were used for the storage of organisms for 3-6 months. An overnight culture 

in nutrient broth (in section 2.1.3) (500μl) was transferred aseptically to a 1.5ml screw cap 

Eppendorf tube along with 500μl of glycerol stock solution (in section 2.1.7). This was then 
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vortexed for 30 seconds to homogenise the two solutions and stored at -20°C for 3-6 

months. 

Isolated E. coli were also stored using nutrient agar slopes, in which 10ml of autoclaved 

nutrient agar (in section 2.1.2) was transferred into a pre-sterilised universal bottle. The 

universals were left at a 45° angle for the molten agar to set as a slope. A single colony of 

the organism to be stored was taken using a wire loop and streaked onto the slope under 

aseptic conditions. The slopes were then stored at 2-8°C for 4-6 months. 

2.3.2.6 The BSAC Method Susceptibility Testing 

The putative ESBL-E. coli was then subjected to an antimicrobial disk test, utilising the 

‘BSAC’ method (BSAC, 2012). Three disks were used (Table 1). An overnight nutrient broth 

culture of the isolate (OD595 1.25) was then spread plated (100ul) onto Mueller-Hinton agar 

and allowed to dry (10 minutes), the three antibiotic disks were then added according to 

the ‘BSAC’ method , AMC is placed in the middle of the plate with the other two disks being 

placed on either side of the AMC disk 25-30mm away, it was then incubated overnight. The 

clear zone circumference was measured thrice, and the mean taken. The combination disk 

needed a >5mm clearance compared to a single disk (Figure 6), or the combination and 

single disk needed to measure as resistant as reported by EUCAST guidelines (EUCAST, 

2017). 

2.3.3. Molecular Methodologies  

2.3.3.1. Plasmid Extraction 

For the extraction of plasmid DNA from isolated organisms, 2ml of a fresh overnight culture 

of LB broth (in section 2.1.3) was centrifuged forming a pellet in a 2ml safe lock 

microcentrifuge tube. The microcentrifuge tube was then processed using the 

manufacturer’s instructions provided by Qiagen for the QIAprep Spin Mini Prep Kit (Qiagen, 

27106) (Qiagen, n.d.). 

2.3.3.2. Preparation of Primer Stocks 

The primers used in this study were obtained freeze dried and initially made up to a 100μM 

concentration using the appropriate amount of PCR grade water in accordance with the 

manufacturer's guidelines. They were then stored in a freezer at -20°C. 1μl of each of the 
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primer stock was then used for each reaction, to obtain the final working concentration of 

4μM. 

2.3.3.3. The Agarose Gels 

To prepare the agarose gels, 1.5g of agarose powder (in section 2.2.4) was added to 100ml 

of 1X TAE buffer stock (in section 2.2.3). The mixture was evenly distributed throughout 

the buffer solution. This was then microwaved at 800w for 30-second intervals until all the 

crystal particles were dissolved. Once cooled to ~50°C it was poured into a gel mould ready 

for the electrophoresis of PCR products. Once set the rubber stoppers were carefully 

removed, the gel tray was then placed into a gel tank, the tank was then filled with 1X TAE 

buffer (in section 2.2.3). 

2.3.3.4. Staining and Visualisation of the Agarose Gels 

The agarose gel was stained through the combination of 5μl concentrated Ethidium 

Bromide (in section 2.2.5) and 200ml of 1x TAE solution (in section 2.2.3) to achieve a final 

concentration of 0.25μg/ml. The gel was visualised using a Chemidoc (Biorad) imaging 

system, at a 365nm wavelength and a photographic image captured. 

2.3.3.5. Detection of ESBL and mcr-1 Genes 

The PCR reactions were set up in 0.2ml PCR tubes (Bio-Rad, TBC0802) and made up to a 

final volume of 20μl as described in Table 4. The tubes were then placed into a PCR 

thermocycler (Bio-Rad T100™ Thermo Cycler) and the appropriate program (Tables 5, 6, 7, 

and 8) for the blaTEM, blaCTX-M, blaSHV and mcr-1 gene detection was used. The setup for each 

reaction follows the recommendation of the HotStarTaq (in section 2.2.6) guidelines. 

Table 4.  The Setup for all the PCR reactions in this study. 

 Volume (μl) Concentration 

HotStarTaq Master Mix 10 (in section 2.2.6) 

Primer Forward 1 4mM (in section 2.2.9) 

Primer Reverse 1 4mΜ (in section 2.2.9) 

PCR Grade Water 7 - 

Plasmid DNA 1 - 
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Total 20  

The primers were changed appropriately for the PCR reaction being carried out. Table 3 

shows the primers which were used in this study. 

Table 5, PCR conditions for the blaTEM detection. This was originally taken from Olesen et al 

(2004) but was modified to allow for the activation of the HotStarTaq. 

PCR Step Temperature & Duration  

Initial denaturation and activation of HotStarTaq 95°C for 5 Minutes  

Denaturation 94°C for 1 Minute  

Annealing 50°C for 1 Minute 25 Cycles 

Extension 72°C for 1 Minute  

Final Extension step 72°C for 10 Minutes  

Table 6, PCR conditions for the blaCTX-M detection. This was originally taken from Mirό et al 

(2002) but was modified to allow for the activation of the HotStarTaq. 

PCR Step Temperature & Duration  

Initial denaturation and activation of HotStarTaq 95°C for 5 Minutes  

Denaturation 94°C for 1 Minute  

Annealing 
 

60°C for 1 Minute 25 Cycles 

Extension 
 

72°C for 1 Minute  

Final Extension step 
 

72°C for 10 Minutes  

Table 7, PCR conditions for the blaSHV detection. This was originally taken from Hasman et 

al (2005) but was modified to allow for the activation of the HotStarTaq. 

PCR Step Temperature & Duration  

Initial denaturation and activation of HotStarTaq 95°C for 5 Minutes  

Denaturation 
 

94°C for 1 Minute  

Annealing 
 

50°C for 1 Minute 25 cycles 

Extension 
 

72°C for 1 Minute  

Final Extension step 
 

72°C for 10 Minutes  
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Table 8, PCR conditions for the CLR5 detection for the mcr-1 gene. This was originally taken 

from Vila et al (2017) but was modified to allow for the activation of the HotStarTaq. 

PCR Step Temperature & Duration  

Initial denaturation and activation of HotStarTaq 95°C for 5 Minutes  

Denaturation 
 

95°C for 30 Seconds  

Annealing 
 

45°C for 30 Seconds 30 Cycles 

Extension 
 

72°C for 30 Seconds  

Final Extension step 
 

72°C for 5 Minutes  

 

2.3.3.6 Visualisation of the PCR Products 

PCR products were visualised on an agarose gel (in section 2.2.4). The gels were loaded 

with 10μl of the mixture which consisted of 3μl of PCR product, 1.5μl of loading buffer (in 

section 2.2.7), and 5.5μl of PCR grade water. The loaded agarose gel was then subjected to 

electrophoresis at 80V for 1.5 hours, stained and then visualised. Excess PCR product was 

stored in the PCR tube at 2-8°C for up to 3 months. 

2.3.4. Statistical Analysis  

All data generated was input into an Excel (Microsoft) document until further analysis was 

required. 

2.3.4.1. The Total Count analysis 

To analyse the total counts a Poisson regression was preformed using Minitab version 19 

(https://www.minitab.com/en-us/). 

2.3.4.2. The Chi-X2 Analysis 

When a Chi-X2 analysis was performed, this is the calculation that was used: 

𝜒𝑐
2 =∑

(𝑂𝑖 − 𝐸𝑖 )

𝐸𝑖

2

 

To generate a P value using the result generated a Chi-X2 table was used (Plant & Soil 

Sciences eLibrary, 2019). 
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Chapter 3 Results and Discussion  

3.1 Introduction  

The spread of AMR within the environment has become an increasing cause for concern 

over the last decade (Blaak et al., 2015). This study focused on the extent to which the 

invertebrate A. aquaticus acts as a reservoir for AMR bacteria within the aquatic 

environment, as well as identifying whether AMR prevalence is associated with WWTP 

effluent discharge. 

The specific AMR genes investigated in this study were the ESBL genes, blaTEM, blaSHV and 

blaCTX-M along with the mcr-1 gene CLR5. These genes are known to be plasmid-borne and 

can be found in the aquatic environment (Munita and Arias, 2016) and are known to be 

important in the spread of antibiotic resistance in bacteria, via a rapid horizontal gene 

transmission (Abraham and Chain, 1940; Munita and Arias, 2016). It has been suggested 

that WWTP effluents are “hotspots” for horizontal gene transfer (HGT) due to the large 

numbers of bacteria present (Cantas et al., 2013; CDDEP, 2017). The WWTP is an area that 

is high in nutrients and oxygen along with an increased temperature (Bréchet et al., 2014). 

Plasmids containing genes which allow bacteria to process these available nutrients are 

easily spread and transferred between bacteria and AMR genes are often transferred 

alongside these genes (McGenity et al., 2015).  

The WWTP at Canswick (Anglian Water) has an effluent that connects to the Sincil Dike. 

Running alongside the Sincil Dike is the River Witham which acts as a convenient control 

for this study. The two water courses run parallel to one another (Figure 12) but join 5km 

downstream. The water samples were taken from the Sincil Dike and the River Witham, 

both upstream and downstream of the effluent entry point. Therefore, comparisons of 

AMR presence were made between a watercourse receiving a WWTP effluent and a river 

exposed to the same environmental conditions but with no immediate WWTP effluent 

influx.  Water and A. aquaticus samples were collected monthly, the E. coli isolated was 

subjected to antibiotic susceptibility testing using the BSAC guidelines (BSAC, 2012) and the 

presence of AMR genes assessed via PCR.  
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3.2 Antibiotic Resistance in the Environment and Asellus aquaticus 

3.2.1 Total Counts 

The Total ESBL Count (T-ESBL-C) of water samples in relation to the month of sampling and 

location of sampling can be seen in Figure 13. Location had a significant impact on the T-

ESBL-C with location 5 (point of WWTP effluent discharge) on the Sincil Dike having the 

highest T-ESBL-C (x2=158.07, df=5, p<0.001). The month samples were taken had no overall 

effect on the T-ESBL-C (x2=5.18, df=6, p=0.521), although there was a significant interaction 

between month and site on the TVC (x2=81.54, df=30, p<0.001). This interaction probably 

reflects that although the T-ESBL-Cs were always highest at location 5, the magnitude of 

the difference was greatest in March and April and substantially lower in January and 

February 2018. These data were collected from ESBL agar. 

The relationship between Total Count (TC) of the A. aquaticus samples and month of 

sampling and location of sampling can be seen in Figure 14. Again, location had a significant 

impact on TC with location 5 on the Sincil Dike which receives the WWTP effluent having 

the highest TVC (x2=2750.12, df=5, p<0.001). Month also had a significant effect on the TC 

(x2=13945.96, df=66, p<0.001), as did the interaction between month and location 

(x2=5450.71, df=30, p<0.001). TCs from A. aquaticus were usually highest at location 5, the 

exception being March where location 4 (downstream from the WWTP effluent) had the 
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highest TC recovered from A. aquaticus. November-February and March-May had 

extremely different TVC. These data were collected from nutrient agar as the samples 

needed to be recovered before being able to grow for further identification. 
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Figure 14, The Asellus aquaticus TC of isolates (mean of the 10 A. aquaticus recovered from each 

location) from each of the six locations over the sample period (i.e. 50cfu/1ml). Blue is for the 

River Witham and red is for the Sincil Dike. 
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3.2.2 Biochemical Identification of the Organisms  

CHROMagar ESBL agar was used to isolate and putatively identify ESBL-E. coli organisms. 

The confirmed identification of E. coli was achieved through traditional biochemical 

identification using Kovacs indole (in section 2.3.2.2), oxidase (in section 2.3.2.3) and Gram 

staining (in section 2.3.2.4). The CHROMagar ESBL agar initially identified 353 isolates as E. 

coli, whilst traditional biochemical identification methods revealed 234 of the 353 (66%) 

isolates were E. coli. CHROMagar ESBL agar produced 119 false positives out of 353 (34%). 

Any isolate that was not confirmed as E. coli was disposed of and no longer used in this 

study. 

3.2.3 Antibiotic Susceptibility Testing 

Three antibiotic disks (Table 1) (in section 2.1.5) were used to test for ESBL-production in 

isolates as described by BSAC (BSAC, 2012), 201 (86%) of E. coli isolates produced a BSAC 

ESBL positive result out of 234 CHROMagar ESBL agar E. coli isolates. Eighty-five percent of 

A. aquaticus samples (44/52) and 86% (157/182) of water samples were ESBL positive 

through the BSAC combination disk method. 

3.2.4 Comparison of the number of ESBL-E. coli isolated from Water and Asellus aquaticus 

The water data for the following comparison was normalised so it would be possible to 

compare the two different sample sizes. Figures 15 shows the number of ESBL-E. coli from 

the water and A. aquaticus samples in relation to location. It can be seen that location 5 

(WWTP effluent) had the highest number of ESBL-E. coli isolated for water (x2=56.4, df=5, 

P=0.001) and A. aquaticus (x2=85.3, df=5, P=0.001). Overall more ESBL-E. coli were isolated 

from the A. aquaticus samples compared to the water samples. Figure 16 shows the 

number of ESBL-E. coli isolated over the sampled months. March had the highest number 

of ESBL-E. coli isolated from the water samples, for water (x2=28.1, df=6, P=0.001) and A. 

aquaticus (x2=22, df=6, P=0.001) whilst November had the highest number of ESBL-E. coli 

isolated from the A. aquaticus samples. 
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Figure 15, The number of ESBL-E. coli isolates from the water and A. aquaticus from the six 

locations sampled. 1, 2 and 3 from the River Witham and 4, 5 and 6 from the Sincil Dike. 
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Figure 16, The number of ESBL-E. coli isolates from the water and A. aquaticus from the seven 

sampled months. 
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3.2.5 PCR Analysis  

3.2.5.1 ESBL-genes 

Figure 17 shows a typical PCR gel for the blaTEM gene (November 2017). Lanes 1 and 20 

show the 100bp ladder. The number above the lane separates the lanes and allows for easy 

identification. Lanes 4, 6, 7, 9, 10-17 had visible bands at 964bp which was consistent with 

the fragment size of the amplification product produced using the blaTEM primers 

developed by Olesen et al (2004). Lane 18 was the positive control band and lane 19 was 

the negative control band.  All 234 putative ESBL-E. coli identified using the CHROMagar 

ESBL agar bacteria were subjected to a PCR analysis to identify the presence of the blaTEM, 

blaSHV and blaCTX-M gene. The frequency of these ESBL genes in the 234 samples can be seen 

in Table 9. Overall 185/234 (79%) of the ESBL-E. coli organisms were +ve for the blaTEM 

gene. The percentage of the blaTEM gene identified from the ESBL-E. coli samples derived 

from the water (79%) and A. aquaticus (78.8%) samples were similar. Seventy-nine percent 

of water samples (144/182) and 78.8% (41/52) of A. aquaticus samples were positive for 

the blaTEM gene. The blaTEM gene was identified in 154/201 (77%) of the BSAC +ve isolates. 

 

 

 

 

 

 

 

Figure 18 shows a typical PCR gel for the blaSHV gene (November 2017). Lanes 1 and 20 

show the 100bp ladder. The number above the lane separates the lanes and allows for easy 

identification.  Lanes 4, 5, 7, 11, 13, 14, 16-19 had visible bands at 854bp which was 

consistent with the fragment size of the amplification product produced using the blaSHV 

primers developed by Hasmen et al (2005).  Lane 2 was the positive control band and lane 

3 was the negative control band. Some extraneous bands can be seen on the lanes at 

different bp points, this could be due to the primer amplifying similar genes than what was 
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Figure 17, A typical result of a PCR amplification of the bacterial isolates and controls using the 

blaTEM gene primers for identification. This gel electrophoresis was run at 80v for 1.5 hours. 
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desired. These genes could be other blaSHV genes as there are multiple genes belonging to 

this gene family. Hasmen et al (2005) primers were intended to amplify the blaSHV-18 gene.  

Overall 111/234 (47.4%) of the ESBL-E. coli organisms were +ve for the blaSHV gene. The 

percentage of the blaSHV gene identified from the ESBL-E. coli samples from the water (47%) 

and A. aquaticus (48%) samples were similar. Forty-seven percent of water samples 

(86/182) and 48% (25/52) of A. aquaticus samples were positive for the blaSHV gene. The 

blaSHV gene was identified in 87/201 (43%) of the BSAC +ve isolates. It should be noted that 

background bands can been seen in the figure below (18), this is as the plasmid extraction 

kit can not fully remove all the chromosomal DNA that might be present, due to this it is 

possible for this chromosomal DNA to be amplified during the PCR analysis.  

 

 

 

 

 

 

 

Figure 19 shows a typical PCR gel for the blaCTX-M gene (November 2017). Lanes 1 and 20 

show the 100bp ladder. The number above the lane separates the lanes and allows for easy 

identification. Lanes 5, 6, 9, 11, 12, 14 and 17 had visible bands at 593bp which was 

consistent with the fragment size of the amplification product produced using the blaCTX-M 

primers developed by Mirό et al (2002).  Lanes 2 and 3 should show the negative and 

positive controls but neither are visible this may be due to the lack plasmid used in the 

reaction as in other reactions carried out these bands were present. Some extra bands can 

be seen in lanes 7 and 8, this could be down to the primer amplifying similar genes than 

what was desired, these were not included in the counts. Overall 112/234 (47.9%) of the 

ESBL-E. coli organisms were +ve for the blaCTX-M gene. The percentage of the blaCTX-M gene 

identified from the ESBL-E. coli samples derived from the water (51%) and A. aquaticus 

(36.5%) samples were similar. Fifty-one percent of water samples (93/182) and 36.5% 

Figure 18, A typical result of a PCR amplification of the bacterial isolates and controls using the 

blaSHV gene primers for identification. This gel electrophoresis was run at 80v for 1.5 hours. 
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(19/52) of A. aquaticus samples were positive for the blaCTX-M gene. The blaCTX-M gene was 

identified in 111/201 (55%) of the BSAC +ve isolates. It should be noted that background 

bands can been seen in the figure below (19), this is as the plasmid extraction kit can not 

fully remove all the chromosomal DNA that might be present, due to this it is possible for 

this chromosomal DNA to be amplified during the PCR analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 blaTEM blaCTX-M blaSHV 

% of 234 CHROMagar ESBL agar E. 
coli 

79% 185 48% 112 47% 112 

% of 201 BSAC ESBL E. coli 77% 154 43% 87 56% 111 
 

% of 182 PCR E. coli from the Water 76% 138 41% 75 51% 93 
% of 52 PCR E. coli from A. aquaticus 81% 42 50% 26 60% 31 

 
Table 9, The frequency of the three ESBL genes from the 234 samples using all three 

identification methods, and a Chi-X2 was done to compare the ESBL- agar based identification 
methods (CHROMagar and the ‘BSAC’ method) and the number of isolates from the water and A. 

aquaticus. 

 Table 9 shows the frequency of the ESBL genes from all 234 samples. A chi-square test was 

done to examine the relative frequency of the three ESBL-genes. This was equivalent 

regardless of whether the CHROMagar ESBL agar or BSAC method was used to determine 

the presence of ESBL-AMR genes (x2=1.8598, DF=2, P=0.25). The relative frequency of the 

three ESBL-genes was also equivalent regardless of whether the ESBL-E. coli isolates 

originated from the water or A. aquaticus samples (x2=1.403, DF=2, P=0.25). 
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Figure 19, A typical result of a PCR amplification of the bacterial isolates and controls using the 

blaCTX-M gene primers for identification. This gel electrophoresis was run at 80v for 1.5 hours. 
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3.2.5.2 Identification of mcr-1 Producing Isolates 

Figure 20 shows the typical PCR gel for the mcr-1 gene (January 2018). Lanes 1 and 20 show 

the 100bp ladder. The number above the lane separates the lanes and allows for easy 

identification. Lanes 7, 8, 9, 12 and 15 had visible bands at 309bp which was consistent with 

the fragment size of the amplification product produced using the CLR5 primers for the 

mcr-1 gene developed by Vila et al (2015).  Lanes 2 and 3 show the positive control and 

lane 4 is the negative control. Some extra bands can be seen in some of the lanes, this could 

be due to the primer amplifying similar genes than what was desired. All 234 putative ESBL-

E. coli bacteria were subjected to a PCR analysis to identify the presence of the mcr-1 gene. 

One hundred and seventeen of 234 (50%) of the ESBL-E. coli organisms were +ve for the 

mcr-1 gene. The percentage of the mcr-1 gene identified was similar in the ESBL-E. coli 

samples derived from the water and A. aquaticus samples (Figure 21). It should be noted 

that background bands can been seen in the figure below (20), this is as the plasmid 

extraction kit can not fully remove all the chromosomal DNA that might be present, due to 

this it is possible for this chromosomal DNA to be amplified during the PCR analysis. 
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Figure 20, A typical results of PCR amplification of the bacterial isolates and controls using the 

mcr-1gene primers. This gel electrophoresis was run at 80v for 1.5 hours. 
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Figure 21, The percentage of ESBL-E. coli with the mcr-1 gene. 
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3.2.5.3. Comparative Analysis of Prevalence of AMR Genes 
 

Figure 22 represents the prevalence of the highest frequency of AMR genes isolated in 

relation to location 5 (WWTP effluent). The relative frequency of each AMR gene 

individually from the six sampled locations produced statistically significant results (Table 

10). Location 5 produced a higher frequency of E. coli harbouring AMR genes, this was most 

likely due to the presence of the WWTP effluent at this sampling point (Location 5). 

 1  2 3 4 5 6 X2 P= 

blaTEM 21 17 20 26 82 17 106.128 0.01 

blaSHV 17 14 15 10 48 6 61.927 0.01 

blaCTX-M 12 12 11 19 47 9 57.0048 0.01 

All AMR 50 43 46 55 177 32 219.966 0.01 

Table 10, The comparison of prevalence of AMR over the six sampled locations. 

 

 

 
 

Figure 23 represents the prevalence of the highest frequency of AMR genes isolated in 

relation to the seven sampled months (WWTP effluent). The relative frequency of each 

AMR gene individually from the seven sampled months produced statistically significant 

results (Table 11). March 2018 produced the highest incidence of AMR genes when 

compared to the other months. 
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Figure 22, The graph displays the prevalence of AMR E. coli genes across all six sampled 

locations. 1, 2 and 3 (River Witham) and 4, 5 and 6 (Sincil Dike). 
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 November 

2017 

December 

2017 

January 

2018 

February 

2018 

March 

2018 

April 

2018 

May  

2018 

X2 P= 

blaTEM 29 20 29 16 47 24 19 24.615 0.01 

blaSHV 19 18 10 10 21 19 15 75 0.01 

blaCTX-M 11 12 16 12 27 20 13 12.625 0.01 

All 
AMR 

59 50 55 38 95 63 47 34.2066 0.01 

Table 11, The comparison of prevalence of AMR from the seven sampled months. 

 

3.2.5.4 Isolates Expressing ESBL-genes 

Out of the 234 possible ESBL-producing organisms identified through the CHROMagar ESBL 

agar, all 234 (100%) were positive for ESBL-gene production and 117 (50%) ESBL-E. coli 

were found to also carry the mcr-1 gene. The blaTEM gene was the most common individual 

gene, followed by the blaSHV and then blaCTX-M ESBL-genes. Whilst the blaTEM and blaCTX-M 

gene combination was the most common gene combination, the gene combination blaTEM 

and blaCTX-M was a more common gene combination, followed by blaSHV and blaTEM and then 

the blaSHV and blaCTX-M ESBL gene combination. Table 12 shows the numbers of isolates 

separated into the location where they were recovered from, as seen location 5 (WWTP 

effluent) had the highest number of all isolate combinations except for blaCTX-M which was 

more common at location 4, downstream from the WWTP effluent (Location 5).  
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Figure 23, The graph displays the prevalence of AMR E. coli genes across all the sampled months.  
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Location 1 2 3 4 5 6 Total 

blaCTX-M 0 1 0 3 0 1 5 

blaSHV 6 2 6 2 6 2 24 

blaTEM 6 4 7 9 26 7 59 

blaSHV and blaCTX-M 2 3 2 3 9 1 20 

blaTEM and blaCTX-M 7 4 6 11 24 7 59 

blaSHV and blaTEM 5 5 4 5 15 5 39 

blaTEM, blaSHV and blaCTX-M 3 4 3 2 16 0 28 

Total 29 23 28 35 96 23 234 

Table 12, Shows the ESBL-gene breakdown of the 234 isolates that only present with the 

displayed genes by the six locations sampled. 

Assuming the three genes are assigned independently and at random, the expected 

frequencies of the three genes in the 234 ESBL +ve isolates were randomly assigned. Each 

isolate was randomly assigned using a random simulation (10,000 times), this allows us to 

predict the likelihood of an isolate containing either one, two or three genes (Table 13) by 

chance. If we do this, the isolates with all three genes occur less frequently than expected. 

This is also true for the blaSHV and blaTEM and the blaTEM and blaCTX-M gene combination. By 

contrast, the blaSHV and blaCTX-M gene combination occur more frequently than expected. 

The relative frequency of the blaTEM, blaSHV and blaCTX-M genotype was compared across the 

locations, the exception being that it might be found more often than expected at location 

5. To test this, the observed frequency of the three-gene genotype at location 5 was 

compared to the expected based on 12% of all isolates having the three-gene genotype. At 

location 5, 96 isolates were ESBL +ve of which 16.6% had all three genes, marginally, but 

not significantly greater than expected by chance (x2=1.94, df=1, P=ns) (Table 13). 

 Observed Expected (Mean) Expected (+/- SD) P= 

blaTEM, blaSHV and blaCTX-M 28 44.59 6.08 0.0012 

blaSHV and blaTEM 39 48.60 6.24 0.0497 

blaSHV and blaCTX-M 20 11.74 3.38 0.0076 

blaTEM and blaCTX-M 59 49.39 6.26 0.0523 

blaSHV 24 12.80 3.45 0.0011 

blaTEM 59 53.86 6.40 0.1834 

blaCTX-M 5 13.02 3.53 0.0029 

Table 13, The observed and expected frequency of the ESBL-genes identified along with their P-

value. 

For the comparison of the prevalence of single and multiple ESBL-genes over the six 

sampled locations, a chi-square test comparing the locations was done (Table 14). There 
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was not a significant difference (X2=5.0215, DF=5, P=0.25) in the comparison prevalence of 

the single and multiple ESBL-genes. Location 5 produced a higher frequency of single and 

multiple ESBL-genes combinations than other locations, and this was most likely due to the 

presence of the WWTP effluent at this sampling point (Location 5). 

Location 1 2 3 4 5 6 

Single ESBL-genes 12 7 13 14 32 10 

Multiple ESBL-genes 17 16 15 21 64 13 

Chi X2=5.0215, DF=5, P=0.25 

Table 14, The comparison of prevalence of single and multiple ESBL-genes over the six sampled 
locations. 

 

3.3 Summary of Results 

Overall 234 ESBL-E. coli were isolated in this study, 182 from the water samples and 52 

from the A. aquaticus samples. From the River Witham, there were 81 ESBL +ve from the 

water isolates and 5 ESBL +ve from the A. aquaticus isolates, whilst the Sincil Dike produced 

101 ESBL +ve from the water isolates and 47 ESBL +ve from the A. aquaticus isolates. The 

PCR analysis confirmed that the 234 isolates that were isolated from the CHROMagar ESBL 

agar to be ESBL-E. coli (100%), whilst the BSAC method was only 81% accurate in identifying 

the presence of ESBL-E. coli (201/234). The Sincil Dike had more ESBL-E. coli recovered than 

from the River Witham. This leads us to believe that the increased number of ESBL-E. coli 

isolated was due to the WWTP effluent on the Sincil Dike. 

3.4 Introduction to the Discussion 

The spread of AMR into watercourses has been associated with WWTPs (Winfield and 

Groisman, 2003; Maal et al., 2015).  The results indicate that the incidence of ESBL-

producing E. coli in the watercourses examined was greatest at the WWTP effluent 

(Location 5) (Figure 22). The use of the selective chromogenic media (CHROMagar ESBL 

agar) produced a more rapid analysis of samples, compared to other phenotypic methods 

such as a PCR analysis. Although the agar is used to indicate possible ESBL-production, it 

does not identify which ESBL-gene is present and should only be used as an indicator of 

their presence (CHROMagar, 2017). The BSAC method is used in the clinical environment 

to confirm ESBL-production (BSAC, 2012), but this method only confirmed 86% of the 

confirmed 234 ESBL-E. coli isolates. The mcr-1 gene was isolated in 117 (50%) of the ESBL-

E. coli isolates. This is of concern as this gene was only identified in 2015 (Liu et al., 2016) 
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but has already spread across most of the world (Vila et al., 2017). To confirm the PCR data 

an enzyme study would be needed, as it would confirm the presence of the enzymes that 

the genes encode for (Munita and Arias, 2016). 

ESBL-E. coli were confirmed in both the water and A. aquaticus samples, with ESBL-E. coli 

most prevalent at the site of the WWTP effluent. More ESBL-E. coli were isolated from the 

water samples (182) in comparison to the A. aquaticus samples (52). The fact that the ESBL-

E. coli was isolated in the A. aquaticus samples allows us to speculate that this aquatic 

invertebrate is, in fact, a reservoir for AMR and thus a potential route by which AMR can 

spread and enter the food chain. 

3.4.1 Antibiotics in the WWTP  

Cheswick (2014) examined the presence of antibiotics within the WWTP effluent, that 

discharges into the Sincil Dike and found levels of 1.1μg/L of the cefotaxime β-lactam 

antibiotic. In Australia Watkinson et al (2009) found 0.01-14.5μg/L range of antibiotics, 

although the highest levels identified were β-lactam antibiotics at 64μg/L, which is double 

the dose (10-30μg/L) normally given to treat bacterial infections. In this study, the presence 

of antibiotics in the WWTP effluent water was not examined. This is a problem as WWTP 

processes are meant to remove contaminants, such as bacteria from the water using 

filtration, as the presence of bacteria such as E. coli is a sign of faecal contamination and is 

used to ensure the treatment processes is working correctly (Watkinson et al., 2009; Maal 

et al., 2015). The presence of ESBL-E. coli in the samples is of concern as it produces a 

source of AMR genes which can then disseminate further afield into the environment. The 

WWTP process should reduce or eliminate contaminants in the water, but it is failing and 

the continued contamination of water sources is politically sensitive (Polsfuss et al., 2012; 

EUROPA, 2011; EMA, 2015; Carroll et al., 2015). Although the WWTP in question currently 

meets all government set standards (Anglian Water, n.d., 2008, 2019), it is still releasing 

AMR genes into the surrounding environment.  

In this study, 234 ESBL-E. coli isolates were recovered; 182 from water samples and 52 from 

A. aquaticus samples (Figure 17). A previous study by Cheswick (2014) of this area using 

similar locations showed ESBL-bacteria to be present within the water samples, the same 

methods were used in relation to the processing of the water samples. One of the research 

objectives for this study was to determine whether ESBL and mcr-1 AMR genes were 
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present in the water and A. aquaticus samples. ESBL and mcr-1 genes were recovered from 

all the sample locations from both the water and A. aquaticus samples. The other research 

objective was to determine whether A. aquaticus could act as a reservoir of AMR genes. 

This study has shown that A. aquaticus carries AMR bacteria which could facilitate the 

spread of AMR into the wider environment.  

Does the presence of AMR in A. aquaticus increase the temporal and spacial spread of AMR 

genes found in the aquatic environment? This is unknown, but we do know that A. 

aquaticus harbours AMR bacteria. In other animals such as birds, the presence of AMR in 

their digestive tract has been linked to the spread of AMR through defecation (Veldman et 

al., 2013; Pinto et al., 2010; Hasan et al., 2012; Alcalá et al., 2016; Ben Yahia et al., 2018). 

So, from this, it is possible to speculate that A. aquaticus can increase the temporal spread 

of AMR, through the release of faecal matter from A. aquaticus into the surrounding 

environment, which has been confirmed to harbour AMR in this study. The spatial spread 

of AMR using A. aquaticus can occur downstream through invertebrate drift (Augusiak and 

Van den Brink, 2016), but upstream is more difficult as it is possible for A. aquaticus to 

crawl against the flow of water, this has not been confirmed though. The spread of AMR 

has been shown in the human food chain (animal feed->animals->humans) (Spika et al., 

1987; Travers and Barza, 2002; O’Brien, 2002; Swartz, 2002; Mcewen and Fedorka-Cray, 

2002). Meat animals such as cattle and chickens have been shown to harbour AMR bacteria 

which originated from their feed (Spika et al., 1987; Swartz, 2002; Mcewen and Fedorka-

Cray, 2002), their meat is then consumed, humans can then become ill for ingesting meat 

harbouring AMR bacteria (Sohidullah et al., 2016). This is an example of how different areas 

of a food chain can facilitate the spread of AMR harbouring bacteria. It is possible that A. 

aquaticus is increasing the speed at which AMR is spread by acting as a reservoir of AMR, 

along with acting as an intermediate host in the food chain (Christensen et al., 2011, 2012, 

2013). To determine whether A. aquaticus facilitates the spread of AMR genes in the wider 

environment, it would be useful to investigate whether the AMR genes isolated from A. 

aquaticus can be transferred through the food chain via its predators (Nystrom et al., 2006; 

Harris et al., 2013). Crayfish predate on A. aquaticus and are themselves predated on by 

other crustaceans, birds, fish and humans (Swartz, 2002; Mcewen and Fedorka-Cray, 2002; 

Nystrom et al., 2006).  
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The aquatic environment facilitates the release, mixing and spread of AMR with ease 

through HGT (Taylor et al., 2011). Environmental reservoirs such as A. aquaticus could 

possibly carry mobile genetic elements (plasmids) (Wright, 2010). A study by Wei-Ying et al 

(2015) identified that levels of human activity near a watercourse correlated with the level 

of antibiotic pollution identified (Wei-Ying et al., 2015). Another study demonstrated that 

not only urban watercourses, but remote and isolated watercourses have now been found 

to also harbour AMR (Szekeres et al., 2018), whilst a review by Burgmann et al., (2018) 

asserted that pristine watercourses are now hard to find as most have become 

contaminated through human activity such as WWTPs, urban developments, agriculture 

and manufacturing (Bürgmann et al., 2018).  

3.4.2 Identifying ESBL-Escherichia coli 

In this study, the different methods were used to confirm the presence of ESBL-producing 

bacteria from the natural environments. The CHROMagar ESBL agar initially isolated 353 

isolates as ESBL-E. coli, although using traditional biochemical identification 234 (66%) 

were confirmed as E. coli. These 234 ESBL-E. coli isolates were then subjected to an 

antibiotic dual disk test using the BSAC method, which confirmed 201 (86%) of the ESBL-E. 

coli isolates as ESBL-producing E. coli. All 234 CHROMagar ESBL agar isolated ESBL-E. coli 

isolates were subjected to a PCR analysis to identify the known AMR genes blaTEM, blaSHV 

and blaCTX-M ESBL-genes and 100% of isolates were confirmed as ESBL-E. coli.  

The BSAC method was found not to be as accurate as the CHROMagar ESBL agar in this 

study, as it only confirmed 86% of the isolates to carry an ESBL-gene. This is an issue as the 

BSAC method is used to clinically screen for ESBL-producing organisms (BSAC, 2012). The 

BSAC test is based on the inhibition of ESBL β-lactamases with the addition of clavulanic 

acid. However, organisms with ESBL β-lactamases can be insensitive to the effects of the 

clavulanic acid if an AmpC β-lactamase gene is present, thus producing a false negative 

result (Van Hoek et al., 2011; de Oliveira Iovine et al., 2015). The presence of AmpC-

enzymes often disguises ESBL-enzymes. This identifies a problem as the BSAC test is 

recommended for the identification of ESBL-organisms, which can lead to misdiagnosis and 

possibly the mistreatment of bacterial infection (BSAC, 2012).  

CHROMagar (CHROMagar, 2017) claims that their ESBL agars have a sensitivity of 99.2% 

and specificity of 89%. The BSAC combination disk method identified 86% of these samples 
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to be ESBL-E. coli. A previous study reported a 57.5% accuracy of the BSAC disk method for 

ESBL-Enterobacteriaceae (Tofteland et al., 2007). This suggests some clinical isolates may 

be identified incorrectly. The chromogenic agar is not recommended for clinical use, the 

reason for this is not known at this moment in time (CHROMagar, 2017), although in this 

study, it was found to be more accurate in identifying the presence of ESBL-genes. PCR 

analysis is known to be the most accurate test to identify the presence of AMR genes (BSAC, 

2012; CLSI, 2016). 

3.4.3 Prevalence of ESBL and mcr-1 AMR Genes 

The most prevalent AMR gene identified in this study was the ESBL- blaTEM gene (79%), 

MCR- (50%), ESBL- blaCTX-M (47.9%) and ESBL- blaSHV (47.4%). The ESBL- blaTEM gene is known 

to be the most prevalent of the ESBL-genes (Hasman et al., 2005). Barguiga et al (2013) 

found that 53% of ESBL-organisms tested to be blaTEM positive, with over 220 variants of 

this gene being identified (Lahey Clinic, n.d.; Coque et al., 2008; Barguigua et al., 2013). The 

ESBL- blaCTX-M gene has over 170 variants, whilst the ESBL- blaSHV gene has over 190 variants 

(Lahey Clinic, n.d.; Coque et al., 2008). The mcr-1 gene was the second most prevalent gene 

identified (50%). New mcr genes and variants (58) have been isolated since the 

identification of the mcr-1 gene in 2015 (Liu et al., 2016; Vila et al., 2017; Zhang et al., 2018). 

The mcr-1 gene has 11 variants, the mcr-2 has 33 variants, the mcr-3 has 12 variants, mcr-

4, mcr-5, mcr-6, mcr-7 and mcr-8 have no variants at this given time (Zhang et al., 2018; 

Dalmolin et al., 2018). The discovery of so many gene-variants in such a short period of 

time is of concern, as it has taken decades to identify 170 variants of the blaCTX-M gene, but 

the mcr gene had 58 variants described in just 3 years. This is of concern as different 

variants respond to antibiotics differently (Zhang et al., 2018; Dalmolin et al., 2018). The 

article published by Zhang et al (2018) was published in February of 2018 and included the 

mcr-1, mcr-2, mcr-3, mcr-4 and mcr-5 and their subtypes as the only mcr variants, whilst in 

August of 2018 Dalmolin et al (2018) reported on the mcr-1, mcr-2, mcr-3, mcr-4, mcr-5, 

mcr-6, mcr-7 and mcr-8 and their subtype variants. Using these two articles as a base three 

newly identified mcr variants (6,7 and 8) have been isolated and identified within the six-

month period. β-lactam resistance was identified in the 1960s (Yoneyama and Katsumata, 

2006) and has taken 60 years to evolve so there are many variants of these genes. The mcr-

1 gene has evolved 58 variants in just 3 years, the discrepancy in variant evolution is most 

likely a product of the improvement in detection methods since the 1960s (Carattoli, 2009). 
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In the present study 62.4% of the ESBL-E. coli isolates carried two or more ESBL-genes. Kaur 

and Aggarwal (2013) identified 30.5% of their ESBL-E. coli isolates to carry two or more 

ESBL-genes (Kaur and Aggarwal, 2013), whilst AL-Subol and Youssef (2015) identified 64.8% 

of their ESBL-E. coli isolates to carry two or more ESBL genes (AL-Subol and Youssef, 2015). 

The present study identified 62.4% of ESBL-E. coli isolates to carry two or more ESBL genes, 

this is in line with AL-Subol and Youssef (2015) study which identified 64.8%. This is 

extremely close to the data collected in this present study and makes the data present 

more reliable. It is important to monitor the spread and number of all AMR variants in 

existence, as it allows the identification of possible reservoirs of AMR that could potentially 

be managed to prevent the further spread of AMR (Vittecoq et al., 2016). In the present 

study the ESBL-E. coli isolates contained either one, two or three ESBL-genes of interest 

and these combinations did not appear to be randomly distributed within the 234 ESBL-E. 

coli +ve isolates. The presence of all three ESBL-genes occurred less frequently than 

expected in the isolates, as did the presence of blaSHV and blaTEM in combination. By 

contrast, the co-occurrence of blaSHV and blaCTX-M along with blaTEM and blaCTX-M arose more 

often than expected. Why certain genes are less likely to occur together is unclear, although 

genes occurring together suggests genetic linkage. It is unknown why some AMR genes are 

found together and separately from one another in the same location (Pränting and 

Andersson, 2011). ESBL-genes are commonly found together in the same isolate 

(Andersson and Hughes, 2010). ESBL-genes are plasmid-borne and are often isolated on 

the same plasmid (Vogwill and Maclean, 2015).  

ESBL-genes are spread through the presence of plasmids (Alekshun and Levy, 2007), each 

different ESBL-gene variant is slightly different genetically and this is what separates these 

variants (Bajpai et al., 2017). Many AMR genes require the presence of another AMR gene 

to work correctly if they are chromosomal based which neither the ESBL or mcr-1 genes 

are, whilst plasmid-based AMR genes can work individually or together with multiple other 

AMR genes that are resistant to the same antimicrobial (Vogwill and Maclean, 2015). 

Vogwill and MacLean (2015) pointed out that information is scarce, and it is unknown 

whether there is a limit to how many AMR genes a plasmid can carry. It is well known that 

the presence of AMR genes comes with a cost, this is usually either a reduction in growth 

rate, competitive ability or a reduction in virulence (Vogwill and Maclean, 2015). The cost 

of harbouring AMR is highly variable (Andersson and Hughes, 2010), some genes have a 

high cost whilst others appear to incur little cost (Castañeda-García et al., 2009). Co-
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evolution of the host and plasmid can explain why the cost of a plasmid can be so variable 

between different bacterial species (Castañeda-García et al., 2009; zur Wiesch et al., 2011; 

Vogwill and Maclean, 2015). The acquisition of a plasmid always come with a cost, even if 

it’s the energy required to uptake the plasmid (Vogwill and Maclean, 2015), although it is 

known that there is a correlation between cost and the number of AMR genes present, but 

the size of plasmid does not correlate with the cost it incurs (Alekshun and Levy, 2007; 

Andersson and Hughes, 2010; Vogwill and Maclean, 2015). Vogwill and MacLean (2015) 

state that we are unlikely to ever fully know the cost of acquiring the AMR genes as the 

costs depends on the plasmid type, AMR gene, the bacterium, the size of the plasmid, the 

number of the AMR genes or plasmids and the environment which the bacterium is in are 

all variables that contribute to the cost of the AMR gene (Vogwill and Maclean, 2015). The 

cost of harbouring AMR genes appears to be related to the limitation acquisition, acquiring 

a plasmid with an AMR gene incurs a smaller cost than evolving an AMR gene through 

chromosomal mutations (zur Wiesch et al., 2011; Vogwill and Maclean, 2015). If the 

plasmid harbouring the AMR gene originated in an E. coli bacterium and some E. coli 

bacteria uptake the plasmid, the plasmid will have gone through the necessary natural 

selection process within the previous host which would minimise the fitness cost on the 

host (Vogwill and Maclean, 2015). By contrast, when evolving on the bacterial 

chromosomal DNA, AMR mutations could modify background genes essential to the 

physiology of the organism (Andersson and Hughes, 2010). 

Plasmids are independent replicons despite their simple structure, this is as they have a 

continuous lineage with individual evolutionary history’s (Carattoli, 2009). Plasmid 

incompatibility occurs when two or more similar plasmids that have the same replication 

and/or maintenance controls reside within the same bacterial cell (Datta et al., 1971; 

Novick, 1987; Carattoli, 2009), this makes the two or more plasmids unable to propagate 

inside the bacterial cell (Carattoli, 2009). This is as two plasmids with the same origin (i.e. 

Inc family) are able to replicate inside the bacterial cell unless they are the exact same 

plasmid type in question(e.g. IncF and Incl1 can replicate inside a cell together but the 

presence of two IncF plasmids would prevent replication), as the cell in question is unable 

to distinguish which plasmid initiated the replication process, this postpones the plasmid 

replication process until the plasmids are separated into the daughter cells due to the 

splitting of the original host cell (Carattoli, 2009; Li et al., 2016). Thus, only compatible 

plasmids, plasmids with completely different replication and/or maintenance controls, can 
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propagate within the same bacterial cell (Carattoli, 2009). Even when the plasmids in 

question are compatible, one of the plasmids will dominate over the other, this could be 

due to having a faster replication process and/or less toxic to the bacterial cell this enables 

the plasmid to dominate over the other (Novick, 1987; Carattoli, 2009). The blaCTX-M and 

blaTEM genes are often associated together as they are known to co-exist together on the 

IncF plasmid (Carattoli, 2009). Whilst the blaSHV gene is known to be on the IncL/M plasmid 

which is compatible with the IncF plasmid (Carattoli, 2009). All three ESBL-genes (blaSHV, 

blaTEM and blaCTX-M) have been identified on the IncF, IncI1 and the IncI2 plasmids (Datta et 

al., 1971; Carattoli, 2009; Diestra et al., 2009; Dalmolin et al., 2018). The ESBL and mcr-1 

genes are known to be plasmid-borne and are often found in combination with each other, 

with blaCTX-M and blaTEM being the most common identified, followed by blaSHV and blaTEM 

and then blaCTX-M and blaSHV which occurs the least often (Carattoli, 2009; AL-Subol and 

Youssef, 2015; Zhao et al., 2017). The mcr-1 gene is most commonly found on the IncI1 (Li 

et al., 2016), IncI2 (Liu et al., 2016; Yao et al., 2016) and IncHI (Dalmolin et al., 2018) 

plasmids. Bajpai et al (2017) examined the presence of blaTEM, blaSHV and blaCTX-M from a 

hospital environment in India. The most common gene was blaTEM, followed by blaCTX-M and 

then blaSHV, recorded in the present study. The blaCTX-M was not found in isolation in this 

part of the study. The occurrence of the blaTEM and blaCTX-M together was the most common 

gene combination in Bajpai et al (2017) and this study (Bajpai et al., 2017).  

3.4.4 Why is Antimicrobial Resistance Continuing to Disseminate So Rapidly? 

The presence of AMR-genes such as ESBL and mcr-1 genes in the clinical and environmental 

setting is a major concern (Falagas and Kasiakou, 2005). Organisms such as bacteria can 

and do produce ESBL-enzymes. These genes are easily found within the aquatic 

environment where they were once believed to be absent (Allen et al., 2011). The number 

of these AMR organisms within the aquatic environment has been associated with the 

presence of WWTP effluent (Winfield and Groisman, 2003; Bottoni and Caroli, 2015; Maal 

et al., 2015). It would be prudent to investigate the levels of antibiotics within the water 

sampled, it is unknown what antibiotics are present and at what levels they are at and to 

see whether this correlates with the amount of AMR identified. If the levels of antibiotics 

in the water correlate with a higher presence of AMR in a location, it may be possible to 

identify the origin of the AMR in this location. 
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AMR continues to disseminate in the environment (Munita and Arias, 2016). It is thought 

that A. aquaticus could be a vector for the spread of AMR, as this study has shown that 

they harbour AMR E. coli. In crustaceans, E. coli is known to be a part of the normal 

gastrointestinal microbiota (Ryu et al., 2012) as it is with most organisms (Chung et al., 

1979). Asellus aquaticus is a crustacean and E. coli is also known to be found in their 

gastrointestinal tract as a part of the microbiota (Christensen et al., 2012). The natural 

occurrence of E. coli in the gastrointestinal tract can facilitate the HGT of AMR genes from 

environmental bacteria to bacteria from the organism’s gastrointestinal tract (Munita and 

Arias, 2016). Due to this A. aquaticus was suspected to and continue to harbour AMR 

bacteria. Thus, it is possible A. aquaticus is a reservoir for AMR and facilitate their spread 

into the environment. 

3.4.5 The Key Advantages to this Study 

A crucial aspect of this study was that we were able to study and compare two 

watercourses that run parallel to each other, one with a direct WWTP effluent and the 

other without. To the author's knowledge, this is the second study of this type where a 

‘control’ ran alongside the area of interest, the first study was also carried out at the 

University of Lincoln (Cheswick, 2014). In most studies, the controls used are a significant 

distance away from the experimental sites and are thus affected by different ecologies and 

geographies. The reason this sampling site was vital to this study was due to the lack of any 

other WWTP effluents for at least 8km on the River Witham and Sincil Dike in any direction. 

These factors allowed us to measure the levels of ESBL-E. coli in the River Witham and Sincil 

Dike. There is only one WWTP on the Sincil Dike, this is the one used in this study. But the 

River Witham is over 161km in length (Canal & River Trust, 2015). Along its stretch, there 

are other WWTPs present, the nearest is ~10km upstream from the one being tested. This 

was an advantage as it allows us to compare the sites to one another using temporal and 

spacial data. The sampling sites were all located in the same area, so the surrounding 

environment was similar and allowed for a direct comparison which was an advantage. 

3.4.6 Problems Associated with this Study 

Environmental (Wild) bacteria from water, soil and invertebrate samples are often difficult 

to culture in laboratory conditions (Torsvik and Ovreas, 2002). This is due to the stress 

inflicted upon the organisms through the change in temperature, oxygen, salinity, pH and 

the difficulty in copying the organism’s natural physio-chemical environment (Plahuta et 
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al., 2017). Some microbiological medium have been known to be restrictive for some 

organisms. This problem has been identified by Torsvik and Ovreas, (2002) who were able 

to recover only 0.1-1% of bacteria found in soil samples in the laboratory environment 

(Torsvik and Ovreas, 2002; Winfield and Groisman, 2003). The A. aquaticus samples were 

originally processed on the CHROMagar ESBL agar, but no growth occurred. Samples were 

then recovered by plating on nutrient agar and incubated, then once growth occurred the 

isolates were subcultured onto CHROMagar ESBL agar, which promotes growth for ESBL-

production. 

Molecular methods that are not culture dependent can provide a representation of 

bacterial cell counts along with ESBL-resistant counts (Naas et al., 2007). These methods 

have been developed using qPCR and have focused on the total DNA extracted from the 

water samples. It uses the quantification of the 16s rRNA gene. ESBL-resistance genes 

blaTEM, blaCTX-M, blaSHV can be identified by using different gene-specific primers (Keen and 

Monforts, 2011). This method is fast, reproducible and provides quantitative data, and 

overcomes some of the limitations of the culture-dependent method. However, it is limited 

by the fact that the organisms which harbour AMR genes would not be cultured, identified 

and would be lost during this process and are thus unavailable for further study (i.e. 

whether genes are expressed, and enzymes produced). CHROMagar ESBL agar is ideal for 

isolating ESBL-organisms but there are concerns that this type of medium could be inducing 

AMR due to the use of antibiotics in the agar itself stimulating HGT (Shah, 2015). This is a 

major drawback of antibiotic-containing media. But the benefit is that the analysis time is 

reduced. 

There is currently no recommended culture-dependent method for identifying colistin 

resistance with the mcr-1 gene. The method of identification is limited to a PCR analysis, 

but this takes time and can be expensive. The European Committee on Antimicrobial 

Susceptibility Testing (EUCAST) has stated the minimum inhibitory concentration (MIC) of 

mcr-1 in Enterobacteriaceae is <2μg/ml susceptible and >2μg/ml resistant (Poirel et al., 

2016, 2017). Poirel et al (2016) identified a MIC range of 4-64μg/ml was identified. There 

is currently no antibiotic disk test available due to the difficulty of evenly dissolving colistin 

due to its large molecular size. However, a new test has been developed, a rapid polymyxin 

NP (Nordmann/Poirel) test (Nordmann et al., 2016). Nordmann et al (2016) stated a 

sensitivity of 99.3% and a specificity of 95.4%, whilst Poirel et al (2017) found a sensitivity 
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and specificity of 100% using this test. It would be useful to further look into the possible 

use of this test in environmental studies. 

3.4.7 The Importance of Continuing to Monitor the Levels of Antibiotic Resistance 

It is crucial that monitoring bodies such as the WHO, EUCAST and the Department of Health 

continue to monitor the spread of resistance in bacterial organisms (Standing Medical 

Advisory Committee (SMAC), 1998; EFSA, 2012; ECDC, 2015). The rapid spread of ESBL-

producing bacteria over a short period of time (Figure 5) has shown the importance of being 

able to control and monitor the distribution of AMR organisms. Monitoring bodies such as 

EARS-NET and Public Health England (PHE) are extremely important tools for tracking the 

spread of AMR resistance and should continue to be used and expanded to include more 

organisms, resistance genes and antibiotics. In Europe, there are already strict controls on 

the use of antibiotics, although some countries do not comply with these regulations and 

have been described as using antibiotics like “candy” (Maron and Lever, 2009). Statistics 

published by EARS-NET has highlighted Bulgaria, Italy and Romania to be amongst the first 

countries where third-generation cephalosporin resistance in E. coli was observed. In the 

UK, antibiotics are strictly controlled (ECDC, 2015; EUROPA, 2011, 2005), although it is 

suspected that the spread of ESBL-organisms from countries like Bulgaria, Italy and 

Romania is more widespread than previously thought (EARS-NET, n.d.; ECDC, 2015). The 

rapid distribution of third-generation cephalosporin resistant E. coli is an early warning to 

what could happen with the carbapenems (β-lactam antibiotic) if the usage of antibiotics 

is not controlled more rigorously (Spellberg and Gilbert, 2014). 

3.5 Conclusions and Further Work 

The main problem with the ESBL and mcr-1 producing E. coli is that the spread of these 

genes worldwide has occurred over a short period of time. Antibiotic resistance is often 

attributed to the misuse and overprescription of antibiotics in a clinical practice along with 

its use in agriculture, but these are not the only sources that contribute to antibiotic 

resistance. This study has isolated 234 E. coli bacterium with the ESBL-gene and 117 isolates 

with the ESBL and mcr-1 gene. The water samples produced ESBL-E. coli isolates in all six 

locations, but ESBL-genes in the A. aquaticus and water samples were most prevalent at 

the effluent of the WWTP (location 5). It has been assumed that ESBL-organisms could be 

introduced into the food chain, through crop irrigation and the ingestion of aquatic 

organisms (fish, crustaceans and molluscs) from contaminated water sources. To prevent 
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this from becoming a larger problem, steps need to be taken to urgently address the issue 

of antibiotic resistance in the environment, this needs to be done sooner rather than later. 

In order to prevent antibiotics from exiting the WWTP, more intensive microfiltration 

should be used, this would also prevent fecal contamination (Korzeniewska et al., 2013; 

Bréchet et al., 2014). At this moment in time, there is insufficient information available on 

how to remove antibiotics from waste water (Bouki et al., 2013). Whilst two studies (Kim 

et al., 2005; Watkinson et al., 2007) have reported the successful removal of antibiotics 

through the use of activated sludge and microfiltration, there are few studies in this area 

as most studies look for antibiotic presence, not how to remove them. More research 

needs to occur in this area to prevent the continued spread of antibiotics into the 

environment and the evolution of AMR. If the same rapid dissemination of antibiotic 

resistance that occurred with the third-generation cephalosporin resistant E. coli bacterium 

happens with carbapenems, the available clinical antibiotics for the treatment of ESBL and 

mcr-1 harbouring bacterial infections will become extremely limited.  The ESBL and mcr-1 

problem should serve as a worldwide warning, as this might happen to all antibiotics if the 

correct regulations and precautions are not put into place.  

An expansion on this part of the study would be to examine other aquatic invertebrates 

such as crayfish, snails and shrimp to see whether the ESBL-E. coli bacterium is also present 

in other organisms. It would be an idea to investigate the invertebrate food chain to identify 

whether AMR can be passed through the food chain. This would be a good idea as it has 

been previously shown how AMR enters the food chain, but it is still unknown how AMR 

spreads through the invertebrate food chain. It is important to investigate this as 

invertebrates are an important AMR reservoir in the environment. Crop irrigation is a way 

in which food for human consumption may be becoming contaminated with AMR (Blaak et 

al., 2015). This water is also used for recreational use (i.e. water sports and swimming) were 

ESBL-E. coli can come into direct contact with humans. An important aspect of the study is 

the assumption that WWTP effluents contain antibiotics. Therefore, another idea would be 

to investigate the presence of and identification of antibiotics within the water samples 

collected. The identification of antibiotic compounds within the environment would allow 

the determination of any correlation between the presence of antibiotics and the increase 

in antibiotic resistance found in the local environment.  
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To ensure that the A. aquaticus and water ESBL-E. coli isolates originate from the same 

sources would be an ideal expansion of this study. This could be done through the 

application of a PCR analysis of the isolated plasmids. The identification of the strain of E. 

coli could be done alongside the plasmid identification. This would make it possible to 

correlate the bacterium, plasmid and AMR genes isolated together. By doing this it would 

make it possible to tell whether the A. aquaticus and water ESBL-E. coli isolates have the 

same origins or if they come from different origins.  
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